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FOREWORD

The 2005 Rencontres de Physique de la Vallée d'Aoste were held at the Planibel
Hotel of La Thuile, Aosta Valley, on February 27 — March 5, with the nineteenth
edition of "Results and Perspectives in Particle Physics".

The physics programme included various topics in particle physics, also in
connection with present and future experimental facilities, as cosmology, astrophysics
and neutrino physics, CP violation and rare decays, electroweak and hadron physics
with eTe~ and hadron colliders, heavy flavours and prospects at future facilities.

The Session on "Physics and Society" included special colloquia on the “Energy
Problem”, in particular on energy from fusion, geothermal, solar and renovable
sources.

Also a Round Table discussion on the Physics and Feasibility of the High
Intensity, Medium Energy Accelerators was organized with the partecipation of F.
Cervelli, F. Forti, R. Garoby, G. Isidori and P. Raimondi.

Giorgio Bellettini, Giorgio Chiarelli and I should like to warmly thank the
session chairpersons and the speakers for their contribution to the success of the
meeting.

The regional government of the Aosta Valley, in particular through the Minister
of Public Education and Culture Teresa Charles, has been very pleased to offer its
financial support and hospitality to the Rencontres of La Thuile, also contributing to
the publication of these Proceedings. Also on behalf of the participants,
representatives of some major Laboratories and Institutes in the world, we would like
to thank all the Regional Authorities. Special thanks are also due to Bruno Baschiera,
local coordinator of the Rencontres.

We are grateful to the former President of INFN Enzo Iarocci, the Directors of
INFN Laboratori Nazionali di Frascati, Sergio Bertolucci and INFN Sezione di Pisa,
Rino Castaldi, for the support in the organization of the Rencontres. We would like to
thank also Paolo Caponera, Lucia Lilli, Cristina D’ Amato, Claudia Tofani and Paolo
Villani for their help in both planning and running the meeting. We are also grateful
to Alessandra Miletto for her valuable contribution to the local organization of the
meeting. The excellent assistance provided by Giovanni Nicoletti and Mauro Giannini
made it possible to set up the computer link to the international network. Special
thanks are due to Luigina Invidia for valuable help in the technical editing of the
Proceedings.

Finally we would like to thank the Mayor Gilberto Roullet and the local
authorities of La Thuile and the “Azienda di Promozione Turistica del Monte Bianco”
for their warm hospitality, and the Planibel Hotel staff for providing us an enjoyable
atmosphere.

September 2005 Mario Greco
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GAMMA RAY ASTRONOMY ON THE GROUND:
RESULTS AND PERSPECTIVES

Bruno Khélifi® for the H.E.S.S. collaboration”
@ Mazx-Planck-Institute fiir Kernphysik, Saupfercheckweg 1,
D 69117 Heidelberg, Germany
b http:/ fwww.mpi-hd.mpg.de/HESS /collaboration

Abstract

Very high energy gamma-ray astronomy above 50 GeV has strongly evolved
recently with the building and the operation of the third generation of Cherenkov
atmospheric detectors on the ground. H.E.S.S.; one such detector, is rapidely
unveiling the very high energy sky, allowing one to study fundamental ques-
tions such as the origin of cosmic rays and the emission mechanisms of active
galactic nuclei.

The latest results from the gamma-ray astronomy on the ground are re-
ported here. The experimental techniques of the current generation detectors
are described with the example of the H.E.S.S. array. The observational results
of very high energy gamma-rays from different source classes are presented.
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1 Introduction

~-ray astronomy at very high energies (VHE, >100 GeV) allow us to explore
the production and propagation of high-energy particles in the Nonthermal
Universe. The first physics goals of this astronomy are to have a better un-
derstanding of the acceleration mechanisms of charged particles and of the
mystery of the Cosmic Ray origin. For this task, observations of VHE ~-rays
from Supernova Remnants, Starburst Galaxies, clusters of galaxies and from
(un)identified galactic sources are under way. Among the physics goals, VHE
observations of active galactic nuclei, microquasars, pulsars and v-ray bursts
allow to study the astrophysics around compact objects, e.g. the particle accel-
eration mechanisms within jets. Some fields of cosmology can be studying in
the VHE range, in particular the spectral energy distribution of the extragalac-
tic background light by observing distant AGNs. Finally, the detection of VHE
~-rays could constrain phenomena of cosmological origin, such as annihilations
of dark matter particles (neutralinos) or relics of the Big Bang (e.g. monopoles
of cosmic strings).

After describing the detection technique of VHE 7-rays with atmospheric
Cherenkov detectors, the observational results of the High Energy Stereoscopic
System (H.E.S.S.) detector are presented within the light of the latest results
of VHE ~-ray observations. These results are reported for different types of
sources, i.e. pulsar wind nebulae, unidentified VHE sources, SNRs, the Galactic
Centre and AGN.

2 Atmospheric Cherenkov Technique

The techniques used to detect VHE ~-rays led to the first source detection in

1989 4) by the Whipple collaboration. They have evolved (see Tab. 1), such
that the performance of the current detectors (third generation) are close to
that of the former generation of X-ray satellites (e.g. ROSAT). The current
generation of v-ray detectors are using Imaging Atmospheric Cherenkov tele-
scopes (IACT) in stereoscopy and the basic method to detect 7y-rays is the
following (see also Fig. 1-a). A ~v-ray entering into the atmosphere creates
an electromagnetic shower. The charged particles radiate Cherenkov photons
(mostly between 400 nm and 600 nm), that are detected by optical telescopes
on the ground. These telescopes record simulataneously Cherenkov images of
the shower, which allow one to have good angular and energy resolution, and
to have good sensitivity. The experimental techniques and the typical per-
formances of the stereoscopic IACTs are illustrated with the example of the
H.E.S.S. detector.

The H.E.S.S. array is situated in the Khomas highland of Namibia, at
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gamma-ray

Atmospheric shower §

(a) (b)
Figure 1: (a) Scheme of principle of the detection of VHE ~y-rays by IACT. (b)
Picture of a telescope of H.E.S.S.

an elevation of 1800 metres above sea level. The four telescopes are placed in
a square formation with a side length of 120 metres. The telescopes, of steel
construction, have an effective mirror area of 107 m2. Figure 1-b shows a picture
of one of the telescopes. The H.E.S.S. cameras each consist of a hexagonal array
of 960 pixels, each consisting of a photo-multiplier tube (PMT) and a Winston
cone light collector. Each pixel covers an area of 0.16° in diameter projected
onto the sky 1) The total field of view on the sky is 5° in diameter. All
triggering and read-out electronics are contained inside the camera body. The
first telescope was completed in June 2002 and the full array is now operational
since December 2003.

Table 1: TACT detectors of the second and third generations. The number of
telescopes (# CT) is given, the diameter of the telescope dish, the field of view
(FoV, diameter), the energy threshold in TeV (Eu,) and the detector status
(C=Closed, R=Running, B=Building).

| Name | Location | # CT | Diameter | FoV | Ein | Status |
CANGAROO Australia 1 3.8 m 3° 1.5 C
CAT France 1 5m 3° 0.25 C
HEGRA Canaries 5 3.5 m 3° 0.5 C
Whipple U.S.A. 1 10 m 4° 0.3 R
CANGAROO III | Australia 4 10 m 4° 0.1 R
H.E.S.S. Namibia 4 12 m 5° 0.1 R
MAGIC Canaries 1 17 m 4° 0.03 R
VERITAS U.S.A. 4—7 12 m 3.5° | 0.05 B

The data analysis permits efficient rejection of the background events
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Time Required for 5 Sigma Detection

Obs. Time (Hours)

-
(=]

Flux‘{C(ab Unils’]u
Figure 2: Point-source sensitivity of H.E.S.S. at a zenith angle of 20°
induced by Cosmic Ray (CR) showers. This analysis uses the morphological

differences of the Cherenkov images of atmospheric showers in order to dis-
criminate y-rays from CRs. Details of the data analysis procedures may be

found in Ref. 2) and Ref. 3). Monte-Carlo simulations predict a sensitivity for
the H.E.S.S. array of ~1% of the flux of the Crab nebula (50, 50 hours, zenith
angle of 20°) and an energy threshold of ~100 GeV at the zenith (see Fig. 2).
The typical angular resolution is 0.1° and the energy resolution is about 15%
up to tens of TeV.

3 The H.E.S.S. Observations

This section presents the main results of the H.E.S.S. observations up to early
2005, including the commissioning phase. The results are presented by source
type, with a comparison of the results of other IACT detectors.

3.1 Pulsar Wind Nebula

Some young neutron stars are surrounded by a synchrotron nebula detected in
radio and X-rays. The Crab nebula is an example of one such pulsar wind neb-
ula (PWN). The central source, with a typical surface magnetic field of 10'2 G
and an initial rotational period between 10 and 100 ms, powers the surrounding
nebula. The total energy available can range up to 10%° erg, and is a potential
power source for production of VHE ~-rays. Electrons and positrons (probably
with an additional hadronic component) are accelerated up to 100 TeV by a
mechanism not well identified. And these leptons produce VHE v-rays by in-
verse Compton (IC) scattering on target photons (CMBR and local Galactic IR

background) 5), Alternatively, p-p collisions may also produce VHE photons
(e.g. Ref. 6))
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Figure 3: H.E.S.S. results on MSH 15-52: (a) Smoothed excess map above
~900 GeV. The right-bottom inset shows the simulated PSF smoothed identi-
cally. The white contour lines are the X-ray count rate levels as seen by ROSAT

(0.1-2.4 keV). (b) Spectral energy distribution with radio 13) 4nd X-ray 14)
data. The lines are the best model fit of the one zone IC model.

T 107 10"
Energy (eV)

The Crab nebula is a PWN and is conventionally used as a standard
reference source of TeV ~-rays, due to its relative stability and high flux. Ob-
servations were made of this source in 2004. A strong signal was seen in ~27
hours of observations at a confidence level of more than 100c. The flux of
®(1TeV)=(1.71£0.04) x 10~ em 2571 above 1 TeV and the photon index of

I'=2.6740.04 are consistent with those seen by other experiments 7,8,9), The
errors quoted are statistical, there is an estimated systematic error of 0.1 on
the photon index and 20% on the flux. Before the H.E.S.S. observations, only
this object has been firmly confirmed to be a VHE pulsar wind nebula.

MSH 15-52 is a composite SNR, containing a 150-ms pulsar (PSR B1509-
58) that powers a PWN, a surrounding supernova shell (SNR) shell (G 320.4-

1.2) and an H, nebula (RCW 89), as seen in radio and X-rays (Ref. 10) and
references within). This region has been observed between March and June
2004, yielding 22.1 hours (live time) of good quality data with an average
energy threshold of ~280 GeV. An excess above 25¢ is detected around the
pulsar position and appears to be elongated in the NW-SE direction, as seen
in Fig. 3-a. The energy spectrum is compatible with a pure power law between
~280 GeV and ~40 TeV. The spectral index is '=2.674+0.04, and the integral
flux above ~280 GeV corresponds to ~15% of the Crab flux above the same
threshold. This spectrum can be well reproduced by a simple one zone IC

model described in Ref. 10) (see Fig. 3-b).
One should note that two other PWN have been detected by H.E.S.S.,

within G 0.9+0.1 11) and the system PSR B1259-63/SS 2883 12).
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H.E.S.S. (February-June 2004)

Declination [deg]
Excess Events

Vgralactic plane

HESS J1303-631 '

& PSR B1259-63

130" 130" 12%50"
Right Ascension

Figure 4: Ezcess map showing both the unidentified source HESS J1303-631
and PSR B1259-63/55 2883.

3.2 VHE Unidentified sources

The HEGRA detector discovered an unidentified TeV ~-ray source in the

Cygnus region 15)  This object, TeVJ2032+44130, appears to be extended
(r~6"), and its spectrum is compatible with a power law with T'=1.9040.10.
This unknown source lies within an OB association (Cygnus OB2). A possible
origin of this TeV emission could be a hadron acceleration within stellar wind
shocks in interaction with molecular clouds.

During the observation of the binary system PSR B1259-63/SS 2883,
H.E.S.S. serendipitously discovered a new VHE source, HESS J1303-631, in the

same field of view 16) (see Fig. 4). This source has been detected at more than
200, after ~49 hours of observation, and appears to be extended (0~0.15°).
Its energy spectrum is compatible with a pure power law (I'=2.44+0.05) and
the integral flux above ~380 GeV corresponds to ~17% of the Crab flux. Up to
now, no counterpart at other wavelengths was found. Among all the possible
candidates of VHE emitters, it is interesting to note that an OB association,
Cen OB, lies close to this new source.

3.3 Supernova Remnants

SNRs are thought to be the site of acceleration of CRs up to 10! eV by Fermi
acceleration. However, the naive picture according to which the VHE spectrum
would give a clear signature of 7° decay has not turned out to be true, and the

situation is still under debate (e.g. Ref. 17)). Before the H.E.S.S. observations,
three SNRs had been claimed by the CANGAROO collaboration, and one had
been detected by the HEGRA collaboration.

H.E.S.S. detected two SNRs, RXJ 1713.7-3946 18) that has been also
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09h00m 08h50m ]
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Figure 5: Smoothed excess maps of (a) RXJ 1713.7-3946 and of (b)
RXJ 0852.0-4622. The overlaid contours in both plots indicate ASCA X-ray
observations of the same source.

detected by CANGAROO, and RXJ 0852.0-4622 19) " Our observations of

SN 1006 20), detected by CANGAROQO, lead to constraining flux upper limits,
well below the previous detection. Figure 5 shows smoothed excess maps of
RXJ 1713.7-3946 and RXJ 0852.0-4622. The SNR shells are clearly resolved for
the first time in the VHE range. Their integral fluxes above 1 TeV are around
65% and 100% of the Crab flux, respectively. Their spectra are compatible with
power laws up to 10 TeV with I'=2.1940.09 and I'=2.1040.10, respectively.

3.4 The Galactic Centre

The Galactic Centre (GC) is an interesting candidate at most wavelengths and
was observed by H.E.S.S. in 2003 with two telescopes and in 2004 with the full
array. y-ray emission from a direction consistent with the black hole Sagittarius
A*, within their angular resolution, had been previously claimed by CANGA-

ROO 21 and the Whipple collaboration 22)  Several types of potential VHE
emitters lie in this region, such as the massive black hole, the SNR Sgr A Est,
molecular clouds and perhaps dark matter.

A strong excess was seen by H.E.S.S. at a confidence level above 35¢ 23),
Figure 6-a shows a sky map of 7-ray candidates in the direction of the GC. The
upper excess is the PWN G0.9+0.1, and the lower one is from the GC. The
centre of gravity of the emission is consistent with both the black hole Sgr A*
and the SNR Sgr A East, within the source position reconstruction accuracy of
40”. The differential energy spectrum of the emission is measured by H.E.S.S.
to have a photon index of 2.21+0.09 and the integral flux above ~165 GeV
corresponds to ~5% of the Crab flux. From this photon index, a lower limit
of the neutralino mass can be derived, assuming that this signal is entirely due
to neutralino annihilation. This limit is about 15 TeV, a value disfavoured on
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Figure 6: Smoothed sky map (a) and energy spectrum (b) of the signal from the
Galactic Centre.

cosmological grounds.

3.5 Active Galactic Nuclei

Almost all known extragalactic VHE sources are AGN belonging to the class
of blazars. They consist of supermassive (~10° Mg) black holes surrounded
by accretion disks, from which giant ultrarelativistic jets of plasma emerge.
For blazars, one of these jets points towards the Earth, which boosts (via the
Dopler effect) the electromagnetic radiation towards higher energies. They are
also characterized by extreme variability on all time scales.

The blazar PKS 2155-304 (z=0.117) has been observed by H.E.S.S. since
2002. Here, the results of the 2003 campaign are reported. A clear signal at

more than 450 is detected after ~55 hours of observations 3). The time average
spectrum is statistically compatible with a pure power law (I'=3.32+0.06) and
there is no clear evidence for a spectral cutoff at high energies (see Fig. 7-a).
The fitted photon index, that is relatively soft, is the result of y-ray absorption
by the extragalactic background light or/and the result of absorption within
the blazar. In this dataset, the integral flux changes significantly with time
between ~10% and ~60% of the Crab flux above ~300 GeV, but there is no
evidence of spectral variability.

During the 2003 campaign, coordinated multiwavelength observations 24)
were made of PKS 2155-304 with H.E.S.S., the X-ray satellite RXTE, the
optical telescope ROTSE-IIT and the radio-telescope of Nangay. Figure 7-b
shows the correlation between the X-ray flux in the band 2-10 keV and the
~v-ray flux above 300 GeV. Even though flux variations are apparent in the
two energy ranges, no correlation is apparent, imposing constraints on the
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Figure 7: Energy spectrum (a) and correlation between y-rays and X-rays (b)
for PKS 2155-304.

acceleration and emission processes.

4 Conclusions and Perspectives

The H.E.S.S. experiment has been fully operational with four telescopes since
January of 2004 and has achieved its design sensitivity and operational charac-
teristics. Useful scientific results have been produced throughout the construc-
tion phase with two, three and four telescopes and exciting discoveries have
been made. An extensive campaign of observations of galactic sources is un-
derway and more exciting results are expected. Sources discussed here will be
re-observed with the improved sensitivity and resolution of the full array. Such
deeper observations are expected to provide further interesting insights from
these sources, especially with the use of data from the whole electromagnetic
spectrum.
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Abstract

Observational manifestations of possible breaking of spin-statistics relation for
neutrinos are considered. It is argued that bosonic neutrinos may form cosmo-
logical cold dark matter, improve agreement of BBN predictions with obser-
vations, make operative Z-burst model of ultra-high energy cosmic rays, etc.
Restrictions for an admixture of bosonic component to neutrino which follow
from double beta decay are discussed.
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1 Introduction

There is an impressive symbiosis of the “weakest” and lightest of the known
massive particles, neutrino, and Cosmos. Cosmology and astrophysics allow to
study neutrino properties with an accuracy which, in many cases, is unacces-
sible in direct terrestrial experiments and, vice versa, neutrino helps to resolve

some cosmological and astrophysical mysteries 1,2),
Cosmology allows to put a very stringent upper bound on neutrino mass

at the level of about 1 eV, for a review see e.g. papers 3). The bound on
the amplitude of possible right handed currents and the mass of right inter-
mediate bosons found from the analysis of Big Bang Nucleosynthesis (BBN)
is orders of magnitude better than those obtained in laboratories. The same
is true for neutrino magnetic moments and mixing of the usual active neutri-

nos with hypothetical sterile ones which are restricted by BBN 1) and stellar

evolution 4).

On the other hand, neutrino contributes to cosmology providing hot dark
matter, but not the necessary cold one, if physics is normal. Neutrino may be
5)

related to dark energy °/, and be responsible, at least partly, for ultra-high en-

ergy cosmic rays beyond GZK cut-off through the Z-burst mechanism 6), The
large mixing angle solution to the solar neutrino anomaly excludes noticeable

lepton asymmetry of the universe 7).

These lists are far from being complete but this is not the main subject of
this talk. Instead of these rather well known topics I would like to talk about
new, though quite speculative issues, related to effects of possible breaking of
neutrino statistics in cosmology. The content of the talk is strongly based on
ref. 8).

The first question is why neutrino? First of all, neutrino is the only known
particle indicating to new physics. As is known from observation of neutrino fla-
vor oscillations leptonic flavor charges, electronic, muonic, and tauonic, are not
conserved. Neutrino is the only observed particle for which Majorana mass is
possible and, as a result total leptonic charge could be non-conserved. There are
experimental indications to a possible leptonic charge non-conservation from

neutrinoless double beta decay 9. 1t may mean that neutrino communicates
with a hidden sector of the particle world and is a messenger of new physics
from the hidden sector. It could be that no sacred principles are respected in
the hidden world and neutrinos brings us exotic possibilities of breaking CPT

theorem 10) or Lorentz invariance, which are actively discussed in the recent
years. Since at the present days cosmology is quickly becoming precise science,
maybe cosmos will bring through neutrinos new surprising physics.

The most exciting possibility which, in particular, may lead to violation
of CPT and Lorentz invariance and even to much more drastic consequences is
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a breaking of the spin-statistics relation for neutrinos. Ironically the particle
brought to this world by Pauli may violate Pauli exclusion principle. In fact
Pauli and Fermi repeatedly asked the question if spin-statistics relation could
be not exact and electrons were a little bit different.

Possible violation of exclusion principle for the usual matter, i.e. for
electrons and nucleons was discussed in a number of papers at the end of the

80th 1) Efforts to find a more general than pure Fermi-Dirac or Bose-Einstein

12)

statistics were taken but no satisfactory theoretical frameworks had been

found. Experimental searches of the Pauli principle violation for electrons 13)

and nucleons 14) have also given negative results.

If one assumes that spin-statistics relation is broken while otherwise re-
maining in the frameworks of the traditional quantum field theory then imme-
diately several deep theoretical problems would emerge:

1) non-locality;

2) faster-than-light signals;

3) non-positive energy density and possibly unstable vacuum;
4) maybe breaking of unitarity;

5) broken CPT and Lorentz invariance (as mentioned above).

Either these consequences (if they indeed were realized) exclude any vi-
olation of spin-statistics theorem and discussion of this violation should be
forbidden or they open an exciting space for further research and development.
An answer to that is first of all a matter of experiment which may either exclude
or confirm the drastic assumption of breaking the spin-statistics relation. As
for observational manifestations of the mentioned phenomena they should be
weak because they are induced by weakly interacting neutrinos and, moreover,
in higher orders of perturbation theory.

Perturbative expansion of the scattering matrix has the well known form:

n

=1+ % /Hd‘lij{H(xl)..‘H(xn)} (1)

where T'{...} means time-ordered product of operators inside brackets. Lorentz
invariance is ensured if Hamiltonian, H, is bosonic operator, i.e. it commutes

with itself if separated by the light cone, see e.g. 15), However, for bosonic
or partly bosonic neutrinos the effective Hamiltonian responsible even for the
simple reaction e+p < n+v is not bosonic and observables do not commute for
space-like separation and locality breaks. Presumably unitarity is maintained
because Hamiltonian remains Hermitian.

Another possibility that Hamiltonian/Lagrangian approach and least ac-
tion principle are applicable only approximately and theory is drastically mod-
ified, while the observable effects may still be small.
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So let us postpone discussion of (non-existing) theory and consider phe-

nomenology of neutrinos obeying Bose or mixed statistics 8). What can we

buy for this price?

2 Dark matter.

It is well known that the usual fermionic neutrinos cannot form cosmological
cold dark matter for any spectrum of primordial fluctuations and arbitrary self-

interaction. This conclusion is based on the Tremain-Gunn bound 16) which
does not allow to fill galaxies with sufficiently many light fermions (satisfying

the Gerstein-Zeldovich bound 17)) to account for the observed hidden mass.
Thus we face the following dark matter dilemmas:

1) new particles and old (normal) physics

2) old particles (neutrinos) and very new physics.

To make the cosmological cold dark matter neutrinos must form Bose
condensate in the early universe. To this end a very large lepton asymmetry is
necessary with

Iny — ng|

™ 00 (2)

Such asymmetry might be created in a version of the Affleck and Dine 18)
scenario.

A large asymmetry allows to fill up the present day universe by a huge
number of cosmic neutrinos such that they would be able to make all CDM,
QCDM ~ 0257 if

n, ~ 10* cm™3 (3)

The spectrum of cosmic background neutrinos, if they are bosonic, would be
very much different from the fermionic ones because the Bose equilibrium dis-
tribution has the form:

1
exp[(E — py)/T — 1

where p = m,, is the maximum value of chemical potential of bosonic neutri-
nos equal to their mass. The condensate amplitude C' does not depend upon
neutrino energy but may depend upon time. One sees that the bulk of the
condensed neutrinos is cold. In galaxies the neutrino number density would
be about 6 orders of magnitude larger than the average cosmological number
density, i.e.

fo, = +C6(k), (4)

n9 ~ 10 (m,, /0.1eV) cm ™3, (5)

Structure formation with Bose condensed light bosons with the usual in-

teger spin was considered in ref. 19) " The model well reproduces the essential
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features of the observed large scale structure. Since the picture is spin inde-
pendent the same must be true as well for bosonic neutrinos.

The results and numerical estimates presented in this section are true
for purely bosonic neutrinos however, as we see below, experiments on two
neutrino double beta decay seem to exclude 100% breaking of statistics and
at least some fermionic fraction must be present in a neutrino. It makes the
model noticeably more cumbersome, but less vulnerable.

3 Equilibrium distribution for mixed statistics

The statistics dependent term in kinetic equation for the reaction 142 « 344
has the form

F = fi(p1) f2(p2) [1£ f3(p3)l[1 £ fa(pa)] = f3(p3) fa(pa) 1 £ f1(p1)][1£ f2(p2)] (6)

where f; is the distribution function of particle j. This expression is valid in
the case of T-invariant theory when the detailed balance condition is fulfilled.
Since T-invariance is broken, kinetic equation is modified but the equilibrium

distributions f;eq) remain the same canonical Bose and Fermi ones as in T-

invariant theory 20), This statement is based on the unitarity of S-matrix.
If the spin-statistics relation is broken, as a result the unitarity may also be
broken. If this is the case, then a breaking of T-invariance may create large
deviations from the standard equilibrium distribution functions of neutrinos.

In what follows we neglect complications related to a violation of T-
invariance. In the case that neutrino obeys pure Bose statistics its equilibrium
distribution is given by the standard Bose form (4). Indeed, it is easy to see
that for this distribution F' vanishes and together with it the collision integral
vanishes too. However, the form of equilibrium distribution for mixed statistics
is not so evident. It depends upon an assumption about F' for particles obeying
mixed statistics. We do not have rigorous arguments in favor of one or other
form for F' and as a reasonable guess assume that the factor depending upon
the neutrino statistics in F' changes as

(1_fu)_’02(1_fl/)+52(1+f1/) (7)

where ¢ = cos~y, s = siny and +y is some mixing angle characterizing admixture
of wrong statistics.
Another possibility for description of mixed statistics in kinetic equation
could be
(1_fl/)462(1_62fu)+52(1+62fv)~ (8)

However, it is easy to see that these two seemingly reasonable possibilities (7)
and (8) are identically equivalent. In both cases

(1=f) = 0=rf) 9)
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where
2 2

Kk=c"—s" =cos2y (10)
We call x the Fermi-Bose mixing parameter 21), One can check that in the
case of mixed statistics introduced to kinetic equation according to (9) the

equilibrium distribution takes the form 21).

50 = [exp(B/T) + &) . (11)

where k runs from +1 to —1 corresponding respectively to Fermi and Bose
limits. The intermediate value x = 0 corresponds to Boltzmann statistics.

If -1 < k < 0, the maximum value of the chemical potential may be
bigger than the neutrino mass:

p(m®) = m, — Tln(—k) (12)

Bose condensation might take place for negative k only.

Another possible form of a modification of statistics dependent factor
in kinetic equation would emerge if we assume that there are two neutrino
fields with the same mass and different statistics, fermionic and bosonic. The
Lagrangian would always depend upon two independent field operators in the
combination:

Yy = ey + sty (13)

where 15, are respectively bosonic and fermionic operators. In this case kinetic
equation would contain two different terms:

Efr(l—fr) (14)
and
s* fo(1 — fv) (15)

Equilibrium distributions would be canonical ones, e.g. for vanishing chemical
potential they are:

fro=1/lexp (E/T) £1] (16)

but the number of states in equilibrium becomes doubled. On the other hand,
the probability of e.g. neutron beta-decay remains the same as in the standard
theory because ¢ + s? = 1.

4 Big Bang Nucleosynthesis

The impact of purely bosonic neutrinos on BBN was considered earlier in pa-
22)
per

(11) were calculated in our work 21)| The equilibrium energy density of bosonic

. The effects of mixed statistics described by the equilibrium distribution
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neutrinos at T > m,, is 8/7 of the energy density of fermionic neutrinos and
thus the change of statistics would lead to an increase of the effective number
of neutrino species at BBN by AN, = 3/7 (for three neutrinos). On the other
hand, a larger magnitude of the neutrino distribution function and the fact
that it enters kinetic equation (see (6)) as (1 4 f,,) instead of (1 — f,) makes
the weak reactions of neutron-proton transformations faster and hence the n/p
freezing temperature becomes lower. This effect dominates and as a result the
effective number of massless species becomes smaller than 3. According to the

calculations of ref. 21) the effective number of neutrino species in the case of
pure Bose statistics becomes N.yy = 2.43, practically independently on the
value of the baryon-to-photon ratio n = ng/n,.

The effective number of neutrino species determined by the comparison
of the calculated abundance of primordial *He with the standard result is
presented in the upper panel of fig. 1 as a function of k. However, the effect of
change of statistics cannot be described by a simple change in N, if other light
elements are included. In the lower panel of fig. 1 the relative changes of the
abundances of 2H, *He, and " Li are presented. As expected the mass fraction
of *He drops down, while the amount of 2H goes up. A higher deuterium
abundance can be explained by a slower conversion of deuterium to heavier
elements due to fewer neutrons and faster cosmological expansion at T ~ 0.8
10° when the light elements have been formed.

At K = —1 we find for *He: Y, = 0.240, which makes much better
agreement with the value extracted from observations (for a review of the latter

see e.g. 23))
finds Y = 0.238 = 0.002, and ref. 29 finds Y = 0.2421 + 0.0021 (1o, only

statistical error-bars). These results are shown in figure 2 as the skew hatched
(yellow) region. Whether the existing helium observations are accurate or

slightly systematically shifted will be tested with future CMB observations 20),

The amount of 2H rises at most to Xeg/Xug=25- 107° and the agree-
ment between BBN and WMAP data remains good, bearing in mind the obser-
vational uncertainties. Primordial "Li drops down to Xr;/ Xy = 4.55- 10719,
again slightly diminishing the disagreement between theory and observations.

We see that at the present time BBN does not exclude even a pure bosonic
nature of all three neutrinos. Furthermore, the agreement between the value
of the baryonic mass density, n, inferred from CMBR and the predicted abun-
dances of #He, 2H, and “Li becomes even better. In other words, in the standard
BBN model there is an indication of disagreement between observations of He
and 2H - they correspond to different values of  with the observed abundances
of “He indicating a smaller value than given by CMBR, while H agrees with
CMBR. Motivat)ed by these results the value of AN, = —0.7 4+ 0.35 was sug-
£ 27

. Different helium observations yield different results, e.g., ref. 24)

gested in re . In the case of predominantly bosonic neutrinos, as discussed
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Figure 1: Upper panel: the change in the effective number of degrees of freedom
which corresponds to the change of the *He abundance as a function of the
effective Fermi-Bose parameter k. Lower panel: the relative change of the
primordial abundances of deuterium, helium-4, and lithium-7, as functions of
k. We take n =npg/n, =6.5-1071°

above, the discrepancy between 2H, “He, and CMBR disappears.

The results presented in this section are obtained for negligible chemical
potential of electronic neutrinos. On the other hand, formation of cosmolog-
ical neutrino condensate discussed in sec. 2 demands the maximum value of
iy, given by eq. (12). As is known 7), BBN allows at most p/7 = 0.07 for
any neutrino flavor. This implies x > 0.9. Such a large admixture of a wrong
bosonic state to v, is most probably excluded by the data on double beta de-
cay (see below, sec. 7). However, one may still hope to save the neutrino cold
dark matter (vCDM) if the mixing angle determined from the decay is differ-
ent from that that enters neutrino kinetics (see discussion in sec. 8. Another
possibility to save vCDM is to assume that the chemical potentials of v, or
pr are much larger than that of v.. The latter are very weakly restricted by
BBN and only the large mixing between neutrino flavors equalizes all chemical
potentials. However, the change of neutrino statistics may lead to a different
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Figure 2: Upper panel: the ratios of abundances of different elements in the
cases of purely bosonic neutrinos with respect to the standard fermionic case as
functions of the baryon number density, n. The vertically hatched (cyan) region
shows the WMAP 20 determination of n. Lower panel: the absolute abundance
of *He as a function of n for the purely bosonic, Boltzmann, and fermionic
neutrino distributions, corresponding to k = —1,0,4+1 respectively. The two

skew hatched regions show the observation of primordial helium from ref. 24)
(lower, yellow) and ref. 2) (upper, magenta), which marginally overlap at lo.

refraction index in the primeval plasma and to suppression of the transforma-
tion of v,, - into v.. There is also a more conventional way to suppress neutrino
flavor oscillations in the primeval plasma introducing neutrino coupling to light
pseudo-goldstone boson, Majoron. The effective potential of neutrinos induced
by the Majoron exchange would suppress flavor transformations in the cosmo-

logical plasma 28) | This would allow to have large chemical potentials of v, -
and small chemical potential of v,.

5 Astrophysical consequences

Neutrino statistics plays key role in the environments where neutrinos form
dense degenerate gases. Direct test of the “bosonic” nature of neutrinos can
be provided by precise measurements of the neutrino energy spectrum from
supernova. Generically, the spectrum of bosonic neutrinos should be more
narrow. To establish the difference one needs to measure the spectrum both in
the low, E < 3T, and in the high, £ > 3T energy parts.
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A violation of the exclusion principle can influence dynamics of the SN
collapse. According to the usual scenario at the initial stages (formation of
the hot proto-neutron star) the neutronization leads to production of high
concentration of the electron neutrinos which are trapped in the core. The
chemical potential of these neutrinos (due to the Pauli principle) can reach
70 - 100 MeV. These neutrinos heat the medium and diffuse from the core.
Violation of the Pauli principle allows for the neutronization neutrinos to be
produced with lower energies. These neutrinos escape easier the star leading
to faster cooling and lower central temperatures. The evolution of the lepton
number would change as well.

High neutrino density in the condensate (especially if an additional clus-
tering occurs) enhances the rate of the Z%bursts produced by the annihilation

of the ultra high energy (UHE) cosmic neutrinos on the relic neutrinos 6),
This in turn, enhances production of the UHE cosmic rays, and may help to
explain the cosmic ray evens above the GZK cut-off.

Charge asymmetric neutrino condensate may produce a strong refraction
of the high energy neutrinos from remote sources (active galactic nuclei, gamma
ray bursters). Apart from lensing, one may expect a substantial impact on

neutrino oscillations 29).

Since the density of dark matter in galaxies is about 6 orders of magnitude
larger than their average cosmological energy density, a condensation of cold
neutrinos around the Earth might have an effect on the end point of the beta
decay spectra, in particular, in the tritium decay experiments on search for

neutrino mass

6 Double beta decay

In contrast to electrons and nucleons which form atoms and nuclei, where the
effects of statistics are of primary importance, it is difficult to observe processes
with identical neutrinos. A realistic reaction for the test of neutrino statistics
can be the two-neutrino double beta decay,

A— A+ 20+ 2e (17)

(or similar with production of antineutrinos and positrons). The probability of
the decay as well as the energy spectrum and angular distribution of electrons
should be affected by the change of neutrino statistics.

To have a formalism for description of identical neutrinos one needs to
specify operators of neutrino creation/annihilation. We assume that they con-
sist of two parts, fermionic, f , and bosonic b for operators of annihilation,
a = f+b. Its Hermitian conjugate could naturally be the operator of neutrino
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creation. Correspondingly we define one neutrino state as:
v) = a"|0) = e f710) + s167(0) = c| f) + s[b) (18)

where |f) and |b) are respectively one particle fermionic and bosonic states and
c1 = cosd and s; = sind. It would be natural to expect that J is equal to v
introduced above in eq. (7) but we cannot prove it formally.

To describe the two-neutrino state one needs to specify the relevant com-
mutators which, we postulate, have the following form:

Fom c9Bf, Hb = OB, it 9, Ph— O, (19)
where ¢ is an arbitrary phase. The two neutrino state is natural to define as
k1, ka) = ay as |0) (20)

The matrix element of the decay of nucleus A into 2v + 2e + A’ may be
possibly taken in the usual way:

Ao = (k1, ko, 2e, A’ ‘ /d4$1d4$2¢u($1)¢2($2)/\4($17372)

0,4).  (21)

After making the necessary commutating according to eq. (19) we obtain:
Agg = A_ [c‘lL +cisi (1 —cos@)] + Ay [s‘ll +cist (1 + cos )] . (22)

where A_ and A, are respectively antisymmetric (fermionic) and symmetric
(bosonic) parts of two neutrino emission. It is easy to see that the amplitude
can be parametrized as

Ags =cos> Y A_ +sin® y Ay, (23)

where cos? y = ¢} + 357 (1 —cos¢) and sin® x = st + 757 (1 4 cosp). The
probability of the double beta decay integrated over neutrino momenta evi-
dently does not contain interference between A, and A_ and is equal to:

Wiot = cos* x W_ +sin® x W, (24)

where W are proportional to |A4|2.

The probability of decay into unusual bosonic neutrinos is proportional
to the bi-linear combinations of the type K,, K, Ky Ly, LinLy, where

K,

L

= [Em - Ez + Eel + Eul]_l - [Em - E1 + EeZ + EUQ]_17
b =[Em —Ei+Ea+Eq] —[En—Ei+ Ee; + Epo] ™" (25)
Here the upper index b indicates that the results are applicable to bosonic neu-
trinos, F; is the energy of the initial nuclei, F,, is the energy of the intermediate
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nucleus state m, F.;, and E,; are the energies of electrons and neutrinos re-
spectively. The minus signs between the two terms in the above expressions
are due to the bosonic character of neutrinos; in the case of fermionic neutri-
nos we would have plus signs 31). For electrons we assume the normal Fermi
statistics.

In the case of 0T — 07 transitions the combinations K,,, and L,, can be
approximated by

Kb ~ EeQ - Eal + El/2 - Eul b Eel - EeQ + EV2 - Eul (26)
m (Em—E1+E0/2)2 ’ m (Em—El+E0/2)2 ’
whereas for the fermionic neutrinos
Y 2
K ~L ~—uw— (27)

M S~ E+ Eoj2

Here FEy/2 = E. + E, is the average energy of the leptonic pair. Appearance
of the differences of the electron and neutrino energies in eq. (26) leads to a
suppression of the total probability. It also modifies the energy distributions
of electrons. The probabilities of the transitions 0* — 2% are proportional to
the combinations (K, — Ly, ) (K, — L), where

2(E62 - Eel)

Kb — b))~ .
( m 7TL> (Em _ E'L + E0/2)2

(28)

In the case of fermionic neutrinos the combination has an additional factor
(Eva — Ev1)/(Em — E; + FEo/2) and the suppression is stronger.

A simple estimate shows that the probability of 0% — 0T -transition for
bosonic neutrinos is suppressed by 1/250 for **Ge and by 1/10 for °°Mo.
Theoretically the total decay rate is known with the accuracy within a factor
of few. This probably allows to exclude a 100% bosonic neutrino. However, the
fraction of bosonic neutrino can still be very high. According to our preliminary

calculations 8 32) the value of the mixing angle can be as large as:
sin? x < 0.7 (29)

For 07 — 27T the situation is opposite: bosonic neutrinos are more ef-
ficiently produced. However, no interesting bound is obtained in this case
because the statistics for these decays is much lower.

One can use the data on the spectrum of the emitted electrons, either
single electron spectrum or distribution over the total energy of both electrons.
The spectra do not have any noticeable ambiguity related to unknown nuclear
matrix elements and the present day accuracy is at the level of 10%. Potentially
their analysis may improve the above quoted limit (29) or indicate the existence
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of a “bosonic” admixture to neutrinos. Some already observed anomalies may
be interpreted as hints supporting the latter.

Unfortunately we cannot say at the present stage how the Fermi-Bose
parameter introduced above (10) is related to the mixing angle x. Even if
we assume that the mixing angle in neutrino kinetics (7) is the same as in
the definition of neutrino states (18), the unknown value of the angle ¢ which
enters the commutation relations (19) and upon which depends the angle x
(23) makes the relation between x and x rather arbitrary.

7 Theoretical problems and discussion

Mentioned above ambiguities are related to intrinsic problems of formulation
a theory with mixed statistics. Working at a naive level, as we did above, it
is even difficult to define the properly normalized particle number operator.
According to egs. (18) and (20) it is natural to define the n identical neutrino
state as

In) = (cif* +s167)" |0) (30)

The normalization of this state is

nls? 4 (n — 1)l <%) ] (31)

2(n—1
(nln) = 57"~

If we introduce the particle number operator in the usual way:
fi=a"a, (32)

then its diagonal matrix elements would be

(nlftjn) = Sf(n_l) nnlsi + 2nleis cos ¢(n2_ D) S;?nnf/; 4
. 2

The particle number operator, as introduced above, has reasonable and self-
consistent interpretation only for the case of pure statistics, while for mixed
statistics it even does not commute with Hamiltonian if the latter, or operator
7, or both are not somehow modified.

There are no problems with reactions where only one neutrino is involved,
but serious difficulties may arise with two neutrino reactions, as e.g. vl — vl or
v — [, even if the participating neutrinos are not in an identical state. The
amplitude of ve-elastic scattering in the usual approach is given by the expan-
sion of the T-exponent of the action and is described by two diagrams differing
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by an interchange of emission and absorption points. If taken literally, the di-
agrams with TW*-exchange would give vanishing amplitude for purely bosonic
neutrinos . In this case only Z-exchange would contribute to v.e-scattering
and the cross-sections of v,e and v.e-scattering would be equal. Reactor neu-
trino experiments are consistent with the standard value of vee cross-section
and seem to exclude the possibility of purely bosonic v.. Using these data one
can put a rather strong bound on bosonic admixture to electronic neutrino.
On the other hand, perturbation theory with non-bosonic Hamiltonian may
need to be modified and the above conclusion of vanishing of the amplitude of
scattering of pure bosonic neutrinos on electrons would be invalid.

It is unclear if all these problems can be resolved in a simple way or drastic
modifications of the underlying theory is necessary, which is a nontrivial task
because the observed consequences of the theory must not be destroyed.

The presentation in the previous sections and in the original paper 8)
was on pure (and poor) phenomenological level. For example if neutrinos have
mixed statistics then in double beta decay the symmetry of the final state
of neutrinos is mixed: symmetric with wight a and antisymmetric with the
weight a_. It seems plausible that these weights are respectively cos*y and
sin® x as argued in the previous section, eq. (24), simply on the basis on the
normalization arguments.

Similar reasoning is possible for kinetic effects, eqs. (7,8). There are no
rigorous theoretical arguments in favor of such description but the result (11)
for the equilibrium distribution in the case of mixed statistics looks quite beau-
tiful. Moreover, the fact that two “reasonable” (or natural) ways of description
(7) and (8) give the same result is an argument in favor of their validity.

8 Conclusion

There is no consistent theoretical frameworks for description of mixed neutrino
statistics and even in the case of purely bosonic neutrinos the fermionic property
of the Hamiltonian would make a possible future theory quite unusual if it
will ever be formulated. Still independently on theory there could be some
predictions testable by experiment. So to summarize we will conclude that:

1. The suggestion of bosonic or mixed statistics for particles (neutrinos)
with half integer spin looks exciting but opens a Pandora box of serious
theoretical problems, which may be impossible to resolve without revo-
lutionary modification of the standard theory. Such modification looks
especially difficult in the case of mixed statistics.

!This was noticed also by F. Vissani at this Conference.
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2. The suggested mixture of statistics allows to break plenty of sacred prin-
ciples, as e.g. Lorentz invariance, CPT-theorem, locality, etc, which are
actively discussed now.

3. Bosonic neutrinos open a possibility of making all cosmological dark mat-
ter out of neutrinos in accordance with Occam’s razor: “Plurality should
not be posited without necessity.”

4. “Bosonization” of neutrinos leads to effective number of neutrino species
at BBN smaller than 3 and makes an agreement of the BBN calculations
with the data noticeably better.

5. Analysis of accumulated and accumulating data on two neutrino double
beta decay could restrict the admixture of wrong statistics to neutrinos
or to indicate a violation of spin-statistics relation.

6. Last, but not the least, if the validity of spin-statistics theorem has been
studied for the usual matter, electrons and nucleons it surely worth study-
ing for neutrinos. The possibility that statistics is modified for neutrinos
seems more plausible because neutrino is a natural particle to be a mes-
senger from hidden sector of physics where some principles respected in
our world can be violated.
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Abstract

Experimental observations and theoretical considerations have shown that a
large part of the Universe is made of Cold Dark Matter particles, relics from
the Big Bang; this has currently motivated a large experimental effort to inves-
tigate them both by direct and indirect detection methods. In particular, the
DAMA /Nal experiment (~ 100 kg highly radiopure NaI(T1)) had the unique
feature to effectively investigate the presence of a Dark Matter particle compo-
nent in the galactic halo in a model independent way by exploiting the so-called
annual modulation signature. With a total exposure of more than 10° kg - day,
collected over seven annual cycles deep underground at the Gran Sasso Na-
tional Laboratory of the I.N.F.N., it has pointed out — at 6.3 o C.L. — an effect
which satisfies all the many peculiarities of the signature and neither systematic
effects nor side reactions able to mimic the signature were found. Moreover,
several (but still few with respect to the possibilities) corollary model depen-
dent quests for the candidate particle have been carried out. In this paper the
obtained results are summarized and some perspectives are discussed at some
extent. Comparisons with other searches and their future possible projections
are addressed as well.
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1 Introduction

The problem of the existence of Dark Matter in our Universe dates back to

the astrophysical observations at the beginning of past century L, 2), but the
presence of Dark Matter in our Universe has been definitively accepted by the
scientific community only about 40 years later, when two groups performed sys-
tematic measurements of the rotational velocities of celestial bodies in spiral

galaxies 3). After the "70 many other observations have further confirmed the
presence of Dark Matter in the Universe and, at present, the measurements
are mainly devoted to the investigation of the quantity, of the distribution
(from the cosmological scale down to the galactic one) and of the nature of the
Dark Matter in the Universe. Recent measurements of the CMB temperature

anisotropy by WMAP 4)7 analysed in the framework of the Big Bang cosmo-
logical scenario, support a density of the Universe: 2 = 1, further crediting
that most of the Universe is dark. Recently, observations on the supernovae Ia
at high red-shift as standard candles have suggested that about 73% of Q might

be in form of a dark energy 5); the argument is still under investigation and
presents some problems on possible theoretical interpretations. However, even
in this scenario — where the matter density in the Universe would be €2,,, ~ 0.3

4, 6) large space for Dark Matter particles in the Universe exists. In fact,
the luminous matter can only account for a density ~ 0.005 and the baryonic
Dark Matter for ~ 0.04. On the other hand, the contribution of Dark Matter
particles relativistic at the decoupling time (such as light neutrinos) is also re-

stricted to be < 0.01 by considerations on large scale structure formations 7).
Thus, most of the Dark Matter particles in the Universe, relics from the Big
Bang, were either produced at rest or non relativistic at decoupling time; they
are named Cold Dark Matter particles (CDM). The CDM candidates have to
be neutral, stable or quasi-stable (e.g. with a time decay of order of the age
of the Universe) and have to be elusive in the interaction with ordinary mat-
ter. These features are respected by the axions (also already investigated by

DAMA /Nal 8)), by the axion-like candidates with mass up to tens keV, by a
class of candidates named WIMPs (Weakly Interacting Massive Particles) and
by some other candidates which cannot properly be classified as WIMP, but
which offer similar phenomenology.

Since in the Standard Model of particle Physics no suitable particle as
CDM candidate exists, a window beyond the Standard Model is investigated.
At present, a widely considered candidate for CDM is the lighest supersymmet-
ric particle named neutralino. In fact, in the supersymmetric theories where the
R-parity is conserved, the lighest supersymmetric particle must be stable and
can interact neither by electromagnetic nor by strong interactions, otherwise
it would be detected in the galactic halo as the ordinary matter is. However,
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other candidates are also considered, such as e.g. a heavy neutrino of the 4th
family or a sneutrino (the spin-0 supersymmetric partner of the neutrino) in
a multi-component Dark Matter scenario. Moreover, a dominant contribution
of a sneutrino candidate remains still possible in supersymmetric models with
violation of lepton number, where two mass states and a small energy splitting

is present, as reported in ref. 9); a similar sneutrino can only inelastically scat-
ter off nuclei, after its excitation to the low lying energy level. Other possible
candidates are the particles from multi-dimensional Kaluza-Klein-like theories,
10)

the mirror Dark Matter particles , the self-interacting dark matter par-

ticles 11), etc. Moreover, in principle even whatever particle with suitable
characteristics, not yet foreseen by theories, can be a good candidate as CDM.

Several observations have pointed out that our Galaxy should also be
embedded in a dark halo with mass at least 10 times larger than that of the
luminous matter. The CDM particles of this dark halo can be investigated
either by direct (deep underground) or by indirect (in space or underwater or
underground) approaches. In the first case, their interaction on target nuclei
can be detected by means of the signal induced by the recoiling nucleus or, in
case of inelastic scattering, also by the successive de-excitation gamma’s; more-
over, other possibilities which directly involve ionization/excitation phenomena
in the detector remain still open. In the other case, the flux of secondary parti-
cles - mainly neutrinos, positrons, anti-protons, gamma’s - produced by possible
annihilation of some of the CDM candidates either in the Sun or in the Earth
or in the halo may be detected. Most of the approaches are limited by the pos-
sibility to give only a model dependent result; relate discussions can be found

e.g. in refs. 12, 13) 4nd references therein.

2 A direct detection experiment exploiting a model independent
signature: DAMA /Nal

The DAMA /Nal experiment was proposed in 1990 14), designed and realized
having the main aim to investigate in a model independent way the presence of a

Dark Matter particle component in the galactic halo 15, 16, 17, 18, 19, 20, 21

22, 12, 13) For this purpose, we planned to exploit the effect of the Earth
revolution around the Sun on the Dark Matter particles interactions on a suit-
able underground set-up. In fact, as a consequence of its annual revolution, the
Earth should be crossed by a larger flux of Dark Matter particles in June (when
its rotational velocity is summed to the one of the solar system with respect
to the Galaxy) and by a smaller one in December (when the two velocities are
subtracted).

In fact, the expected differential rate as a function of the recoil energy,

dR/dER (see ref. 12) for detailed discussion), depends on the CDM velocity
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distribution and on the Earth’s velocity in the galactic frame, #.(t). Projecting
Ve (t) on the galactic plane, one can write: v, (t) = vg+vgcosycosw(t—ty). Here
vg is the Sun’s velocity with the respect to the galactic halo (vg ~ vo+12 km/s

and vg is the local velocity whose value is in the range 170-270 km/s 17, 23))
vg = 30 kmm/s is the Earth’s orbital velocity around the Sun on a plane with
inclination v = 60° with the respect to the galactic plane. Furthermore, w=
27 /T with T=1 year and roughly to ~ 2"¢ June (when the Earth’s speed is
at maximum). The Earth’s velocity can be conveniently expressed in unit of
vo: N(t) = ve(t)/vo = no + Ancosw(t — tg), where — depending on the assumed
value of the local velocity — 7p=1.04-1.07 is the yearly average of n and An =
0.05-0.09. Since An < 19, the expected counting rate in a k-th energy interval
can be expressed by the first order Taylor approximation:

o8,
Sk[n(t)] = Sklno] + [a—nk]noAncosw(t —to) = So.k + Smkcosw(t — o), (1)

)

with the contribution from the highest order terms less than 0.1%. This annual
modulation signature is very distinctive since a seasonal effect induced by CDM
particles must simultaneously satisfy all the following requirements: (i) the rate
must contain a component modulated according to a cosine function; (ii) with
one year period; (iii) a phase that peaks roughly around ~ 2"¢ June; (iv)
this modulation must only be found in a well-defined low energy range, where
CDM particles can induce signals; (v) it must apply to those events in which
just one detector of many actually ”fires”, since the probability that CDM
particles would have multiple interactions is negligible; (vi) the modulation
amplitude in the region of maximal sensitivity must be <7% for usually adopted
halo distributions, but it can be significantly larger in case of some possible

scenarios such as e.g. those in refs. 9, 24) Only systematic effects able to
fulfil these requirements and to account for the whole observed modulation
amplitude could mimic this signature; thus, no other effect investigated so far
in the field of rare processes offers a so stringent and unambiguous signature.
With the present technology, the annual modulation signature remains the
main signature of a CDM signal in the galactic halo, offering an efficient model
independent signature, able to test a large interval of cross sections and of halo
densities; it was originally suggested in the middle of '80 by 25),

The DAMA /Nal experiment was located deep underground in the Gran

Sasso National Laboratory of I.N.F.N. 26, 27, 28, 29); it has been part of
the DAMA project, which is also composed by several other low background
set-ups, such as: i) DAMA/LXe (~ 6.5 kg pure liquid Xenon scintillator,

using Kr-free enriched Xenon) 30, 31); ii) DAMA/R&D, set-up devoted to

tests on prototypes and small scale experiments 32); iii) the new second gen-
eration larger mass Nal(Tl) radiopure set-up DAMA /LIBRA (see later); iv)
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DAMA /Ge detector for sample measurements.

In particular, the Nal(T1) scintillator was chosen as the best target mate-
rial to investigate the process since it offers several competing advantages with
the respect to every other technique considered so far, such as: well known
technology; large mass; high duty cycle; feasible well controlled operational
conditions and monitoring; routine calibrations feasible down to keV range
in the same conditions as the production runs; high light response, that is
keV threshold reachable; absence of the necessity of re-purification or cooling
down/warming up procedures (implying high reproducibility, high stability,
etc.); absence of microphonic noise and an effective noise rejection at thresh-
old (time decay of Nal(Tl) pulses is hundreds ns, while that of noise pulses
is tens ns); reachable high radiopurity by material selections and protocols,
by chemical/physical purifications, etc.; sensitivity to spin-independent (SI),
spin-dependent (SD), mixed (SI&SD) couplings as well as to many other ex-
isting scenarios; sensitivity to both high (by Iodine target) and low (by Na
target) mass candidates; possibility to effectively investigate the annual mod-
ulation signature in all the needed aspects; pulse shape discrimination feasible
at reasonable level; possibility to achieve significant results on several other
rare processes; no safety problems; necessity of a relatively small underground
space; the lowest cost with the respect to every other considered technique; etc.

Considering its main goal, DAMA/Nal has been designed by employ-
ing and further developing all the necessary low-background techniques and
procedures. A detailed description of the set-up, of its radiopurity, of its
performance, of the used hardware procedures, of the determination of the
experimental quantities and of the data reduction has been given in refs.

33, 18, 19, 12, 13)  Here only few arguments are addressed.

The nine 9.7 kg highly radiopure DAMA /Nal crystals are encapsulated
in radiopure Cu housings; moreover, 10 cm long Tetrasil-B light guides act
as optical windows on the two end faces of each crystals and are coupled to
specially developed low background photomultipliers (PMT). The measured
light response is 5.5 — 7.5 photoelectrons/keV depending on the detector. The
two PMTs of a detector work in coincidence with hardware thresholds at the
single photoelectron level in order to assure high efficiency for the coincidence
at few keV level. The energy threshold of the experiment, 2 keV, is instead
determined by means of X-rays sources and of keV range Compton electrons
on the basis also of the features of the noise rejection procedures and of the
efficiencies when lowering the number of available photoelectrons 33)

The detectors are enclosed in a sealed copper box, continuously main-
tained in HP Nitrogen atmosphere in slightly overpressure with respect to the
external environment.

A suitable low background hard shield against electromagnetic and neu-

tron background was realized using very high radiopure Cu and Pb bricks 33),
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Cd foils and 10/40 cm polyethylene/paraffin; the hard shield is also sealed in
a plexiglas box and maintained in the high purity (HP) Nitrogen atmosphere.
Moreover, about 1 m concrete (made from the Gran Sasso rock material) al-
most fully surrounds the hard shield outside the barrack and at its bottom,
acting as a further neutron moderator.

A three-level sealing system from environmental Radon is effective. In
fact, in addition to the previous sealed boxes in HP Nitrogen atmosphere, the
inner part of the barrack, where the set-up is allocated, has also the floor
(above the concrete) and all the walls sealed by Supronyl (permeability: 2

- 107 em?/s 34)) plastic and the entrance door is air-tight. A low level
oxygen alarm informs the operator before entering the inner part of the barrack
since the HP Nitrogen which fills both the inner Cu box and the external
plexiglas box is released in this closed environment. The Radon level inside the
(sealed) barrack is continuously monitored and recorded with the production
data 19, 16, 33, 18, 19, 12, 13);
radonmeter.

On the top of the shield a glove-box (also maintained in the HP Nitrogen
atmosphere and equipped with a compensation chamber) is directly connected
to the inner Cu box, housing the detectors, through Cu pipes. The pipes are
filled with low radioactivity Cu bars (covered by 10 cm of low radioactive Cu
and 15 c¢m of low radioactive Pb) which can be removed to allow the insertion
of the holders of the radioactive sources for calibrating the detectors in the

same running condition, without any contact with external environment 33)

The whole installation is air-conditioned and the operating temperature
as well as many other parameters are continuously monitored and acquired
with the production data. Moreover, self-controlled computer processes auto-

matically monitor several parameters and manage alarms 33, 19, 12)
The electronic chain and the data acquisition system operative up to

summer 2000 have been described in ref. 33), while the new electronics and

DAQ installed in summer 2000 have been described in ref. 12), Moreover, the
experiment took data up to MeV energy region despite the optimization was
done for the keV energy range.

The following part of this paper will summarize the final model inde-
pendent result, some of the corollary quests for the candidate particle, com-
parisons, implications and pespectives. However, it is worth to remind that -
thanks to its radiopurity and features - DAMA /Nal has also investigated other

approaches for Dark Matter particles in ref. 35, 36) and several other rare
processes such as: possible processes violating the Pauli exclusion principle

37), CNC processes in 22Na and 1271 38), electron stability 39), searches for
neutral SIMPs 40), for neutral nuclearites 40), for Q-balls 41) and for solar

it is at the level of sensitivity of the used
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axions 8); moreover, DAMA /Nal allowed also the study of nuclear transition

42)

to a possible superdense nuclear state and possible two-body cluster decay

of 1277 43)

2.1 The 6.3 0 C.L. model-independent evidence for a Dark Matter component
in the galactic halo

The DAMA /Nal set-up has exploited the annual modulation signature over

seven annual cycles 15, 16, 17, 18, 19, 20, 21, 22, 12, 13) 7y, presence of
a model independent positive evidence in the data of DAMA /Nal has been
firstly reported by the DAMA collaboration at the TAUP conference in 1997

44) and published also in 15), confirmed in  16: 17)
18, 19, 20, 21, 22)

, further confirmed in

and conclusively confirmed, at end of experiment, in 2003

12, 13)
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Figure 1: On the left: experimental residual rate for single-hit events in the
cumulative (2-6) keV energy interval as a function of the time over 7 annual
cycles (total exposure 107731 kg x day); end of data taking July 2002. The ex-
perimental points present the errors as vertical bars and the associated time bin
width as horizontal bars. The superimposed curve represents the cosinusoidal
function behaviour expected for a Dark Matter particle signal with a period
equal to 1 year and phase exactly at 2*% June; the modulation amplitude has

been obtained by best fit. See ref. 12, 13) . On the right: power spectrum of
the measured single-hit residuals for the cumulative (2-6) keV energy interval
calculated including also the treatment of the experimental errors and of the
time binning. As it can be seen, the principal mode corresponds to a frequency
of 2.737-1073 d~!, that is to a period of ~ 1 year.

During seven independent experiments of one year each one, it has pointed
out the presence of a modulation satisfying the many peculiarities of a particle
Dark Matter induced effect, reaching an evidence at 6.3 o C.L.. In fact, a
model-independent approach on the data collected by DAMA /Nal over seven
annual cycles offers an immediate evidence of the presence of an annual modu-
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lation of the measured rate of the single-hit events in the lowest energy region.
In particular, in Fig. 1 — left the time behaviour of the residual rate of the
single-hit events in the cumulative (2-6) keV energy interval is reported. The
data favour the presence of a modulated cosine-like behaviour at 6.3 ¢ C.L.
and their fit for this cumulative energy interval offers modulation amplitude
equal to (0.0200 £ 0.0032) cpd/kg/keV, a phase to = (140 £ 22) days and a
period T' = (1.00 + 0.01) year, all parameters kept free in the fit. The period
and phase agree with those expected in the case of an effect induced by Dark
Matter particles of the galactic halo (T = 1 year and to roughly at ~ 152.5t"
day of the year). The x? test on the (2-6) keV residual rate disfavours the
hypothesis of unmodulated behaviour giving a probability of 7-10~% (x2/d.o.f.
= 71/37). The same data have also been investigated by a Fourier analysis as
shown in Fig. 1 — right, where a clear peak corresponding to a period of ~ 1 year
is present. Modulation is not observed above 6 keV 12). Finally, a suitable
statistical analysis has shown that the modulation amplitudes are statistically
well distributed in all the crystals, in all the data taking periods and consid-
ered energy bins. More arguments can be found in ref. 12, 13) and references
therein. A careful quantitative investigation of all the known possible sources

Table 1: Summary of the results obtained by investigating the possible sources

of systematics or of side reactions 12, 13) N systematics or side reaction
has been found able to give a modulation amplitude different from zero; thus
very cautious upper limits (90% C.L.) have been calculated and are shown here
in terms of the measured model independent modulation amplitude, S**. As it
can be seen, they cannot account for the measured modulation amplitude and, in

addition, cannot satisfy the peculiar requirements of the signature 19, 12, 13),
Source Cautious upper limit

(90%C.L.)
Radon < 0.2%S59
Temperature < 0.5%59%
Noise < 1%S%
Energy scale < 1%S82bs
Efficiencies < 1%S82bs
Background < 0.5%59%
Side reactions < 0.3%59%

In addition: no effect can mimic the signature

of systematic and side reactions has been regularly carried out and published
at time of each data release; in particular, quantitative detailed discussions can
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be found in refs. 19 12, 13) No systematic effect or side reaction able to
account for the observed modulation amplitude and to satisfy all the require-
ments of the signature has been found. Thus, very cautious upper limits (90%
C.L.) on the possible contributions to the modulated amplitude have been cal-

culated as summarized in Table 1; for a detailed quantitative discussion see ref.
19, 12, 13)

As a further relevant investigation, the multiple-hits events collected dur-
ing the DAMA /Nal-6 and 7 running periods (when each detector was equipped
with its own Transient Digitizer with a dedicated renewed electronics) have
been studied and analysed by using the same identical hardware and the same
identical software procedures as for the case of the single-hit events (see Fig.
2). The multiple-hits events class — on the contrary of the single-hit one —
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Figure 2: FExperimental residual rates over seven annual cycles for single-hit
events (open circles) — class of events to which Dark Matter particle events
belong — and over the last two annual cycles for multiple-hits events (filled
triangles) — class of events to which Dark Matter particle events do not belong
—in the (2-6) keV cumulative energy interval. They have been obtained by
considering for each class of events the data as collected in a single annual
cycle and using in both cases the same identical hardware and the same identical
software procedures. The initial time is taken on August 7". See text.

does not include events induced by Dark Matter particles since the probability
that a Dark Matter particle interacts in more than one detector is negligible.
The fitted modulation amplitudes are: A = (0.0195+0.0031) cpd/kg/keV and
A= —(39+79) 107* cpd/kg/keV for single-hit and multiple-hits residual
rates, respectively. Thus, evidence of annual modulation with proper features
is present in the single-hit residuals (events class to which the CDM particle-
induced recoils belong), while it is absent in the multiple-hits residual rate
(event class to which only background events belong). Since the same identical
hardware and the same identical software procedures have been used to anal-
yse the two classes of events, the obtained result offers an additional strong
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support for the presence of Dark Matter particles in the galactic halo further
excluding any side effect either from hardware or from software procedures or
from background.

In conclusion, the presence of a Dark Matter particle component in the
galactic halo is supported by DAMA /Nal at 6.3 ¢ C.L. and the modulation
amplitude measured over those 7 annual cycles in Nal(Tl) at the location of
the Gran Sasso Laboratory for the (2 — 6) keV energy region is (0.0200 +
0.0032) cpd/kg/keV. This is the experimental result of DAMA /Nal. It is model
independent; no other experiment whose result can be directly compared with
this one is available so far in the field of Dark Matter investigation.

2.2 Corollary results: quests for a candidate particle in some of the many
possible model frameworks

On the basis of the obtained 6.3 ¢ model-independent result, corollary investi-
gations can also be pursued on the nature of the Dark Matter particle candidate.
This latter investigation is instead model-dependent and — considering the large
uncertainties which exist on the astrophysical, nuclear and particle physics as-
sumptions and on the theoretical and experimental parameters needed in the
calculations — has no general meaning (as it is also the case of exclusion plots
and of the Dark Matter particle parameters evaluated in indirect detection ex-
periments). Thus, it should be handled in the most general way as we have
pointed out with time passing 15, 16, 17, 18, 19, 20, 21, 22, 12, 13)
Candidates, kinds of Dark Matter particle couplings with ordinary mat-
ter and implications, cross sections, nuclear form factors, spin factors, scaling

laws, halo models, priors, etc. are discussed in ref. 12), The reader can find
in this latter paper and in references therein devoted discussions to correctly
understand the results obtained in corollary quests and the real validity of any
claimed model-dependent comparison in the field. Here, we just remind that
the results briefly summarized here are not exhaustive of the many scenarios
possible at present level of knowledge, including those depicted in some more

recent works such as e.g. refs. 24, 45)

DAMA /Nal is intrinsically sensitive both to low and high Dark Matter particle
mass having both a light (the 2Na) and a heavy (the '271) target-nucleus; in
previous corollary quests for the candidate, dark matter particle masses above
30 GeV (25 GeV in ref. 15)) have been presented 16, 18: 20, 21, 22) for few
(of the many possible) model frameworks. However, that bound holds only
for neutralino when supersymmetric schemes based on GUT assumptions are

adopted to analyse the LEP data 46). Thus, since other candidates are possible
and also other scenarios can be considered for the neutralino itself as recently
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Figure 3: Case of a Dark Matter particle with mixed SI&SD interaction in

the model frameworks of ref. 12). Coloured areas: example of slices (of
the 4-dimensional allowed volume) in the plane osr vs Eosp for some of the
possible my and 0 values. Four SD couplings are reported as examples: 1)
0 =0 (ap, =0 and ap # 0 or |ap| >> |as|) corresponding to a particle with
null SD coupling to neutron; it) 0 = w/4 (ap = an) corresponding to a particle
with the same SD coupling to neutron and proton; iii) 0 = 7/2 (a, # 0 and
ap = 0 or |ay| >> |ap|) corresponding to a particle with null SD couplings to
proton; w) 0 = 2.435 rad (Z—: = -0.85) corresponding to a particle with SD
coupling through Zo exchange. The case a, = —ay, s nearly similar to the case
). Inclusion of other existing uncertainties on parameters and models would
further extend the regions; for example, the use of more favourable form factors
and/or of more favourable spin factors than the considered ones would move
them towards lower cross sections.

pointed out!, the present model-dependent lower bound quoted by LEP for
the neutralino in the supersymmetric schemes based on GUT assumptions is
simply marked in the following figures. It is worth to note that this model
dependent LEP limit — when considered — selects the CDM particle-Iodine
elastic scatterings as dominant.

'In fact, when the assumption on the gaugino-mass unification at GUT scale
is released, neutralino masses down to ~ 6 GeV are allowed 47, 48),
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Figure 4: On the left : Case of a Dark Matter particle with dominant SI inter-

action for the model frameworks of ref. 12). Region allowed in the plane (mwy,
Eosr). The vertical dotted line represents a bound in case of a neutralino can-
didate when supersymmetric schemes based on GUT assumptions are adopted
to analyse the LEP data; the low mass region is allowed for neutralino when
other schemes are considered and for every other candidate; see text. While
the area at Dark Matter particle masses above 200 GeV is allowed only for
few configurations, the lower one is allowed by most configurations (the colored

region gathers only those above the vertical line) 12) | The inclusion of other
exristing uncertainties on parameters and models would further extend the re-
gion; for example, the use of more favourable SI form factor for Iodine alone
would move it towards lower cross sections. On the right : Example of the ef-
fect induced by the inclusion of a SD component different from zero on allowed
regions given in the plane £og7 vs myy. In this example the Evans’ logarithmic
azisymmetric C2 halo model with vo = 170 km/s, po equal to the maximum

value for this model and a given set of the parameters’ values (see 12)) have
been considered. The different regions refer to different SD contributions for
the particular case of 6 =0: osp = 0 pb (a), 0.02 pb (b), 0.04 pb (c), 0.05 pb
(d), 0.06 pb (e), 0.08 pb (f). Analogous situation is found for the other model
frameworks.

For simplicity, here the results of these corollary quests for a candidate
particle are presented in terms of allowed regions obtained as superposition
of the configurations corresponding to likelihood function values distant more
than 40 from the null hypothesis (absence of modulation) in each of the sev-
eral (but still a limited number) of the possible model frameworks considered

in ref. 12). These allowed regions/volumes take into account the time and
energy behaviours of the single-hit experimental data and have been obtained

by a maximum likelihood procedure (for a formal description see e.g. refs.

15, 16, 18)) which requires the agreement: i) of the expectations for the mod-
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Figure 5: On the left: Case of a Dark Matter particle with dominant SD

interaction in the model frameworks of ref. 12). Ezample of a slice (of the
3-dimensional allowed volume) in the plane (my , Eosp) at a given 0 value (0
is defined in the [0,7) range); here 0 = 2.435 (Zy coupling). For the definition
of the vertical line and of the coloured area see the caption of Fig. 4. Inclusion
of other existing uncertainties on parameters and models (as discussed in ref.

12, 13)) would further extend the SD allowed regions. For example, the use
of more favourable SD form factors and/or more favourable spin factors would
move them towards lower cross sections. Values of £osp lower than those
corresponding to this allowed region are possible also e.g. in case of an even

small ST contribution (see ref. 12, 13)) On the right: Case of a Dark Matter
particle with preferred inelastic interaction in the model frameworks of ref.

12), Ezxamples of slices (coloured areas) of the 3-dimensional allowed volume
(Cop, &, mw ) for some mw wvalues. Inclusion of other existing uncertainties
on parameters and models would further extend the regions; for erample, the
use of more favourable form factors and of different escape velocity would move

them towards lower cross sections. For details see ref. 12, 13),

ulated part of the signal with the measured modulated behaviour for each
detector and for each energy bin; ii) of the expectations for the unmodulated
component of the signal with the respect to the measured differential energy

distribution and - since ref. 18) - also with the bound on recoils obtained by

pulse shape discrimination from the devoted DAMA /Nal-0 data 35), The
latter one acts in the likelihood procedure as an experimental upper bound
on the unmodulated component of the signal and — as a matter of fact — as
an experimental lower bound on the estimate of the background levels. Thus,
the C.L.’s, we quote for the allowed regions, already account for compatibility
with the measured differential energy spectrum and with the measured upper
bound on recoils. Finally, it is worth to note that the best fit values of cross
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sections and Dark Matter particle mass span over a large range when varying
the considered model framework, thanks also to the different sensitivity due to
the light (Sodium) and heavy (Iodine) target-nuclei.

Fig. 3, 4, 5 show some of the allowed regions or slices of the allowed

volumes in the frameworks considered in ref. 12); details and descriptions of the

symbols are given in ref. 12) Here we only remind that ¢g6 is the ratio between
the Dark Matter particle-neutron and the Dark Matter particle-proton effective
spin-dependent coupling strengths and that 0 is defined in the [0,7) interval.
Obviously, larger sensitivities than those reported in the following figures would
be reached when including the effect of other existing uncertainties on the
astrophysical, nuclear and particle Physics assumptions and related parameters;
similarly, the set of the best fit values would also be enlarged as well. For details

see ref. 12).

& Hotting, 7. Domata, M. Fornenge, S. Seepel (2003)

1078 g T

(nbarn)

1078 &

10-% &

fulm=t

10710 |

10-11

5 10 50 100 500
m, (GeV)

Figure 6: Figure taken from ref. 48): theoretical expectations of Eogr versus
mw in the purely SI coupling for the particular case of a neutralino candi-
date in MSSM with gaugino mass unification at GUT scale released; the curve
surrounds the DAMA /Nal purely SI allowed region as in Fig. 4-left.

In Fig. 6 the theoretical expectations in the purely SI coupling for the
particular case of a neutralino candidate in MSSM with gaugino mass unifica-

tion at GUT scale released 48) are shown. The marked curve surrounds the
DAMA /Nal purely SI allowed region as in Fig. 4 — left. However, it is worth
to remind that many other possibilities exist also in the supersymmetric sce-
nario, since e.g. the neutralino itself has mixed SI&SD coupling with ordinary
matter and the supersymmetric theories have in their general extension much
more involved free parameters than those generally considered. Moreover, other
analyses have been and are performed in terms of other Dark Matter particle
candidates (see literature).
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3 The present situation in the field

3.1 Direct detection

As already mentioned, no other experiment, whose result can be directly com-
pared in a model independent way with that of DAMA /Nal, is available so far
in the field of Dark Matter direct detection.

In fact, most of the activities, started in the 90’s, are still at R&D stage
and/or have released marginal exposures with the respect to the many years
of existence and to the several used detectors. This is the case of CDMS,
EDELWEISS and CRESST experiments, while the Zeplin experiment is more

recent 49, 50, 51, 52), Since these experiments have claimed to have ”ex-
cluded” DAMA /Nal, we will briefly point to the attention of the reader only
few arguments, while Table 2 summarizes some items for comparison.

Firstly, let us preliminarily assume as fully correct the ”selected” number
of events, the energy threshold, the energy scale, etc. quoted by those experi-
ments (see Table 2) and let us consider if — at least under this hypothesis — their
claims might be justified. The answer is obviously not; in fact: i) they give a
single model dependent result using "**Ge or "**Xe target, while DAMA /Nal
gives a model independent result using 2*Na and 1271 targets; ii) in the single
(of the many possible) model scenario, they consider, they ”fix” all the as-
trophysical, nuclear and particle physics assumptions at a single questionable
choice; the same is even for the experimental and theoretical parameters values
needed in the calculations.

In particular, a comparison among experiments using different target-
nuclei can only be model dependent, since several aspects must be considered,
such as: i) the nature of the Dark Matter particle; ii) its real coupling with
ordinary matter (mixed SI&SD, purely SI, purely SD, preferred inelastic) etc.;
iii) the choice of the nuclear SI and SD form factors and the relative parame-
ters for each involved target-nucleus; iv) the choice of the spin factor for each
involved target-nucleus; v) the real scaling laws for the nuclear cross sections

(see for instance ref. 45)); vi) the real halo model and the related parameters;
vii) the real values of the experimental and theoretical parameters within their
uncertainties; etc. As an example we remind that not only large differences in
the measured rate can be expected when using target-nuclei sensitive to the
SD component of the interaction (such as e.g. 2 Na and 271) with respect to
those largely insensitive to such a coupling (such as e.g. " Ge, "% Si, "% Ar,
natCg, "W, "etQ), but also when using different target-nuclei although all —
in principle — sensitive to such a coupling, depending on the unpaired nucleon
(compare e.g. the odd-spin isotopes — with neutron unpaired — of 129 Xe, 131 Xe,
125T¢ and those with small abundance of Ge, 29Si, 183W with the proton

unpaired 2*Na and 1271 cases) 12, 13) Hence, most of the regions/volumes —
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already allowed by DAMA /Nal in the frameworks considered so far — are un-
explorable e.g. by Ge, Si, Xe, CaWQ, present experiments and by their future
possible projection.

In addition, DAMA/Nal is generally quoted there in an uncorrect, par-
tial and unupdated way and existing scenarios to which DAMA /Nal is fully
sensitive — on the contrary of the others — are ignored.

Comments about the experimental aspects of those experiments can be

found elsewhere (see e.g. 12, 13)).

In conclusion, those claims for contradiction have intrinsecally no scientific
bases.

In future, some complementary information to that achieved by DAMA /Nal
and achievable by the present DAMA/LIBRA experiment could be obtained
by experiments such as e.g. Genius-TF, CUORE and WARP at Gran Sasso
Laboratory, provided that they would also have suitable long-term stability,
low energy threshold, etc.

As regards the experiments planning to use, in the keV energy range, very
large mass of liquid noble gases as target — in particular Xenon — we remind
that several technical difficulties exist and sharply increase with the size of the

detector 55).

Finally, the strategies to reject electromagnetic background from the data
are limited by their statistical nature because of e.g. the tail effects from the
different populations, of the noise, etc. and by the existence of well known side
processes (such as e.g. end-range alphas, fission fragments, environmental neu-
trons and, in some cases, strumental effects as surface electrons, etc.), whose
contributions cannot be estimated and subtracted at the level of precision re-
quired for their claimed reachable sensitivity (as it can be easily derived even
by simple considerations). Moreover, these techniques are absolutely unsuit-
able if the CDM candidates would instead directly involve ionization/excitation
phenomena in the detector.

3.2 Indirect detection

As mentioned, the Dark Matter particles, via their annihilation either in the
celestial bodies (such as Earth and Sun) or in the Galactic halo could give rise to
high energy neutrinos, positrons, antiprotons and gamma rays. Therefore, they
could be indirectly detected by looking either for ”upgoing” muons — produced
by v, — in underground, underwater or under-ice detectors or for antimatter
and gamma rays in the space. However, it is worth to remark that no direct
model independent comparison can be performed between the results obtained
in direct and indirect searches; any comparison would depend on assumptions
and on the considered model frameworks. In particular, a comparison would
always require the calculation and the consideration of all the possible Dark
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Matter particle configurations in the given particle model (e.g. for x: in the
allowed parameters space), since it does not exist a biunivocal correspondence
between the observables in the two kinds of experiments: for example, WIMP-
nucleus elastic scattering cross section (direct detection case) and flux of muons
from neutrinos (indirect detection case, the same conclusion can be achieved
for anti-matter and gamma’s in the space). In fact, the counting rate in direct
search is proportional to the SD and to the SI cross sections, while the muon
flux is connected not only to them, but also to the WIMP annihilation cross
section. In principle, the three cross sections can be correlated, but only when
a specific model is adopted and by non directly proportional relations.

In the case of "upgoing” muons in terrestrial detectors, the expected p
flux is the key quantity. However, several sources of uncertainties are present in
the related estimates (and, therefore, in the obtained results) such as e.g. the
assumption that a ”steady state” has been reached in the considered celestial
body and the estimate and subtraction of the existing competing processes,
offered by the atmospheric neutrinos. Model dependent analyses with a sim-
ilar approach have been carried out by large experiments deep underground
such as e.g. MACRO and Superkamiokande. In particular, the case of the

neutralino candidate in MSSM has been discussed in 56), showing that their
model dependent results were not in conflict with DAMA /Nal.

As we mentioned, the annihilation of CDM candidates in the galactic
halo could also produce antimatter particles and gamma rays. The antimatter
searches have to be carried out outside the atmosphere, i.e. on balloons or
satellites. In particular, the Dark Matter particles annihilation would result in
an excess of antiprotons or of positrons over an estimated background arising
from other possible sources. The estimate and subtraction of such a background
together with the influence of the Earth and of the galactic magnetic field on
these particles plays a crucial role on the possibility of a reliable extraction
of a signal. However, at present an excess of positrons with energy ~ 5 — 20

GeV has been suggested by 57) and other experiments. Interpreted in terms
of Dark Matter particles annihilation it gives a result not in conflict with the

effect observed by DAMA /Nal 57).

As regards the possibility to detect 7’s from Dark Matter particles anni-
hilation in the galactic halo, experiments in space are planned. However, at
present it is difficult to estimate their possibilities considering e.g. the back-
ground level, the uncertainties in its reliable estimate and subtraction as well as
the smallness of the expected signal (even more, if a subdominant component
would be present) when properly calculated with rescaling procedure. How-

ever, in ref. 59, 60) the presence of a v excess from the center of the Galaxy

in the EGRET data 61) has already been suggested. This excess match with a

59, 60)

possible Dark Matter particles annihilation in the galactic halo and is
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Figure 7: Figures taken from ref. 98): Case of a subdominant heavy 4" neu-
trino candidate in the plane local density fraction versus the heavy neutrino
mass. The favorable region obtained from the DAMA/Nal data (grey dashed
line when using the Evan’s halo model; solid line when using the other halo mod-
els) and the best-fit density parameters deduced from cosmic gamma-radiation
(from halo and galactic center), positron and antiproton analysis are shown
(left panel). The effect of the inclusion of possible neutrino clumpiness is also

reported (right panel). See ref. 58) for details.

also not in conflict with the DAMA /Nal model independent result previously
reported.

For completeness, we remind that recently it has been suggested 58) that
the positive hints from the indirect detection — namely the excess of positrons
and of gamma rays in the space — and the model independent effect observed
by DAMA /Nal can also be described in a scenario with multi-component Dark
Matter in the galactic halo, made of a subdominant component of heavy neu-
trinos of the 4t" family and of a sterile dominant component. In particular (see
Fig. 7), it has been shown that an heavy neutrino with mass around 50 GeV
can account for all the observations, while the inclusion of possible clumpiness
of neutrino density as well as new interactions in the heavy neutrino annihila-
tion, etc. can lead to wider mass ranges: from about 46 up to about 75 GeV
(see ref. 58) for details).

A new generation of experiments in the space is foreseen in the immediate
future, such as AGILE, AMS-2, PAMELA, GLAST, .... They will certainly
contribute to improve our knowledge.

4 Toward the future: from DAMA /Nal to DAMA /LIBRA and be-
yond

The large merits of highly radiopure Nal(Tl) set-up have been demonstrated
in the practice by DAMA /Nal which has been the highest radiopure set-up
available in this particular field. It has effectively pursued a model independent
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approach to investigate Dark Matter particles in the galactic halo collecting an
exposure several orders of magnitude larger than those available in the field
and has obtained many other complementary or by-products results.

In 1996 DAMA proposed to realize a ton set-up 62) and a new R&D
project for highly radiopure Nal(Tl) detectors was funded at that time and
carried out for several years in order to realize as an intermediate step the
second generation experiment, successor of DAMA /Nal, with an exposed mass
of about 250 kg.

Thus, new powders and other materials have been selected, new chem-
ical/physical radiopurification procedures in Nal and TII powders have been
exploited, new growing/handling protocols have been developed and new proto-
types have been built and tested. As a consequence of the results of this second
generation R&D, the new experimental set-up DAMA/LIBRA (Large sodium
Iodide Bulk for RAre processes), ~250 kg highly radiopure Nal(T1) crystal
scintillators (matrix of twenty-five ~ 9.70 kg NalI(T1) crystals), was funded at
end 1999 and realised. In fact, after the completion of the DAMA /Nal data
taking in July 2002, the dismounting of DAMA /Nal occurred and the instal-
lation of DAMA/LIBRA started. In particular, the experimental site as well
as many components of the installation itself have been implemented (envi-
ronment, shield of PMTs, wiring, HP Nitrogen system, cooling water of air
conditioner, electronics and DAQ), etc.). In particular, all the Cu parts have
been chemically etched before their installation following a new devoted pro-
tocol and maintained in HP Nitrogen atmosphere until the installation. All
the procedures performed during the dismounting of DAMA /Nal and the in-
stallation of DAMA/LIBRA detectors have been carried out in HP Nitrogen
atmosphere (see Fig.8).

Figure 8: Left: the installation of the 25 Nal(Tl) crystals (9.70 kg each one)
of DAMA/LIBRA in HP Nitrogen atmosphere. Right: One of the final stages
of the detectors’ installation. All the procedures as well as these photos have
been carried out in HP Nitrogen atmosphere.

DAMA /LIBRA is taking data since March 2003 and the first data release
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will, most probably, occur when an exposure larger than that of DAMA /Nal
will have been collected and analysed in all the aspects. The highly radiopure
DAMA/LIBRA set-up is a powerful tool for further investigation on the Dark
Matter particle component in the galactic halo having all the intrinsic merits
already mentioned and a larger exposed mass, an higher overall radiopurity and
improved performances with the respect to DAMA /Nal. Thus, DAMA/LIBRA
will further investigate the 6.3 o C.L. model independent evidence pointed out
by DAMA /Nal with increased sensitivity in order to reach even higher C.L..
Moreover, it will also offer an increased sensitivity to improve corollary quests
on the nature of the candidate particle, trying to disentangle at least among
some of the many different possible astrophysical, nuclear and particle physics
models as well as to investigate other new possible scenarios. As an example,
we remind the effects induced on the Dark Matter particles distribution by the
contributions from satellite galaxies tidal streams, by the possible existence of
caustics and by the possible existence of ”solar wakes”. In particular, recently

it has been pointed out 24) that contributions to the Dark Matter particles in
the galactic halo should be expected from tidal streams from the Sagittarius
Dwarf elliptical galaxy. Considering that this galaxy was undiscovered until
1994 and considering galaxy formation theories, one has to expect that also
other satellite galaxies do exist and contribute as well. In particular, the Canis

Major satellite Galaxy has been pointed out as reported in 2003 in ref. 63); it
can, in principle, play a very significant role being close to our galactic plane.
At present, the best way to investigate the presence of a stream contribution
is to determine more accurately the phase of the annual modulation, tg, as a
function of the energy; in fact, for a given halo model ¢y would be expected to
be (slightly) different from 152.5 d and to vary with energy (see Fig. 9).
Thanks to the higher sensitivity, DAMA/LIBRA will also allow to study
the possible effects induced on the Dark Matter particles distribution in the
galactic halo by the existence of caustics. It has been shown that the continuous
infall of Dark Matter particles in the galactic gravitational field can form caustic

surfaces and discrete streams in the Dark Matter particles halo 64)  The
phenomenology to point out a similar scenario is analogous to that in the
previous item.

As an additional verification of the possible presence of contributions
from streams of Dark Matter particles in our galactic halo, DAMA/LIBRA can
investigate also the gravitational focusing effect of the Sun on the Dark Matter
particle of a stream. In fact, one should expect two kinds of enhancements in the
Dark Matter particles flow: one named ”spike”, which gives an enhancement
of Dark Matter particle density along a line collinear with the direction of the
incoming stream and of the Sun, and another, named ”skirt”, which gives a
larger Dark Matter particle density on a surface of cone whose opening angle
depends on the stream velocity.
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Figure 9: Ezpected behaviours of the phase, to, of the annual modulation signal
as function of the energy when considering: i) only galactic halo (“no Sgr”);
it) galactic halo (C2 halo model with vo = 220 km/s, po equal to the maximum
value for this model) and a contribution from Sagittarius Dwarf galazy (“C2”);
iii) galactic halo (A5 halo model with vo = 220 km/s, po equal to the mazimum
value for this model) and a contribution from Sagittarius Dwarf galaxy (“A5”).
The contributions from Sagittarius Dwarf galazy have been taken in both cases
with a density equal to 4% of po. The light shadow region is the final result
of DAMA /Nal on the ty value for the cumulative energy interval (2 — 6) keV,
while the dark shadow region is the expectation on ty assuming an experiment
with the same features as DAMA/Nal, an exposure of 3-10° kg - day and the
same central value for tg.

Moreover, other interesting topics will be addressed by the highly radiop-
ure DAMA /LIBRA, such as the study (i) on the velocity and spatial distri-
bution of the Dark Matter particles in the galactic halo (for details see the

discussions in ref. 1% 22)); (ii) on possible structures as clumpiness with
small scale size; (iii) on the coupling(s) of the Dark Matter particle with the
ZNa and 1271 target-nuclei; (iv) on the nature of the Dark Matter particles;

(v) on scaling laws and cross sections (recently, it has been pointed out 45)
that, even for the neutralino candidate, the usually adopted scaling laws could
not hold); etc.

A large work will be faced by DAMA/LIBRA, which is in addition at
present the intrinsecally most sensitive experiment in the field of Dark Matter
because of its radiopurity, exposed mass and high duty cycle. These qualities
will also allow DAMA/LIBRA to further investigate with higher sensitivity
several other rare processes.
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Finally, at present a third generation R&D effort toward the possible
NaI(Tl) ton set-up has been funded and related works have already been
started.

5 Conclusion

The investigation of the Dark Universe is one of the main topics of the present-
day Physics. In particular, experimental efforts to investigate the significant
part of the Universe in form of Cold Dark Matter particles are carried out. The
necessity to pursue a model independent signature is evident.

DAMA /Nal has been a pioneer experiment running at LNGS for several
years and investigating as first the model independent annual modulation sig-
nature with suitable sensitivity and control of the running parameters. During
seven independent experiments of one year each one, it has pointed out at
6.3 o0 C.L. the presence of a modulation satisfying all the many peculiarities
of a Dark Matter particle induced effect. Neither systematic effects nor side
reactions able to account for the modulation amplitude observed in this ex-
perimental set-up and to contemporaneously satify all the requirements of the
signature have been found. DAMA /Nal has also pointed out the complexity
of corollary investigations on the nature of the candidate particle, because of
the present poor knowledge on the many astrophysical, nuclear and particle
physics aspects; several scenarios have been considered and others are under
investigation. A second generation experiment DAMA /LIBRA has been re-
alized and put in operation since March 2003 to further investigate the Dark
Matter particle component in the galactic halo and its properties. Moreover,
further efforts towards the creation of ultimate radiopure Nal(T1) set-ups are
in progress with a third generation R&D towards a possible 1 ton set-up we
proposed in 1996.

Some main aspects of the research in the field have also been summa-
rized. In particular, complementary information could be foreseen from some
other incoming experiments exploiting either the direct or the indirect detection
methods.
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SEARCHING FOR DARK MATTER IN SPACE

A. Morselli
INFN Roma II and Dept. of Physics, University of Roma ”Tor Vergata”

Abstract

Experimental cosmology has been steadily progressing over the last few
years. The emerging picture is of a cosmological average matter density
of Q,, = 0.27 & 0.04 which is much larger than the baryon density 2, =
0.044 £ 0.004. The nature of the astronomical dark matter is still unresolved.
The favoured candidate for the nonbaryonic component is a neutral weakly-
interacting massive particle (WIMPs) with a mass in the range from tens of
GeV to TeV. They would naturally appear as one of the thermal leftovers
from the early Universe and their existence is predicted in several classes of
extensions of the Standard Model of particle physics. The most popular case is
that of the lightest neutralino in R-parity conserving supersymmetric models.
Considerable effort has been put into the search for dark matter WIMPs in the
last decade, with several complementary techniques applied. One route worth
being explored is provided by indirect signatures. Neutralinos should pervade
the Milky Way halo and be concentrated at the galactic centre and in the
cores of the sun and earth. As they mutually annihilate, they should produce
high energy photons and antimatter cosmic-rays and should therefore generate
spectral distortions in the corresponding backgrounds. The direct detection
of annihilation products in cosmic rays offers an alternative way to search for
supersymmetric dark matter particles candidates. The study of the spectrum
of gamma-rays, antiprotons and positrons in space has already showed some
deviation from the expected signals but with weak statistical evidence. We will
review the present situation and the achievable limits with the experiments

PAMELA and GLAST.
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1 Propagation of Cosmic Rays in the Milky Way and Its
Uncertainties

The key problem in the quest for exotic signals in cosmic rays is to know the
standard contributions.

The most complete equation for the propagation of cosmic rays that
includes all the known physical processes is

op(r,p,t) »? d 1
Q0 - q(r,p) + V- (Dya V) — V1)) + g 2 (2
0 P 1 1
T b — 3 (V-Vo)y ;1/1 - —Ti/h (1)

where 9 (r, p, t) is the total phase space density. We will shortly review
here the main features of the physical processes described by this equation

implemented in the Galprop code 1, 2),
The second term describes isotropic diffusion, defined by the coefficient
that depends on the rigidity (momentum per unit of charge, p = p/2)

Dyy = ﬁDO(P/pO)57 (2)
inspired by the Kolmogorov spectrum (6 = 1/3) of the weak magnetohydrody-

namic turbulence. In 3) was first shown that the Kolmogorov spectrum best
reproduces the sharp peak in B/C data. The convection velocity field V.., that
corresponds to the Galactic wind, has a cylindrical symmetry. Its z-component
is the only one different from zero. It increases linearly with the distance z
from the Galactic plane. This is in agreement with magnetohydrodynamical

models 4). In the Galactic plane there should be no discontinuity in
the convection velocity field and so we considered only V.(z = 0) = 0.
Reacceleration is determined by the diffusion coefficient in the momentum
space Dp,. D,,, is a function of the corresponding configuration space diffusion
coefficient D,, and of the Alfven velocity V4 in the framework of quasi-linear

MHD theory 9 6 7)

4pPVy?
3504 — %) (4 —o)w 3)

where w characterizes the level of turbulence, and it is equal to the ratio of
MHD wave energy density to magnetic field energy density. It is assumed
w = 1, but the only relevant quantity is V3 /w.

The unknown values of parameters such as the Alfven velocity, the
convection velocity gradient in Milky Way and the height of the galactic

Dpp(DvaA) =
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halo can be constrained by the B/C data. With the sets of the constrained
parameters one can find all the possible spectra for the others cosmic rays.

This procedure was already used in 8) for another propagation code
Injected spectra of all primary nuclei are power laws

dq(p)/dp < p~7, (4)

where the value of + can, in principle, vary with species. This power law
approximation as well as a small break in the injection indexes ~ is allowed in
the framework of diffusive shock acceleration models 9> 10, 11),

Source term ¢(r,p) for secondaries contains cross sections for their

production from progenitors on H and He targets

q(7,p) = Beibp(F,p)oy (P)nu (F) + o (p)nme(F)], (5)

where 0% (p) and o¥,(p) are the production cross sections for the secondary
from the progenitor on H and He targets, v, is the progenitor density, and ngy,
nge are the interstellar hydrogen and helium number densities.

The last two terms in equation (1) are loss terms with characteristic times
for fragmentation and radioactive decay.

The heliospheric modulation of the local interstellar spectra in the vicinity
of the Earth and in the heliosphere hole has to be taken into account in order
to obtain the realistic cosmic rays spectra in locations where they are/will be
measured (balloon-born or satellite-borne experiments).

We made use of a widely used and tested model in which the

transport equation is solved in the force field approximation 12, 13). That
equation describes diffusion processes in the heliosphere and includes effects
of heliospheric magnetic field and solar wind. In this case, solar modulation
is a function of just a single parameter that describes the strength of the
modulation. All the dynamical processes are simulated simply changing the
interstellar spectra during the propagation inside the heliosphere:

(I)toa (Etoa) ptou

W:(P“)’ (6)

B — Bl = | Zelo, (7)

where E and p are energies and momenta of the interstellar and top of the
atmosphere fluxes and ¢ is the unique parameter that determines the solar
modulation.

In Galprop the model of the Galaxy is three dimensional with cylindrical
symmetry; the coordinates are (R, z,p), where R is Galactocentric radius, z is
the distance from the Galactic plane, and p is the total particle momentum.
The distance from the Sun to the Galactic centre is taken to be 8.5 Kpc. The
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propagation region is bounded fixing R, = R = 30 Kpc and 2,42 = 2z beyond
which free escape is assumed. The distribution of cosmic rays sources is chosen
to reproduce (after propagation) the cosmic rays distribution determined by

the analysis of EGRET gamma-ray data done in 1) The code first computes
propagation of primaries, giving the primary distribution as a function of
(R, z,p). Then the secondary source function is obtained from the gas density
and cross sections. Finally, the secondary propagation is computed.
Secondary to primary CR ratios are the most sensitive quantities on
variation of the propagation parameters. This can be verified numerically.
Primary to primary and secondary to secondary ratios are not very sensitive to
changes in the propagation parameters because they have similar propagation
mechanisms. The most accurately measured secondary to primary ratio is

boron to carbon ratio (B/C, see 14)). Boron is secondary while, one of its
progenitors, carbon is primary. The B/C data are used also because they have
relatively well known cross sections. To estimate the quality of the data fit we
used the standard x? test

1 1
2 B/C _ §B/C\2
X TN 2 (03/0)2(q)"vew Dy le0)”s (8)
n n
where oB/C are statistical errors for N = 46 experimental points and @g/pc

are measured and @f;(/)c are predicted values of the ratio.

We analized only the two extreme cases of the propagation models either
without convection or without reacceleration. We did not succeed in obtaining
satisfactory models with all the physical processes switched on. A possible
explanation is that one of the processes is really subdominant in the Galaxy
in such a way that the data require either reacceleration or convection to be
well fitted. So in the first case we included diffusive and reacceleration effects
(see equation (1) and we considered two sub-cases: (DR) without a break in
the index of primary injection spectra and (DRB) with a break at the rigidity
p?. The second case (DC) contains diffusion and convection terms from the
same equation (1). In this model there are two breaks: one in the index of the
primary injection spectra and the other in the spectra of the diffusion coefficient
D,,. The first break means that at some rigidity p” the index v suffers a

discontinuity (see equation (4) and ref. 10) for details), while the second one
means that at some rigidity po the diffusion index ¢ suffers a discontinuity (see

equation (2) and discussion in ref. 2))

For the DR model we chose to vary the following parameters: the height
of the Galactic halo z, the constant in the diffusion coefficient Dy (from
equation (2)), the index of the diffusion coefficient § (from the same equation),
the primary spectra injection index ~ for all the energies (from equation (4))
and the Alfven velocity v4 that determines the strength of reacceleration. In
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order to find the allowed range of these parameters we have required a reduced

x? less than 2 for the fit of the B/C experimental data 14) 1 figure 1 are
presented the enveloping curves of all the good fits with solid lines around the
best fit line for the same model, that is represented with dashed line. We
took the experimental data with relatively small solar modulation parameter
¢ between 325 MV and 600 MV, where the force field approximation is better
justified than for the high modulation parameters. The allowed ranges of
propagation parameters of this model are given in the table 2. In the case

Table 1: Allowed values for diffusion and convection (DC) model parameters.

par./val. z[Kpc] DO[CTQ] 2 de [g}’)’l] 7 Y2
minimal 3.0 2.3 10%® 0.48 5.0 2.42 2.14
best fit 4.0 2.5 1028 0.55 6.0 2.48 | 2.20
maximal 5.0 2.7 108 0.62 7.0 2.50 2.22
Table 2: Allowed values for diffusion and reacceleration (DR) model
parameters.
par./val. z[K pc] Dol[em?s™1] 0 vy va[Kms™1]
minimal 3.0 5.2 1028 0.25 2.35 22
best fit 4.0 5.8 10%8 0.29 2.47 26
maximal 5.0 6.7 1028 0.36 | 2.52 35
Table 3: Allowed values for DRB parameters.
varjval. | z[Kpe] | Dol#) | 6 | | v [ ealf2]
minimal 3.5 5.9 1078 0.28 1.88 2.36 25
best fit 4.0 6.1 1028 0.34 1.92 2.42 32
maximal 4.5 6.3 1028 0.36 2.02 2.50 33

of the DC model we chose to vary the following parameters: Dy, the diffusion
index 01 below the reference rigidity po = 4 GV and d3 above it (all those
parameters are from equation (2)), the halo size z, the convection velocity V.
(from equation (1)) and the injection index for primary nuclei v; below the
reference rigidity pj = 20 GV and 72 above it (see equation (4)). Enveloping
curves of B/C fits for the reduced x? values less than 2.8 are given in figure 1.
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Positive variations around §; = 0 gave unsatisfactory fit. In order to take the
smallest possible break of this index we decided not to take negative d; values.
Allowed values for the propagation parameters can be found in table 1.

We found the spectra that correspond to the parameters of the best fit
of B/C data for subFe/Fe ratio (see figure 2), protons, helium and electrons as
well as the corresponding propagation parameters uncertainties. For DC model
the obtained fits are good, while DR overestimates protons (figure 3), helium
(figure 4) and electrons.

In order to improve those fits, we considered the DR model with a
break in the injection index for the primary nuclei spectra with a rigidity

of 10 GV 2 10), We determined the allowed values of the propagation
parameters (table 3) demanding the same reduced x?=2 as for DR model (see
figure 1). The positron and antiproton uncertainties are presented in figure
6. Even if positrons at low energies and protons and helium in all the energy
range are fitted better (see figure 3 and figure 4), they remain overestimated.
For the computation of B/C ratio, Galprop uses only one principal progenitor
and compute weighted cross sections. Introducing the break in the index of
the primary injection spectra in DR model give worst electron data fit than
in the case without the break. On the other side, the antiproton spectra
remain unchanged, still significantly and systematically underestimated in all
the energy range.

We also calculated how the antiproton spectra change on variation of the
most important antiproton production cross sections. Antiprotons are created
in the interactions of primary cosmic rays (protons and other nuclei) with
interstellar gas. Dominant processes are interactions of high energy primary
protons with hydrogen, p + p — p + p + p + p. Parameterization of this cross

section is given in 17). Other cross sections, those of primary protons with

other nuclei, are studied in reference 18). From these, the most important
are those that involve helium, and they contribute less than 20% of the total
production of all the antiprotons. All the heavier nuclei together give just a
few percents of the total production.

Uncertainties of cross sections influence the antiproton spectra
uncertainties from 20% up to 25% depending on energy and the uncertainty
in the measurements of helium to hydrogen ratio bring another 3% to 7%,
depending on energy.

Total uncertainties of positrons and antiprotons are presented in figure 6.
They vary from 35% up to 55% for antiprotons and from 20% up to 40% for
positrons for both the models in the current experimental data energy range.
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Figure 1: Propagation parameters uncertainty for B/C ratio: for DR model is
given with solid lines around the best fit (dashed line), while for DC model is
given with dotted lines around the best fit (dashed line). For DRB model we
give the best fit (dashed line). For the complete list of the experimental data

see 14).

HEAO-3
HEAO-3
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035 |- Sanriku
DC best fit --------
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subFe/Fe ratio

Phi = 325 MV

. . .
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Figure 2: Ratio (Sc+Ti+V)/Fe that corresponds to the propagation parameters
that give the best fits of B/C data for the DC model is given with dashed line
and it is inside the corresponding uncertainty band given with dashed lines. The
ratio for the DR model is given with dotted line and it is inside the uncertainty
given with solid lines, while for DRB model is given with larger-step dashed line

without the uncertainty band around. Experimental data are taken from 16),
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Figure 3: Upper and lower bounds of proton spectra due to the uncertainties
of the propagation parameters for the DC model are represented with dashed
lines. Spectra that correspond to the parameters of the best B/C fit are given
for the DC model with solid line, for the DR model with dashed line and for

the DRB model with dotted line. Experimental data are taken from
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Figure 4: Upper and lower bounds of helium spectra due to the uncertainties
of the propagation parameters for the DC model are represented with dashed
lines. Spectra that correspond to the parameters of the best B/C fit are given
for the DC model with solid line, for the DR model with dashed line and for

15)

the DRB model with dotted line. Experimental data are taken from .
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Figure 5: Geometric factor of PAMELA

2 Component of the Antiproton Spectra Induced by Neutralino
Annihilations

In this section we take into account the possibility of a neutralino induced
component in the p flux. Our analysis is performed in the well known

mSUGRA framework 19) with the usual gaugino mass universality at the
grand unification scale Mgyr.

In the general framework of the minimal supersymmetric extension of
the Standard Model (MSSM), the lightest neutralino is the lightest mass
eigenstate obtained from the superposition of four interaction eigenstates, the
supersymmetric partners of the neutral gauge bosons (the bino and the wino)
and Higgs bosons (two Higgsinos). Its mass, composition and couplings with
Standard Model particles and other superpartners are functions of several free
parameters one needs to introduce to define such supersymmetric extension.
In the mSUGRA model, universality at the grand unification scale is imposed.
With this assumption the number of free parameters is limited to five

mije, mo, sign(p), Ao and tang,

where mg is the common scalar mass, m; /5 is the common gaugino mass and
Ay is the proportionality factor between the supersymmetry breaking trilinear
couplings and the Yukawa couplings. tan denotes the ratio of the VEV-
s of the two neutral components of the SU(2) Higgs doublet, while the Higgs
mixing p is determined (up to a sign) by imposing the Electro-Weak Symmetry
Breaking (EWSB) conditions at the weak scale. In this context the MSSM can
be regarded as an effective low energy theory. The parameters at the weak
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Figure 6: Experimental data (from 32)) confronted with PAMELA’s
expectations for positrons (top) and antiprotons (bottom) for DC model
background. Total uncertainties and the spectra that correspond to the
parameters of the best B/C fit for DC model are given with dotted lines while
for DRB model with dashed lines.
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Figure 7: Experimental data (from 32) ) confronted with PAMELA’s
expectations for the antiproton proton ratio for the DC model background.
The propagation uncertainty band of the antiproton proton ratio and the curve
that corresponds to the parameters of the best B/C fit in the middle are given
with solid lines.

energy scale are determined by the evolution of those at the unification scale,

according to the renormalization group equations (RGEs) 20),
For this purpose, we have made use of the ISASUGRA RGE package in

the ISAJET 7.64 software 21). After fixing the five mSUGRA parameters at
the unification scale, we extract from the ISASUGRA output the weak-scale
supersymmetric mass spectrum and the relative mixings. Cases in which the
lightest neutralino is not the lightest supersymmetric particle or there is no
radiative EWSB are disregarded.

The ISASUGRA output is then used as an input in the DarkSUSY

22)

package . The latter is exploited to:
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Figure 8: Experimental data (from 32)) confronted with PAMELA’s
expectations for positron charge fraction for the DC model background. The
propagation uncertainty band of the positron charge fraction and the curve
that corresponds to the parameters of the best B/C fit in the middle are given
for a better comparison.

e reject models which violate limits recommended by the Particle Data
Group 2002 (PDG) 23);

e compute the neutralino relic abundance, with full numerical solution of
the density evolution equation including resonances, threshold effects and
all possible coannihilation processes 24);

e compute the neutralino annihilation rate at zero temperature in all
kinematically allowed tree-level final states (including fermions, gauge
bosons and Higgs bosons);

e DarkSUSYestimates the induced antiproton yield by linking to the results
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of the simulations performed with the Lund Monte Carlo program
Pythia 29).

This setup as well as some other similar scenarios were already considered
in the context of dark matter detection and of an improvement of the cosmic

rays data fits (a list of references includes, for example 26, 27)).

2.1 Clumpy Halo Models

In order to obtain a higher antiproton flux in the case of high neutralino

masses we assumed a small clump scenario 28) for the dark matter halo in
our Galaxy. In fact, in equation (10) the dependence of the antiproton flux
is o< p? /mi: without increasing the total halo mass by increasing the average
density, there can be assumed a local density enhancement, that will also lead
to the increasing of the antiproton flux.

By hypothesis the clump is a spherical symmetric compact object with
mass M. and some density profile p.; (¥.;). We denote with f the dark matter
fraction concentrated in clumps and we introduce the dimensionless parameter

d
d= L [ dra[pa (7))
po [ d3rape (Fa)
that gives the overdensity due to a clump with respect to the local halo density

po = p(ro), where r¢ is our distance from the Galactic Center (GC). In a smooth
halo scenario the total neutralino induced p flux calculated for r = r, is given

by 29)

9)

— dN/ f{ Po ?
By(10.T) = (0200) 3 G B (L) (@) (10
!

where T is the p kinetic energy, o.nnv is the total annihilation cross section
times the relative velocity, m, is the neutralino mass, B/ and dN7/dT,
respectively, the branching ratio and the number of p produced in each
annihilation channel f per unit energy and Cpop(T') is a function entirely
determined by the propagation model. In the presence of many small clumps
the p flux is given by

QLY (1 T) = fd - Bp(r, T) (11)

For the smooth profile we assumed a Navarro, Frenck and White profile
(NFW) 30).
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Figure 9: Contour plots for the minimum fd needed for a PAMELA
disentanglement (upper bounds of the translucent bands) and for the maximum
fd allowed by current experimental data (lower bounds of the translucent
bands). In the upper panel tan 8 = 50 while in the lower panel tan 5 = 55. The
other parameters (keep fixed) are Ag = 0 and sgn(u)=1. Black color represents
the regions in the parameter space that are excluded either by accelerator
bounds or because electroweak symmetry breaking is not achieved or because
the neutralino is not the lightest supersymmetric particle. Red (dark shaded)
are domains with QA2 in the WMAP region 0.09 < Qh? < 0.13, while green
(light shaded) are the parameter space domains with 0.13 < Qh? < 0.3. We
also show the equi-neutralino mass contours (blue dashed lines).
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2.2 Propagation of the Neutralino Induced Component

The primary contribution to the antiproton flux is computed using the public

code DarkSUSY 31). We modified the antiproton propagation in order to be
consistent with the DC propagation model as implemented in Galprop code.
We assumed diffusion coefficient spectra used in Galprop code with our best
fit values for the diffusion constants Dy and §. In DarkSUSY, the convection
velocity field is constant in the upper and the lower Galactic hemispheres (with
opposite signs, and so it suffers unnatural discontinuity in the Galactic plane),
while Galprop uses magnetohydrodynamically induced model, in which one
component of velocity field along the Galactic latitude (the only one that

is different from zero) increases linearly with the Galactic latitude 4. We
assumed an averaged convection velocity calculated from the Galactic plane up
to the Galactic halo height z.

2.3 Detection of the Secondary Components in the Positron and the
Antiproton Fluxes by PAMELA

In this section we calculate the statistical errors for the PAMELA 32)
experiment for the positron and the antiproton background spectra calculated
with Galprop !.

The calculation is done for a three years mission assuming the geometric
factor given in figure 5. PAMELA’s statistical errors for positrons and
antiprotons in the case of the DC model are given in figure 6. In figures 7
and 8 there are the PAMELA expectations together with the propagation
uncertainties for the antiproton proton ratio and positron charge fraction
respectively.

3 The Possibility of Disentanglement of the Neutralino Induced
Component in the Antiproton Flux With PAMELA

In this section we present the results we found about the minimal values of the
clumpiness factors fd needed to disentangle a neutralino induced component
in the antiproton flux with PAMELA. We computed this factor as a function
of the mSUGRA parameters, fixing Ao, tan S and sign(p) = 1. In this way
the clumpiness factor become a function of mg and m;/, parameters. Similar

analysis were already made in the literature (see for example 27)).
For the discrimination we requested the following conditions:

!The list of the people and the institutions involved in the collab-
oration together with the on-line status of the project is available at
http://wizard.romaZ2.infn.it/.
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Figure 10: Antiproton absolute flux: theoretical predictions for total
uncertainty and best B/C fit for DC model (dashed lines) . Experimental
data are from [9]. The PAMELA expectations points (red squares) for DC
background are for three years of data taking. The dash-dotted line is a
neutralino induced contribution for a neutralino mass of 1 TeV (see text)
and a clumpiness factor fd of 5 10*while the solid line is total contribution
calculated with the addition of the DC background and the red circles are the
corresponding PAMELA points.
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Figure 11: Contour plot in the mSUGRA (mq,m4 ) plane, for the value of
the normalization factor N,, that allows the detection of the neutralino +y
ray signal with GLAST. In the green region 0.13 < Q,h* < 1, while the
red region corresponds to the WMAP range 0.09 < Qxh2 < 0.13. The black
region corresponds to models that are excluded either by incorrect EWSB, LEP
bounds violations or because the neutralino is not the LSP. In the dark shaded
region mp, < 114.3 GeV and hyg is the lightest Higgs.

1. The total antiproton flux ¢ior = Porg + Psusy gives a good fit of the
experimental data.

2. Difference between ¢ and DC model ¢4 is detectable by PAMELA.

The first condition is satisfied if

(@erp (I)tot)
Xfcit Z e:cp (12)

is less than the Xint’o = 1.7, for N = 40 experimental points. The second
condition is satisfied if

2 _ 1 (q)l;r]fg — q)ﬁst)2 (13)
Xdiscr M—1 (O’i’bk‘q)z
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is greather than the X?iiscr,o = 1.8, for M = 29 points, where o2**9 are the
PAMELA statistical errors associated to the background flux (those presented
in figure 6).

Figure 10 shows an example of good model satisfing both conditions. The
SUSY contribution to the p flux is for a neutralino mass of 1 TeV (obtained
from a particular choice of mSUGRA parameters) and a clumpiness factor fd of
5 10*. Higher neutralino masses improve high energy data fit but only with the
increase of the clumpiness factor because of the dependence from the inverse
neutralino mass squared m,, in the p flux.

For each model we found the minimal value of the clumpiness factor fd
needed to satisfy both conditions. As the clumpiness factor is a function of
mo and m,/, parameters we made contour plots calculating equi-clumpiness
factors lines. The results for tan 8=50 and tan =55 is presented in figure
9. The regions in parameter space that are excluded either by accelerator
bounds or because electroweak symmetry breaking is not achieved or because
the neutralino is not the lightest supersymmetric particle are represented with
black color. Red (dark shaded) color indicates the (mg, m1/2) domains with

Qh? in the WMAP 33) region 0.09 < QA2 < 0.13. Green (light shaded)
color indicates the parameter space regions with values of 0.13 < Qh? < 0.3.
In figures 9 the equi-clumpiness factors lines for the maximal allowed (by
the present experimental data) fd are represented by the lower bound of
the translucent light blue (very light shaded) regions.The translucent regions
denote the parameter space domains that correspond to models that satisfy
both the conditions (12) and (13), keeping fixed values of fd (those indicated
inside the regions).

It can be seen that even small clumpiness factors (of order 10) are
sufficient for PAMELA detection. This is very important, because, even if we
consider a DC model as the background flux (that alone already gives a good
fit of the experimental data) it is still possible to disentangle a supersymmetric
component in a wide region of the parameter space (in comparison with the
WMAP allowed zone). For higher value of tan 3 the situation is even more

favourable 3°).

The search for supersymmetric signal with PAMELA will be
complementary to the search for neutralinos looking at the distortion of the
gamma-ray flux that will be performed with GLAST.

Figure 11 show the GLAST capability for tan /=55 to probe in two
years the supersymmetric dark matter hypothesis 20), The figures show in
the (mo,my) plane, the iso-contour regions for the minimum allowed value of
the neutralino density in a AQ = 10~%sr region around the galactic center.
The density depends from the halo shape of the neutralino distribution, that
is still matter of debate and can vary from a value of N, = 3 x 10! for an
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isotermal profile up to N, = 10% for a NFW profile 30) and up to Ny = 107

for a Moore profile 36), GLAST indeed can explore a good portion of the
supersymmetric parameter space especially at large values of tan 8 and if the
halo has a NFW (or steeper) profile. This is a very steep ( 1/r) profile but

consistent with available dynamical constraints on the Galaxy

20)
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Abstract

The Antarctic Muon And Neutrino Detector Array (AMANDA) is a neutrino
telescope embedded deep in the 2.8 km-thick polar icecap at the South Pole.
AMANDA aims to detect high-energy cosmic neutrinos from sources where the
highest-energy cosmic rays are produced and accelerated. We present recent
results from AMANDA on searches for high-energy neutrinos of extraterrestrial
origin. We have searched for a diffuse flux of neutrinos, neutrino point sources,
and neutrinos from GRBs and from WIMP annihilations in the Sun or the
center of the Earth. We also present a preliminary result on the first energy
spectrum above a few TeV for atmospheric neutrinos. The status of IceCube,
the km?®-sized successor to AMANDA, is reviewed after its first successful con-
struction season.
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1 Introduction

In observational astronomy and astrophysics, the properties of cosmological ob-
jects are studied through the detection of cosmic information carriers emitted
by the objects. Three types of messengers have been used to date: electromag-
netic radiation (photons), cosmic rays, and neutrinos (figure 77).

Accelerator

Opaque matter

Detector

Figure 1: High-energy astrophysical information carriers: cosmic rays (p) are
deflected by magnetic fields; photons (v) are absorbed by intervening matter;
neutrinos (v) point back to their source and can traverse great distances. For
neutrino detection, Farth is used as a filter against cosmic rays.

The electrically neutral photons are not deflected by intergalactic mag-
netic fields and therefore point back to their origin, but are absorbed by inter-
vening matter and interactions with the microwave and infrared backgrounds.
Furthermore, photons cannot yield any information on the internal processes
of the sources since they are produced in their outer regions. Cosmic rays,
composed of nuclei, are deflected by magnetic fields, and suffer energy losses
during propagation which deforms their energy spectrum. Neutrinos, which
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have no electric charge and a low interaction cross-section with matter, can
travel cosmological distances un-deflected by magnetic fields, and the distance
at which the Universe can be observed is limited only by the strength of the
source. They can thus retain the complete source flux and spectral informa-
tion when reaching the Earth. On the other hand, due to the low interaction
cross-section, neutrino detection requires very large detector volumes and long
exposure times.

The existence of high-energy cosmic neutrinos is suggested by the ob-
servation of high-energy cosmic rays and gamma rays. Observation of cosmic
neutrinos could shed light on the production and acceleration mechanisms of
cosmic rays, which are not understood for energies above the “knee” at 10'° eV.
Neutrinos with energies in the TeV range and higher may be produced by a
variety of sources. Candidate cosmic accelerators include supernova remnants,
the accretion disk and jets of Active Galactic Nuclei (AGN), and the violent
processes behind Gamma Ray Bursts (GRB). In these environments, neutrinos
are expected to be produced in the decays of pions created through proton-
proton or proton-photon collisions. The expected neutrino energy spectrum
from such accelerators is typically predicted to be E~2. The AMANDA de-
tector was built to explore the high-energy universe in neutrinos, using the
advantages of neutrinos as cosmic messengers. In January 2005, construction
began on IceCube ?), the km3-sized successor to AMANDA.

2 The AMANDA Neutrino Telescope

The AMANDA detector °) consists of 677 optical modules arranged along
19 vertical strings buried deep in the glacial ice at the South Pole, mainly
at depths between 1500 and 2000 m (figure ??). Each module consists of a
photomultiplier tube (PMT) housed in a spherical glass pressure vessel. PMT
pulses are transmitted to the data acquisition electronics at the surface via
coaxial cables (inner 4 strings), twisted pair cables (6 strings) or optical fibers
(outer 9 strings). The geometric outline of the bulk of the array is a cylinder
which is 500 m high and with a radius of 100 m. The typical vertical spacing
between modules is 10-20m, and the horizontal spacing between strings 30—
50 m.
The optical modules record Cherenkov light generated by secondary charged

leptons (e, p, 7) created in neutrino interactions near the detector. Events are
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Figure 2: Schematic view of the AMANDA neutrino telescope and event signa-
tures for v,,-induced muon tracks and ve-induced cascades.

reconstructed ) by maximizing the likelihood that the timing pattern of the

recorded light is produced by a hypothetical track or cascade® (see figure 77).

The angular resolution is between 1.5° and 2.5° for muon tracks, depending

on declination, and ~30° for cascades, the difference reflecting the fact that

muon tracks yield a long lever arm whereas cascades produce more spherical

light patterns. On the other hand, the energy resolution, which is correlated
to the amount of detected light, is better for cascades, 0.15 in log(E), than for

muon tracks, 0.4 in log(E).

Using calibration light sources deployed with the strings and a YAG laser

IA cascade is an electromagnetic or hadronic shower.
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at the surface connected to diffusing balls in the ice via optical fibers, we have
mapped ?7) the optical properties of the ice over the full relevant wavelength-
and depth range (figure 7?). The glacial ice is extremely transparent for
Cherenkov wavelengths near the peak sensitivity of the modules: at 400 nm,
the average absorption length is 110 m and the average effective scattering
length is 20 m. Below a depth of 1500 m, both scattering and absorption are
dominated by dust, and the optical properties vary with dust concentration.
The depth profile is in good agreement with variations of dust concentration

.. . ? 2 2
measured in ice cores from other Antarctic sites 7 °» ?)

. These dust layers
reflect past variations in climate. Implementation of the detailed knowledge
of ice properties into our detector simulation and reconstruction tools reduces

systematic uncertainties and improves track and cascade reconstruction.

absorptivity m']

effective scattering coefficient [m'']

Figure 3: Optical properties of deep South Pole ice: absorptiwity (left) and
scattering coefficient (right) as function of depth and wavelength. The green
(partially obscured) tilted planes show the contribution from pure ice to absorp-
tion and from air bubbles to scattering, respectively. If these contributions are
subtracted, the optical properties vary with the concentration of insoluble dust,

which tracks climatological variations in the past 70T,

The full 19-string array, named AMANDA-II, started taking data in 2000.
An earlier 10-string stage (comprising the inner 10 strings), called AMANDA-
B10, took data in the period 1997-1999. In the 2003/04 field season, the data



94 K. Woschnagg

acquisition system was upgraded with Transient Waveform Recorders on all
channels, digitizing the PMT pulses in the electronics on the surface. Waveform
digitization will increase the effective dynamic range of individual channels by
about a factor 100 and will lead to an improvement in energy reconstruction,

especially at high energies.

3 Physics Topics and Analysis Strategies

AMANDA is used to explore a variety of physics topics, ranging from astro-
physics to particle physics, over a wide range of energies. At the low energy end,
in the MeV range, AMANDA is sensitive to bursts of antineutrinos from su-
pernovae (which would be detected by a collective rate increase in all PMTs).
For higher energies, GeV to TeV, the detector is used to study atmospheric
neutrinos and to conduct indirect dark matter searches. In the energy range
for which AMANDA has been primarily optimized, TeV to PeV, the aim is to
use neutrinos to study AGN and GRBs, looking both for a diffuse flux and for
point sources of high-energy neutrinos. Using special analysis techniques, the
array is also sensitive to the ultra-high energies in the PeV to EeV range.

For most analysis channels, AMANDA uses the Earth as a filter and looks
down for up-going neutrinos. The main classes of background are up-going
atmospheric neutrinos and down-going atmospheric muons that are misrecon-
structed as up-going. Since AMANDA is located at the South Pole, an up-going
event will have originated in the Northern sky.

We present all flux limits following the ordering scheme by Feldman and
Cousins 7) and include systematic uncertainties in the limit calculations accord-
ing to the method derived by Conrad et al. ?) The main sources of systematic
uncertainty in the analyses presented here are the modelling of muon propa-
gation and of optical ice properties in the detector simulation, adding up to
roughly 25% uncertainty.

The AMANDA collaboration adheres strictly to a policy of performing
all analyses in a “blind” manner to ensure statistical purity of the results. In
practice, this means that selection criteria are optimized either on a sub-sample
of the data set which is then excluded from the analysis yielding the final result,
or on a time-scrambled data set which is only unscrambled after the selection
criteria have been optimized and finalized.
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4 Atmospheric Neutrinos

Neutrinos, and to some extent muons, created by cosmic ray interactions in
the atmosphere constitute the main background in most analysis channels (the
atmospheric muon flux is five orders of magnitude larger than the expected
neutrino flux), but also serve as a test beam with which to study the detector
response. Since the overwhelming majority of up-going neutrinos detected by
AMANDA, even in the presence of a signal from an extraterrestrial source, are
generated in the atmosphere by cosmic rays, we can study atmospheric neutri-
nos with high statistics at energies that have been out of reach for other neutrino
detectors. Using a neural net energy reconstruction, trained on a full detector
and physics simulation, followed by regularized unfolding, we measure a pre-
liminary energy spectrum for up-going neutrinos with year 2000 AMANDA-IT

data (figure ??). This is the first atmospheric neutrino spectrum above a few
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Figure 4: Atmospheric neutrino energy spectrum (preliminary) from regular-
ized unfolding of AMANDA data, compared to the Fréjus spectrum ?) at lower
energies. The two dashed curves are model predictions (based on separate
parametrizations below ?) and above ?) 100 Ge V) for the horizontal (upper)
and vertical (lower) flux. The thick solid horizontal line indicates the limit we
derive (section ??) on an E=2 fluz of extraterrestrial muon neutrinos.
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TeV, and it extends up to 300 TeV. It is in good agreement with theoretical
predictions and smoothly extends the spectrum measured at lower energies by

Fréjus 7).
5 Searches for a Diffuse Flux of Cosmic Neutrinos

The ultimate goal of AMANDA is to find and study the properties of cosmic
sources of high-energy neutrinos. Should individual sources be too weak to
produce an unambiguous directional signal in the array, the integrated neutrino
flux from all sources could still produce a detectable diffuse signal. We have
searched several years of data for such a diffuse signal using complementary
techniques in different energy regimes.

5.1 Atmospheric neutrino spectrum

The atmospheric neutrino spectrum (fig. ?7) was used to set a preliminary
upper limit on a diffuse £~2 flux of extraterrestrial muon neutrinos for the
energy range covered by the highest bin, 100-300 TeV, by calculating the max-
imal non-atmospheric contribution to the flux in the bin given its statistical
uncertainty. However, the bins in the unfolded spectrum are correlated and
the uncertainty in the last bin can not a priori be assumed to be Poissonian.
The statistics in the bin were therefore determined with a Monte Carlo tech-
nique used to construct confidence belts following the definition by Feldman
and Cousins 7). Given the unfolded number of experimental events in the bin

(a fractional number), a preliminary 90% C.L. upper limit of
E*®, (E) <26 x 107" GeVem™2s ter? (1)

was derived for 100 TeV < E, < 300 TeV, which includes 33% systematic
uncertainties.

5.2 Cascades

In the cascade channel, AMANDA has essentially 47 coverage, and is sensitive
to all three neutrino flavors. The year 2000 data sample, corresponding to 197
days livetime, was searched for cascade events. Event selection was based on
topology and energy, and optimized to maximize the sensitivity to an E~2 sig-

nal spectrum. After final cuts one event remains, with an expected background
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of 0.9075-%3 from atmospheric muons and 0.061909 from atmospheric neutri-

nos. Not having observed an excess over background, we calculate a limit on a
signal flux. The 90% C.L. limit on a diffuse flux of neutrinos of all flavors for
neutrino energies between 50 TeV and 5 PeV, assuming full flavor mixing so

that the neutrino flavor ratios are 1:1:1 at the detector, is
E?®,(F) <86x 107" GeVem 25 tsrt, (2)

Since the energy range for this analysis contains the energy of the Glashow
resonance, a limit on the flux at 6.3 PeV can be derived:

E?®, (6.3PeV) <2 x107% GeVem2s tsr— 1 (3)

These limits *) obtained with one year (2000) of AMANDA-II data are roughly
a factor 10 lower than the limits from similar searches performed with AMANDA
B10 data from 1997 7) and 1999 7).

5.3 Ultra High Energy neutrinos

At ultra-high energies (UHE), above 1 PeV, the Earth is opaque to electron- and
muon-neutrinos. Tau neutrinos with such initial energies might penetrate the
Earth through regeneration ?), in which the 7 produced in a charged-current
v, interaction decays back into v, but they will emerge with much lower en-
ergies. The search for extraterrestrial UHE neutrinos is therefore concentrated
on events close to the horizon and even from above. The latter is possible since
the atmospheric muon background is low at these high energies due to the
steeply falling spectrum. Our search for UHE events in 1997 AMANDA-B10
data (131 days of livetime) relies on parameters that are sensitive to the ex-
pected characteristics of an UHE signal: bright events, long tracks (for muons),
low fraction of single photoelectron hits. A neural net was trained to optimize
the sensitivity to an E~2 neutrino signal in data dominated by atmospheric
neutrino background.

After final selection, 5 data events remain, with 4.6 (£36%) expected
background. Thus, no excess above background is observed and we derive ?)
a 90% C.L. limit on an E~2 flux of neutrinos of all flavors, assuming a 1:1:1
flavor ratio at Earth, for energies between 1 PeV and 3 EeV, of

F?®,(FE) <0.99x 107 GeVem2s s (4)
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A similar analysis of AMANDA-IT data from 2000 is under way. However,
the bright UHE events also saturate the larger array, so a substantial gain in
sensitivity will mainly be due to the additional exposure time and improved
selection algorithms.

5.4 Summary of diffuse searches

Using different analysis techniques, AMANDA has set limits on the diffuse flux
of neutrinos with extraterrestrial origin for neutrino energies from 6 TeV ?) up
to a few EeV (figure ?77). With the exception of the limit from the unfolded
atmospheric spectrum, which can be seen as a quasi-differential limit, the limits
are on the integrated flux over the energy range which contains 90% of the
signal. Our limits exclude, at 90% C.L., some models 77 predicting diffuse
neutrino fluxes.

-4 T T T T T T T T

2

log [E,2- flux(E,) f GeV cm?2 s srl]

|
2 3 4 5 6 7 8 9 10 11
log (E, /GeV)

Figure 5: Limits on a diffuse fluz of neutrinos of all flavors with an E~2 energy
spectrum: (1) from v, in 1997 AMANDA-B10 data; (2) from unfolded 2000
atmospheric neutrino spectrum; (3) from 2000 cascades; (4) from 1997 UHE
events; (5) Baikal cascades 1998-2003; (6) sensitivity for 4 years of AMANDA
data; (7) sensitivity for 8 years of IceCube data.
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6 Point Source Searches

Searches for neutrino point sources require good pointing resolution and are
thus restricted to the v, channel. We have searched AMANDA-II data from
2000—2003 (corresponding to 807 days of livetime) for a point source signal.
Events were selected to maximize the model rejection potential 7) for a hypo-
thetical E~2 neutrino spectrum convoluted with the background spectra due
to atmospheric neutrinos and misreconstructed atmospheric muons. The selec-
tion criteria were optimized for the combined 4-year data set in each declination
band separately since the geometry of the detector array introduces declination-
dependent efficiencies. The sensitivity of the analysis, defined as the average
upper limit one would expect to set on a non-atmospheric neutrino flux if no

signal is detected, is shown in figure ?? for an E~2 signal spectrum.
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Figure 6: Left: Sensitivity for an E~2 flux spectrum as function of declination.
Right: Sky plot for 8329 up-going neutrino candidates in 4-year data sample.

The final sample (figure ?7?, right) of 3329 neutrino candidates below the
horizon, i.e. from the Northern sky, (with 3438 expected atmospheric neutrinos)
was scanned for point sources with two methods. In the first, the sky is divided
into a (repeatedly shifted) fine-meshed grid of overlapping bins which are tested
for a statistically significant excess over the background expectation (estimated
from all other bins in the same declination band). This search yielded no

evidence for extraterrestrial point sources. The second method is an unbinned
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search, in which the sky locations of the events and their uncertainties from
reconstruction are used to construct a sky map of significance in terms of
fluctuation (in o) over background (figure ??). This map displays only one
potential hot spot (above 3¢) with o = 3.4, which is well within the expectation
from a random event distribution. For comparison, similar significance maps
were constructed after randomizing the right ascension for all events, thus
simulating a truly random distribution (one such map is shown in the middle
panel of figure 7?7). These scrambled maps are statistically indistinguishable
from the real (upper) map. A full statistical analysis of many such scrambled
maps proves that the sky map is fully compatible with a distribution expected
from an atmospheric neutrino sample. The bottom panel in figure ?? shows
the distribution of the highest significance found in 1000 scrambled maps. The
probability for finding omee = 3.4 or higher in a random map is 92%. We
thus see no evidence for point sources with an E~2 energy spectrum based on
the first four years of AMANDA-II data. This preliminary result complements
previously published results from point source searches with the AMANDA-
B10 detector 7) and the first year ?) and first three years ?) of AMANDA-II
data. Adding two more years of data to the one-year sample increased the
sensitivity by a factor of 2.2.

7 Search for Neutrinos from GRBs

A special case of point source analysis is the search for neutrinos coincident
with gamma ray bursts (GRBs) detected by satellite-borne detectors. For this
search, the timing of the neutrino event serves as an additional selection handle
which significantly reduces background. We have used samples of GRBs ob-
served by two gamma ray detector systems: the BATSE instrument on board
the CGRO satellite, which was decommissioned in 2000, and the Third Inter-
planetary Network (IPN3), a group of spacecraft equipped with gamma-ray
burst detectors which uses triangulation to spatially locate the bursts.

For each burst, AMANDA data in a 10 min window around the GRB
time (here defined as the start of Ty, the period which covers 90% of the y-ray
signal) was kept blind. The background was estimated by averaging over events
in the on-source spatial bin within +1 hour of the burst (excluding the 10 min
signal window). Data was then searched for a statistically significant excess

over background within Tgg (which is contained within the blind window).
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Figure 7: Significance map (top) constructed from 3329 up-going events in the
final sample from a point source search with AMANDA-II data from 2000-
2003. The points show the reconstructed sky positions (declination and right
ascension) of the neutrino candidates. The color scale indicates the signifi-
cance (in o). The highest significance is 0 = 3.4. The middle panel shows an
example of a significance map based on the same events, but with randomized
right ascension coordinates. The bottom panel shows the distribution of highest
significance from 1000 scrambled sky maps.
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We have initially analyzed a sample of only BATSE-triggered bursts. We
found no neutrino event coincident with any of 312 bursts recorded between
1997, when AMANDA-B10 became operational, and 2000, when BATSE op-
erations ended, and derived a preliminary limit on the muon neutrino flux 7).
Recently, we have performed a similar search on a sample containing 139 bursts
triggered by BATSE and/or IPN between 2000 and 2003. As in the previous
analysis, no neutrino event was observed in coincidence with any of the bursts,
in this case with an average of 1.25 expected from background fluctuations.
Assuming a broken power-law energy spectrum as proposed by Waxmann and
Bahcall ?), with Fhreak = 100 TeV and 'y = 300, we obtain a (preliminary)
90% C.L. upper limit on the expected muon neutrino flux at the Earth of

E?®,(F) <3x10® GeVem 25 er ! (5)

based on the 139 burst sample.

We are currently expanding our GRB-neutrino searches to include cas-
cade events. In the cascade analysis, the 47 coverage together with the tem-
poral coincidence requirement compensate for the poor pointing resolution. In
addition, an analysis modeling the flux of coincident neutrinos, based on the
discrete set of electromagnetic parameters associated with individual GRBs, is
being performed in the context of the fireball phenomenology 7).

8 Dark Matter Searches

Particle physics provides an interesting candidate for non-baryonic dark matter
in the Weakly Interacting Massive Particle (WIMP). In particular, the Min-
imal Supersymmetric extension of the Standard Model (MSSM) provides a
promising WIMP candidate in the neutralino, which could be the lightest su-
persymmetric particle. Neutralinos can be gravitationally trapped in massive
bodies, and can then via annihilation and decay of the resulting particles pro-
duce neutrinos. AMANDA can therefore perform indirect dark matter searches
by looking for fluxes of neutrinos from the center of the Earth or the Sun.
For the former, we present a preliminary update to our published limits
obtained with one year of 10-string data 7). We have looked for vertically
up-going tracks in AMANDA-B10 data from 1997 to 1999, corresponding to a
total livetime of 422 days. No WIMP signal was found and a 90% C.L. upper
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Figure 8: Preliminary limits on the muon flur due to neutrinos from neu-
tralino annihilations in the center of the Earth (left) and the Sun (right). The

colored symbols correspond to model predictions ?) within the allowed parame-
ter space of the MSSM. The green models are disfavored by direct searches with

coms 117).

limit on the muon flux from the center of the Earth was set for neutralino
masses between 50 GeV and 5 TeV (figure 77, left panel).

Due to its larger mass (resulting in a deeper gravitational well) and a
higher capture rate due to additional spin-dependent processes, the Sun can
also be used for WIMP searches despite its much larger distance from the
detector. Although the Sun is maximally 23° below the horizon at the South
Pole, AMANDA-II can be used for a WIMP search thanks to its improved
reconstruction capabilities for horizontal tracks. Analysis of 2001 data (0.39
years of livetime) yielded no WIMP signal. The preliminary upper limit on
the muon flux from the Sun is compared to MSSM predictions ?) in figure 77
(right panel).

For heavier neutralino masses, the limit obtained with less than one year
of AMANDA-II data is already competitive with limits from indirect searches
with detectors that have several years of integrated livetime. The green points
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in figure 77 correspond to models that are disfavored by direct searches ?),
which appear to set more severe restrictions on the allowed parameter space
than indirect searches. However, it should be noted that the two methods
are complementary in that they (a) probe the WIMP distribution in the solar
system at different epochs and (b) are sensitive to different parts of the velocity
distribution.

9 Status of IceCube

The successful operation of AMANDA has lead to a cubic-kilometer extension
to be built in the same location: the IceCube telescope ?). This array will
comprise 4800 digital optical modules (DOM) on 80 strings, instrumenting one
km? of ice at depths between 1450 and 2450 m. The modules have digitizing
electronics on-board, and only digitial PMT waveform information is sent to
the surface. In January 2005, the first string was deployed. All 60 DOMs are
operational after refreeze of the hot-water-drilled hole containing the string.
Construction will continue until 2010 when the array is expected to be fully

comimissioned.
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NEW RESULTS FROM THE SALT PHASE OF THE SUDBURY
NEUTRINO OBSERVATORY

Jeanne Wilson, for the SNO Collaboration
University of Sussex, Brighton, BN1 9QH, UK

Abstract

Results are presented from the complete salt phase at the Sudbury Neutrino
Observatory in which NaCl was dissolved in the pure DO target. In units of
105 ecm =257, the total flux of active-flavour neutrinos from ®B decay in the Sun

is found to be 4.94f8:§}(stat)fgjgi(syst) and the integral flux of electron neutri-

nos for an undistorted ®B spectrum is 1.68f8:82(stat)fgigg(syst). The electron

recoil energy spectrum obtained from this 391 day data set is presented and a
search for matter-effects in the Earth through a possible day-night asymmetry
in the charged-current integral rate is consistent with no asymmetry.
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1 Introduction

Results from the completed Phase II of the Sudbury Neutrino Observatory
(SNO) are summarised in this paper. From this 391 day data sample three new
results have been obtained which confirm and improve upon previous SNO
measurements from both Phase I and a subset of Phase II data. In Phase 1T
neutron capture in the DyO detecting medium was enhanced by the addition
of ~2000kg of NaCl. The salt additive enables a statistical separation of NC
events from CC and ES events without using energy distributions but by mea-
suring event isotropy, thus allowing measurement of the electron recoil energy
spectrum. The first day-night asymmetry results are also presented for the
Phase II data along with updated model-independent flux measurements. A

full description of the analysis performed can be found in Ref. 2),

2 The SNO Detector

SNO 1) is a water Cerenkov detector located at a depth of 2092m (6010 m of
water equivalent) in the Creighton mine near Sudbury, Ontario. The detector
(shown in figure 1) is situated in a large, barrel-shaped cavity, 22 m in diameter
and 34 m in height. The 1kilotonne ultra-pure D20 target is contained within
a transparent acrylic vessel (AV), 12m in diameter and 5.5 cm thick. A 17.8m
diameter, geodesic sphere surrounds the AV and supports 9456 inward-looking
and 91 outward-looking 20 cm photomultiplier tubes (PMTs). The remain-
ing volume is filled with ultra-pure HoO that acts as a cosmic ray veto and
as a shield from naturally occurring radioactivity from both the construction
materials and the surrounding rock.

The D20 target enables SNO to simultaneously measure both the flux of
electron type neutrinos and the total flux of all active neutrinos from 8B decay
in the Sun through the following interactions:

ve + d — p+p+ e (CC)
v, + d — Uy + P+ n (NC)
vy + e — vy + e” (ES)

The charged-current (CC) interaction on the deuteron is sensitive exclu-
sively to ve, and the neutral-current (NC) interaction has equal sensitivity to all
active neutrino flavours (v, z=e,u,7). Elastic scattering (ES) on the electron
is also sensitive to all active flavours, but has ~6.5 times higher sensitivity to
Ve as the process can occur through W exchange for v, as well as Z exchange.

In Phase I (the Pure D2O Phase) of the SNO experiment, neutrons pro-
duced by the NC interaction were observed through capture on deuterium
nuclei. The excited state of tritium produced subsequently decays releasing
a 6.25 MeV ~ which Compton scatters to produce a electron. In June 2001
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Figure 1: A cross-sectional view of the SNO detector.

~2000kg of NaCl was added to the DyO for Phase II (the Salt Phase). The
addition of the salt enhanced SNO’s ability to detect solar B neutrinos in three
ways. The neutron efficiency in Phase I, volume weighted within the selected
analysis region was 14.4% but in Phase II 40.7% efficiency was achieved due
to the larger capture cross-section on 3°Cl. Secondly, the total energy of s
released from neutron capture on 3°Cl is greater at 8.6 MeV so the observed
energy peak for neutrons in the salt phase is higher than Phase I and more
distinct from the low energy radioactive background. Finally, the hit distri-
bution on the PMT array from the multiple v rays emitted from capture on
35(Cl is significantly different from that produced by a single relativistic elec-
tron. This allows statistical separation of electrons created by CC interactions
and neutrons from NC interactions without any assumptions on the underlying
neutrino energy distribution.

3 Signal Extraction

Figure 2 shows the four characteristic observables used to statistically sep-
arate the signals due to the three types of neutrino interaction and also a
background of external neutrons (EN) created outside the D2O volume. Back-
ground neutrons created inside the D2O volume, for example those from photo-
disintegration of deuterium, produce events indistinguishable from the NC sig-
nal and are subtracted from the internal neutrons after the fit. The variables



110 J. Wilson

[ Neutrons L,
T
=

[ ccorEs
[ Neutrons

Arbitrary normalization/(0.5 }
Arbitrary normalization/(0.(

(b) ()
cc

= &

- Internal neutrons

- Es - Neutrons

- External neutrons - £

Arbitrary normalization/(0.0193)
Arbitrary normalization/(0.02)

0.6 0.7 02 -0 02 04 06 08 1

p cos Og
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tion mormalisations are arbitrary and chosen to allow the shape differences to
be seen clearly. The CC energy spectrum shape corresponds to an undistorted

8 B model.

used are the effective electron kinetic energy, Tug, a parameterisation of event
isotropy, (14, a parameterisation of reconstructed event position, p, and the
cosine of the reconstructed event direction with respect to the Sun, cosfg.

The vertex position, direction and isotropy of each event are reconstructed
from the PMT trigger times and positions. The volume-weighted parameteri-
sation of the event radial position:

o= (R%) 1)

is used for signal separation, where Ray = 600.5cm is the radius of the acrylic
vessel. Isotropy refers to the uniformity of the spatial distribution of triggered
PMTs in an event and was parameterised as

Bra = P1 + 4064 (2)
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where
9 N-1 N
B = m ; ; ) (cos;j). (3)

Here P, is the Legendre polynomial of order [, 6;; is the angle between triggered
PMTs ¢ and j relative to the reconstructed event vertex, and N is the total
number of triggered PMTs in the event.

The probability distributions shown are composed of Monte Carlo sim-
ulated events and were used in an extended maximum likelihood fit to the
4722-event data set to extract the electron neutrino energy spectrum, B neu-
trino fluxes and day-night asymmetries. As some neutrino oscillation scenarios
can distort the v, spectrum, the energy (Teg) distribution of the CC and ES in-
teractions was not assumed; for these two signals PDF's were created separately
for each 0.5 MeV interval in the Tog range 5.5-13.5MeV. For Teg > 13.5MeV a
single bin was used due to the low statistics in this energy region. A single PDF
was used for both the NC and EN components whose Teg spectra which result
from the energy release of neutron capture on 3°Cl are independent of neutrino
energy. The normalisation for each of these PDFs was allowed to vary in the
fit giving a model-independent measurement of the neutrino energy spectrum.

Due to mild correlations between the four variables, multi-dimensional
PDF's were used to avoid biases in the results of the likelihood fit. Statistical
limitations prevent the use of 4-dimensional PDFs which would naturally ac-
commodate all correlations between observables, so two different factorisations
were considered.

P(Teff76147p7 COSG@) = P(Tefﬁﬁlél) X P(COSQQ) X P(p) (4)

P(Teq, Bra, p,cos0n) = P(Teg, Bra, p) X P(cosOp|Tes, p) (5)

Both factorisations were tested by applying the signal extraction proce-
dure to 100 simulated data sets, each generated to simulate the expected char-
acteristics of the data. It was found that the parameterisation in equation 4
resulted in a small bias, which was reduced to an insignificant level through
the explicit inclusion of correlations with p and cosf in the second param-
eterisation. In equation 5 the first factor is just the 3-dimensional PDF for
the variables Teg, 814, and p, and the second factor is the conditional PDF for
cos O given Teg and p. When the expected bias from equation 4 was corrected
for, both approaches gave consistent results when applied to the data.

4 Systematic Uncertainties

Systematic uncertainties in the observable parameters used in signal extraction
were evaluated through detailed comparisons of Monte Carlo simulations and
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calibration data. Detailed descriptions of these studies can be found in Ref. 2).
The effects of these uncertainties on the extracted neutrino fluxes and spectra
were evaluated by separately varying the PDFs according to the estimated 1o
uncertainty for each possible systematic effect. The signal extraction was then
repeated and the difference between the nominal fit values and the shifted PDF
fit values was taken as the systematic uncertainty.

For the current analysis a number of systematic uncertainties were re-
evaluated for possible differential effects in energy. Non-linear contributions to
the uncertainties in T,g and 14 were parameterised based on calibration data
obtained with 8Li and 252Cf sources. Small differential effects in the selection
efficiency for neutrino events and uncertainty in the fiducial volume for analysis
were also taken into account.

5 Solar Neutrino Energy Spectrum

Figure 3 shows the CC energy spectrum obtained from the maximum likelihood
fit. Statistical uncertainties are shown around the data points and the system-
atic uncertainties are shown with respect to the prediction for an undistorted
8B shape. Whilst some uncertainties may change the PDF shapes leading to
a change in the fitted number of events, others simply affect the overall accep-
tance of events. Both must be accounted for as the latter can lead to errors in
the translation of differential event counts into differential neutrino fluxes.

6 Day Night Asymmetry Measurements

Asymmetries between the day-time and night-time neutrino fluxes were tested
for by performing the signal extraction separately for day and night data sets
to extract an asymmetry ratio:

2(Pn — Pp)
Apy = 22N~ D) 6
PN x4+ Pp (©)

where &y and $p are the measured day-time and night-time fluxes respectively.
Matter-enhanced neutrino oscillations could cause v, regeneration inside the
Earth for certain ranges of mixing parameters resulting in a day-night asym-
metry in the CC and ES fluxes measured in SNO. The CC and ES asymmetries
are predicted to be small for the favoured large mixing angle (LMA) parameter
space, and for standard oscillations between active neutrino flavours the NC
asymmetry should be zero. Under this assumption, the CC and ES asymme-
tries were measured while the NC asymmetry was constrained to zero through
a simultaneous fit to both the day and night data sets. However, tests were
made for an asymmetry in the NC flux as well since this could be evidence for
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Figure 3: The extracted CC Teg spectrum with statistical error bars compared to
predictions for an undistorted ® B shape with combined systematic uncertainties.

an admixture of sterile neutrinos, or for unexpected matter interactions inside
the Earth.

The same technique of perturbing PDFs was used to evaluate systematic
uncertainties in the day-night ratio. An advantage of forming the ratio is that
many systematics will cancel so only systematic effects that scale the day and
night fluxes differently were considered. Sources of background that are not
expected to vary between day and night such as neutrons produced as spallation
products of muons that traverse the SNO detector were used in order to evaluate

the magnitude of such effects. These studies are described in detail in Ref. 2),

Due to the cancellation of systematic effects, the dominant uncertainties
in the asymmetry ratio are statistical. To avoid introducing statistical bias, the
analysis procedure was developed on only 20% of the available salt data set,
sampled uniformly from each run. When the analysis procedure was finalised,
it was applied to the full data set giving results statistically consistent with
those obtained from the 20% data-set.

The fluxes and asymmetry ratios obtained for the CC, ES and NC signals
with and without the Axc = 0 constraint are given in table 1. In all cases the
asymmetries measured are consistent with zero.
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Table 1: Day-night integral fluxes from a shape-unconstrained signal extraction,

with and without the constraint Axc = 0. Fluzes are in units of 108 neutrinos
-2 1

cmTesT.

Signal | Day flux | Night flux | A |
Anc =0

cC 1.714+£0.08+0.09 | 1.654+0.08 +0.09 | —0.037 4 0.063 4= 0.032

ES 2.184+0.34+0.14 | 2.53+0.32+£0.16 | 0.153 +0.198 + 0.030

NC 4.93 +0.21 £ 0.36 0

No constraint on Anc
CC 1.73+0.09 +£0.10 | 1.64 £ 0.08 = 0.09 | —0.056 4+ 0.074 £ 0.053
NC 4.814+0.31+£0.39 | 5.024+0.29+0.41 | 0.042 4 0.086 +0.072
ES 2.17+0.34+0.14 | 2.524+0.32+0.16 | 0.146+0.198 £+ 0.033

7 Solar Neutrino Fluxes

The integral number of events of each signal type obtained from the energy-
unconstrained maximum likelihood fit were used to calculate the equivalent B
fluxes (in units of 106 cm=2s71)

dcc = L68TG G0 (stat) T og (syst)
. 0.

Pps = 2.35f8§§(stat)f0&g(syst)

onc = 494153 (stat) T35 (syst).

The non-, active neutrino component (¢,,-) of the ®B flux can be determined
by subtracting the ¢, component, as measured by the CC flux, from the NC
and ES fluxes. Whereas the NC measurement is equally sensitive to all active
neutrinos, the ES measurement has reduced sensitivity to non-electron neutri-
nos in the form ¢rs = ¢ + 0.1553¢,,. The resulting ¢, fluxes, in units of
105ecm~2s7!, are

Gpy =3.26 £ 0.25 (stat) 1052 (syst)
¢p = 4.36 £ 1.52 (stat) T090 (syst).

Figure 4 shows the flux of non-electron flavour active neutrinos (¢,,) versus
the flux of electron neutrinos (¢.). The error ellipses shown are the 68%, 95%
and 99% joint probability contours for ¢, and ¢e.
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Figure 4: Flux of u + 7 neutrinos versus flux of electron neutrinos. CC, NC
and ES fluz measurements are indicated by the filled bands. The total 8B solar

neutrino flux predicted by the Standard Solar Model 3) is shown as dashed lines,
and that measured with the NC channel is shown as the solid band parallel to the
model prediction. The narrow band parallel to the SNO ES result correponds

to the Super-Kamiokande result in Ref. 4.

8 Interpretation of Results

The fluxes, spectra and day-night asymmetries presented here were fitted to a
two-flavour, active neutrino oscillation model, along with other available solar

neutrino data including results from phase I of SNO 5, 6, 7), Cl 8), Ga 9 10)

and SuperK zenith spectra 4), A global x? minimisation, in which the total
8B flux was allowed to vary was performed to obtain the most likely values
of the mixing parameters Am? and tan?#. The top panel in Fig. 5 shows
the allowed region of parameter space. The best-fit oscillation parameters,
with 1o uncertainties on the 2-dimensional parameter region given, are Am? =
6.5753 x 107° eV2, tan? 0 = 0.4570 09

The global analysis was repeated including the 766 ton-year data from
KamLAND 11 12) which improves the constraints on allowed Am? as shown
in the lower panel of figure 5. The resulting best-fit parameters from this
combined global analysis are Am? = 8.070 x 1075 eV? and tan? 6 = 0.4570 57
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Figure 5: (a) Global neutrino oscillation analysis using only solar neutrino
data, and (b) including KamLAND 766 ton-year data. The stars are plotted at
the best-fit parameters from the x? analysis.

9 Conclusions and Outlook

New results from the full Phase II data set including integral fluxes, energy
spectral information from the CC reaction with complete statistical and sys-
tematic uncertainties, and day-night integrated-flux asymmetries have been
presented. These results confirm and improve upon previous SNO data and
provide further confirmation of flavour change for solar neutrinos and for the
oscillation of massive neutrinos as the dominant flavour change mechanism.

Global analysis of solar neutrino and KamLAND data strongly favour
LMA oscillations. The oscillation parameter space has now been tightly con-
strained to a region where the predicted distortion to the 3B energy spectrum
is small. The measured energy spectrum derived from the CC reaction is con-
sistent with the expected spectrum assuming an undistorted 8B shape and also
with the predicted spectrum corresponding to the best-fit LMA parameters.
The day-night flux asymmetries predicted for the LMA scenario are also small
and the day-night asymmetries measured here are completely consistent with
these predictions, as well as with no day-night effect.

The analysis presented here has been performed above an effective elec-
tron kinetic energy threshold of 5.5MeV. Work is underway to reduce the
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energy threshold for analysis of the existing SNO data in order to improve
sensitivity for spectrum measurement at low energies where distortion of the
8B spectrum is predicted to be largest. It is also hoped that some systematics
will be significantly reduced through a combined analysis of the Phase I and
Phase II data, resulting in improved precision of the spectral and day-night
measurements.

Improved precision in the NC flux measurement is expected from Phase
III data. The NaCl was removed from the D50 in October 2003, in preparation
for the installation of neutral current detectors (NCDs) for the third and final
phase of the SNO experiment. >He proportional counters with a total active
length of ~350m have been strung throughout the D2O volume to provide an
independent measurement of the NC flux on an event by event basis. The
neutron capture mechanism of these >He proportional counters is

n + *He —»p + t. (7

The commissioning period for the NCDs is now complete and production data
taking for Phase III commenced at the beginning of 2005.
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KamLAND: STUDYING NEUTRINO OSCILLATION WITH
REACTORS

Michal Patrick Decowski for the KamLAND Collaboration
Department of Physics, University of California, Berkeley, CA 94720, USA

Abstract

The KamLAND experiment uses reactor anti-neutrinos to study the solar neu-
trino oscillation parameters. KamLAND recently updated the reactor neu-
trino measurement, with almost a factor of five more statistics than previ-
ously reported. The measured spectral distortion in the anti-neutrino spectrum
strongly favors neutrino oscillation as the explanation for neutrino disappear-
ance and provides the most accurate value of Am?, to date.
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1 Introduction

Many reactor anti-neutrino experiments have been conducted in the past 50
years. In 1956, one of the first such experiments, at the Savannah River Reac-
tor Plant, measured first evidence of the anti-neutrino and measured its proton
cross section. The original experiments were located only a few meters from
the reactor core, the source of anti-neutrinos. In the years since that first ex-
periment, reactor neutrino experiments have steadily increased their baselines,
with the goal to ultimately find neutrino disappearance. That goal was reached
in 2002, when KamLAND reported first observation of reactor anti-neutrino

disappearance at an average reactor-detector baseline of ~180km 1),

Nuclear reactors emit electron anti-neutrinos isotropically during the de-
cay of fission products in the fission process. Without a disappearance mecha-
nism, one expects to measure a 1/R? neutrino flux decrease with distance R. If
however, neutrinos are massive, they may oscillate into flavors undetectable to
the detector, leading to an apparent disappearance of electron anti-neutrinos.

The 7, spectrum emitted by commercial reactors can be calculated with
~2% uncertainty from 7. spectra and the reactor fission rates provided by
the power companies operating the reactors. The median reactor 7, energy is
4 MeV. The low energy of reactor anti-neutrinos make the experiments espe-
cially sensitive to low values of Am?2. In addition, since the oscillation proba-
bility function depends on L/E,, any oscillatory behavior should also manifest
itself in a distortion of the neutrino energy spectrum.

2 The KamLAND Experiment

The most recent large reactor neutrino experiment is the KamLAND experi-
ment in Japan. The experiment searches for neutrino oscillation using a base-
line that is two orders of magnitude larger than previous experiments. Due to
the long baseline, the 7, flux is significantly decreased relative to earlier ex-
periments, necessitating a much larger detector volume to compensate for the
loss in flux. The KamLAND experiment therefore uses a 1 kton fiducial mass.
However, the increased volume of the detector also demands more shielding
from cosmic backgrounds to avoid dead time, this effectively means that the
detector has to be placed deep underground.

KamLAND is situated in the old Kamiokande cavity in a horizontal shaft
mine in the Japanese Alps. The site is surrounded by 53 Japanese commercial
power reactors, at a flux weighted average distance of 180 km from the reactors.
This baseline makes KamLAND sensitive to the neutrino mass-splitting asso-
ciated with the solar neutrino problem and in particular to the large mixing
angle (LMA) solution.

KamLAND consists of a stainless steel sphere of 18 m diameter with 1879



M. P. Decowski 123

T Calibration device

T
Water-Cherenkov __PMT
outer detector et
A PETN, —
/, : __— Non-scintillating
&7 Oil
Outer detector
PMT Liquid
scintillator
(1kton)
¥——— Balloon
{13m diameter)
Cuntainment’// SRR
vessel (18m diameter) o

Figure 1: Sketch of the KamLAND detector.

photomultiplier tubes mounted to the inner surface, see fig. 1. Inside the sphere
is a 13m diameter nylon balloon filled with liquid scintillator. Outside of the
balloon, non-scintillating, highly purified oil provides buoyancy for the balloon
and acts as a shield against external radiation. The energy resolution of the
detector is 6.2%/+/E(MeV). Surrounding the detector outside of the stainless
steel sphere is a water Cherenkov detector which provides a muon veto counter
and acts as shielding from radioactivity in the rock.

Electron anti-neutrinos are detected via inverse 3-decay, U, +p — e +n,
with a 1.8 MeV 7, energy threshold. The prompt scintillation light from the
e gives an estimate of the incident 7, energy, By = prompt +E,+0.8MeV,
where Ep,ompt is the prompt event energy including the positron kinetic energy
and the annihilation energy, and F,, is the average neutron recoil energy, which
is typically a few tens of keV. The neutron captures on hydrogen ~ 200 us later,
giving off a characteristic 2.2 MeV ~ ray. This delayed coincidence is a powerful
tool for reducing background.

The analysis presented here 2) utilizes the following event selection
cuts: (a) a radial fiducial volume cut of 5.5m; (b) a time difference be-
tween the positron and delayed neutron of 0.5 us < AT <1000 us; (c) a po-
sition difference of AR <2m between the two; (d) a prompt event energy
of 2.6 MeV < Eprompt <8.5MeV and (e) a delayed event energy of 1.8 MeV <
Egclayed < 2.6 MeV. The prompt energy threshold of 2.6 MeV significantly cuts
backgrounds and avoids the effect of anti-neutrinos from uranium and thorium
decaying in the Earth (geo-neutrinos). The efficiency of all cuts is (89.8 +1.5)%.
The total systematic uncertainty is 6.5%, where the largest contribution is due
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Figure 2: Prompt event energy spectrum of U, candidate events with associated

background spectra 2). The shaded band indicates the systematic error in the
best-fit reactor spectrum above 2.6 MeV. Events from the 13 C(a,n)'% O reaction
are the main background to the measurement.

to the systematic uncertainty of the fiducial volume. The total livetime of the

data presented here is 515 days 2),

Understanding backgrounds is vital in KamLAND. The background from
accidental correlations of radioactive decays in KamLAND is estimated by
employing an off-time coincidence window; it is 2.69 +0.02 events in the data
sample. Fast neutrons coming from muon spallation interactions in the rock
outside of KamLAND contribute 0.9 background events. Other cosmogenically
produced background comes from the beta delayed-neutron emitter °Li. This
background is suppressed by either tracking the preceding muon and vetoing a
detector volume in a 3m radius around the muon track for 2s or vetoing the
entire detector for the same amount of time in case of particularly energetic
muon events or when the muon could not be tracked reliably. We estimate that
the °Li background contributes 4.8 £ 0.9 events to the data sample.

Finally, the fourth and largest background contribution is an indirect
background triggered by a-decay in 21°Po. The 5.3 MeV «a has a small probabil-
ity of interacting with 13C in the scintillator (}3C has a 1.1% natural abundance
in carbon). The subsequent neutron from the 3C(a,n)*®0 reaction has a few
MeV kinetic energy and will predominantly loose energy through elastic scat-
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Figure 3: (left) Neutrino oscillation parameter allowed region from KamLAND

anti-neutrino data (shaded regions) and solar neutrino experiments (lines) 3.
(right) Result of a combined two-neutrino oscillation analysis of KamLAND
and the observed solar neutrino fluxes under the assumption of CPT invariance.

tering on protons in the scintillator. The quenched proton energy will mostly
be below the 2.6 MeV analysis threshold, however the neutron also has a small
probability of inelastically interacting with '2C in the scintillator, emitting a
4.4MeV # or exciting the 60 to the 6 MeV state. The prompt neutron energy
loss and the subsequent capture of the neutron makes the signature of these
events similar to the 7, signature. These events contribute 10.3 + 7.1 events to
the total background of 17.8 + 7.3 events. The observed prompt energy of the
(a,n) background is shown in fig. 2.

3 Recent Results

In an exposure of 766 ton-year to reactor 7, and in the absence of 7, disappear-
ance, KamLAND expects to observe 365.2 £ 23.7(syst) events above 2.6 MeV.
KamLAND observes only 258 7, events, confirming 7, disappearance at the
99.998% significance level. The spectrum of the 258 7, candidates, including
all backgrounds is shown in fig. 2. Performing a two neutrino oscillation anal-
ysis, we find a best-fit of tan?f=0.46 and Am?, =7.970Ex107°eV?, with a

large uncertainty on tan?#6. A statistical analysis of the data 2) finds that
the best-fit oscillation parameters have a goodness-of-fit of 11.1%, while the
goodness-of-fit of the scaled no-oscillation spectrum where the normalization
was fit to the data is only 0.4%.
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The left panel of fig. 3 shows the allowed region contours in Am?2-tan? 4
parameter space derived from Ay? values. Superimposed on the shaded Kam-

LAND regions, are the regions observed by solar neutrino flux experiments 3),
KamLAND disfavors the LMAO region (at Am?3, ~ 1075eV?) at 97.5% C.L.
and also disfavors the LMA II region (at Am?,~ 2 x 107%eV?) at 98.0 C.L.
Larger values of Am?2, previously allowed by KamLAND are now disfavored at
more than 99.73%.

A two neutrino oscillation analysis of a combination of KamLAND data

and observed solar neutrino fluxes (right panel of fig. 3) yields tan? 6 = 0.4070-3%

and Am3, =7.970-¢x107°eV2. With the recently updated full SNO salt anal-

ysis, a global analysis of solar neutrino fluxes and KamLAND data gives 4)
tan? 0 =0.4570-09 and Am?, =8.0705x107°eV2. KamLAND is the only ex-
periment to measure Am?, in the solar neutrino sector accurately in the fore-
seeable future.

4 Conclusion

The updated KamLAND results have confirmed reactor neutrino disappearance
at 99.998% statistical significance. The observed energy spectrum disagrees
with the expected spectral shape in the absence of neutrino oscillation at 99.6%
significance and prefers the distortion expected from neutrino oscillation. The
statistical and systematic uncertainties of the neutrino rate measurement are
now comparable. The KamLAND collaboration is currently working to reduce
the systematic uncertainty.
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Abstract

We develop the quantum theory of the spin light of neutrino (SLv) exactly
accounting for the effect of background matter. Contrary to the already per-
formed studies of the SLv, in this paper we derive explicit and closed expres-
sions for the SLv rate and power and for the emitted photon energy, which
are valid for an arbitrary matter density (including very high values). The
spatial distribution of the radiation power and the dependence of the emitted
photon energy on the direction of radiation are also studied in detail for the
first time. We analyze the SLv polarization properties and show that within
a wide range of neutrino momenta and matter densities the SLv radiation is
circularly polarized. Conditions for effective SLr photon propagation in the
electron plasma are discussed. It is also shown that in dense matter the aver-
age energy of the emitted photon can reach values in the range from one third
of the neutrino momentum up to one half of the neutrino energy in matter.
The main features of the studied radiation are summarized, and possibilities
for the SLv production during different astrophysical and cosmology processes
are discussed.
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1 Spin light of a neutrino in matter

There exist various mechanisms for the production of electromagnetic radiation
by a massive neutrino moving in a background environment (see, for instance,

1))1. We have recently shown 2) within the quasi-classical approach, that a
massive neutrino moving in background matter can emit a new type of electro-
magnetic radiation. This radiation has been termed the ”spin light of neutrino”

(SLv) in matter. In 3) we have also considered SLv in gravitational fields
of rotating astrophysical objects. Developing the quantum theory of this phe-

nomenon % 5), we have demonstrated that SLv arises owing to two underlying
phenomena: (i) the shift of neutrino energy levels in matter, that are different
for the two opposite neutrino helicity states, and (ii) the emission of an SLv
photon in the process of neutrino transition from the ”excited” helicity state to
the low-lying helicity state in matter. However, calculations of the transition
rate and radiation power have been performed in the limit of a low matter
density and, therefore, evaluation of a consistent quantum theory of SLv still
remains an open issue.

In this paper we develop the quantum theory of SLv, exactly taking into
account the effect of background matter, and obtain expressions for the SLv
rate and power that are valid for any value of the matter density parameter

(see also 6)) In Section 2 we briefly discuss the modified Dirac equation
and the neutrino energy spectrum in the presence of matter which are then
used (Section 3) for derivation of the SLv transition rate and power. We get
an exact expression for the emitted photon energy as a function of the initial
neutrino energy and the matter density parameter. The dependence of the
photon energy on the direction of the photon propagation is analyzed, and a
detailed study of the radiation spatial distribution is also performed. We also
derive the exact and closed expressions for the rate and total radiation power
of SLv and analyze them for different limiting cases. The SLv polarization
properties are studied in Section 4, and the conclusion is made concerning
the total circular polarization of the emitted photons. Section 5 is devoted
to the discussion of restrictions on the propagation of SLv photons that can
be set by the electron plasma. In conclusion (Section 6) we give a summary
of the investigated properties of SLv in matter. The SLv production during
processes of collapse and coalescence of neutron stars or a neutron star being
”eaten up” by the black hole at the center of our Galaxy are also discussed as
one of possible mechanisms of gamma-rays production.

LA brief classification of the known mechanisms of the electromagnetic ra-

diation by a neutrino is given in the first paper of 2).
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2 The modified Dirac equation in matter

To account for the influence of background matter on neutrinos we use the
approach 4) (similar to the Furry representation in quantum electrodynamics)
that is based on the exact solutions of the modified Dirac equation for a neutrino
in matter:

. 1
{7:0" = 570 +8) " = m ¥ (@) = 0. 1)
In the case of matter composed of electrons
G
' = Z2 (1 +4sin’ )", (2)

V2
where the electron current j# is given by
j* = (n,nv). (3)

Here 0y, n and v are, respectively, the Weinberg angle, the number density of
background electrons and the speed of the reference frame in which the mean

momentum of the electrons is zero. As it has been shown 4) the solutions of

Eq.(1) are given by
\/1 + ﬁ\/l + Sp—3
e—i(Ect—pr) \/1 —am \/1 — 5 eid
U, r,t) = , 4
coant) =T 35\/1— _am\/1+s”3 W
7,5
\/1 - Es—am \/1 - S%

where energy spectrum is

ma 2
E.=¢ pz(l - sa—) +m? + am, (5)
p
LG G = Gu(1+ 4sin? ) (6)
a=—Gp—, = sin .
2 T m F F w
In equations (4)-(6) m, p and s = 1 are the neutrino mass, momentum

and helicity, respectively. The quantity € = =1 splits the solutions into two

branches that in the limit of vanishing matter density, & — 0, reproduce the

positive and negative-frequency solutions for the Dirac equation in vacuum.
Note that generalization to the case of matter composed of different types

of fermions is straightforward 4), and the correct value for the neutrino energy
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Figure 1: The effective diagram of the SLv photon emission process. The
broad lines correspond to the initial and final neutrino states in the background
matter.

difference corresponding to the Mikheyev-Smirnov-Wolfenstein effect ) can
be recovered from (5). The modified effective Dirac equations for a neutrino
interacting with various background environments within different models were

previously used 8) ina study of the neutrino dispersion relations, neutrino mass
generation and for derivation of the neutrino oscillation probabilities in matter.
On the same basis, the neutrino decay into an antineutrino and a light scalar
particle (majoron), as well as the corresponding process of the majoron decay
9)

into two neutrinos or antineutrinos, were studied in the presence of matter

3 The SLv transition rate and power

The SLv amplitude calculated within the developed quantum theory is given
by (see also 4))

B R eikm
Se = — 47r/d4x z)(Te*) ——1); (),
o= Vi [ty (a) (Fe) ot -
I= iw{ [E X x] + inE},
where p is the neutrino magnetic moment, ¢; and ¢y are the exact solutions

of equation (1) for the initial and final neutrino states 4), k* = (w,k) and e*
are the photon momentum and polarization vector, 3¢ = k/w is the unit vector
pointing in the direction of the emitted photon propagation.
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Sgi =~ s 2mO(E ~ B+ o) [ dabym(Fe)e ), (8)

where the delta-function stands for energy conservation, £ and E’ are the en-
ergies of the initial and final neutrino states in matter. Performing integration
over the spatial co-ordinates, we can recover the delta-functions for the three
components of the momentum. Finally, we get the law of energy-momentum
conservation for the considered process,

E=FE 4w, p=p +x, 9)

where p and p’ are the initial and final neutrino momenta, respectively. From
(9) it follows that the emitted photon energy w exhibits a critical dependence
on the helicities of the initial and final neutrino states. In the case of electron
neutrino moving in matter composed of electrons « is positive. It follows that
SLv can arise only when the neutrino initial and final states are characterized
by s; = —1and sy = +1, respectively. One can also conclude that in the process
considered the relativistic left-handed neutrino is converted to the right-handed
neutrino. A discussion of the main properties of S Lv emitted by different flavor
neutrinos moving in matter composed of electrons, protons and neutrons can
be found in 4) (see also 10)).

The emitted photon energy in the considered case (s; = —sy = —1),
obtained as an exact solution of equations (9), is

" 2amp [(E — am) — (p + am) cos ] (10)

(E — am — pcosh)® — (am)*

where 6 is the angle between 3¢ and the direction of the initial neutrino prop-
agation. The photon energy is a rather complicated function of the neutrino
energy F and momentum p, the matter density parameter o and the angle 6.
Fig.1 shows the angular dependence of the photon energy for different values
of the neutrino momentum. From this figure one may expect that in the case
of relativistic neutrinos (p > m) and not very dense matter (o < £) SLv is
collimated along the direction of the neutrino momentum p (see the dashed and
solid-dashed curves). On the contrary, in the case of non-relativistic neutrinos
(p < m) and a > £ (see solid line in Fig.1) the emitted photon energy in the
direction of the neutrino momentum p is suppressed. It should also be noted
that for all cases shown in Fig.1 the energies w of the photons radiated at large
angles 6 are of the order of ~ am. In the case of a not very high density of
matter, when the parameter o < 1, one can expand the photon energy (10)

over « and in the linear approximation get the result of 4,5).
1

=— 11
1—60056(*)07 (11)

w
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Figure 2: Angular dependence of photon energy for different values of the
neutrino momentum: 1) the solid line corresponds to p = 0.1 eV, 2) the dashed-
solid line corresponds to p = 1 keV and 3) the dashed line corresponds to
p =1 MeV. The matter density parameter is o = 10.

where ~
Gr p
wo=—7=nf, [f=-—r=. 12
"= VT 12
Using the expressions for the amplitude (8) and for the photon energy

(10) we calculate the spin light transition rate and total radiation power exactly
accounting for the matter density parameter:

e w3
r = ,ﬂ’/ — S'sin 0do, (13)
o 1+py
T w4
I= ,ﬂ/ — S'sin 6d0, (14)
o 1+p0y
where o o
S=(B3+1)(1—ycosh) — (B+ 3 )(cosh — y). (15)

Here we introduce the notations

p+am s  p—am
E—am’ - E —am’

B =



A. Studenikin 133

where the final neutrino energy and momentum are, respectively,

E =FE—-w, p=Kw-p, (17)
and 0 5 0
W — PCos — am — pcos
y=—r—, K= . (18)
D am

Performing the integration in (13), we obtain for the SLv rate in matter

1
L= 2 2
2(E—p) (E+p-—2am)” (E —am)p?
2

X {(E2 - p2)2 (p* — 6a°m? + 6Eam — 3E?) ((E —2am)® — p2)

(£ +p)(E—p—2am) 5,5 2 2

1 4 16 E(3E -5
(T e | o [160%° B G5 5
—8a'm* (15E* — 24E°p” + p*) + 4a*m?E (33E* — 58E%p” + 17p*)
—20%m? (39E2 — p?) (E? - p*)” + 12amE (2E* — p?) (E? - p?)°
- (382 —p?) (B2 =" ]} (19)
where the energy of the initial neutrino is given by (5) with e = —s; = 1.

As it follows from (19), the SLv rate is a rather complicated function of
neutrino momentum p and mass m, it also non-trivially depends on the matter
density parameter a. In the limit of a low matter density, o < 1, we get

64 1ralp3m

r
3 Ey, ~’

(20)

where Fy = /p? +m2. The obtained expression is in agreement with our

results of 2» 4 5). Note that the considered limit of & < 1 can be appropriate
even for a very dense media of neutron stars with n ~ 1032 em™2 because

;WGFR ~ 1 eV for a medium characterized by n = 1037 em =3,

Performing also the integration in (14), we obtain the total SLv radiation
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power in matter

: (B —m)? —2am)?
IZ?(EP)3(E+p2am)3p2x{(E+p)(E J'(E +p —2am)

1 3
x (E —p — 2am)? (2a2m2 —2am(E + gp) + FE? — —p2)

5
((2am p—E)(E - p)>
(2am+p E)(E+p)

—4amp (32a mb — pE3 — 3 2E2 + 3p3E+ 185 )
—96a°m (E5 — %pE4 i? 2E3 + 91p3E2 i§p4E — %p )
+128a*m* (EG — ng5 — %p2E4 + %psE?’ % 4E?
-2 E - )
—96(E? — p?)a’m (E5 - 157?6;@4 - ;p2E3 + 18890 SE? 4 % o 31690 5)
+42(E* - p*)’a <E4 13025pE3 - %p?E2 + % SE + %p )
—10am(E? —Z)Q)B(E3 — 24—51)]32 — ;—;pQE + %p )
+(E2—p2)4(E2—gp2)> } (21)
In the case o < 1, we get
I~ 1—?)8,u2oz4p4 (22)
in agreement with Refs. 2,4,5),

Let us consider the SLv rate and power for the different limiting values of
the neutrino momentum p and matter density parameter . In the relativistic
case p > m from (19) we get

125,248
64,203 pm, N « p ; for a < 2,

= 4p2a’m?p, I= —uozmp7 for%<<a<<%, (23)
4p?alm?, 4p2atm?, for a > £,
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and in the opposite case, p < m, we have

64,2033 128 204pt, for @ <« 1,
r= %u2a6p3, I = %/ﬁasp‘l, forl € a kK %, (24)
4p?odm3, 4p?atm?, for a > %.

One can see that in the case of a very high matter density the rate and radiation
power are determined by the background matter density only. Note that the
obtained S Lv rate and radiation power for p > m and a > % are in agreement

with 10).
From the expressions for the SLv rate and total power it is possible to
get an estimate for the average emitted photon energy:

1
= _. 25
=% (25)
In the relativistic case, p > m, we get
2a%, for o < %,
(w) ~ %p7 for % <ak Z, (26)
am, for a > L.

For the matter parameter a > % we again confirm, here, the result obtained

in 10), 1y the non-relativistic case, p < m, we have for the average emitted
photon energy

2ap, for o < 1,
(w) ~ %oﬂp, for 1 a2, (27)
am, for a > %.

We should like to note that for a wide range of neutrino momenta p and
density parameters o the SLv power is collimated along the direction of the
neutrino propagation. The shapes of the radiation power spatial distributions
calculated with use of (14) in the case of p > m for low and high matter density
are shown in Figs.2 and 3, respectively. As it follows from these figures, the
shape of the distribution depends on the density of matter. The shape of the
spatial distribution of the radiation changes from projector-like to cap-like with
increase of the matter density. From (14) it follows, that in the case of p > m
for a wide range of matter densities, o < %, the direction of the maximum in
the spatial distribution of the radiation power is characterized by the angle

2
oS Opmae =1 — 2o, (28)
3 p
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Figure 4: The spatial distribution of
the SLv radiation power for p/m =
103, o = 100.

Figure 3: The spatial distribution of
the SLv radiation power for p/m =
5, a=0.01.

It follows that in a dense matter the SLv radiation in the direction of the
initial neutrino motion is strongly suppressed, whereas there is a luminous ring
in the plane perpendicular to the neutrino motion. Note that the rate of the
matter-induced neutrino majoron decay, as it was shown in the second paper
of 9), exhibits a similar angular distribution.

From analysis of the spatial distribution of the SLv radiation and the
emitted photon average energy we predict an interesting new phenomenon that
can appear if a bunch of neutrinos propagates in a very dense matter. In the
case of relativistic neutrinos p > m and dense matter characterized by o > 2
we get that the average value of wcosf is negative and equals

(wcosB) = —%am. (29)

This means that in the considered case a reasonable fraction of the S Lv photons
are emitted in the direction opposite to the initial neutrino momentum p, as
if the neutrinos of the bunch shake off the spin light photons. It also follows,
that in this case the neutrino momentum p increases as the neutrinos radiate.
To illustrate this phenomena we plot in Fig.4 the SLv radiation power spatial
distribution for relativistic neutrinos with p/m = 10 and the density parameter
equal to @ = 100. The two-dimensional cut of the spatial distribution of the
radiation is shown in Fig.5.

4 SLv polarization properties

In our previous studies 4,5) we considered the SLv in the low matter density
limit, o < 1, with account of the photon linear and circular polarizations.
Here, we extend our previous consideration of the S Ly polarization properties
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Figure 6: The two-dimensional cut
of the spatial distribution of the
S Lv radiation power shown in Fig.4,
p/m =10, a = 100.

Figure 5: The spatial distribution of
the SLv radiation power for p/m =
10, a = 100.

to the case of an arbitrary matter density that enables us to treat the emitted
photon polarization in the limit of very high matter density.

We first consider the two different linear photon polarizations and intro-
duce the two orthogonal vectors

elzﬂ eQZM (30)

V1= ()% V1= (5)2

where j is the unit vector pointing in the direction of the initial neutrino prop-
agation. Decomposing the neutrino transition amplitude (7) in contributions
from the photons of the two linear polarizations determined by the vectors e
and ey, we get

™ 4 1
0@ = 2/ v (—S:F AS) sin 0d0), 31
W T \3 (31)
where ) )

1 mepsin” 0

AS == . 32

2(E"—am)(E —am)p (32)
In the low matter density case, o < 1, the total radiation power of the linearly
polarized photons is

64 1
1@ ~ 3 <1 + 5) pratpt, (33)

in agreement with 4,5). Thus, the radiation powers for the two liner polariza-
tions differ by a factor of three. Contrariwise, in all other cases the radiation
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powers for the two polarizations, e; and es, are of the same order,
1
I ~ 7@~ Z (1D 4 ()Y 34
L 4 10) en

It is also possible to decompose the radiation power for the circularly
polarized photons. The two orthogonal vectors

1 .
e = E(el + iles) (35)

describe the two photon circular polarizations (I = +1 correspond to the right
and left photon circular polarizations, respectively). For the radiation power
of the circular-polarized photons we obtain

n 4
10 = 2 / w -
i 1T ﬂ’ySl sin 0d6, (36)
where 1
S) = i(l—l—lﬂ’) (1+18)(1 —lcos®) (1+1y). (37)
In the limit of low matter density, a < 1, we get for the power
64 P
IO~ — 20t (1 -1 ).
FHa'p < ZQEO) (38)

In this limiting case the radiation power of the left-polarized photons exceeds
that of the right-polarized photons

1D > &Y, (39)

In particular, this result is also valid for non-relativistic neutrinos, p < m, for
a low density with a < 1.

It is remarkable that in the most interesting case of rather dense matter
(a > % for p > m and o > 1 for p < m), the main contribution to the
power is provided by the right-polarized photons, whereas the emission of the
left-polarized photons is suppressed:

IV~ 7 (40)
=Y ~ o (41)
Thus, we conclude that in a dense matter the SLv photons are emitted with
nearly total right-circular polarization. Note that if the density parameter

changes sign, then the emitted photons will exhibit the left-circular polariza-
tion.
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5 Propagation of SLv photons in plasma

Finally, we should like to discuss in some detail restrictions on the propagation
of SLv photons, that are due to the presence of background electron plasma
in the case of p > m for the density parameter % < a < £. Only photons
with energy exceeding the plasmon frequency

4me?

Me

Wyl = n, (42)

can propagate in the plasma (here e? = aggp is the fine-structure constant and
m. is the mass of the electron). From (10) and (28) it follows that the photon
energy and the radiation power depend on the direction of the radiation. We
can conclude that the maximal photon energy,

Wmaz = P, (43)

and the energy of the photon emitted in the direction of the maximum radiation
power,

3

W(Omaz) = L (44)

are of the same order in the case considered . For relativistic neutrinos and
rather dense matter the angle 6,,,., at which the radiation power (14) has its
maximum, and the angle (43) corresponding to the maximal photon energy
are both very close to zero (to illustrate this we show in Fig.6 the photon
energy and radiation power angular distributions for the particular case of
m=1¢eV,p=100 MeV and n = 1032 em~3). In addition, as it follows from
(26), the average photon energy (w) = #p is also of the order of winay and
W(Omaz). Therefore, the effective SLv photon energy reasonably exceeds the
plasmon frequency (42) if the following condition is fulfilled:

n 1/2

The SLv photon emitted by a neutrino with momentum p > pgi, freely
propagates through the plasma. For n ~ 1032 ¢cm ™2 we have pyim ~ 1 MeV.

6 Summary of SLv properties

To conclude, we should like to mention that the obtained equation (1) is the
most general equation of motion for the neutrino in which the effective poten-
tial accounts for both the charged and neutral-current interactions with the
background matter. Possible effects of the motion and polarization of matter

can also be incorporated 4-6)
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Figure 7: The angular dependence of the emitted photon energy and radiation
power for the set of parameters: m =1 eV,p = 100 MeV,n = 1032 ¢m™3. The
solid line denotes the energy level that corresponds to the plasmon frequency
(42).

The exact solutions obtained for the modified Dirac equation and the neu-
trino energy spectrum form a basis for a rather powerful method for studying
different processes stimulated by neutrinos in the presence of background mat-
ter. For instance, from the neutrino energy spectrum (5) and from the matter
density parameters for relativistic electron and muon neutrinos propagating in

matter composed of electrons, protons and neutrons (see 4)) we can get the
following expressions for the two flavour neutrinos:

e o+ 200 0,0 (46)
where
oy, = Lﬁ<ne(1—i—45in2¢9w)—i—n (1—41511129‘,‘/)—7%)7 (47)
© 22 m P
and

_ 1 Gp
o2v2m
here ne p » are the electron, proton, and neutron number densities, respectively.
From the above expressions, the electron energy shift with respect to the muon
energy in matter is

oy (ne(4 sin? Oy — 1) +n,(1 — 4sin® ) — nn), (48)

AE = E;= = E;77 = V2Gen.. (49)
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Thus, the correct value for the neutrino energy difference corresponding to the

Mikheyev-Smirnov-Wolfenstein effect 7) can be recovered.

Now, after the study of SLv taking exactly into account matter effects,
performed above, we can summarize the main features of the phenomena con-
sidered as follows:

1) a neutrino with nonzero mass and magnetic moment emits spin light
when moving in dense matter,

2) in general, SLv in matter is due to the neutrino energy dependence on
the matter density and, in particular, to neutrinos of the same momentum p
but of opposite helicities having different energies in matter;

3) in the particular case of electron neutrinos moving in matter composed
predominantly of electrons, the matter density parameter « is positive; here the
negative-helicity neutrino (the left-handed relativistic neutrino vy,) is converted
to the positive-helicity neutrino (the right-handed neutrino vg), giving rise to
neutrino-spin polarization effect;

4) the matter density parameter « can, in general, be negative; therefore
the types of initial and final neutrino states, conversion between which effec-
tively produces the SLv radiation, are determined by the matter composition;

5) the obtained expressions for the SLv radiation rate and power , (13)
and (14), exhibit non-trivial dependence on the density of matter and on the
initial neutrino energy; in particular, as it follows from (23) and (24), in the
low matter density limit the power is suppressed by an additional factor of %
(for p > m) or by £ (for m > p), in the high density limit, o > £ (p > m)
or a > % (m > p), the power acquires the increasing factor £ (for p > m)
or 2 (for m > p);

6) for a wide range of matter density parameters the SLv radiation is
beamed along the neutrino momentum p, however the actual shape of the radi-
ation spatial distribution may vary from projector-like to cap-like, depending
on the neutrino momentum-to-mass ratio and the value of «;

7) it has been shown that for a certain choice of neutrino momentum
and matter density a reasonable fraction of the emitted photons move in the
direction opposite to the neutrino momentum (this interesting phenomenon
arises, for instance, in the particular case of the neutrino parameter 2 ~ 10
and « ~ 100);

8) in a wide range of matter density parameters « the SLv radiation is
characterized by total circular polarization;

9) the emitted photon energy is also essentially dependent on the neutrino
energy and matter density; in particular, the photon energy increases from
w ~ 2pup to w ~ am with the density; in the most interesting for astrophysical
and cosmology applications case (when p > m and % < a < £) the average
energy of the emitted photon is one third of the neutrino momentum p, in the
case of very high density this value equals one half of the initial neutrino energy
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in matter.
We argue that the investigated properties of neutrino-spin light in matter
may be important for experimental identification of this radiation from different

astrophysical and cosmological sources. The fireball model of GRBs (see 11)
for recent reviews) is one of the examples. Gamma-rays can be expected to
be produced during collapses or coalescence processes of neutron stars, owing
to the SLv mechanism in dense matter discussed. Another rather favorable
situation for effective SLv production can be realized during a neutron star
being ”eaten up” by the black hole at the center of our Galaxy. For estimation,
let us consider a neutron star of mass Myg ~ BMO (MO = 2-1033¢ is the solar
mass). The corresponding effective number density will be n ~ 8 - 10%® em =3
and for the matter density parameter we get a ~ 23, if the neutrino mass is
m ~ 0.1 eV. For relativistic neutrino energies (p > m) the emitted S Lv photon
energy, as it follows from (26), is (w) ~ 1/3p, so that the energy range of this
radiation may even extend up to energies peculiar to the spectrum of gamma-
rays. Note that, as it is shown in Section 4, this radiation is characterized by
the total circular polarization. This fact can be important for experimental
observations.
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Abstract

One can make a distinction between ”normal” and ”special” models. For nor-
mal models 633 is not too close to maximal and 613 is not too small, typ-
ically a small power of the self-suggesting order parameter /r, with r =
Am?2,,/Am?,. ~ 1/35. Special models are those where some symmetry or
dynamical feature assures in a natural way the near vanishing of 613 and/or of
23 — w/4. Normal models are conceptually more economical and much simpler
to construct. Here we focus on special models, in particular a recent one based
on A4 discrete symmetry and extra dimensions that leads in a natural way to

a Harrison-Perkins-Scott mixing matrix.
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1 Introduction

By now there is convincing evidence for solar and atmospheric neutrino os-
cillations. The Am? values and mixing angles are known with fair accuracy.

A summary, taken from Ref. 1) of the results is shown in Table 1. For
the Am? we have: Am2,, ~ 2.5 1072 eV? and Am?; ~ 1075 eVZ As
for the mixing angles, two are large and one is small. The atmospheric angle
023 is large, actually compatible with maximal but not necessarily so: at 3o:

0.31 < sin® 63 S 0.72 with central value around 0.5. The solar angle ;5 is

large, sin? 615 ~ 0.3, but certainly not maximal (by about 5-6 o now 2)) The
third angle 6,3, strongly limited mainly by the CHOOZ experiment, has at
present a 3¢ upper limit given by about sin?#;5 < 0.08.

Table 1: Square mass differences and mixing angles 1)

lower limit | best value | upper limit
(30) (30)
(Am2,.)La (1075 eV?) 5.4 6.9 9.5
Am2, (1073 eV?) 1.4 2.6 3.7
sin? 012 0.23 0.30 0.39
sin? a3 0.31 0.52 0.72
sin? 013 0 0.006 0.054

In spite of this experimental progress there are still many alternative
routes in constructing models of neutrino masses. This variety is mostly due
to the considerable ambiguities that remain. First of all, it is essential to know

whether the LSND signal 4), which has not been confirmed by KARMEN 5)

and is currently being double-checked by MiniBoone 6), will be confirmed or
will be excluded. If LSND is right we probably need at least four light neutrinos;
if not we can do with only the three known ones, as we assume here in the
following. As neutrino oscillations only determine mass squared differences
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a crucial missing input is the absolute scale of neutrino masses (within the

existing limits from terrestrial experiments and cosmology 7), 8))
The following experimental information on the absolute scale of neutrino
masses is available. From the endpoint of tritium beta decay spectrum we have

an absolute upper limit of 2.2 eV (at 95% C.L.) on the mass of ”7,” 7)., which,
combined with the observed oscillation frequencies under the assumption of
three CPT-invariant light neutrinos, represents also an upper bound on the
masses of all active neutrinos. Complementary information on the sum of
neutrino masses is also provided by the galaxy power spectrum combined with
measurements of the cosmic microwave background anisotropies. According to

the recent analysis of the WMAP collaboration 8), > Ima| < 0.69 eV (at 95%
C.L.). More conservative analyses give > . |m;| < 1 — 1.8 €V, still much more
restrictive than the laboratory bound. But, to some extent, the cosmological
bound depends on a number of assumptions (or, in fashionable terms, priors).
However, for 3 degenerate neutrinos of mass m, depending on our degree of
confidence in the cosmological bound, we can be sure that m < 0.23 — 0.3 —
0.6 eV. The discovery of Ov3(3 decay would be very important because it
would directly establish lepton number violation and the Majorana nature of
v’s, and provide direct information on the absolute scale of neutrino masses.
The present limit from 0vBg is [mee| < 0.2 eV or to be more conservative
|mee| < (0.3 +0.5) eV, where me. = Y, UZm; in terms of the mixing matrix
and the mass eigenvalues (see eq.(6).

Given that neutrino masses are certainly extremely small, it is really dif-
ficult from the theory point of view to avoid the conclusion that L conservation
is probably violated. In fact, in terms of lepton number violation the small-
ness of neutrino masses can be naturally explained as inversely proportional to
the very large scale where L is violated, of order Mgyt or even Mp;. Given
for granted that neutrinos are Majorana particles, their masses can arise either
from the see-saw mechanism or from generic dimension-five non renormalizable

operators 9) of the form:

= —(HZ”T;;(HZ)J' + he. (1)

Os
with H being the ordinary Higgs doublet, I; the SU(2) lepton doublets, A\ a
matrix in flavour space, M a large scale of mass and a charge conjugation
matrix C between the lepton fields is understood. Neutrino masses generated
by Os are of the order m, ~ v?/M for \;; ~ O(1), where v ~ O(100 GeV)
is the vacuum expectation value of the ordinary Higgs. Apriori comparable
masses are obtained in the see-saw mechanism: the resulting neutrino mass
matrix reads:
m, =mEM 'mp . (2)
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that is the light neutrino masses are quadratic in the Dirac masses and inversely
proportional to the large Majorana mass. For m, ~ \/Am2, = 0.05 eV and
m, ~ m% /M with mp = v =~ 200 GeV we find M ~ 10'> GeV which indeed
is an impressive indication for Mgyr. Thus neutrino masses are a probe into
the physics at Mgyr.

2 The v-Mixing Matrix

If we take maximal sa3 (s;; = sin6;;) and keep only linear terms in u = sjze®?,
from experiment we find the following structure of the Uy; (f = e,u,7, i =
1,2, 3) mixing matrix, apart from sign convention redefinitions:

Ui =
—(s12 + c12u®)/V2  (c12 — s12u)/V2  1/V2 |, (3)

(s12 — c12u™)/V2  —(c12 + s12u”)/V2 1/V/2
(4)

Even for three neutrinos the pattern of the neutrino mass spectrum is still
undetermined: it can be approximately degenerate, or of the inverse hierarchy
type or normally hierarchical. Given the observed frequencies and the notation
Am?2,, = |Ami,|, Am2,,, = |Am3;| with Am3y = |ma|? — [m1|?> > 0 and
Am3, = m2 — |ma|?, the three possible patterns of mass eigenvalues are:

Degenerate : |m1| ~ |ma| ~ |ms| > |m; —m;|
Inverted hierarchy: |mi| ~ |ma| > |ms|

Normal hierarchy : |mg| > |ma (5)

Models based on all these patterns have been proposed and studied and all are
in fact viable at present.

The detection of neutrino-less double beta decay would offer a way to
possibly disintangle the 3 cases. The quantity which is bound by experiments
is the 11 entry of the v mass matrix, which in general, from m, = U*mdmgUT,
is given by :

Imee| = |(1—s73) (micly + masly) +mse*@siy), (6)

Starting from this general formula it is simple to derive the following bounds
for degenerate, inverse hierarchy or normal hierarchy mass patterns,.

a) Degenerate case. If |m| is the common mass and we take s;3 = 0,
which is a safe approximation in this case, because |mg| cannot com-
pensate for the smallness of s13, we have me. ~ |m|(c3y £ s2,). Here
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the phase ambiguity has been reduced to a sign ambiguity which is suffi-
cient for deriving bounds. So, depending on the sign we have m.. = |m|
or Mee = |m|cos2612. We conclude that in this case me. could be as
large as the present experimental limit but should be at least of order
O(v/Am2,,,) ~ O(1072 eV) unless the solar angle is practically maxi-
mal, in which case the minus sign option can be arbitrarily small. But the
experimental 2-0 range of the solar angle does not favour a cancellation
by more than a factor of about 3.

b) Inverse hierarchy case. In this case the same approximate formula m.. =
|m|(c2, & s2,) holds because mg3 is small and s13 can be neglected. The

difference is that here we know that |m| ~ \/Am2, . so that |me.| <

VAm2,  ~ 0.05eV. At the same time, since a full cancellation between
the two contributions cannot take place, we expect |me.| > 0.01 eV.

¢) Normal hierarchy case. Here we cannot in general neglect the mg term.

However in this case |mee| ~ \«/Am 52y £ /Am?
have the bound |m..| < a few 1073 e

2
atm 313| and we

Recently some evidence for Ov(33 was claimed 10) corresponding to M| ~
(0.2 +0.6) eV ((0.1 +0.9) eV in a more conservative estimate of the involved
nuclear matrix elements). If confirmed this would rule out cases b) and ¢) and
point to case a) or to models with more than 3 neutrinos.

3 ”Normal” versus ”Special” Models

After KamLAND, SNO and WMAP not too much hierarchy in neutrino masses
is indicated by experiments:

r= Am’eol/ATn‘atm ~ 1/35 (7)
Precisely at 30: 0.018 < r < 0.053. Thus, for a hierarchical spectrum,
ma/mg ~ /T ~ 0.2, which is comparable to the Cabibbo angle A\ ~ 0.22
or y/my/m; ~ 0.24. This suggests that the same hierarchy parameters (raised
to powers with o(1) exponents) are at work for quark, charged lepton and neu-
trino mass matrices. This in turn indicates that, in absence of some special
dynamical reason, we do not expect a quantity like #1353 to be too small. Indeed
it would be very important to know how small the mixing angle 0,3 is and how
close to maximal is #23. Actually one can make a distinction between ”normal”
and ”special” models. For normal models #53 is not too close to maximal and
613 is not too small, typically a small power of the self-suggesting order param-
eter /7, with r = Am?2,/Am?, . ~ 1/35. Special models are those where some
symmetry or dynamical feature assures in a natural way the near vanishing of
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015 and/or of 023 — 7/4. Normal models are conceptually more economical and
much simpler to construct. Typical categories of normal models are

a)

Anarchy: Models with approximately degenerate mass spectrum and no
ordering principle, no approximate symmetry assumed in the neutrino

mass sector 1) 12). The small value of r is accidental, due to random
fluctuations of matrix elements in the Dirac and Majorana neutrino mass
matrices. The see-saw formula being a product of 3 matrices generates a
broad distribution of r values resulting from random input in each factor.
All mixing angles are generically large: so we do not expect 623 to be
maximal nor #13 to be too small.

Semianarchy: We have seen that anarchy is the absence of structure in
the neutrino sector. Here we consider an attenuation of anarchy where
the absence of structure is limited to the 23 sector. The typical texture

is in this case 13) 12)

my, ~m

0 € €
e 1 1 , (8)
e 1 1

where § and € are small and by 1 we mean entries of o(1) and also the
23 determinant is of o(1). This texture can be realized for example with
different U(1) charges for (I1,1l2,13) , eg (a,0,0) appearing in the dim. 5
operator of eq.(1). Clearly, in general we would expect two mass eigen-
values of order 1, in units of m, and one small, of order § or €2. This
pattern does not fit the observed solar and atmospheric observed frequen-
cies. However, given that the ratio r is not too small, we can assume that
its small value is generated accidentally, as for anarchy. We see that, if
by chance the second eigenvalue i ~ /7 ~ &+ €2, we can then obtain the
correct value of r with large but in general non maximal 653 and 612 and
small 0135 ~ €. The smallness of #;3 is the main advantage over anarchy,
but the relation with /7 normally keeps 613 not too small (eg § ~ €2 in
simple U(1) models).

In the limit of exact L, — L, — L; symmetry we have inverted hierarchy

with 7 = 0 and bi-maximal mixing (both 615 and 23 are maximal) 14)

12), Simple forms of symmetry breaking cannot sufficiently displace 612
from the maximal value because typically tan? o ~ 1 + o(r). Viable
normal models are obtained by arranging large contributions to 633 and
012 from the charged lepton mass diagonalization. But then, in order
to obtain the measured value of 612 the size of #1353 must be close to its
present upper bound.
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d) Normal hierarchy models with 23 determinant suppressed by see-saw 12),
in the 23 sector one needs relatively large mass splittings to fit the small
value of r but nearly maximal mixing. This can be obtained if the 23 sub-
determinant is suppressed by some dynamical trick. Typical examples are

lopsided models 15) 13) 16) with large off diagonal term in the Dirac
matrices of charged leptons and/or neutrinos (in minimal SU(5) the d-
quark and charged lepton mass matrices are one the transposed of the
other, so that large left-handed mixings for charged leptons correspond to
large unobservable right-handed mixings for d-quarks). Another typical
example is the dominance in the see-saw formula of a small eigenvalue in

MRpp, the right-handed Majorana neutrino mass matrix 17) When the
23 determinant suppression is implemented in a 33 context, normally 613
is not protected from contributions that vanish with the 23 determinant,
hence with 7.

The fact that some neutrino mixing angles are large and even nearly max-
imal, while surprising at the start, was eventually found to be well compatible
with a unified picture of quark and lepton masses within GUTs. The symmetry
group at Mgyt could be either (SUSY) SU(5) or SO(10) or a larger group. For
example, normal models based on anarchy, semianarchy, inverted hierarchy or
normal hierarchy can all be naturally implemented by simple assignments of
U(1)r horizontal charges in a semiquantitative unified description of all quark
and lepton masses in SUSY SU(5)x U(1)p. Actually, in this context, if one
adopts a statistical criterium, hierarchical models appear to be preferred over
anarchy and among them normal hierarchy appears the most likely.

In conclusion we expect that experiment will eventually find that 6;3 is not
too small and that €s3 is sizably not maximal. But if, on the contrary, either 6;3
very small or fo3 very close to maximal will emerge from experiment or both,
then theory will need to cope with this fact. One can imagine other types of
special models, for example one where, starting from the lagrangian basis where
the symmetries of the model are specified, all neutrino mixings arise from the

diagonalisation of the charged lepton mass matrix. In ref. 18) we argue that,
in presence of two large mixing angles, this dominance of charged lepton mass
diagonalization does not "normally” happen, although we can devise special
tricks to enforce this possibility. In particular we have constructed an example
which is natural in the technical sense and moreover has a very small 613, so
that it is a special model also in this respect. It is interesting to conceive and
explore dynamical structures that could lead to special models in a natural
way. Normal models have been extensively discussed in the literature 12), SO
we concentrate here on examples of special models.
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4 Some Special Models

We want to discuss here some particularly special models where both 613 and
023 — /4 exactly vanish '. Then the neutrino mixing matrix Ug; (f = e,u,T,
i = 1,2,3), in the basis of diagonal charged leptons, is given by, apart from
sign convention redefinitions:

c12 S12 0
Upi= | —s12/V2 c12/V2 —1/V2 , 9)
—s12/V2 c1a/V2  1/V2

where c12 and s12 stand for cos 12 and sin 615, respectively. It is much simpler
to write natural models of this type with s15 small and thus many such attempts
are present in the early literature. More recently, given the experimental value
of 015, the more complicated case of si15 large was also attacked, using non

abelian symmetries, either continuous or discrete 19, 20, 21, 23, 24, 26, 22)
In the flavour basis the general form of the neutrino mass matrix for 6;3 = 0
(no CP violation!) and 23 maximal is given by:

(10)

SERSERS]
[SEE S

X
my = Yy
Yy

In eq. (10) 4 real parameters appear corresponding to 3 eigenvalues plus 61s.
In many examples the invoked symmetries are particularly ad hoc and/or no
sufficient attention is devoted to corrections from higher dimensional operators
that can spoil the pattern arranged at tree level and to the highly non trivial
vacuum alignment problems that arise if naturalness is required also at the
level of vacuum expectation values (VEVs).

An interesting special case of eq. (9) is obtained for s12 = 1/\/§, i.e. the

so-called tri-bimaximal or Harrison-Perkins-Scott mixing pattern (HPS) 24),
with the entries in the second column all equal to 1/\/§ in absolute value:

2 1L
3 V3
Upps = | —— L L | (11)
V6 V3 V2
.
V6 V3 V2

More precisely, they vanish in a suitable limit, with correction terms that
can be made negligibly small.



G. Altarelli 157

This matrix is a good approximation to present data 2. This is a most special
model where not only 613 and 023 — /4 vanish but also ;12 assumes a particular
value. Clearly, in a natural realization of this model, a very constraining and
predictive dynamics must be underlying.

Interesting ideas on how to obtain the HPS mixing matrix have been

discussed in refs 24). The most attractive models are based on the discrete
symmetry Ay, which appears as particularly suitable for the purpose, and were

presented in ref. 21, 22)  Here we discuss some general features of HPS models
and present our version of an A4 model 25) | There are a number of substantial

improvements in our version with respect to Ma in ref. 22), First, the HRS
matrix is exactly obtained in a first approximation when higher dimensional
operators are neglected, without imposing ad hoc relations among parameters

(in ref. 22), the equality of b and ¢ is not guaranteed by the symmetry).
The observed hierarchy of charged lepton masses is obtained by assuming a
larger flavour symmetry. The crucial issue of the required VEV alignment in
the scalar sector is considered with special attention and a natural solution
of this problem was presented. We also keep the flavour scalar fields distinct
from the normal Higgs bosons (a proliferation of Higgs doublets is disfavoured
by coupling unification) and singlets under the Standard Model gauge group.
Last not least, we study the corrections from higher dimensionality operators
allowed by the symmetries of the model and discuss the conditions on the cut-
off scales and the VEVs in order for these corrections to be completely under
control.

5 Basic Structure of the Model

The HPS mixing matrix implies that in a basis where charged lepton masses are

diagonal the effective neutrino mass matrix is given by m,, = Ug pgdiag(mi, mao,
T .

m3)Ugpg:

{0 0 0 S U A A R
m, = 73 0 1 -1 +?2 111 Jr?1 -2 1 1
0 -1 1 111 —2 1 1

The eigenvalues of m,, are my, ma, mz with eigenvectors (—2,1,1)/v/6, (1,1,1)/
V3 and (0,1, —1)/v/2, respectively. In general, apart from phases, there are six
parameters in a real symmetric matrix like m,,: here only three are left after
the values of the three mixing angles have been fixed a la HPS. For a hierar-
chical spectrum mg >> ma >> my, mj ~ Am2,.. m3/mj ~ Am?2 ;/Am2,, .,

2In the HPS scheme tan? 615 = 0.5, to be compared with the latest experi-

mental determination 2): tan2 6y — 0.4519-09.
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and m; could be negligible. But also degenerate masses and inverse hierarchy
can be reproduced: for example, by taking ms = —msy = my we have a de-
generate model, while for m; = —mgo and m3 = 0 an inverse hierarchy case
(stability under renormalization group running strongly prefers opposite signs
for the first and the second eigenvalue which are related to solar oscillations
and have the smallest mass squared splitting). From the general expression of
the eigenvectors one immediately sees that this mass matrix, independent of
the values of m;, leads to the HPS mixing matrix. It is a curiosity that the

eigenvectors are the same as in the case of the Fritzsch-Xing (FX) matrix 27)
but with the roles of the first and the third ones interchanged (so that for HPS
053 is maximal while sin? 2615 = 8/9, while for FX the two mixing angles keep
the same values but are interchanged).

In ref. 25) (see also 28)) we show that if we want to reproduce 023 = 7/4
in some limit of our theory, necessarily this limit cannot correspond to an exact
symmetry in flavour space (we explicitly exclude symmetries that are broken
by o(1) terms, for example such that the difference between the p and the 7
masses is a breaking effect or is introduced by hand while the symmetry would
prescribe them of the same order). Then a maximal atmospheric mixing angle
can only originate from breaking effects as a solution of a vacuum alignment
problem.

Our model is based on the discrete group A4 following refs 21, 22),
where its structure and representations are described in detail. Here we simply
recall that A, is the discrete symmetry group of the rotations that leave a
tethraedron invariant, or the group of the even permutations of 4 objects. It
has 12 elements and 4 inequivalent irreducible representations denoted 1, 1/,
1” and 3 in terms of their respective dimensions. Introducing w, the cubic
root of unity, w = expi%”7 so that 1 + w + w? = 0, the three one-dimensional
representations are obtained by dividing the 12 elements of A4 in three classes,
which are determined by the multiplication rule, and assigning to (class 1,
class 2, class 3) a factor (1,1,1) for 1, or (1,w,w?) for 1’ or (1,w? w) for 1”.
The product of two 3 gives 3 x3 =1+14+1"4+3+3. Also I'’x 1" =1",
1"x1”"=1,1"x1" =1’ etc. For 3 ~ (a1,a2,a3), 3’ ~ (b1, be, b3) the irreducible
representations obtained from their product are:

1= a161 + a2b2 + CL3b3 (13)

14
15
16
17

= a1b1 + wasbs + w2a3b3
].N = a1b1 -+ w2a2b2 -+ wagbg

(14)
(15)
3 ~ (a2bs,aszb1, a1bs) (16)
(17)

3 ~ (asbz, a1bs, azby)
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Following ref. 22) we assigns leptons to the four inequivalent representations
of Ay: left-handed lepton doublets [ transform as a triplet 3, while the right-
handed charged leptons €€, u¢ and 7¢ transform as 1, 1’ and 1", respectively.
The flavour symmetry is broken by two real triplets ¢ and ¢’ and by a real

singlet £. At variance with the choice made by 22), these fields are gauge
singlets. Hence we only need two Higgs doublets h,, 4 (not three generations of

them as in ref. 22)), which we take invariant under A4. We assume that some
mechanism produces and maintains the hierarchy (hy q¢) = vy,q < A where A is
the cut-off scale of the theory 3. The Yukawa interactions in the lepton sector
read:

Ly = yee(pl) + yup(@l)" + y-7(pl) + 2a&(1l) + za(@ll) + hoc. + ... (18)

In our notation, (33) transforms as 1, (33)" transforms as 1’ and (33)” trans-
forms as 1”. Also, to keep our notation compact, we use a two-component
notation for the fermion fields and we set to 1 the Higgs fields h, 4 and the
cut-off scale A. For instance y.e®(¢l) stands for yee(pl)ha/A, x.£(1l) stands
for £,&(lhylh,,)/A? and so on. The Lagrangian Ly contains the lowest order
operators in an expansion in powers of 1/A. Dots stand for higher dimen-
sional operators. Some terms allowed by the flavour symmetry, such as the
terms obtained by the exchange ¢’ <+ ¢, or the term (Il) are missing in Ly.
Their absence is crucial and is guaranteed by an additional discrete Z4 sym-
metry under which f€¢ transform into —if¢ (f = e, u, 7), l into il, ¢ is invariant
and ¢’ changes sign. This symmetry also explains why ¢ and ¢’ cannot be
interchanged.

We need a mechanism such that the fields ¢’, ¢ and & develop a VEV
along the directions:

<90/> = (vlv 0, 0)
<<,0> = (Uv U, U)
€ = u . (19)

Then at the leading order of the 1/A expansion, the mass matrices m; and m,
for charged leptons and neutrinos are given by:

v Ye Ye Ye
m=vag | Y Y yuw? , (20)

Yr y‘rwz Yrw

3This is the well known hierarchy problem that can be solved, for instance,
by realizing a supersymmetric version of this model.
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2 [ 0 0
m, = Ku 0 a d , (21)
0 d a
where ,
U v
=Ty— d=xg— . 22
a=x A Zq A ( )
Charged leptons are diagonalized by
1 1 1 1
l—-— 1 «? w |l , (23)
V3 1 w w?
and charged fermion masses are given by:
v v v
Me = ﬁyevdx ) my, = \/gyuvdx , mr = \/gy‘rvdx . (24)

We can easily obtain a natural hierarchy among m,., m, and m, by introduc-
ing an additional U(1)r flavour symmetry under which only the right-handed
lepton sector is charged. We assign F-charges 0, 2 and 3 =4 to 7°, u® and
€, respectively. By assuming that a flavon 6, carrying a negative unit of F,
acquires a VEV (6)/A = X < 1, the Yukawa couplings become field dependent
quantities ye u.r = Ye,pu,r(0) and we have

yr = 0(1) yu = O(N\?) | ye = ON3T1) . (25)

In the flavour basis the neutrino mass matrix reads 4:

<

» [ a+2d/3 —d/3  —d/3
| a3 23 a-a3 , (26)
~d/3  a—d/3 2d/3

m, =

and is diagonalized by the transformation:

2

Ul'm,U = %diag(a +d,a,—a+d) (27)
with
2/3 1/V3 0

U=| -1/v6 1/vV3 -1/V2 : (28)
-1/v6 1/V3 +1/V2

4Notice that a unitary change of basis like the one in eq. (23) will in general

change the relative phases of the eigenvalues of m,,.
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The leading order predictions are tan®fy3 = 1, tan® 615 = 0.5 and 613 = 0.

The neutrino masses are m; = a + d, me = a and mg = —a + d, in units
of v2/A. We can express |a|, |d| in terms of r = Am?2,,/Am2,,, = (Im2|* —
Im1]2)/|ms|? — |m1]?), Am2,, = |m3|?> — |m1]? and cos A, A being the phase

difference between the complex numbers a and d:

2 _ /A 2
ﬁm\v_u — Matm
A 2cos A1 —2r

2
\/§|d\%“ = VI—2r/Am2,, . (29)

To satisfy these relations a moderate tuning is needed in our model. Due to
the absence of (I1) in eq. (18) which we will motivate in the next section, a and
d are of the same order in 1/A, see eq. (22). Therefore we expect that |a| and
|d| are close to each other and, to satisfy eqgs. (29), cos A should be negative
and of order one. We obtain:

1
2 2
= |y |A
frma [ rE 8 cos? A(1 —21“)] Matm
1
2 _ A 2
sl 8cosz A(1 —2r) Matm
1
2 2
= 1-— — | A 30
Ima [ T 8cos? A(1 — 21")} Matm (30)
If cos A = —1, we have a neutrino spectrum close to hierarchical:
|ms| ~ 0.053 eV |mi| & |ma| ~ 0.017 eV . (31)

In this case the sum of neutrino masses is about 0.087 eV. If cos A is accidentally
small, the neutrino spectrum becomes degenerate. The value of |mec|, the
parameter characterizing the violation of total lepton number in neutrinoless
double beta decay, is given by:

144r 1
2 2
cel” = |— A . 32
el 9 * 8cos? A(1 — 27‘)} Matm (82)
For cos A = —1 we get |me.| = 0.005 eV, at the upper edge of the range

allowed for normal hierarchy, but unfortunately too small to be detected in a
near future. Independently from the value of the unknown phase A we get the
relation:

10 r
maf? = meel* + 5 AmZ, (1-3) (33)

which is a prediction of our model.
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It is also important to get some constraint on the mass scales involved in
our construction. From eqgs. (29) and (22), by assuming z4 ~ 1 v,, &~ 250 GeV,
we have

/
A~ 1.8 x 10 (%) GeV . (34)

Since, to have a meaningful expansion, we expect v" < A, we have the upper
bound
A <1.8x10"% GeV . (35)

Beyond this energy scale, new physics should come into play. The smaller the
ratio v’ /A, the smaller becomes the cut-off scale. For instance, when v'/A =
0.03, A should be close to 10'* GeV. A complementary information comes from
the charged lepton sector, eq. (24). A lower bound on v/A can be derived from
the requirement that the Yukawa coupling y, remains in a perturbative regime.
By asking yrvg < 250 GeV, we get

v
— > 0.004 . 36
1> (36)
Finally, by assuming that all the VEVs fall in approximately the same range,
which will be shown in section 5, we obtain the range

voov wu

004 —~—~—<1 , 37
A A A (37)
that will be useful to estimate the effects of higher-dimensional operators. Cor-
respondingly the cut-off scale will range between about 10" and 1.8 x10'® GeV.

6 Vacuum alignment in a A; model in an extra dimension

The problem of achieving the vacuum alignment of eq. (19) is not at all trivial.
At the same time, to produce the desired mass matrices in the neutrino and
charged lepton sectors, we should prevent, at least at some level, the inter-
change between the fields ¢ and ¢’ . There are several difficulties to naturally
accomplish these requirements. By minimizing the scalar potential of the the-
ory with respect to ¢ and ¢’ we get six equations that we would like to satisfy
in terms of the two unknown v and v’. Even though we expect that, due to the
symmetry A4, the six minimum conditions are not necessarily independent,
such an expectation turns out to be wrong in the specific case, unless some
additional relation is enforced on the parameters of the scalar potential. These
additional relations are in general not natural. For instance, even by imposing
them at the tree level, they are expected to be violated at the one-loop order.
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0 y L

Figure 1: Fifth dimension and localization of scalar and fermion fields. The
symmetry breaking sector includes the A4 triplets ¢ and ', localized at the
opposite ends of the interval. Their VEVs are dynamically aligned along the
directions shown at the top of the figure.

Therefore it turns out that without some special trick the minimum conditions
cannot be all satisfied by our vacuum configuration. We now discuss a solution
to this problem.

One of the problems we should overcome in the search for the correct
alignment is that of keeping neutrino and charged lepton sectors separate, in-
cluding the respective symmetry breaking sectors. Here we show that such a
separation can be achieved by means of an extra spatial dimension. The space-
time is assumed to be five-dimensional, the product of the four-dimensional
Minkowski space-time times an interval going fromy =0toy=L. At y =0
and y = L the space-time has two four-dimensional boundaries, which we will
call branes. Our idea is that matter SU(2) singlets such as e, u¢,7¢ are lo-
calized at y = 0, while SU(2) doublets, such as [ are localized at y = L (see
Fig.1). Neutrino masses arise from local operators at y = L. Charged lepton
masses are produced by non-local effects involving both branes. The simplest
possibility is to introduce a bulk fermion F(x,y), depending on all space-time
coordinates, that interacts with e, u¢,7¢ at y = 0 and with [ at y = L. The
exchange of such a fermion can provide the desired non-local coupling between
right-handed and left-handed ordinary fermions. We also impose the discrete
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Z, symmetry introduced in the previous section under which (f¢,1, F, ¢, ¢, €)
transform into (—if¢,il,iF, p, —¢', —&), Finally, assuming that ¢ and (¢, §)
are localized respectively at y = 0 and y = L, we obtain a natural separation
between the two sectors and their respective scalar potentials are minimized by
the desired field configurations, for natural values of the implied parameters.

Such a mechanism only works in the case of discrete symmetries, since
in the continuous case the large symmetry of the total potential energy would
make the relative orientations of the two scalar sectors undetermined.

Last but not least, the hierarchy of the charged lepton masses can be
reproduced by the usual Froggatt-Nielsen mechanism within the context of an
abelian flavour symmetry, which turns out to be fully compatible with the
present scheme.

In ref. 25) we have extensively discussed how this lowest order picture is
modified by the introduction of higher dimensional operators. The induced cor-
rections are parametrically small, of second order in the expansion parameter
VEV/A, A being the cut-off of the theory, and they can be made numerically
negligible.

We believe that, from a purely technical point of view, we have fulfilled
our goal to realize a completely natural construction of the HPS mixing scheme.
But to construct our model we had to introduce a number of special dynamical
tricks (like a peculiar set of discrete symmetries in extra dimensions). Appar-
ently this is the price to pay for a “special” model where all mixing angles are
fixed to particular values. Perhaps this exercise can be taken as a hint that it
is more plausible to expect that, in the end, experiment will select a “normal”
model with 013 not too small and 623 not too close to maximal.

Acknowledgment

I thank Giorgio Bellettini, Giorgio Chiarelli and Mario Greco for their kind
invitation to this perfectly organised Conference

References

1. M. Maltoni et al., Phys. Rev. D68 (2003) 113010.
2. B. Aharmim et al. [SNO Collaboration|, arXiv:nucl-ex/0502021.

3. A. Strumia and F. Vissani, arXiv:hep-ph/0503246; G. L. Fogli, E. Lisi,
A. Marrone, A. Melchiorri, A. Palazzo, P. Serra and J. Silk, Phys.
Rev. D 70 (2004) 113003 [arXiv:hep-ph/0408045]; J. N. Bahcall,
M. C. Gonzalez-Garcia and C. Pena-Garay, JHEP 0408, 016 (2004)
[arXiv:hep-ph/0406294]; M. Maltoni, T. Schwetz, M. A. Tortola and
J. W. F. Valle, New J. Phys. 6 (2004) 122 [arXiv:hep-ph/0405172].



G. Altarelli 165

NS e e

10.

11.
12.
13.
14.

15.

16.

17.
18.
19.

The LSND collaboration, hep-ex,/0104049.
The Karmen collaboration, Nucl. Phys. Proc. Suppl. 91, 191 (2000).
P. Spentzouris, Nucl. Phys. Proc. Suppl. 100, 163 (2001).

C. Kraus et al., arXiv:hep-ex/0412056; V. M. Lobashev, Phys. Atom. Nucl.
63 (2000) 962 [Yad. Fiz. 63 (2000) 1037].

C. L. Bennett et al., Astrophys. J. Suppl. 148 (2003) 1; D. N. Spergel et
al., Astrophys. J. Suppl. 148 (2003) 175.

S. Weinberg, Phys. Rev. Lett. 59 (1987) 2607; see also C.J. Hogan, Rev.
Mod. Phys. 72 (2000) 1149.

H.V. Klapdor-Kleingrothaus et al., Mod. Phys. Lett., A37 2409
(2001); H. V. Klapdor-Kleingrothaus, A. Dietz, I. V. Krivosheina and
O. Chkvorets, Nucl. Instrum. Meth. A 522 (2004) 371 and Phys. Lett.
B 586 (2004) 198.

L. J. Hall, H. Murayama and N. Weiner, Phys. Rev. Lett. 84, 2572 (2000);
For a review, see G. Altarelli and F. Feruglio, New J. Phys. 6 (2004) 106.
N. Irges, S. Lavignac and P. Ramond, Phys. Rev. D 58, 035003 (1998);

R. Barbieri, L. J. Hall, D. R. Smith, A. Strumia and N. Weiner, JHEP
9812, 017 (1998); R. Barbieri, L. J. Hall and A. Strumia, Phys. Lett. B
445, 407 (1999);

C. H. Albright and S. M. Barr, Phys. Rev. D 58, 013002 (1998); C. H. Al-
bright, K. S. Babu and S. M. Barr, Phys. Rev. Lett. 81, 1167 (1998);
P. H. Frampton and A. Rasin, Phys. Lett. B 478, 424 (2000).

G. Altarelli and F. Feruglio, Phys. Lett. B 439, 112 (1998); G. Altarelli
and F. Feruglio, JHEP 9811, 021 (1998).

See for instance: S. F. King, JHEP 0209 (2002) 011.
G. Altarelli, F. Feruglio and I. Masina, Nucl. Phys. B 689 (2004) 157.

W. Grimus and L. Lavoura, JHEP 0107 (2001) 045; W. Grimus and
L. Lavoura, Acta Phys. Polon. B 32 (2001) 3719; W. Grimus and
L. Lavoura, Eur. Phys. J. C 28 (2003) 123; W. Grimus and L. Lavoura,
Phys. Lett. B 572 (2003) 189; W. Grimus and L. Lavoura, arXiv:hep-
ph/0305309. W. Grimus and L. Lavoura, Acta Phys. Polon. B 34 (2003)
5393; W. Grimus, A. S. Joshipura, S. Kaneko, L. Lavoura and M. Tan-
imoto, JHEP 0407 (2004) 078; W. Grimus, A. S. Joshipura, S. Kaneko,
L. Lavoura, H. Sawanaka and M. Tanimoto, Nucl. Phys. B 713 (2005) 151;
F. Caravaglios and S. Morisi, [arXiv:hep-ph/0503234]; S. Morisi and M.
Picariello, [arXiv:hep-ph/0505113].



166

G. Altarelli

20.

21.

22.

23.
24.

25.
26.

27.

28.

C. Wetterich, Phys. Lett. B 451 (1999) 397; R. Barbieri, L. J. Hall,
G. L. Kane and G. G. Ross, arXiv:hep-ph/9901228; O. Vives, [arXiv:hep-
ph/0504079].

E. Ma and G. Rajasekaran, Phys. Rev. D 64 (2001) 113012 [arXiv:hep-
ph/0106291]; K. S. Babu, E. Ma and J. W. F. Valle, Phys. Lett. B 552
(2003) 207; M. Hirsch, J. C. Romao, S. Skadhauge, J. W. F. Valle and
A. Villanova del Moral, arXiv:hep-ph/0312244; M. Hirsch, J. C. Romao,
S. Skadhauge, J. W. F. Valle and A. Villanova del Moral, arXiv:hep-
ph/0312265; E. Ma, arXiv:hep-ph/0404199.

E. Ma, Phys. Rev. D 70 (2004) 031901; E. Ma arXiv:hep-ph/0409075;
E. Ma, New J. Phys. 6 (2004) 104.

S. L. Chen, M. Frigerio and E. Ma, arXiv:hep-ph/0404084.

P. F. Harrison, D. H. Perkins and W. G. Scott, Phys. Lett. B 530 (2002)
167 [arXiv:hep-ph/0202074]; P. F. Harrison and W. G. Scott, Phys. Lett. B
535 (2002) 163; [arXiv:hep-ph/0203209]. P. F. Harrison and W. G. Scott,
Phys. Lett. B 547 (2002) 219; P. F. Harrison and W. G. Scott, Phys. Lett.
B 557 (2003) 76; P. F. Harrison and W. G. Scott, arXiv:hep-ph/0402006;
P. F. Harrison and W. G. Scott, arXiv:hep-ph/0403278.

G. Altarelli and F. Feruglio, Nucl. Phys. B 720 (2005) 64;

J. Kubo, A. Mondragon, M. Mondragon and E. Rodriguez-Jauregui, Prog.
Theor. Phys. 109 (2003) 795; T. Ohlsson and G. Seidl, Phys. Lett. B 537
(2002) 95; Nucl. Phys. B 643 (2002) 247; S. F. King and G. G. Ross, Phys.
Lett. B 520 (2001) 243; Very recent models are: S.F. King, [arXiv:hep-
ph/0506297]; I. Varzielos and G.G. Ross, [arXiv:hep-ph/0507176].

H. Fritzsch, Z.Z. Xing, Phys. Lett. B372, 265 (1996); H. Fritzsch, Z.Z. Xing,
Phys. Lett. B440, 313 (1998); H. Fritzsch, Z.Z. Xing, Prog. Part. Nucl.
Phys. 45, 1 (2000); M. Fukugita, M. Tanimoto, T. Yanagida, Phys. Rev.
D57 (1998) 4429; Phys. Rev. D59, 113016 (1999); M. Tanimoto, T. Watari,
T. Yanagida Phys. Lett. B461, 345 (1999); S. K. Kang and C. S. Kim, Phys.
Rev. D 59, 091302 (1999); M. Tanimoto, Phys. Lett. B 483, 417 (2000);
N. Haba, Y. Matsui, N. Okamura, T. Suzuki, Phys. Lett. B489, 184 (2000).
Y. Koide and A. Ghosal, Phys. Lett. B 488, 344 (2000); E. K. Akhmedov,
G. C. Branco, F. R. Joaquim and J. I. Silva-Marcos, Phys. Lett. B 498,
237 (2001).

R. Gatto, G. Morchio, G. Sartori and F. Strocchi, Nucl. Phys. B 163
(1980) 221; J. L. Silva-Marcos, JHEP 0307 (2003) 012; C. I. Low and
R. R. Volkas, Phys. Rev. D 68 (2003) 033007; C. I. Low, arXiv:hep-
ph/0404017. Y. Koide, Phys. Rev. D 71 (2005) 016010; F. Feruglio, Nucl.
Phys. Proc. Suppl. 143 (2005) 184;



Mario Martinez
Davide Boscherini

Michail Danilov
Andrei L. Kataev

SESSION III - QCD

Studies of Jet Properties at the Tevatron

Hadron Spectroscopy and Heavy Flavours

Production at HERA

Experimental Review on Pentaquarks

Renormalons at the Boundaries Between Perturbative
and Non-Perturbative QCD






STUDIES OF JET PROPERTIES AT THE TEVATRON

Mario Martinez
Instituto de Fisica de Altas Energias Universidad Auténoma de Barcelona
E-80193 Bellaterra (Barcelona) Spain
(On behalf of the CDF Collaboration)

Abstract
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1 Introduction

The Run IT at the Tevatron will define a new level of precision for QCD stud-
ies in hadron collisions. Both collider experiments, CDF and DO, expect to
collect up to 8 fb~! of data in this new run period. The increase in instan-
taneous luminosity, center-of-mass energy (from 1.8 TeV to 2 TeV) and the
improved acceptance of the detectors will allow stringent tests of the Standard
Model (SM) predictions in extended regions of jet transverse momentum, P v
and jet rapidity, Y3, The hadronic final states in hadron-hadron collisions
are characterized by the presence of soft contributions (the so-called underly-
ing event) from initial-state gluon radiation and mutiple parton interactions
between remnants, in addition to the jets of hadrons originated by the hard
interaction. A proper comparison with pQCD predictions at the parton level
requires an adequate modeling of these soft contributions which become impor-
tant at low PJT“. In this letter, a review of some of the most important QCD
results from Run IT is presented.

2 Inclusive Jet Production at the Tevatron

The measurement of the inclusive jet production cross section for central jets
constitutes one of the pillars of the jet physics program at the Tevatron. It pro-
vides a stringent test of perturbative QCD predictions over almost nine orders
of magnitude and probes distances up to ~ 1071m. Thanks to the increase in
the center-of-mass energy in Run II the jet production rate has been multiplied
(by a factor of five for jets with P%e ' > 600 GeV) and the first measurements
have already extended the P " coverage by 150 GeV compared to Run I. In
addition, both CDF and D0 experiments explore new jet algorithms following
the theoretical work that indicates that the cone-based jet algorithm employed
in Run I is not infrared safe and compromises a future meanful comparison
with pQCD calculations at NNLO. Figure 1 shows the measured inclusive jet

cross section by CDF using the longitudinally invariant K algorithm D and
based on the first 145 pb™" of Run II data. Measurements have been performed
using values for the D parameter in the K7 expression,

s — v )2 s — h:)2
K;; = min(pt, p1) - b~ i) $(¢1 %) ; (1)

equal to 0.5, 0.7 and 1.0. The measurements are compared to pQCD NLO cal-
culations 2) using CTEQ6 3) parton density functions in the proton and
antiproton and the renormalization and factorization scales set to pJPa*/2.
The measured cross section is reasonably well described by the predictions
for P > 150 GeV within the present uncertainties. The systematic errors on
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Figure 1: The measured inclusive jet cross section compared to pQCD NLO pre-
dictions. Jets are seached for using the longitudinally invariant K algorithm.

the data are dominated by the uncertainty on the jet energy scale determina-
tion while the theoretical predictions suffer from our limited knowledge of the
gluon distribution at high z. At lower PJTet, the data is systematically above
the predictions and the effect increases as D increases (see Figure 2). This in-
dicates the presence of soft-gluon contributions and fragmentation effects that
have not been taken into account yet.

© 3 I K;D=0.5-0.1<|Y|<0.7 . E [ K;D=1.0-0.1<|Y|<0.7 ]
g b Systematic Errors L-aspo’ | & 3 3 Systematic Errors L=145pb’
Y [ —— NLO Uncertainties E 25 F —— NLO Uncertainties
S “7F  NLO:JETRAD = i, = PY¥2 € 7 NLO:JETRAD yi, =, = P2
9 2 F No Had. / Und. Event Correction o [ No Had. / Und. Event Correction
- | 2F
z [ =4 [
S 15F S 15F
a F a F -
1;--&-@@.- 1f - e S
F F --—|_____‘_‘_‘_
0.5 E 1 1 1 1 1 1 Il Il 1 0.5 E 1 1 1 1 1 1 1 1 1
0 50 100150200250 300350 400450 50 0 50 100150200250 300350400450 500

P [GeV/c] P, [GeV/c]
Figure 2: Ratio between the measured inclusive jet cross section and the pQCD
NLO predictions using the K algorithm with D=0.5 and D=0.7, respectively.

Figure 3 shows the measured inclusive jet cross section by DO based on
the first 143pb~" of Run II data. The new midpoint 4) jet algorithm has been
used with a cone size R=0.7. This algorithm constitutes an improved version of
the cone-based algorithm used in Run I and it is shown to be infrared safe when
used in fixed-order parton-level calculations. The data is in good agreement
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with the pQCD NLO predictions using CTEQ6 parton density functions and
Rsep = 1.3. However, the measurement is dominated by a relatively large
uncertainty on the absolute jet energy scale. Figure 4 shows the measured

-]
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Figure 3: The measured inclusive jet cross section by D0 compared to pQCD
NLO predictions. Jets are seached for using the midpoint jet algorithm.

cross section by DO as a function of the dijet invariant mass in dijet production
of central jets. This measurement is particularly sensitive to the presence of
narrow resonances decaying into jets of hadrons up to masses of 1.3 TeV. The
data is well described by pQCD NLO predictions.

N
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Figure 4: The measured inclusive dijet cross section by D0 as a function of the
dijet mass compared to pQCD NLO predictions.

Nowadays, the Tevatron high—nge " jet data is used, together with prompt-
photon data from fixed target experiments, to constrain the gluon distribution
at high-z. Jet measurements at large rapidities are important because they
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constrain the gluon density in a region in P%?t where no effect from new physics
is expected. The DO experiment has already extended the jet cross section
measurements to the forward region for jets with |y| < 2.4 (see Figure 5). At

T o 2 °r e
%‘: D@ Run Il preliminary E [ D@ Run Il preliminary
<] < 5
= D@ data, Cone R=0.7 =~ 5=
= s I —e—20<ly|<24
3 . Ly\; 0‘5‘ . 8 [ —Ssystemaios Cone R=0.7
= = 15<|yl <2 r uncertainties _ -1
& + 20<lyl<24 F [ PDF uncertainties L = 143 pb
3 \ —— NLO (JETRAD) CTEQEM F
8 1L Riop=1:3, g = g = 0.5 pT™ 3
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1L E _ I max
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Figure 5: (Left) measured inclusive jet cross section by D0 in different regions
of rapitidy compared to pQCD NLO predictions. (Right) ratio between the mea-
surements and the pQQCD NLO predictions for jets with 2.0 < |y| < 2.4.

the moment, the results are affected by large systematic errors. In the near
future the experiments will highly reduce their uncertainties and precise cross
section measurements will allow to further constrain the gluon distribution and
thus enhance their sensitivity to new physics at very high Pr}et.

3 Study of the Underlying Event

As mentioned in previous section, the hadronic final states at the Tevatron
are characterized by the presence of soft underlying emissions, usually de-
noted as underlying event, in addition to highly energetic jets coming from
the hard interaction. The underlying event contains contributions from initial-
and final-state soft gluon radiation, secondary semi-hard partonic interactions
and interactions between the proton and anti-proton remnants that cannot
be described by perturbation theory. These processes must be approximately
modeled using Monte Carlo programs tuned to describe the data. The jet en-
ergies measured in the detector contain an underlying event contribution that
has to be subtracted in order to compare the measurements to pQCD predic-
tions. Hence, a proper understanding of this underlying event contribution is
crucial to reach the desired precision in the measured jet cross sections. In
the analysis presented here, the underlying event in dijet production has been
studied by looking at regions well separated from the leading jets, where the
underlying event contribution is expected to dominate the observed hadronic
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activity. Jets have been reconstructed using tracks with p%ak > 0.5 GeV and
|ntrak| < 1 and a cone algorithm with R=0.7. The ¢ space around the leading
jet is divided in three regions: towards, away and transverse (see Figure 6-left),
and the transverse region is assumed to reflect the underlying event contribu-
tion. Figure 6-right shows the average track density in the transverse region
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Figure 6: (Left) Scheme of the different ¢ regions defined around the leading jet.
(Right) Measured average track density in the transverse region as a function of
the EJTet of the leading jet. The measurements are compared to different Monte
Carlo models.

as a function of Eﬂﬁt of the leading jet for the dijet inclusive sample and for
events where the leading jets are forced to be back-to-back in ¢, in order to
further reduce extra hard-gluon radiation. The observed plateau indicates that
the underlying event activity is, to a large extend, independent from the hard
interaction. The measurements have been compared to the predictions from

PYTHIA %) and HERWIG 6) Monte Carlo programs including leading-order
QCD matrix elements plus initial and final parton showers. The PYTHIA
samples have been created using a special tuned set of parameters, denoted as
PYTHIA-Tune A, which includes an enhanced contribution from initial-state
soft gluon radiation and a tuned set of parameter to control secondary parton
interactions. It was determined as a result of similar studies of the underlying

event performed using CDF Run I data 7). PYTHIA-Tune A describes the
hadronic activity in transverse region while HERWIG underestimates the ra-
diation at low EJet Similar measurements in Z+jet(s) events would allow to
explore the umvesahty of the underlying event contribution in events with a
very different colour configuration in the final state.
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4 Jet Shapes

The internal structure of jets is dominated by multi-gluon emissions from the
primary final-state parton. It is sensitive to the relative quark- and gluon-jet
fraction and receives contributions from soft-gluon initial-state radiation and
beam remnant-remnant interactions. The study of jet shapes at the Tevatron
provides a stringent test of QCD predictions and tests the validity of the mod-
els for parton cascades and soft-gluon emissions in hadron-hadron collisions.
The CDF experiment has presented results on jet shapes for central jets with
transverse momentum in the region 37 GeV < P{ret < 380 GeV, where jets are
searched for using the midpoint! algorithm and a cone size R = 0.7. The inte-
grated jet shape, ¥(r), is defined as the average fraction of the jet transverse
momentum that lies inside a cone of radius r concentric to the jet cone:

PTOT)
v 0<r<R 2
(r) = NJetZPTOR == @)

where Nje; denotes the number of jets. The measured jet shapes have been
compared to the predictions from PYTHIA-Tune A and HERWIG Monte Carlo
programs.
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Figure 7: The measured integrated jet shape compared to different Monte Carlo
predictions.

In addition, two different PYTHIA samples have been used with default pa-
rameters and with and without the contribution from multiple parton inter-
actions (MPI) between proton and antiproton remnants, the latter denoted as
PYTHIA-(no MPI), to illustrate the importance of a proper modeling of soft-
gluon radiation in describing the measured jet shapes. Figure 7(left) presents

LA 75% merging fraction has been used instead of the default 50%.
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the measured integrated jet shapes, ¥(r/R), for jets with 37 < Pr}et < 45 GeV,
compared to HERWIG, PYTHIA-Tune A, PYTHIA and PYTHIA-(no MPI)
predictions. In addition, Figure 7(right) shows, for a fixed radius ro = 0.3, the
average fraction of the jet transverse momentum outside r = rg, 1 — ¥(ro/R),

as a function of P{nret where the points are located at the weighted mean in
each Py ' range. The measurements show that the fraction of jet transverse
momentum at a given fixed ro/R increases (1 — ¥(ro/R) decreases) with PJ*,

indicating that the jets become narrower as P%«et increases. PYTHIA with de-
fault parameters produces jets systematically narrower than the data in the
whole region in PJ *. The contribution from secondary parton interactions be-
tween remnants to the predicted jet shapes (shown by the difference between
PYTHIA and PYTHIA-(no MPI) predictions) is relatively small and decreases
as P%e " increases. PYTHIA-Tune A predictions describe all of the data well.
HERWIG predictions describe the measured jet shapes well for P%e "> 55 GeV

but produces jets that are too narrow at lower P%e ‘. Figure 8(left) shows the
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Figure 8: The measured integrated jet shape compared to the predictions of
PYTHIA-Tune A and the separated contributions from quark- and gluon-jets.

0 I I I I
0 0.2 0.4 0.6 0.8

measured integrated jet shapes, ¥(r/R), for jets with 37 < P%«et < 45 GeV,
compared to PYTHIA-Tune A and the predictions for quark- and gluon-jets?
separately. Figure 8(right) shows the measured 1 — ¥(rg/R), 19 = 0.3, as a
function of nget. The Monte Carlo predictions indicate that the measured jet
shapes are dominated by contributions from gluon-initiated jets at low P%Et
while contributions from quark-initiated jets become important at high P%f’t.

2Each hadron-level jet from PYTHIA is classified as a quark- or gluon-jet by
matching (y — ¢ plane) its directions with that of one of the outgoing partons
from the hard interaction.
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This can be explained in terms of the different partonic contents in the proton
and antiproton in the low- and high- PJT regions, since the mixture of gluon-
and quark-jet in the final state partially reflects the nature of the incoming
partons that participate in the hard interaction. For a given type of parton—Jet
in the Monte Carlo (quark- or gluon-jet), the observed trend with PJ" shows
the running of the strong coupling constant, as(P%?t). Jet shape measure-
ments thus introduce strong constrains on phenomenological models describing
soft-gluon radiation and the underlying event in hadron-hadron interactions.
Similar studies with b-tagged jets will be necessary to test our knowledge of
b-quark jet fragmentation processes in hadronic interactions, which is essential
for future precise Top and Higgs measurements.

5 Adgaijet Decorrelations

The DO experiment has employed the dijet sample to study azimuthal decor-
relations, Adagijet, between the two leading jets. The normalized cross section:

1 do
Odijet AAQdijet
is sensitive to the spectrum of the gluon radiation in the event. The measure-

ments has been performed in different regions of the leading jet PJT starting
at PI* > 75 GeV and the second jet is requied to have at least P3" > 40 GeV.

(3)
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Figure 9: Measured azimuthal decorrelations in dijet production for central jets
compared to pQCD predictions in different regions of P%ft of the leading jet.

Figure 9 shows the measured cross section compared to LO and NLO
predictions from NLOJET++ program 8). The LO predictions, with at most
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three partons in the final state, is limited to Aggijes > 27/3, for which the
three partons define a Mercedes-star topology. It presents a prominent peak
at Aggijer = ¢ corresponding to the soft limit for which the third parton is
collinear to the direction of the two leading partons. The NLO predictions,
with four partons in the final state, describes the measured Agajje; distribu-
tion except at very high and very low values of A¢gijer Where additional soft
constributions, corresponding to a resummed calculation, are necessary. A rea-
sonable approximation to such calculations is provided by parton shower Monte
Carlo programs.
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Figure 10: Measured azimuthal decorrelations in dijet production for central jets
compared to PYTHIA and HERWIG predictions in different regions of leading
Prt

Figure 10 presents the measured cross section compared to PYTHIA-Tune
A, PYTHIA and HERWIG predictions in different regions of PJet. PYTHIA
w1th default parameters underestimates the gluon radiation at large angles.
PYTHIA-Tune A predictions, which include an enhanced contribution from
initial-state soft gluon radiation and secondary parton interactions, describe
the azimuthal distribution. HERWIG also describes the data although tends
to produce less radiation than PYTHIA-Tune A close to the direction of the
leading jets.

6 Summary and Conclusions

Both CDF and D} experiments have carried out measurements of the inclu-
sive jet production cross section in Run IT at the Tevatron using different jet
algorithms. The measurements are in agreement with pQCD NLO predictions.
Dedicated studies of the underlying event, jet shapes and azimuthal decorrela-
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tions in dijet final states allowed to establish the validity of the Monte Carlo
models used to describe the soft-gluon contributions in the final state.
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HADRON SPECTROSCOPY AND HEAVY FLAVOUR
PRODUCTION AT HERA
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Abstract

Studies of charm and beauty production in ep collisions with a center-of-mass
energy of 318 GeV are reported from the two HERA collaborations, H1 and
ZEUS. The results are from data collected during the HERA phase I and are
compared to the available next-to-leading order QCD calculations. Results on
the search for pentaquark states are also shown for the same data taking period.
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1 Heavy Flavour Production

The study of heavy flavour processes in ep collisions at HERA is a powerful tool
for exploring the dynamics of the strong interactions described by the Quantum
Chromodynamics (QCD) and for testing the proton structure function.

The production of heavy quarks in ep collisions at HERA mainly occurs
via the process of boson-gluon fusion. The kinematic region covers photopro-
duction, in which the exchanged photon is quasi-real (Q? ~ 0), to the region
of deep inelastic scattering (DIS), with photon virtualities much larger than
the ¢— or b—quark mass. The large value of the heavy quark mass provides
a scale for perturbative calculations which are therefore expected to give reli-
able results. Two schemes are available for next-to-leading order (NLO) QCD
calculations:

e massive scheme 1), where u, d and s are the only active flavours in the
proton and the photon, and charm and beauty are produced dynamically
in the hard scattering

o massless scheme 2) where charm and beauty are treated as active flavours
in both the proton and the photon, in addition to u, d and s. In this
scheme, so-called excitation processes occur in which the beauty quark is
a constituent of the resolved photon or of the proton.

The former scheme is expected to give better results for transverse momenta
of the b-quark of the order of its own mass, while the latter is more reliable for
larger transverse momenta.

1.1 Inclusive Production of D*, D% D} and D** Mesons in DIS

The production of charm quarks is expected to be well described by perturba-
tive QCD (pQCD) calculations due to the hard scale provided by the charm
mass. However, the hadronization of a charm quark into a cluster of hadrons
involves non-perturbative processes. Therefore, a theoretical description of the
production of charmed hadrons contains a phenomenological, non-perturbative
part, which is expected to be process independent.

The visible cross sections of D*, D, D} and D** have been measured

by H1 3) making use of the following decay channels: DT — K—rtzt, DO —
K—7nt, Df — ¢t — (K*K~)r™ and D**(2010) — D7+ — (K—nt)nt.
The relatively large life time of the weakly-decaying D—mesons makes it pos-
sible to reconstruct the displacement of their decay point with respect to the
primary vertex, using the central silicon tracker and to apply selection cuts
on the reconstructed secondary vertices. The number of signal events is deter-
mined for each D-meson individually, by fitting the invariant mass distribution
with an appropriate background function and a Gaussian to describe the signal.
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The measured cross sections are reported in table 1. The comparison

with a LO Monte Carlo is quite satisfactory. Preliminary results 4) have been
obtained by ZEUS on the same subject and they show a good agreement with
NLO QCD predictions.

Cross section [nb] D+ D° Df | D**
Ovis(ep — eDX) 2.16 | 6.53 | 1.67 | 2.90
Stat. error 4+0.19 | £0.49 | £0.41 | £0.20

Syst. error 055 | 1S | o4 | “oaa

AROMA LO prediction o 2.45 5.54 1.15 2.61
Prediction uncertainty +0.30 | £0.69 | £0.30 | £0.31

Estimated beauty contribution | 10% 9% 17% 7%

Table 1:  Inclusive charmed meson electroproduction cross sections for the
four meson states in the visible kinematic range, defined by 2 < Q% <
100GeV?, 0.05 < y < 0.7, p(D) > 2.5GeV and |n(D)| < 1.5. Also given
are the predictions for D meson production (including the beauty contribution)
based on a LO Monte Carlo simulation.

The fragmentation fractions f(c — D) are defined as the ratio of the total
cross section of a given charmed meson to the one for a charm quark. Using
a Monte Carlo model to extrapolate from the visible to the total cross section
for the charmed meson, the fragmentation factors shown in fig.1, together with
the LEP results, were obtained.

These results agree well with the measurements performed in eTe™ and
thus support the assumption of a universal fragmentation.

1.2 Measurement of F£¢ and FL° at High Q2

Inclusive ¢ and b cross sections have been measured by H1 for Q2 > 150GeV?2.
Events containing heavy quarks can be distinguished from light quark events
exploiting the long lifetimes of ¢ and b flavoured hadrons, which lead to dis-
placements of tracks from the primary vertex. The distance of a track to the
primary vertex is reconstructed using precise spatial information from the ver-
tex detector. The measurement of F5® and F%* has been done in a kinematic
region where there is little extrapolation needed to correct to the full phase
space; therefore the model dependent uncertainty due to the extrapolation is
small. In fig.2 the ratios F§¢/F, and Fi®/F, are shown. The measurement

of FQZ’B has been performed by H1 for the first time 12) " The contribution of
charm to F» can be estimated to be around 10-30% in the kinematic region
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- Charm Fragmentation Fractions at HERA
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Figure 1: Fragmentation factors for the different D mesons (and A.). Mea-
surements from H1 and ZEUS are shown together with ete™ results.

0

considered, while the contribution from beauty is approximately an order of
magnitude lower.

1.3 Measurement of Beauty Production Using Events with Muons and Jets

For beauty production, pQCD calculations are expected to give reliable predic-
tions, as the mass of the b quark (my ~ 5 GeV) provides a hard scale. The first

measurements of beauty cross section at HERA 7) were higher than pQCD pre-
dictions calculated at next-to-leading order (NLO). Similar observations were

made in hadron-hadron collisions 8) and also in two-photon interactions 9),
The cross section for the process ep — ebbX — ejjuX’ in photoproduc-

tion and ep — ebbX — ejuX’ in deep inelastic scattering have been mea-

sured. To discriminate events containing beauty from those with charm or

light quarks, H1 11) has used two distinct features of the B-hadrons simul-
taneously, for the first time at HERA: the large mass and the long lifetime.
The B-hadron mass leads to a broad distribution of the transverse momen-
tum p;° of the decay muon relative to the beauty quark jet direction. The
B-hadron lifetime is reflected in the large impact parameters § ~ 200 um of

the decay muon tracks relative to the primary vertex. Only the first method

has been used by ZEUS 10) pecause of the lack of a precision vertex detector
during HERA 1. The results obtained by the two experiments are shown in
fig.3, together with the NLO predictions in the respective kinematic range of
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Figure 2: The contributions to the total cross section f<¢ and f* shown as
a function of x for two different Q% values. The inner error bars show the
statistical error, the outer error bars represent the statistical and systematic
errors added in quadrature. The ¢ from ZEUS obtained from measurements

of D* mesons 9) and the prediction of the HI NLO QCD fit 6) are also shown.

the measurements. The data tends to be above the theory, but the agreement
is considerably improved with respect to the previous measurements.

1.4 Summary on Heavy Flavour Production

The results shown on charm DIS cross sections are in good agreement with
the NLO QCD predictions. The charm fragmentation factors measured at
HERA are compatible with those obtained in eTe™ collisions. In the beauty
sector, the production cross section is in much better agreement with NLO
QCD predictions with respect to the previous measurements, but there is still
present a tendency for data to be above the theory. The first measurement of
Fb for Q? > 150 GeV? has been performed by H1.

2 Pentaquark Searches

Several experiments have recently reported the observation of a narrow reso-

nance with mass in the region of 1540 MeV, decaying to K™n or K’p 13),
This state has both baryon number and strangeness +1, such that its mini-
mal composition in the constituent quark model is uudds. It has thus been
interpreted as a pentaquark, the ©%. There is also evidence for two related
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Figure 3: Cross section ratios (data over theory) as a function of Q? for the
processes ep — ebbX — ejjuX’ in photoproduction and ep — ebbX — ejuX’
in DIS, as measured by HI and ZEUS.

states with strangeness -2 16) " Various models have been put forward to ex-
plain the nature of these states and the structure of the multiplet that contains

them 14). The possibility of pentaquark states in the charm sector has also
been considered 15), following the observation of strange pentaquarks.

2.1 Search for a Narrow Baryonic State Decaying to K2p and K2p

The luminosity of the data sample used by ZEUS is 121 pb™! 17)  The events
are selected in the kinematic range Q? > 1 GeV?. K2 mesons are recon-
structed via the decay mode K9 — 77 ~. Accepting only K2 candidates with
transverse momentum p;(K9) > 0.3 GeV and pseudorapidity |n(K2)| < 1.5 in
the laboratory frame, the number of reconstructed candidates is 866800+1000.
Proton (or anti-proton) candidates are selected using the measurement of the
ionization loss dF/dx in the central tracker and applying cuts based on the
Bethe-Bloch equation. The purity of the proton sample, estimated from MC
simulation, is around 60%. The selected Kg and proton candidates are com-
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bined and the invariant mass is reconstructed fixing the K¢ mass to the PDG
value. A peak around 1520 MeV in the invariant-mass spectrum is visible for
Q? > 20 GeV? as shown in fig.4, while it is less pronounced in different kine-
matic regions. A ¥ bump at 1480 MeV is reported in the PDG, therefore the
invariant-mass distribution is fitted with a three-parameter background func-
tion and two Gaussians, obtaining a signal peak position of 1521+1.5(stat.)
MeV, with a width of 6.1£1.6(stat.)MeV. The fit gives 221448 events above
the background, corresponding to 4.60. Fitting with only one Gaussian similar
results are obtained.
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Figure 4: Invariant-mass spectrum for the Kgp(ﬁ) channel for Q? > 20 GeV?,
as obtained by ZEUS. The solid line is the result of a fit to the data using
a three-parameter background function plus two Gaussians. The dashed line
shows the Gaussian components and the dotted line the background according
to this fit. The histogram shows the prediction of the ARIADNE MC simulation
normalised to the data in the mass region above 1650 MeV. The inset shows the
K2p (open circles) and the K2p (black dots) candidates separately, compared
to the result of the fit to the combined sample scaled by a factor of 0.5.
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2.2 Search for a Narrow Charmed Baryonic State Decaying to D*Tp(D*~p)

The data analysed by the H1 collaboration correspond to an integrated lumi-

nosity of 76 pb—1 18)  The events are selected in the kinematic range Q% > 1
GeV? and 0.05 < y < 0.7. The D* mesons are reconstructed via the decay
channel D* — D7T — (K~nt)nt. D* candidates with p;(D*) > 1.5 GeV
and —1.5 < n(D*) < 1 are combined with oppositely charged proton candi-
dates selected according to the proton likelihood based on the particle energy
loss dE/dz in the central trackers. A clear peak is visible in the invariant
mass distribution M (D*p), as shown in fig.5, where a fit with a Gaussian dis-
tribution added to an appropriate background function is superimposed. The
result of the fit for the peak position is M (D*p) = 3099 & 3(stat.) MeV with a
root-mean-square width for the Gaussian of 12 + 3(stat).
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Figure 5: M(D*p) distribution from opposite-charge D*p combinations, as ob-
tained by H1. The data are compared with the result of a fit in which both signal
and background components are included (solid line) and with the result of a fit
in which only the background component is included (dashed line).

The signal consists of Ny = 50.6 £ 11.2 events, from which the observed
D*p resonance is estimated to contribute roughly to 1% of the total D* pro-
duction rate in the kinematic region studied.

A similar analysis 19) has been performed by ZEUS using an integrated
luminosity of 126 pb~!. No resonance structure was observed in the M (D**pT)
spectrum from more than 60 000 reconstructed D** mesons. An upper limit of
0.23% (95% C.L.) has been set on the fraction of D* mesons originating from
0Y decays. The upper limit for DIS with Q% > 1 GeV? is 0.35% (95% C.L.),
not compatible with the value of around 1% found by H1.
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2.3 Search for Pentaquarks Decaying to =n in DIS

Recently, the experiment NA49 at the CERN SPS reported the observation of
the Eg/g and 58/2 members of the Z3,5 multiplet 16) These states would lie

at the bottom of the hypothetical antidecuplet of pentaquarks with the ©* at
the apex, and, while Eg , would have an ordinary charge assignment, =5 /; is
manifestly exotic with minimal quark content ddssu. ZEUS used an integrated
luminosity of 121 pb~! to search for new baryonic states in the 2~ 7% and 2+ 7+

invariant-mass spectra 20) The=- (£7) states were reconstructed via the Amw~
(A7") decay channel. The A baryons were identified by their charged decay
mode, A — pr~, using pairs of tracks from secondary vertices. The resulting
Erm invariant-mass spectrum is shown in fig.6(a) where a clean Z°(1530) state
is observed, while no pentaquark signal is found in the region predicted by
NA49. In fig.6(b) the invariant-mass spectrum is shown for Q2 > 20 GeV?, the
kinematic region where the ©% signal was best seen by ZEUS. No pentaquark
signal is seen in this restricted kinematic region.
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2.4 Summary on Pentaquark Searches

The hypothetical pentaquark state ©1(1530) has been searched for by ZEUS. A
signal with a statistical significance of 4.60 has been observed in the kinematic
region of Q2 > 20 GeV?2.

A clear signal has been found by H1 in searching for the charmed pen-
taquark state ©%(3100). This signal has not been confirmed by ZEUS, despite
the larger statistical sample available.

ZEUS also has a negative result for searching for the pentaquark state
=77 (1860) whose observation was recently reported by the NA49 collaboration.
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EXPERIMENTAL REVIEW ON PENTAQUARKS
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Abstract

The experimental evidence for pentaquarks is reviewed and compared with the
experiments that do not see any sign of pentaquarks.
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1 Observation of pentaquarks

Until recently, all existing baryons could be interpreted as bound states of three

quarks. Observations of a pentaquark state ©F in nK+ D) and pK° 2) modes
created a lot of excitement. The corresponding invariant mass distributions
obtained by the LEPS and DIANA collaborations are shown in Fig. 1 , 2.
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Figure 1: Missing mass spectra for the yK* (left) and vK~ (right) for the
reaction yC — KTK~X ). The dashed (solid) histogram shows events with

(without) additional detected proton. The A(1520) signal is seen on the left and
evidence for ©F is seen on the right.
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Figure 2: Invariant mass of pK° in the reaction KT Xe — pKsX 2. The
dashed histogram is the expected background.

The minimal quark content of the ©F is wudds. Thus for the first time
unambiguous evidence was obtained for hadrons with an additional quark-
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antiquark pair.
Analysis of the DIANA data demonstrates that the width of the ©% is

very small I' = 0.94+0.3 MeV 3). A similar small width was obtained from the

analysis of the KTd cross section 4) = 8) Such a narrow width is extremely
unusual for hadronic decays and requires reassessment of our understanding of
quark dynamics. Properties of the ©F were in the excellent agreement with the
theoretical predictions 9) based on the chiral quark soliton model. This paper
motivated both experimental searches although later on the accuracy of these
predictions was questioned 10), 1 the quark soliton model the ©F belongs to
an antidecuplet of baryons (see Fig. 3). Octet, decuplet, 27-plet, and 35-plet
of pentaquarks are also expected.

(2 X »

5o R . 02
=
; 3
Q
]
———————————— -1 3
1%
1%
-2

= - =C

—_ —_

Figure 3: The predicted anti-decuplet 9) of pentaquark baryons. Ezxperimental
evidence for three indicated particles has been presented.

Many experiments promptly confirmed the existence of the ©F 11) - 24)
in different processes: photoproduction, deep inelastic scattering, hadroproduc-
tion, and neutrino interactions. Table 1 shows properties of the observed peaks.

There is some spread in the mass values obtained by different experiments.
In particular masses in the pKg final state are lower than in the nK ™ one. The
accuracy of the mass determination is not high in most of the experiments and
therefore the disagreement is not very serious statistically. However the DTANA
and ZEUS measurements are quite precise and contradict each other by more
than 4 sigma. Several experiments observe finite width of the © that is much
larger than 1 MeV. However, the accuracy is again not high and within 3 sigma
all width measurements are consistent with the instrumental resolution.
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Table 1: Ezperiments with evidence for the ©% baryon.
Reference | Group Reaction Mass Width

(MeV) (MeV)
1) LEPS(1) O — K+*K-X | 1540£10 | <25
2) DIANA K+tXe — K%X | 1539+2 | <9
1) | CLAS(d) vd— K+K-p(n) | 154245 | <21
12) | SAPHIR vd— K*KO(n) | 154046 | <25
13) | vBC vA — KX 1533+£5 | <20
14) | cLas o — mtKYK—(n) | 1555+10 | < 26
15) | HERMES etd — K9pX 1526+ 3 | 1349
16) ZEUS etp — KX 152243 | 8+4
17) COSY-TOF |  pp — KOpx+ 1530+5 | <18
18) SVD pA — K0pX 1526+5 | <24
19) LEPS(2) vd— KYK-X ~ 1530
20) | uBC2 vA — KX 153242 | <12
21) | NOMAD vA — K%X 152943 | <9
22) | JINR p(C5Hs) — KX | 1545+£12 | 16+4
23) | JINR(2) CC — K%X 153246 | <26
24) LPI np —npKTK~ | 1541+5 | <11

The spread in mass and width may indicate that some experiments ob-
serve not a signal but a statistical fluctuation.
If the penaquark interpretation of observed peaks is correct one expects

many other exotic (or cripto exotic) baryons belonging to the same antidecu-
plet or other multiplets. Indeed several experiments observe additional peaks
in the vicinity of the ©F mass 20, 22, 24) gy example 3 peaks with the
estimated statistical significance of 7.1, 5.0, and 4.5 sigma are seen in neutrino
interactions 20).

The NA49 collaboration claims an observation of a double strange pen-
taquark 25) Two observed narrow resonances E and E(l’—o (see Fig. 4) fit
naturally into the same antidecuplet as the OV (see Fig. 3).

An evidence for an anti-charmed pentaquark was obtained by the H1

collaboration 26) (see Fig. 5).
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Figure 5: Invariant mass distribution of D*~p and D**D combinations in the

H1 experiment. Two background components are shown as the shaded his-
tograms.

2 Reliability of pentaquark observations

The evidence for pentaquarks was criticized by several authors (for a review

see 27)). They considered kinematic reflections, ghost tracks and arbitrary
selection criteria as possible explanations for the observed peaks. The first
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two worries were shown to be not important at least in some experiments

(for a review see 28)). The last point is especially serious since statistical
significance of the positive experiments is not high and thus they are vulnerable

to a psychological bias. This problem is illustrated by the JINR analysis 22)
in which authors without any reason discard the momentum range where they
do not see the signal . The ZUES collaboration does not see the signal in data
with Q% < 20 GeV2. Their justification for discarding these data is also not
too convincing. There are other examples of experiments with not well justified
cuts. On the other hand there are experiments (for example DIANA) in which
event selection criteria have high efficiency and reasonably justified.

The statistical significance of peaks is overestimated in all experiments
since the shape of the background is not known. This looks obvious if one
removes the fit curves and plot the data points with error bars (see Fig. 6

taken from 27)).

Nevertheless the number of experiments is large and the combined sig-
nificance is high if we disregard for a moment the spread in the peak position
and width. So one can not prove that all observed peaks are fakes or statisti-
cal fluctuations. Only high statistics experiments can confirm or disprove the
claim for pentaquarks.

3 Non-observation experiments

Experiments which do not observe pentaquarks are shown in Table 2. Many
of them are high statistics experiments which observe by far larger number
of conventional resonances than the experiments which observe pentaquarks,
and have much better mass resolution. The first significant negative result

was published by the HERA-B collaboration 33), HERA-B does not see any
evidence for the ©F but observes a clear A(1520) and A(1520) signals of about
2 thousand events. HERA-B obtains an upper limit on the ratio of production
cross sections for the ©F and A(1520) of Ra- < 2.7% at the 95% CL for
Mg+ = 1530 MeV. In the whole range of reported @ masses from 1522 MeV
to 1555 MeV the limit varies up to 16%.

The ratio of the ©T and A(1520) production cross sections R+ is often
used for the comparison of different experiments since A(1520) is narrow and
easily reconstructed, it has a mass similar to the ©% mass and one can draw
similar diagrams for A(1520) and ©F production by exchanging an K meson
into a K meson. The existence of similar diagrams unfortunately does not
prove that production mechanisms for ©F and A(1520) are similar. The ratio
Ry~ is of the order of unity in several experiments which observe the ©F and
less than a few percent in many experiments which do not see ©F (see Table 2).

In order to resolve this discrepancy many authors assume that the ©F
production drops very fast with energy and is heavily suppressed in eTe™ an-
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Figure 6: Mass spectra of nK™ and pKg pairs in the experiments which provide
evidence for the ©F.

nihilation. A model exists in which the ©T production cross section is strongly

suppressed at high energies in the fragmentation region 44) 1t is not clear
how reliable this model is. In any case it is not applicable for the central pro-
duction for example in the HERA-B experiment where some models predict
the ©1 yield much higher than the experimental limits 45),

However, the ©1 production mechanism is not known and therefore it
is important to have a high statistics experiment at low energies where most
evidence for pentaquarks comes from. This goal was achieved by the BELLE
collaboration which analyzed interactions of low momentum particles produced
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Table 2: Ezperiments with non-observation of the ©F baryon.
Reference | Group Reaction Limit
29) | BES etem —J/U -00 | <1.1x10"°BR.
30) | BaBar ete” — T(4S) — pK°X | < 1.0 x 107 B.R.
31) | Belle etem — BOBY - ppKOX | <23 %107 B.R.
33) HERA-B pA — K%X <0.02 x A*
34) SPHINX pC — 0T X <0.1x A*
35) HyperCP 7, K, pCu — K2pX <0.3% K%
36) CDF pp — KX <0.03 x A*
37) FOCUS vBeO — KX <0.02x ¥*
38) | Belle ™, K,pA — KX <0.02x A*
39) | PHENIX Au+ Au — K~7X (not given)
32) ALEPH ete” — KOpX <0.07 x A*
40) COMPASS ptA — K0X -
41) DELPHI ete” — KX < 0.5 x A*
42) | 690 pp — KOpX < 0.005 x A*
43) LASS Ktp— Ktnrt -
41) L3 vy — KopX <0.1xA

in ete™ interactions with the detector material. We will discuss this experi-
ment after reviewing the situation with the anti-charmed and doubly strange
pentaquarks.

4 The anti-charmed pentaquark

The anti-charmed pentaquark was observed in the pD*~ and pD** channels

by the H1 collaboration both in DIS and photo production 26)  After many
experimental checks H1 concludes that the signal is real and self consistent.
Still the signal has very unusual properties. The © measured width of (12+3)
MeV is consistent with the experimental resolution of (7 &+ 2) MeV. So its
intrinsic width is very small although its mass is 151 MeV above the pD*~
threshold and 292 MeV above pD~ threshold. Its decay into pD*~ is clearly
visible although naively one would expect much larger branching fraction for
the pD™ channel where energy release is twice larger. Finally it is produced
with an enormous cross section. About 1.5% of all charged D* mesons are
coming from decays of this new particle! These properties are very surprising



M. Danilov 201

but we can not a priory exclude such a possibility.
However, the ZEUS experiment which works at the same electron-proton
collider HERA does not see ©2 and gives an upper limit of 0.23% at the 95%

CL on the fraction of charged D* coming from ©9 decays 46) | We denote this
fraction Rego/p-. For DIS events with Q? > 1 GeV? the upper limit is 0.35% at
the 95% CL. This is a clear contradiction with the H1 result. We are not aware
of any convincing explanation of this discrepancy. One can try to explain the
difference using following arguments. ZEUS detects more soft D* than H1. If
one assumes that pentaquarks are produced with high momenta only, than D*
mesons from their decays should be also energetic. In this case soft D* that
are more efficiently detected by ZEUS should not be used in the comparison
with H1. However such an assumption does not resolve the discrepancy since
ZEUS does not see the signal also in the kinematic range very similar to the
H1 one.

The CDF collaboration also does not see any sign of ©9 36), CDF has
two orders of magnitude more reconstructed D* mesons. They reconstruct
6247 = 1711 D3° — D*t7~ and 3724 £ 899 D9 — D**t7~ decays which have
the event topology very similar to ©Y. Majority of charm particles at HERA
and Tevatron are produced in the fragmentation process. It is impossible to
reconcile the results of the two experiments if ©0 is produced in the fragmen-
tation process as well. No other mechanism was proposed so far. There are

also upper limits on ©Y production in eTe~ collisions by ALEPH 32) and in
photo production by FOCUS 37),

We conclude that the evidence for ©2 is by far weaker than the evidence
against it.

5 Doubly strange pentaquark.

The NA49 claim for the observation of the doubly strange pentaquark was
not supported by several experiments which tried to find it. HERA-B has
8 times more =~ hyperons and slightly better mass resolution. There is no
=(1862) signal in the =~7~ or 2~ 7+ mass distributions (see Fig. 7) while there
is a clear 2(1530)° peak with about 1000 events (including charge conjugate
combinations). HERA-B sets an upper limit of 4%/B(Z(1862)"~ — Z~7")
at the 95%CL on the ratio of production cross section for Z(1862)~~ and
5(1530)0 We denote this ratio RE(1862)/E(1530)- Rg(lggg)/5(1530) is about

18%/B(2(1862)~~ — Z-7~) in the NA49 experiment 55 A7) The cen-
ter of mass energy in HERA-B is about 2 times larger than in NA49. However
the arguments about a very fast drop of the pentaquark production cross sec-

tion in the fragmentation region 44) 4o not apply to the central production
where the signal is observed by NA49 25, 48) and where it is searched for at
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Figure 7: The = invariant mass spectra for p + C collisions in the HERA-B
experiment (a); sum of all four Zn spectra with the background subtracted (b);
upper limit at 95%CL for mid-rapidity (c) .

HERA-B. The E690 experiment has even smaller limit on the Rz(1s62)/=(1530

of 0.2%/B(2(1862)"~ — =-7) at the 95% CL 42). E690 studies proton
- proton interactions at 800 GeV i.e. the same process as NA49 but at the
twice larger CM energy. The WAS89 experiment has about 300 times larger
number of 2~ hyperons but does not observe Z(1860) 49) | However this ex-
periment uses a %~ beam and a straightforward comparison is not possible.
The ALEPH, BaBar, CDF, COMPASS, FOCUS and ZEUS experiments also
do not see £(1862) in a variety of initial processes 32, 30, 36, 40, 37, 46)

We conclude that the evidence for Z(1862) is by far weaker than the
evidence against it.
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6 The Belle experiment

As discussed above many high statistics experiments do not see the ©% and
set stringent limits on its production cross section in different processes. It was
argued, however, that the ©T production can be suppressed at high energies or
in specific processes like ete™ annihilation. Therefore Belle decided to study
interactions of low momentum particles produced in ete™ interactions with
the detector material. This allows to achieve production conditions similar to
the experiments which observe the ©F . For example the most probable kaon

momentum is only 0.6 GeV (see Fig. 8). The Belle kaon momentum spectrum

has a large overlap with the DTANA spectrum 2),

100 —
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60
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Figure 8: Momentum spectra of K+ (solid histogram) and K~ (dashed his-
togram) in the Belle experiment.

The analysis is performed by selecting p/K ~ and pKg secondary vertices.
The protons and kaons are required not to originate from the region around the
run-averaged interaction point. The proton and kaon candidate are combined
and the pK vertex is fitted. The xy distribution of the secondary pK ~ vertices
is shown in Fig. 9 for the barrel part (left) and for the endcap part (right) of the
detector. The double wall beam pipe, three layers of SVD, the SVD cover and
the two support cylinders of the CDC are clearly visible. The zy distribution
for secondary pKg vertices is similar.

The mass spectra for pK~ and pKg secondary vertices are shown in
Fig. 10. No significant structures are observed in the M (pKg) spectrum, while
in the M (pK ~) spectrum a A(1520) signal is clearly visible.
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Figure 9: The xy distribution of secondary pK~ wvertices for the barrel (left)
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Figure 10: Mass spectra of pK~ ( points with error bars) and pKg (histogram)
secondary pairs in the Belle experiment.

The A(1520) yield is 15.5 thousand events. The A(1520) momentum
spectrum is relatively energetic (see Fig. 11). A(1520) produced in a formation
channel should be contained mainly in the first bin of the histogram even in
the presence of the Fermi motion. Therefore most of A(1520) are produced in
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the production channel.
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Figure 11: A(1520) momentum spectrum in the Belle experiment.

The upper limit for the narrow ©7 yield is 94 events at the 90% CL for
Mg+ = 1540 MeV. This leads for the upper limit of 2% at the 90%CL on the
ratio of ©% and A(1520) production cross sections. For other reported ©F
masses the limit is even smaller.

Projectiles are not reconstructed in the Belle approach. Therefore the
©% and A(1520) can be produced by any particle originating from the ete™
annihilation: K+, 7%, K2, K9, p, A, etc. Belle shows that A(1520) are seldom
accompanied by K+ mesons from the same vertex. This means that A(1520)
are produced mainly by particles with negative strangeness. The fraction of
energetic A hyperons in eTe™ annihilation is too small to dominate A(1520)
production.

The Belle limit is much smaller than the results reported by many ex-
periments which observe the ©F. For example it is two orders of magnitude

smaller than the value reported by the HERMES Collaboration 15) " The
©% and A(1520) are produced in inclusive photoproduction at HERMES. Pho-
tons produce hadrons dominantly via (virtual) pions or Kaons. Therefore the
production conditions are quite similar in the two experiments. We do not
know any physical explanation for the huge difference between the Belle and
HERMES results.

The expected number of reconstructed ©1 in the formation reaction
K*n — pK?2 can be estimated knowing the ©F width, the number of K+
mesons with appropriate momentum, amount of material and the reconstruc-
tion efficiency. The ©F width was estimated using the DIANA data to be

0.940.3 MeV 3). Using this value of the © width we estimate the number of
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expected ©T events at Belle to be comparable with their upper limit. If so the
Belle result disagrees with the DTIANA observation. However we should wait
for a quantitative statement from the Belle Collaboration.

A comparison of the Belle upper limit on Rj~ with the exclusive photo-
production experiments is not simple. However, it is very strange to have about
two orders of magnitude difference in Ra- since the Belle kaon (and pion) mo-
mentum spectrum is quite soft and comparable with the momentum spectrum
of virtual kaons (or pions) in the low energy photoproduction experiments.

7 Conclusions

The NA49 claim for the observation of Z(1862) pentaquarks is hard to recon-
cile with the results of many experiments which have up to 300 times larger
statistics of usual £~ and Z(1530) hyperons and a better mass resolution. In
particular E690 investigated the same production process at about twice larger
CM energy and obtained hundred times lower limit on the ratio of Z(1862) and
E(1530) production cross sections.

The H1 claim for the anti-charmed pentaquark contradicts the ZEUS
study made at almost identical conditions. CDF sets a very stringent limit on
the ©0 yield although they observed 178 times more D* than H1. CDF re-
constructed also about 10 thousand D3° — D**7~ and DY — D**r~ decays
(including charge conjugate states). These decays are very similar in kinemat-
ics and efficiency to ©% — pD*~ decays (the H1 signal is observed mainly with
energetic protons for which the particle identification does not play an impor-
tant role). Three other experiments do not see any sign of the ©Y in different

production processes 32, 31, 37), It is hard to reconcile the H1 claim with
this overwhelming negative evidence.

The claims for observation of the % in inclusive production at medium
and high energies are not supported by many high statistics experiments which
reconstruct by far larger number of ordinary hyperons with negative strangeness.
Even if one assumes that the ©F production is strongly suppressed at high en-
ergies there is still a contradiction between several of these results with the
Belle upper limit obtained with low momentum kaons.

However, even if some claims for the ©1 observation are wrong it does not
mean that all observations are wrong. The DIANA and exclusive photoproduc-
tion experiments are not in contradiction with the high energy experiments if
one assumes that the ©F production drops very fast with the energy. There is
a qualitative disagreement of these experiments with the Belle data. However
here we should wait for the quantitative analysis of the Belle data. Results of
high statistics exclusive photoproduction experiments are expected very soon.
We hope that the situation with the pentaquark existence will be clarified al-
ready this year.
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RENORMALONS AT THE BOUNDARIES BETWEEN
PERTURBATIVE AND NON-PERTURBATIVE QCD

A L. Kataev
Institute for Nuclear Research, 117312 Moscow, Russia

Abstract

The basis of renormalon calculus is briefly discussed. This method is applied
to study the QCD predictions for three different sum rules of deep-inelastic
scattering, namely for the Gross—Llewellyn Smith, Bjorken polarized and un-
polarized sum rules. It is shown that the renormalon structures of these a
posteriori different physical quantities are closely related. These properties
are giving us the hint that theoretical expressions of these three sum rules
are similar both in the perturbative and non-perturbative sectors. Some phe-
nomenological consequences of the new relations are discussed.
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1 Introduction

The modern theoretical basis of renormalon calculus was first built in the rather
inspiring work of Ref. 1), devoted to the consideration of ete™ — hadrons
process, and in the important work of Ref. 2), devoted to the consideration of
deep-inelastic scattering proceses. After these studies the number of theoretical

3)

and practical developments appeared in the literature (see reviews of Refs.
5))

In what is discussed below, we will consider definite several subjects,
related to deep-inelastic scattering (DIS) sum rules.

It is commonly expected that in the canonical renormalization schemes,
say the MS scheme, perturbative expansions in small QCD coupling constant
as = ag/(4m) of theoretical expressions for physical quantities, defined in the
Euclidean region, are asymptotic ones. This means that the difference of the
total sums

D(a) =1+ dna" (1)
n>1
and their finite sums .
Di(a) =1+ dpa* (2)
n=1

satisfy the following property

D(a) — Dx(a
W=D

(3)

lima_)o ‘

In other words the difference between the total series and their finite sum are

expressed as
D(a) — Dy(a) = O(a®tt) . (4)

In this case the error of the truncation of the asymptotic series can be estimated
by the last term of Dy(a) , namely dya* 6).

In QCD one expects that in the MS scheme the coefficient function for
DIS sum rules, no)rmalized to unity can be approximated by the following
7).

asymptotic series

Di(a) =1+ (Bo)*K! (KBV(—l)kk“ + K,I:,Rkb> as™, (5)

k>1
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where sign-alternating series with the coefficient KVV is generated by the ul-
traviolet renormalons (UVR), sign-constant asymptotic series with coefficient
K'™® result from the consideration of infrared renormalons (IRR), and a and b
are the known numbers, that depend from the ratio of the first two coefficients
of the QCD [-function.

Working within renormalon calculus we will demonstrate that the pertur-
bative and non-perturbative contributions to definite DIS sum rules are related.
In other words we will show that the renormalon approach is working at the
boundaries between these two regimes in QCD.

The aim of this article is three fold:

e to explain the basic stages of renormalon calculus in QCD, using the

simple language;

e to show that in the aymptotic perturbative expansion of three DIS sum
rules, namely of the Gross—Llewellyn Smith (GLS), Bjorken- polarized
(Bjp) and Bjorken- unpolarized (Bjunp) sum rules, may be universal. We
will present arguments, based on the consideration of the results given in
Refs. 8), 9), that these expansions are defined by the poles in the closely
related Borel images of all three sum rules.

e We will explain the features, which follow from the consideration of the
IRR poles in the Borel images of the three DIS sum rules. Moreover our
aim is to outline new consequences of the IRR calculus. They indicate
the existence of relations between twist-4 1/Q? non-perturbative contri-

10)

butions to the sum rules we are interested in . These results form the

basis of the new QCD relations between theoretical expressions for these

10)

three sum rules , which seem to be supported by the experimental

data within existing error bars. More critical tests of these relations are

proposed.
2 Renormalon calculus and DIS sum rules

Let us first express a perturbative QCD series in terms of a Borel integral as

D(as) = Zdna? (6)
n=0
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> n!
dp——-0"
nz::() L(n+1)

[e'S) o0 5n
/ exp(—6/Boas) dy—do
0 n=0 '

/0 " exp(—3/foas) BID](8)d5 . (7)

where 0y = (11/3)Ca—(4/3)Ts Ny is the first coefficient of the QCD [-function,
with Cy =3, Ty = 1/2, and B[D](0) is the image of the Borel integral.

At this stage we define the DIS sum rules we will be interested in. The
GLS sum rule of the vIN DIS 11) has the following form

GLS(Q?) = %/Oldx{Fg”"(x,Q%+F§/p(337@2)}
- 3CGLS(Q2)—<<8—§>>—O($) . (8)

In the Born approximation, this “measures” the number of valence quarks, that
are contained in the nucleon and can thus be considered as the baryon sum
rule. In the MS scheme, the twist-2 perturbative coefficient function Cqr5(Q?)
is calculated explicitly, including a2 and a? terms 12)7 13)  The twist-4 matrix
element of the O(1/Q?) non-perturbative contribution to the GLS sum rule is

related to the matrix element calculated in Ref. 14) to be

(On) = (0% )

where ((O%)) is defined by the dimension-2 operator

0, = ﬂéw'yl,%u +(uw—d) , (10)
where 1 v
Guu = ieuuaﬁGZ[?? (11)
and
(P|O}|P) = 2p,{(0%)) . (12)

The second sum rules, actively studied both in theory and experiment, is
the Bjp sum rule 15), having the physical meaning of polarized isospin sum
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rule. Its theoretical expression can be defined as
1
Bin@) = [ de|de. @) - oo
0
(@) 1
= Sompe) - 1220 o(5) (13)

Q? Q*
Here g4 = 1.26 is the known (-decay constant. At the a? level its perurbative
part differs from the one of the GLS sum rule by the absence of small “light-
by-light”-type terms, proportional to the colour structure d**¢debe 13). The
structure of the power corrections to the matrix element of the leading O(1/Q?)

£ 16)

power correction was analytically calculated in Re , with the useful cor-

rection input from the considerations of Ref. 17) " The final expressions are

presented in a simple-form in the review of Ref. 18), from which we can get:
18 M?
((02)) = 2o | (UN®)) = =B((VI)) | (14)
69 4
where
(P.S|ULSIP,S) = 2MnS,(({U™®))
(P.S|Vi|P.S) = 2My(VN*){(SuP, — SuFu)Ps)}sqvey  (15)

and ((UNS)) and ((VN9)) are the reduced matrix elements of the local operators

from Ref. 16), namely

U}L\IS = gs [ﬂéﬂ,l,’y”u —(u— d)}
Vul\fd = gs{ﬂéwﬁgu —(u—d)}spsr (16)

where S{v,c} stand for symmetrization over the given subscripts and éu,v
is defined in Eq. (11). In Ref. 19) the definition of Eq. (14) was used for
the estimates of O(1/Q?) corrections to Bjp sum rule, using the three-point
function QCD sum rules technique. These calculations were then re-analysed

f. 20). The numerical results of these calculations

with the same method in Re
will be discussed later. In the work of Ref. 21) 4 similar analysis was done
with the help of the same method for the first term in the r.h.s. of Eq. (14),
while the term, proportional to (M%,/4){(V)) was included into an O(M% /Q?)

kinematical power correction to the Bjp sum rule, which involves the second z?2
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moments of the leading-twist contribution to g7 " = ¢} — g} and the twist-3
matrix element, defined through the combination of x2-weighted moments of
the difference of structure functions g7 " and of g5~ " = g} (z, Q?) — g5 (z, Q?)

as
1

" = / dzx? <Qg’f_n(x, Q%) + 357" (x, Q2)> , (17)
0

Taking into account this decomposition, it is possible to rewrite a theoretical

expression for the numerator of the 1/Q? contribution, in the way it was done

say, in the most recent experimental work of Ref. 22

M2
i = = (@ AT AR (18)
where )
02 = [ de (2. Q%) - g7 (5,07 (19)
is the target mass correctio(;l and
2mi f3" Sy = —AMy S, ((UN®)) (20)
is the twist-4 contribution, which is related to the definition used by us as
(02) = S (US) = —cSME 21)
In other words we have the following relation
M fy™" = =2(U™)) . (22)

It should be stressed that in the region where the perturbative theory is working
well enough and the application of the operator-product expansion method is

valid (say at Q% > 2 GeVQ), we expect that both target mass corrections and
twist-3 terms are small and will neglect them in our further considerations *.
The third sum rule, which was originally derived for purely theoretical

23)

purposes, is the Bjorken unpolarized sum rule . It can be written down as:

Bup(@?) ~ | 1dx[Ff”<x,Q2>—Ff”(sc,cf)]
- chunp@?)—“g—Z”—O(é) . (23)

IFor completeness we note that there is a minor difference between the the

O(M%/Q?) coefficients of the fol dzx?g?™" terms in Ref. 19) and Ret. 22).
the former and latter cases they are equal to (10/9) and 1 respectively.
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It may be also studied in future as the valuable test of QCD both in perturbative
and non-perturbative sectors.

As in the previous two cases, the coefficient function Cgjunp(Q?) is calcu-
lated up to next-to-next-to-leading order a3-corrections 24), 25) . The twist-4
matrix element to this sum rule was evaluated in Ref. 14); with the following

result:

(03)) = SUOW)) (24)

where the matrix element ((ONS)) is related to the dimension-2 operator
ON® =aG v y5u — dGuysd (25)
its matching over nucleon states
(PIOYEIP) = 2p,((O®)) (26)

and application of Eq. (24).

Let us now return to the renormalon calculus. The basic theoeoretical
problem is how to define the Borel image B[D](d) (or the Borel sum) of the
integral in Eq. (7) for the quantities we are interested in. In QCD this problem
is usually solved using perturbative methods and calculating the correspond-
ing multiloop Feynman diagrams with a one-gluon line, dressed by the chains
of fermion bubbles (so called renormalon chain insertion). These chains are
generating sign-alternating asymptotic perturbative series, typical of the quan-
tities under consideration, in powers of the expansion parameter Nya, (where
Ny is the number of quarks flavours). The contributions of these chains are
gauge-invariant, but they do not reflect the whole picture of renormalon ef-
fects in QCD. The latter begin to manifest themselves after application of the
naive non-abelianization (NNA) ansatz 26)
Ny — —(3/2)Bo = Ny —(33/2) in the leading terms of the large-Ny expansion.

This procedure transforms a large-N; expansion into a large-3; expansion,

only, namely after the replacement

which in addition to quark bubbles insertions into the renormalon chain, is tak-
ing into account the contributions of the gluon- and ghost-bubbles insertions
as well (though neglecting definite one-loop insertions into the gluon—quark—
antiquark vertex, which should be also considered in the process of rigorous

calculation of the coefficient Gy).
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The Borel images calculated by this procedure for the GLS and Bjp sum

rules coincide and have the following form 8)

(34 d)exp(56/3)
B[Cg;pl(6) =B 0)=— . 2
[CBJP]( ) [CGLS]( ) (1 - 62)(1 - (52/4) ( 7)
They contain the IRR poles at § = 1 and 6 = 2 and the UVR poles at § = —1
and 0 = —2. Note that the 6 = —1 UVR poles in Eq. (27) are suppressed
by a factor (1/2)exp(—10/3) = 0.018, relative to the dominant IRR poles at

§=1 9. Therefore, in the asymptotic structure of the perturbative QCD

effects in the expressions for Cars(Q?) ~ Cp;p(Q?) (where we neglect the small
“light-by-light-type” effects, contributing to Cars(Q?)) the sign-constant part
in Eq. (5) dominates strongly with respect to the sign-alternating contribution,
generated by 6 = —1 UVR.

Returning to the large-INy expansion of the perturbative expressions

Cr
Ch; (QQ) = CGLs(Qz) =14 T‘n(T N as)n , (28)
where Cp =4/3, Ty =1/2 and
. 4 d n—1
Ty = lims_g < - g%) B[CBJP}((s) ) (29)

we arrive at the following expansion in powers of = Ty Nya,, namely

2 72
920 5 38720 ,

n __ 2
Zrnx = -3z + 8x° — o7 513 x

n

+o (30)

which is known in the MS scheme up to O(aIN7) terms 8). Using now the
traditional MS-scheme expansion in terms of the orders in o /7 = 4as, one can

compare the results of explicit perturbative calculations of
as\”
Coin(@) =1+ 3 (%) (31)
n>1
with the known numbers
rn = -1 (32)
ro = —4.5833 + 0.33333N; (33)
rs = —A41.440+ 7.6073Ny — 0.17747N} (34)
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obtained at O(a?) in Ref. 12) and at O(a?) in Ref. 13) | with the results of

26) to the estimates of the perturbative

the application of the NNA procedure
QCD corrections from large-N; expansion of Eq. (30) 2. Performing the shift

Ny — Ny —33/2 in the second, third and fourth terms in Eq. (30), we arrive

at the following estimates in the MS scheme 9).
riNA = 554 0.33333N; (35)
ry~ A = —48.316+ 5.8565N; — 0.17747N7 (36)
riNA = —466.00+ 84.728Ny — 5.1350 N7 + 0.10374N}? . (37)

Reasonable agreement can be observed between the sign structure and val-
ues of the NNA estimates and the results of explicit calculations (compare the
estimates of Egs. (35) and (36) with the numbers in Eqgs. (33) and (34), respec-
tively). As to the prediction for N4 it may serve as a guide for understanding
the rate of growth of the coefficients of the perturbative series generated by the
single renormalon-chain approximation.

Consider now the Bjunp sum rule, which is defined in Eq. (23). Within

the large- Ny, expansion its perturbative coefficient function

Chipunp (Q%) =1+ Y 7 (O‘?) ' (38)

n>1

was calculated in the MS scheme and large-Ny expansion up to a O(agN?)—

terms 9). Following the logic of our work, we present here the results for the

first 4 terms only:

- o 64_ o, 2480 5 113920 ,
Zrnx f72x+§81’ R x° + 729 5+ ...

n

(39)

As was already mentioned above, the explicit results of calculations of the

perturbative contributions to the Bjunp sum rule

Conunn(@) =1+ 37 ( 2] (40

n>1

2Tt is worth noting that similar NNA analysis was performed previously, in
Ref. 27), for the eTe™ annihilation Adler D-function.
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are known up to the order O(a?) level. These results are:

Moo= —2/3 (41)
Fa = —3.8333+ 0.29630N; (42)
3 = —36.155+ 6.3313N; — 0.15947N? (43)

where 79 was calculated in Ref. 24) while 73 was evaluated in Ref. 25), Applying
now the NNA procedure to the series of Eq. (39), we find that, in the MS

scheme, the estimated coefficients of the Bjunp sum rules have the following

form 9):
PYNA 48889 + 0.29630N (44)
FANA = —43.414+ 5.2623N; — 0.15947N7 (45)
FanA = —457.02+ 83.094N; —5.0360 N7 +0.10174N}? . (46)

The estimate of Eq. (44) is in agreement with its exact partner of Eq. (42).
The same situation holds for the O(a?) corrections (compare Eq. (45) with Eq.
(43)). It should be stressed, that the similarity of the next-to-next-to- leading-
order MS-scheme perturbative QCD contributions to the Bjp and Bjunp sum
rules was previously noticed in Ref. 28), although no explanation of this obser-
vation was given. Now, within the NNA procedure, it is possible to generalize
this observation to higher-order level. Indeed, the NNA estimates of the O(a?)
corrections to the Bjp and Bjunp sum rules have a similar expressions as well.
These facts may indicate the close similarity in the full perturbative
structure of the QCD corrections to the Bjunp sum rule, the Bjp
sum rule and the GLS sum rule (provided the “light-by-light-type” terms
will not drastically modify the values of perturbative terms in the latter case
in the one-renormalon chain approximation). Note that, generally speaking,
from this order of perturbation theory the diagrams from the second renor-
malon chain are starting to contribute to the quantities under consideration.
These diagrams may influence the asymptotic behaviour of the the series con-
sidered 29). In view of this it seems that it is more rigorous to use, in the
phenomenological application, the order of al-terms, estimated in Ref. 30)
using the PMS approach 31) and the effective-charges approach, developed
in Ref. 32), However, since in this work we concentrated ourselves on the
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structure of the QCD expressions, obtained in the one-renormalon chain ap-
proximation, we will avoid more detailed discussions of the possible influence
of the multi-renormalon chain contributions to the results of our studies.

The observed in Ref. 28) similarity of the next-to-next-to-leading-order
approximations for the Bjp and Bjunp sum rules was attributed in Ref. 9) to
the fact that the dominant § = 1 IRR contribution to the Borel images of these
sum rules enters with identical residues. Indeed, the Borel images in the Borel
integrals of Eq. (7) for the Bjunp and Bjp sum rules turn out to be closely
related 9), namely

BlChimrl®) = (255 ) BIChpl(0) =~ g 2y

Comparing Eq. (27) with Eq. (47) one can convince oneself that the residues
of the poles at § = 1 in these two expressions are really the same and are equal
to the factor —(8/3)exp(5/3).

Notice also the absence of § = —1 UVR pole and the existence in Eq.
(47) of a § = —2 UVR pole together with the leading § = 1 IRR one. Thus
we are observing one more interesting fact: the structure of the Borel image
for the Borel sum, related to the Bjunp sum rule, is dual to the structure of
leading renormalon contributions to the Borel image of the Borel sum for the
ete™ annihilation Adler D-function. Indeed, in the latter case the leading IRR
is manifesting itself at 6 = 2, while the leading UVR pole is appearing at § =
—1 (the general structure of renormalon singularities in the ete™ annihilation
channel was analysed in Ref. 1), while the concrete MS-scheme calculations of
the corresponding Borel image were done later on in Refs. 33) and 34)).

The absence of § = 1 IRR in the Borel sum of the e*e™ annihilation chan-
nel is related to the absence of O(A%/Q?) non-perturbative power correction
in the standard variant of the operator product expansion formalism, applied
to the theoretical expression for the eTe™ annihilation Adler D-function. In-
deed, the existence of lowest dimension-4 quark and gluon condensates 35) in
this channel can be associated in terms of renormalon language with the ex-
istence of the leading IRR pole, which in case of “Borelization” of the Adler
D-function is appearing at § = 2. However, as was already discussed above, the
dimension-2 non-perturbative corrections enter into the theoretical expressions

for the three DIS sum rules we are interested in. In the IRR language, this
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correspnds to the appearance of a 6 = 1 IRR pole 2), which manifests itself in
8), 9) (see Egs. (27) and (47)). Thus, it should
be stressed that the structure of singularities of the Borel sums (or images) is

the concrete results of Refs.

not universal and depends from the physical quantity under consideration.

3 IRR for DIS sum rules and the values of twist-4 corrections

In addition to controlling the sign-positive n! growth of the asymptotic series
the existence of § = 1 IRR gives an ambiguity in taking the Borel integral of
Eq. (7) over this pole. In the case of large By expansion and for the series we
are interested in, this ambiguity was estimated in Ref. 4); and in our notation,

it has the following expression:

32exp(5/3) Mg
960 Q?

This estimate may be coordinated with the definition of the twist-4 matrix

AC'sum rules ~ — (48)

element in the sum rules we are interested in. Therefore, we will make the
assumption that the identical values and signs of the IRR ambiguities indicate
that the values of twist-4 contributions to the expressions of GLS, Bip and
Bjunp sum rules, normalized to unity, should have the same negative sign and
a similar closed value 10).

Let us check this assumption, considering the following expressions for

the sum rules we are interested in

GLS(Q?) = 3{1—4%—0(@?)—%] , (49)
Bip(@) = L1100l - 2] (50
Biup(@?) = 1= ga. - 0) - 5] 1)

where A = ((01))/3, B = ((02))(6/g4) and C = ((O3)) and compare in Table
1 the results of different theoretical and phenomenologically based evaluations
of the twist-4 parameters A, B and C.

In the case of the GLS and Bjunp sum rules the results of the original
application of the three-point function QCD sum rules method gave ((OS)) =
0.33 GeV? and ((ONS)) = 0.15 GeV?, with over 50% error bars 36), while
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Table 1: The results for twist-4 contributions to the GLS, Bjp and Bjunp sum-
rule expressions of Eqs. (49)-(51).

| [ A[GeVF] [ B[GeVH] [ ClGeVT |

QCD sum rules (Ref. 36)) | 0.098 + 0.049 — 0.133 4 0.065
QCD sum rules (Ref. 19) — 0.063 £ 0.031 —

QCD sum rules (Ref. 29) | 0.158 £ 0.078 | 0.223+£0.118 | 0.16+0.08
QCD sum rules (Ref. 21)) — 0.025 4 0.012 —
Instanton model (Ref. 39)) | 0.078 +0.039 | 0.087 +0.043 —
Instanton model (Ref. 40)) — — 0.16 4 0.08
Experiment (Ref. 41)) - 0.098 4 0.028 —
Experiment (Ref. 43)) 0.04£0.13 — —

the three-point function estimates for the modified results of calculations of
the twist-4 parameter of the Bjp sum rule resulted in the following value
M%7~ = —0.18 £0.09 GeV? in the region where nucleon target mass correc-
tions of O(M%/Q?%) may be neglected 19) " As was already mentioned, these
calculations were re-examined using three-point function QCD sum-rules ap-
proach in Refs. 20) and 2D, In the first case the obtained result turned out to
be larger than the original results from Ref. 19) and has the following value of
M% ™" = —0.634+0.317 GeV? 20) | while in the latter case it was consierably
smaller, namely M2 f2™" = —0.07 £ 0.035 21), although within 50% theoret-
ical uncertainty we adopt for all calculations within three-point function QCD
sum-rules approach, this value does not disagree with the results obtained in
Ref. 19).

In Table 1 we present the estimates of twist-4 corrections to different DIS
sum rules, obtained with the help of the three-point function QCD sum-rules
approach and compare them with the results of the application of different
theoretical approach, based on the picture of the QCD vacuum as a “medium”

37). This picture was further developed in the method in Ref. 38)

of instantons
and applied for estimating twist-4 contributions to the GLS sum rule and Bjp
sum rule in Ref. 39), while the number for the twist-4 contribution to the Bjunp
sum rule, which follows from this approach, was presented in Ref. 40), In the

absence of estimates of theoretical uncertainties within this approach, we will
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apply to them the careful 50% estimate. All these results support the original
results of the three-point function QCD sum rules calculations of the twist-4
corrections to the GLS, Bjunp sum rules 36) and Bjp sum rule 19), though
the additional three-point function QCD sum rules cross-check of the results
of Ref. 19) may be rather useful.

The experimentally motivated value of the twist-4 contribution to the
Bjorken sum rule M2 f2™" = —0.28 £ 0.08 GeV2 41) was obtained by means
of integrating in = the numerator of the dimensionless h(x)/Q? contributions,
extracted from the fits of world average data for ¢} (z, Q%) and g7(x, Q?) per-
formed in Ref. 42). From the results of Table 1 one can see that the agreement
with the QCD sum-rules calculations of Ref. 19) and instanton-based calcula-
tions of Ref. 39) is more than qualitative.

The experimentally inspired estimate for the twist-4 contribution to the

43) as a result of the integration of

GLS sum rule was obtained only recently
x-dependence of the twist-4 contribution h(r)/Q?, extracted in the works of
Ref. 44) devoted to the analysis of xF3 data of CCFR collaboration. One can
see that the central value of the contribution is negative (in fact it comes with
the negative sign in the sum rule) but has rather large uncertainties. So, at the
present level we cannot obtain from this estimate even qualitative information
and additional work on its improvement is needed.

To conclude, we present the final results for the GLS, Bjp and Bjunp sum

rules, where for definiteness the twist-4 matrix elements are estimated using the

central values of the three-point function QCD sum-rules results from Refs. 36)
and 19):

0.098 GeV?

GLS(Q*) = 3 [1 —4das — O(a?) — T] , (52)
2
Bip(@) = (140, - 0@ - BTV 5y
6 Q?

8 0.133 GeV?

e e I e (54)

It should be stressed that they all have the same negative sign and within
existing theoretical uncertainties are in agreement with each other. This fact
was anticipated by the identical value of the ambiguity, generated by the § = 1
IRR pole of the Borel images of all these three sum rules (see Eq. (48)). More-
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over, as follows from the results of application of the single-renormalon chain
approximation in the perturbative sector presented in Sec.2, we may expect a
similar asymptotic behaviour of the perturbative corrections to all these three
sum rules (compare Eqgs.(33)—(36) with Egs.(42)—(45)). It is interesting that the
similar property is manifesting itself in perturbative series under investigations
at the O(a?) level, studied within scheme-invariant approaches in Ref. 30),
These facts give us the idea that the sum rules we are interested in are
closely related and that, in the region, where we can neglect target mass correc-
tions and twist-3 contributions to the Bjp sum rule and quark-mass dependent
corrections (say in the region Q2 > 2 GeV?) we can write down the following

basic relation 10) :

Bjp(Q%) ~ (94/18)GLS(Q?) ~ (94/6)Bjunp(Q?) . (55)

In the next section we will present more detailed considerations of the ex-
perimental consequences of these relations then those, that are briefly outlined
in Ref. 10).

4 IRR- inspired relations and experiment

In order to test whether our basic relation Eq. (55) is respected by experiment,
we first present the results of the extraction of the GLS sum rule by combining
CCFR neutrino DIS data with the data for other neutrino DIS experiments for
1 GeV? < Q? < 15 GeV? 49). It is known that the weighted extraction of
as(Mz) from these data result in the rather rough value as(Mz) = 0.11543-99%
which, however, is in agreement with as(Mz) = 0.115+0.001 (stat)40.005 (syst.
+0.003 (twist) £ 0.0005 (scheme), extracted in Ref. 46) from the previous
CCFR data for the GLS sum rule at Q? = 3 GeV? 47), However, for our
purposes we will not need to re-extract as(Mz) values from the GLS sum rule
results of Ref. 45), but will use these, which are presented in Table 2.

To estimate the values of the Bjp sum rule from the results of Table 2 we
will use our main equation (55) and will compare them with available experi-
mental data for the Bjp sum rule. The results of these studies are presented in
Table 3.

One can see that though the central values of estimated numbers for the
Bjp SR are higher than the results of the SLAC E143 collaboration 48), they
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Table 2: The results for the GLS sum rule from Ref. 49)
| @* [GeV?] | GLS sum rule |

2.00 249+0.08+0.14
3.16 2.55£0.08 £0.10
5.01 2.78 £0.06 £0.19
7.94 2.82£0.07+0.19
12.59 2.80£0.13+£0.18

Table 3: The comparison of the results of application of Eq. (55) with direct
experimentally motivated numbers.

[ Q% [GeV?] | Bjp from Table 1 | Bjp SR (exp) |
2.00 0.174 + 0.006 + 0.010 0.169 4+ 0.025 [Ref. 48]
3.16 0.178 & 0.004 £ 0.007 0.164 +0.023 [Ref. 48)]
5.01 0.195 + 0.004 £ 0.013 | 0.181 4 0012 (stat) = 0.018 (syst) [Ref. 49)]
7.94 0.197 + 0.005 £ 0.013 —
125 0.196 + 0.009 4 0.013 0.195 + 0.029 Ref. 50)

agree within error bars. It is also interesting to compare the result from Table
3 with the value of the Bjp sum rule extracted in Ref. 51) from the SLAC and
SMC data Bjp(3 GeV?) = 0.177 £ 0.018 and which, within error bars, do not
contradict the value Bjp(3 GeV?) = 0.16440.011 used in the work of Ref. 52),
It is rather inspiring that within error bars these results agree with the GLS
sum rule value at Q? = 3.16 GeV2. The same feature holds for the Bjp sum
rules at Q2 =5 GeV?, namely for the SMC result of Ref. 49). Thus we think
that within existing uncertainties our approximate IRR-inspired basic equation

(55) is supported by existing experimental data.

5 Conclusions

We demonstrated that the existing phenomenological data do not contradict
the basic relation of Eq. (55) and therefore the reliability of the one-
renormalon chain approximation of the theoretical quantities under
consideration. For its more detailed studies, we may rely on the appearance of

Neutrino Factory data for all sum rules, which enter in Eq. (55). In fact it may
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provide rather useful data not only for the GLS and Bjp sum rules, but for the
Bjunp sum rule as well (for a discussion of this possibility see Refs. 53), 54)).

Another interesting option of the relation of Eq. (55) is to analyse the
sources of its possible violation in the lower energy region of over Q2 ~ 1 GeV?,
where one may compare the CCFR data for the GLS sum rule at the energy
point Q% = 1.26 GeV? 45) and the JLAB data for the Bjp sum rule at Q% =
110 Gev? 22).

To conclude this section, we would like to emphasize that the prob-
lems considered by us in this work are complementary to the considerations
of Ref. %), In the former analysis, the GLS and Bjp sum rules were deter-
mined in the high energy point of over Q% = 12.33 GeV? from the generalized
Crewther relation constructed in 8), 55), 56) using the extention of the BLM
approach of Ref. 57) and the analysis of eTe™ annihilation data from Ref. 58).
Certainly, the renormalon-chain insertions are absorbed in this approach into
the BLM scale. However, the considerations within this language of the high-
twist effects is still missed. It may be of interest to think of the possibility of
evaluating high-twist contributions to the Crewther relation, which relates, in
the Eucledian region we are working massless QCD perturbative contributions
to the Adler D-function of eTe~-annihilation with the perturbative corrections
to the GLS and Bjp sum rules.
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Abstract

From a sample of about 10° ¢-mesons produced at DA®NE, we select K7,
and Kg tagged mesons. We present the results on the search for Kg — 379,
the first observation of Kg — muv, and the measure the major K branching
ratios, including the semileptonic decays relevant for the |V,s| determination.
A measurement of the K, lifetime, using K7 —7%7%7% decays, is also given.
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The KLOE experiment 1) operates at DAONE 2), an ete™ collider work-
ing at a center of mass energy W ~ my ~ 1.02 GeV. ¢-mesons are produced
with a visible cross section of ~ 3.2ub. Data for an integrated luminosity
of 450 pb~! at the ¢ peak have been collected during years 2001 and 2002,
corresponding to ~ 1.4 x 10° ¢-mesons produced.

A ¢ meson decays ~ 34% of the times into K Ure pairs. Neutral kaons get
a momentum of ~ 110 MeV/c (Bx ~ 0.22). At these momenta, Kg and K, can
be distinguished by their mean decay lengths: Ag ~ 0.6 cm and Az, ~ 340 cm.

The KLOE detector 3) consists essentially of a 4 m diameter drift cham-
ber surrounded by a lead-scintillating fiber electromagnetic calorimeter. A
superconducting coil surrounding the barrel provides a 0.52 T magnetic field.
Momentum resolution for tracks at large polar angle is 0, /p < 0.4%. Calorime-

ter energy resolution is o /E ~ 5.7%/+/E(GeV) and the intrinsic time of flight

resolution is o = 54 ps/\/E(GeV) & 50 ps.

When a ¢ meson decays, C-parity invariance forces K° — K9 to be in a
correlated Kg-Kp state. The observation of a Kg therefore, tags the Ky in
the opposite hemisphere and vice-versa.

About half of the K-mesons reach the calorimeter, where most originate
a nuclear interaction,“Ky-crash”. A Kp-crash is identified as a local energy
deposit with energy above 100 MeV and a time of flight consistent with § ~
0.22. The coordinates of the energy deposit determine the K ’s direction to
~20mrad. Kg tagging efficiency is ~30%.

K1 events are identified by the presence of a Ks—nTn~ decay. We
require a vertex with two opposite curvature tracks close to the IP. The two-
tracks invariant mass must be within 5 MeV of mg,. The magnitude of the
total momentum of the two tracks must be within 10 MeV of the value expected
from the value of . Tagging efficiency is ~65%.

The tagged Kg (K1) momentum is obtained from the decay kinematics
of p—Kg K7, using the reconstructed K, (Kg) direction and the known value

of ﬁ¢,.

1 Search for Kg—n07970

A Kp-crash tag and six neutral clusters coming from the IP are required in the
search for Kg—m97%7%. The major background is Kg — 27° +2 fake photons
from shower fragments, machine background clusters in overlap with the events
or both.

To reduce the background a kinematic fit has been performed. The Kg
mass, K 4-momentum conservation and § = 1 for each v is imposed. We also
define 2 pseudo-x?, x3, and x%.. The x2_ is based on only the 3 best recon-
structed pion masses, while the y2_ selects 4 out of the 6 photons providing
the best kinematic agreement with the 7°7%decay.
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The residual contamination due to fake Kj-crash tags from Kg — ntn—,
K; — 37° events is reduced to a negligible amount by vetoing events with
tracks coming from the IP. To enforce the selection we add a cut on the variable
AE = M,/2 — 3" E;, where the sum runs over the four v’s chosen by the X3 .
An optimisation of the cuts was performed to obtain the best average

upper limit following the Ngo prescription 4). The final cuts have been set
to: X?‘it <404, AE > 1.7 MeV and we have defined the following signal box
region (12.1 < x3, < 60 and x3, <4.6).

The selection efficiency is €3, = (24.4 £ 0.6)%, and the expected back-
ground is Ny = 3.13£0.9. The systematic error on the background is evaluated
by comparing data and MC expectations in control boxes around the signal in
the x3,-X3. plane.

Two events are found in the data in agreement with the background
expectation. We obtain an upper limit on the number of Kg — 370 events of
3.45 at 90% C.L. In the same tagged sample, we get 3.8-107 Kg — 7% events
so using the BR(Kgs — 77%) we finally derive BR(Kg — 37%) < 1.2-1077 at
90% C.L.

2  First observation of Kg — muv

The Kp-crash tagged event sample is used for this measurement. Two tracks of
opposite curvature forming a vertex close to the IP are required. The invariant
mass M, of the pair, calculated assuming both tracks are pions, must be
smaller than 490 MeV. This rejects ~95% of the 777~ decays.

Muons and pions are discriminated by time of flight (TOF). In order
to avoid uncertainties due to the determination of t0 (the time of the bunch
crossing producing the event), we make cuts on the two-track time difference.

Residual background from Kg — 77~ () is rejected with kinemetic cuts
and photon detection.

The number of signal events is obtained by a fitting the F s — |P'mis]
distribution from data to a linear combination of signal and background Monte
Carlo distributions. Background is mostly due to Kg — 777~ decays. About

102 signal events have been found with a signal to background ratio of about
4.

3 K Branching Ratios and 7(Kp)

The K1, absolute branching fractions can be determined on a tagged K, events
sample by counting the fraction of K decays in each channel, correcting for
acceptances, reconstruction efficiencies and background. However, the tagging
procedure is not perfect, because the tagging efficiency depends slightly on the
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K1, evolution! mainly because of trigger requirements. Therefore care has been
put to optimize the tagging algorithm to minimize the tag bias. The tag bias
is defined as the ratio of the tagging efficiency of each channel and the overall
tagging efficiency.

The hardware calorimeter trigger, which requires two local energy de-
posits above some threshold (50 MeV on the barrel and 150 MeV on the end
caps), is used for the present analysis. The trigger efficiency is essentially 100%
for 707079, between 95-85% for charged decays and lower for K, interacting in
the calorimeter or escaping. A tighter tag has been used so that the Kg alone
stisfies at 99.8% the trigger. The overall efficiency of this tagging is about 10%.
The average tag bias is 0.97, 0.98 and 1.00 for 7*e¥v or 7+ pFv, 77~ 70 and
797070 decays, respectively.

The FV used for the analysis is defined inside the drift chamber by 35 <
Va2 +y? < 150 cm and |z| < 120 cm, where (z,y, z) are the K, decay vertex
position coordinates. The FV acceptance depends on the K, lifetime.

K7, charged decay modes

We require two good K, decay tracks forming a vertex to improve the momen-
tum resolution of the K decay products. The average tracking efficiency is
54% for Kes 52% for K3 and 38% for 777~ n¥ as evaluated from Monte Carlo
simulation and checked on data.

From Monte Carlo studies we found that the best discriminant amongst
the K, charged decay modes is the smallest of the two values of A, z=|p'mis| —
F s, where p'is is the missing momentum and F ;s is the missing energy
evaluated assigning to the two particles the pion and muon masses The number
of signal events is obtained from a fit to the |pmis| — F mis distribution from
data to a linear combination of Monte Carlo distributions for K;—nteFy,
Kp—ntpFv and Ky —rtrn0.

Neutral Ky, decays

The position of the K vertex for decays to neutrals, 7°, is obtained from the
photon time of arrival at the EMC. Each photon determines the K decay
length L. The best value of L is the energy weighted average of each mea-
surement. At least three photons with energy greater than 20 MeV originating
from the K decay are required for the K —n%7970 event selection. A sim-

ilar selection 6) has been used for the lifetime measurement. The selection
efficiency is about 99% with a residual contamination of 1.3% mainly due to
mta— w0,

"'We include events with the K, interacting in the calorimeter, escaping the
detector and all K, decays
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A total of about 13 x 10° tagged K, events are used for the measurement
of the branching fractions. Almost twice as many additional events provide
calibration.

The results of the measurement of the absolute branching fractions ob-
tained using for the lifetime the best PDG result, are:

BR(K — neTv) =

0.4049 4= 0.0006tat 3= 0.00084y st —stat &= 0.00184yst &= 0.0025c00r —syst
BR(K — n5uTv) =

0.2726 4= 0.0006tat 3= 0.00064y st —stat &= 0.0014¢ys¢ &= 0.0017corr—syst,
BR(KL — 7T0’/T0’/T0) =

0.2018 % 0.0003¢a¢ %= 0.0004gyst —stat £ 0.00235yst £ 0.0012¢0rr—syst,
BR(Kp — nTn n%) =

0.1276 % 0.00045¢a¢ £ 0.0004y5¢—stat £ 0.00145y5¢ = 0.0008corr—syet-

Systematic errors due to the accuracy of corrections, data Monte Carlo con-
sistency, signal extraction stability, and limited knowledge of the K7, lifetime
have been studied. They amount to 0.9-1 % depending on the decay mode, and
are dominated by the knowledge of the 7(K) value and by the uncertainties
on the tag bias evaluation.

The sum of all measured BR’s above, plus the PDG value for rare decays,
0.0036, is 1.0104 4= 0.0018¢4; £ 0.00744yst, where the result, as remarked earlier
depends on K7, lifetime. Turning the argument around, by renormalizing the
sum to 1.0 we obtain an indirect measuerement of the K, lifetime:

Ty = 50.72 + 0.08¢1a0 £ 0.124yst _stat & 0.335ys( 1

The K proper time distribution obtained with ~15 x 106 Kj—m9707°
decays. is fitted with an exponential inside the FV, with L ranging from 50
to 160 cm. In this interval the decay reconstruction efficiency is flat to ~0.3
%. Variations of the fit result vs the FV choice are well within the statistical
accuracy of the fit itself. Our preliminary result is:

7(KL) = 50.87 £ 016444 = 0.264ys 18

in agreement with the indirect measurement. The systematic error is dominated
by the knowledge of the residual background contamination.

4  |V,s| determination

The most precise check on the unitarity of the CKM mixing matrix is provided
by measurements of |V,s| and |V,,q|, the contribution of V,,;, being at the level of
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107>, |V4s| is proportional to the square root of the kaon semileptonic partial
width. Many factors are necessary for reaching the desired result 7)

we can write for |Vys| X ffo (0)

. In general

192 737 1/2 1

G2M2 S oy Li(Ny N No) | 1+ 00y + AL/2

o ., . .
where f f is the normalization of the form factors at zero momentum transfer

and I; (X, X[, \o) is the integral of the phase space density, factoring out f f ’
and without radiative corrections. Short distance radiative corrections are in
the universal term Seyw 8). In addition long distance radiative corrections

9, 10) for form factor and phase space density are included as 6, and AL(\).

em
X, and X| are the slope and curvature of the vector form factor fi. Ag is the

slope of the scalar form factor. Using the values A, = 0.0221 £0.0011, A} =

0.0023 = 0.0004 and Ao = 0.0154 = 0.0008, from KTeV 1) and ISTRA+ 12)
we obtain:

FE° X Vi = 0.2164 4 0.0007 from Kpes
FEY X Vi = 0.2174 4+ 0.0009 from Ky,
FE° X V| = 0.2169 4 0.0017 from Kses

A precise estimate fK"(0) = 0.961  0.008 was first given in 1984 13). Very
recently lattice calculations 14) pave given f f ’ (0) = 0.960+0.009, in excellent

agreement with 13). Using Viyq = 0.9740 +0.0005 from 15) the unitarity band
is:
KT (0) X [Vis| = 0.2177 4 0.0028

The possible violation of unitarity in the first row of the CKM matrix which
followed from the value for BR(K.3) given in the PDG particle listings is clearly
no longer present.
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Abstract

The KLOE ! experiment running at the ¢-factory DA®NE has collected ~
450 pb~! in the 2001-2002 data taking. We report preliminary results on light
meson spectroscopy based on this data sample obtained studying ¢ radiative
decays. The nature of f(980) and a¢(980) is investigated by studying the
shape of the resulting mass spectra, which is sensitive to their structure. A
detailed study of the n — w7 dynamics through a Dalitz plot analysis gives
the possibility to confront with theory expectations in view of extracting in-
formation on the light quarks mass difference. Finally, the branching ratio for
the n — 7%y decay is compared with previous measurements and with the
expectations from Chiral Perturbation Theory.

IThe KLOE Collaboration:

F. Ambrosino, A. Antonelli, M. Antonelli, C. Bacci, P. Beltrame, G. Ben-
civenni, S. Bertolucci, C. Bini, C. Bloise, V. Bocci, F. Bossi, D. Bowring,
P. Branchini, R. Caloi, P. Campana, G. Capon, T. Capussela, F. Ceradini,
S. Chi, G. Chiefari, P. Ciambrone, S. Conetti, E. De Lucia, A. De San-
tis, P. De Simone, G. De Zorzi, S. Dell’Agnello, A. Denig, A. Di Domenico,
C. Di Donato, S. Di Falco, B. Di Micco, A. Doria, M. Dreucci, G. Felici, A. Fer-
rari, M. L. Ferrer, G. Finocchiaro, C. Forti, P. Franzini, C. Gatti, P. Gauzzi,
S. Giovannella, E. Gorini, E. Graziani, M. Incagli, W. Kluge, V. Kulikov,
F. Lacava, G. Lanfranchi, J. Lee-Franzini, D. Leone, M. Martini, P. Mas-
sarotti, W. Mei, S. Meola, S. Miscetti, M. Moulson, S. Miiller, F. Murtas,
M. Napolitano, F. Nguyen, M. Palutan, E. Pasqualucci, A. Passeri, V. Pat-
era, F. Perfetto, L. Pontecorvo, M. Primavera, P. Santangelo, E. Santovetti,
G. Saracino, B. Sciascia, A. Sciubba, F. Scuri, I. Sfiligoi, T. Spadaro, M. Testa,
L. Tortora, P. Valente, B. Valeriani, G. Venanzoni, S. Veneziano, A. Ventura,
R.Versaci, G. Xu



242 F. Ambrosino

1 Introduction

The KLOE experiment 1) operates at DAPNE, 2) the Frascati eTe™ collider,
whose center of mass energy is equal to the ¢ mass. The detector consists
of a large, He based fully stereo drift chamber, and a fine sampling hermetic
lead/scintillating fibers calorimeter. A superconducting coil provides a 0.52 T
field along the beam axis. Transverse momentum resolution for charged tracks
is & 0.4% while energy and time resolution in the calorimeter are respectively
og/E =5.7%/y/E(GeV) and o, = 54ps/+/E(GeV) @ 50ps. Data collected in
2001-2002, corresponding to ~ 450 pb~!, are used to study light scalar and
pseudoscalar mesons produced through ¢ radiative decays.

2 Light Scalar Mesons: f,(980) and a((980)

The scalar mesons f,(980) (I=0) and ao(980) (I=1) appear as resonances in
the spectrum of the radiative decays of the ¢ to the final states 7t 7=, 7070y
and 7%y respectively.

The observed mass spectra are sensitive to the nature of the light scalars
3) which is quite unclear 4,5, 6). in fact hypotheses have been made about
these mesons being four quark states or K-K molecules rather than “standard”

g-gbar mesons We compare data with two different theoretical models. In the

first one the scalar amplitude is described by the kaon-loop model 7) while in
the second one a point-like approach is followed, with no dynamical assumption.
In both cases, the interference with the background with the same final state
is taken into account in the fit procedure.

For the 7+ 7~ final state there is a huge irreducible non resonant back-
ground ete™ — 77~ () with the additional photon due to either initial state
radiation (ISR) or final state radiation (FSR). The signal is enhanced with
respect to this background by requiring two tracks and a photon at large angle
inside the detector. A clean signal is detected in the M, region above 850
MeV (see Fig. 1 left). Moreover, a forward-backward asymmetry

~ NF(0>90°) — NT(6 < 90°)

A=
N+(0 >90°) + N*( < 90°)

is expected due to the interference of FSR and ISR. 8) In Fig. 1 (right) we
show this asymmetry as a function of M., both for data and for theoretical
predictions with ISR and FSR only. We observe a clear deviation from pure
ISR-FSR expectations in the fy mass region and in the mass range below 700
MeV, thus adding a further evidence on the observation of a scalar resonance
in the 777~ final state.

In the case of the 797% final state the fy — 7970 signal is observed
together with a non-resonant background having the same signature, produced

0
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Figure 1: Upper Left: two pion invariant mass for ntm—~ events. The upper
and lower curves are the result of the fit and the contribution due to FSR+ISR
respectively. Lower Left: zoom of the fo region. Right: Forward-backward
asymmetry as a function of My.. Ezxperimental data are reported as dark
triangles while light dots represent the Monte Carlo expectations for FSR and
ISR only.
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through wn®/p7® intermediate states. The intensity of this background is twice
the signal. In order to account properly the effect of its possible interference
with the scalar term we fit the Dalitz plot distribution considering all the
amplitudes giving the same final state. A smaller background contamination
dominated by ¢ — 7y, with n — 7°7%7% and two lost or merged photons, is
estimated by Monte Carlo and subtracted from the Dalitz plot. When using
the kaon-loop model we cannot describe data without introducing a scalar term
due to a ¢(600) meson.

For the fully neutral search of ¢ — ag7y, the background with the same
nmY final state is small and simplifies the fit procedure. On the other hand,
having a yield ten times smaller than the fo — 7%7°, it is contaminated by a
large non-interfering background with a five photon signature. The ag decay
chain with n — 777~ 7% has instead a rate three times smaller than the neu-
tral channel, but it is completely background free. A combined fit of the two
channels is in progress to extract the ag parameters.

3 Dynamics of n — 7nm

The n — wrw decay is due to the isospin breaking part of the strong Lagrangian
and its amplitude is proportional to the d-u quark mass difference; a precise

study of this decay can lead to a very accurate measurement of Q? = (m? —

S
?)/(m3 — m?).

Using the 17 millions n mesons produced in 2001/2002, the dynamics of
both 7t7~ 70 and 7%7%7° final states has been studied through a Dalitz plot
analysis.

The 1 mesons are clearly tagged by detecting the monochromatic recoil
photon of the ¢ — 0y decay (Frecot = 363 MeV); the background is at the
level of few per mill. Efficiency is almost flat all over the kinematically allowed
region (see Fig.2).

For the 7T 7~ x0 final state, we choose the conventional Dalitz variables
X x Ty —T_ and Y « Ty, where T is the kinetic energy of the pion. The
measured distribution is parametrized as: [A(X,Y)[? =1+ aY +bY? + X +
dX2%2+eXY + fY3. As expected from C parity conservation, the odd powers of
X are consistent with zero (see Tab. 1) and can be removed from the fit without
affecting the determination of the remaining parameters. We clearly observe a
non zero quadratic slope in X, and we reach for the first time sensitivity to a
cubic term of the expansion; all the cubic terms other than f turn out to be
zero in our fit. Using our fitted parameters, the value of @ can be extracted.

For example, in Ref. 9) the value @ = 22.8 + 0.4 is obtained, the error
being dominated by the n — 777~ 7° width. This value points to a significant

violation of the Dashen theorem, and is in agreement with Chiral Perturbation

10)

Theory (xpr) predictions and with other evaluationsbased on 7 decays,
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Figure 2: Upper: Dalitz plot of selected n — w7~ 7° events. Lower: Efficiency
of the selection over the kinematically allowed region
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| a | b | c |
| —1.072+ 000643855 | 0.117+0.00673954 | 0.0001 + 0.0029+5:550
| d c /

| 0.047£0.006*3:99¢ | 0.006 £0.0083983 [ 013 +0.01 302 |

Table 1: Fitted parameters of the n — w7~ m° Dalitz plot. The x? probability
is 60% for a 147 dof fit.

11, 12) which have larger errors.

For the n — 7%7%7% decay the Dalitz plot density is described by a
single parameter o: |A|? < 1+ 2az. Here z = p*/p2,,, is the square ratio
of the distance of a point from the Dalitz plot center (p) to the maximum
kinematically allowed distance (pma.). Being related to the square of the three
pion energies in the 7 rest frame « is thus a quadratic slope. Photons are paired
to 7%’s after kinematically constraining the total 4-momentum, thus improving
the energy resolution; as a second step a fit constraining also the 7° mass is
performed in order to further improve the resolution. By fitting a sample with
high purity on pairing (98.5%), corresponding to an analysis efficiency of 4.5%,
we get:

o = —0.013 £ 0.0054a = 0.004 gyt - (1)

4 The n — 7%y Decay

The n — 7%y decay is an important test of x pr because of its sensitivity to p°

on both the branching ratio (BR) and the M., spectrum. 13, 14) Tphe present
experimental situation is not completely clear: the most accurate determina-

tion of the BR 19) is far from theoretical predictions while a more recent

measurement, 16) with a larger relative error, gives a significantly lower value.
Moreover, all previous searches were done at hadron machines, using mainly
7~ p — nn. The value of the BR has decreased by three orders of magni-
tude in the last 40 years, due to the improved separation of the n — 7%7%x7°
background.

KLOE searches for this decay in a much cleaner environment, with dif-
ferent background topologies and experimental systematics. The two orders of
magnitude higher background with the same five photon final state (ete™ —
wr? — 7091 ¢ — foy — 707%, ¢ — apy — nry with n — 4y) is re-
duced by vetoing the additional w/7°/n particles in the event. The remaining
background is n — v+ with additional clusters from shower fragmentation or

machine background and n — 7%%7% with merged/lost photons. We reject
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Figure 3: Four photon invariant mass for n — w9y events. Data (crosses) are
fitted with the signal and background contributions evaluated from MC (solid
histograms).

them with energy momentum conservation and a likelihood technique to iden-
tify merged clusters. The preliminary results obtained fitting the n invariant
mass spectrum (Fig. 3) gives a BR in agreement with O(p®) xpr calculations,
with a central value which is three times smaller than the previous measure-
ment:

BR(1 — 7°97) = (8.4 4 2.7tat & Ldgys) X 107°. (2)
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Abstract

With 58 million J/v events and 14 million ¢(25) events, Partial Wave Analyses
have been performed to study scalar mesons k and o. There is evidence for the
k near the K threshold and its pole position is (760 ~ 840)—i(310 ~ 420)MeV.
The low mass enhancement in 777~ invariant mass spectrum is seen in J/v —
wr ™ and its pole position has been determined to be (541+39) —i(252+42)
MeV; in 1(2S) — w7~ J/1, the o destructively interferes with the background
term, which suppress the mm amplitude near threshold to zero. The o pole
position determined in this channel is consistent with that of J/v — wrtm™.
Many two-body decay channels are studied, which include VP and PP modes.
Based on systematical measurements for charmonium decay, 12% rule is tested.

*on behalf of BES Collaboration
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1 Introduction

Charmonium decay continues to present itself as a challenge to our understand-
ing of the strong interaction. Up to 2004, BES collaboration has collected 14
Million (M) %(25) events (corresponding integrated luminosity is 19.72 pb~1),
58 M J/1 events and 6.4 pb~! data taken at 3.65 GeV for continuum study.
With all these samples, studies have been made systematically for charmonium
decay. Herein the results of 1)(25) and J/v decay include two parts: the scalar
meson study on x and o and the test of the pQCD 12% rule. The scalar meson
are one of the most controversial subjects in hadron physics, especially in case
of k and o. k and ¢ have been carefully studied by performing Partial Wave
Analysis(PWA) on many channels of BES data. The results of ¢(25) and J/v
decay contain the following topics: decays of 1(2S5) to Vector Pseudoscalar
(VP) and Pseudoscalar Pseudoscalar (PP) channels.

2 k and o study

21 kinJ/¢p —»ata~KTK™ and J/v¢ — k3(892)kn

Events over all of the 4-body phase space for J/¢ — ntn~ KT K~ have been
fitted. We find evidence for the & in the process J/9 — K(890)k, k — (Kn)s.
We select a K7~ pair in the K~ 7 invariant mass in the range 892 +100MeV
to fit.
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Figure 1: Fit results of J/v — K*K+tn~. The figure shows the invariant mass

distribution of accompanying K+tn~ pairs (crosses). The heavy shaded(purple)

region is the k contribution.
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The data are fitted with a form for the x containing an Adler zero in the
width. The pole position for & is at (760+20(sta) £40(sys)) —i(420+£45(sta) £
60(sys))MeV.

For the K*(892) K7~ system in the K+ K~ 77~ data, two independent
analyses have been performed. Figure ?? shows the recoil KT7~ invariant
mass spectrum against K *(892)°, while the heavy shaded histogram is the &
contribution. Both analyses favor that the low mass enhancement in the K7~
spectrum is a scalar resonance, which is considered to be the s particle. Its
pole position is determined to be (841 + 3075) — (309 + 45773 )MeV.

22 oin J/Y > wrtr and ¥(2S) — J/ynta~

~
o
o

10 MeV/Bin
2]
3

a
o
o

400}
300}
200 |

100 |

1.2 1.4
M n+n'(Gev/c2)
Figure 2: Data and fit results of J/v — wntn~. The figure shows the invariant
mass distribution of mTm— pair recoiling a reconstructed w in an event. (crosses
for data and histogram for Monte Carlo projection, the heavy shaded(purple)
region is the o contribution).

In J/¢ — wr™r~, a low mass enhancement in the 77 mass spectrum is
observed, which is proved to be not coming from background processes, phase
space effect or threshold effect. Two independent partial wave analyses have

been performed on this channel [O ™ one method, the recoil 777~ mass
spectrum in the whole mass region against the w particle is analyzed. In this
analysis the w decay is considered, and the background is estimated by directly
sideband subtraction. In another method, the w is treated as stable particle. In
order to avoid complicity in the higher mass region, only the 77 mass spectrum
in the region M., < 1.5GeV is analyzed, and the background is fitted by a
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non-interference phase space term in the PWA. In this analysis, the low mass
enhancement is proved to be a 07 isoscalar resonance.

Figure 77 shows the 77 invariant mass distribution from J/v — wrtn™.
The full histogram in Figure ?? shows the maximum likelihood fit, the heavy
shaded region shows the o contribution. Four parametrizations for the ¢ am-
plitude are tried in the analyses, and the pole position of the o particle by
these parameterizatons are consistent each other. The average pole position is
determined to be (541 £ 39) — (252 £+ 42) MeV.

Recently, an analysis on 1(25) — 777~ J/v channel has been performed
to study the structure of 777~ mass spectrum. The Covariant Helicity Ampli-
tude Analysis is performed on the decay process (25) — n#Tn~J/¢, J/v —
ptp.

The 777~ mass spectrum is distinctly different from that of phase space,
which suggests the ¢ production in this process.
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Figure 3: Fit results of ¥(2S) — n"n~J/v. Dot with error bar stands for data
and histogram for Monte Carlo. The left is 7¥ 7~ invariant mass, the right
contributions from single components (o, contact term, d-wave term and data,
d-wave is enlarged by a factor of 20.)

Three types of Breit-Wigner parameterizations for the o are tried in the
fit to the data. With a large destructive interference, the 77 amplitude near
the threshold is suppressed to almost zero, which is expected by the chiral
theory. In addition, the d-wave only gives a very small contribution. Figure
7?7 shows the fit results. In the left figure the shaded histogram is the fit and
the point with error bar is data, and the right shows the contributions from
each component(o, contact term and d-wave term). The o pole position are
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determined to be (554 + 14 + 53) — (242 £ 5 &+ 24)MeV, which is consistent
with that of J/¢ — wrtn™

3 Test of 12% rule with ¢(25) and J/v decay

As it is known, both J/¢ and (25) decays are expected to be dominated by
annihilation into three gluons, with widths that are proportional to the square

of the c¢ wave function at the origin 7). This yields the pQCD expectation(so-
called 12% rule) that

Oy = Zres—xn _ Bues)oetes
J/¢ — Xn B,I/w—>e+e*

= (123+£0.71% (1)

The observation of deviation from 12% rule will provide some new clues con-
cerning the dynamics of charmonium decay.

3.1 VP decay mode of 1(25)

— -~ p(2150) + a) r + b)
© p(770) f [

% 60 istogram:M + 40

= e Data ? ; F +

S 40 ] L

E + ) 8 20 ++

€ 20 4] i
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05 03 1
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Figure 4: Comparison between data (dots with error bars) and the final fit (solid
histograms) for (a) two pion invariant mass, with a solid line for the p(770)m,
a dashed line for the p(2150)7, and a hatched histogram for background; (b)
the p polar angle in the ¥ (2S) rest frame; and (c¢) and (d) for the polar and
azimuthal angles of the designated 7 in p helicity frame.
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The selected 77~ 70 events are fitted in the helicity amplitude formalism

with an unbinned maximum likelihood method based on MINUIT °). The fit
shown in Figure ?? describes the data reasonably well, and the p(2150) serves
as an effective description of the high mass enhancement near 2.15 GeV/c?
in 77 mass °). The branching fractions of ¥(2S) — 7F7= 7%, p(770)r and
p(2150)7 — 7ra 70 are (18.1£1.841.9) x 107° , (5.14+0.7+1.1) x 1075 and
(19.4+2.572L5) x 1075, respectively, where the first error is statistical and the
second one is systematic.

Table 1: The results of ¥(2S) two-body decay.

VP channels BW(2S) =) x 10 ° | B(J/Y =) x 10 %] Qn (%)
pr 51£07+1.1 127+9 0.40 +0.11
K*(892)tK~ +c.c. 29713 4+04 5044 0.5919-27
K*(892)°K° + c.c. 13.3123 £ 1.7 4244 3.2+0.8
W 1.877085+£0.28 4.240.6 44718
o 1787080 +0.17 1.93+0.23 9.2%3¢
pn/ 187101 +£0.33 1.0540.18 178559
¢m° < 0.41 < 0.068 -
on 3.3+1.1+0.5 6.540.7 51+1.9
on’ 2.841.5+0.6 3.340.4 8.5+5.0
wn <32 15.8+1.6 <20
wn 31758407 1.67+0.25 19715
PP channels B((2S9) —) x 107° | B(J/v —) x10~* | Qn (%)
KsKJ, 524+ 0474048 | 1.82+0.04+0.13 | 28.8+3.7

For the analysis of electromagnetic decays 1(25) — wm, pn and pr, beside
the 1(29) data sample, we also analyze 6.42 pb~! of continuum data at /s =
3.650GeV, and 17.3 pb~! at the ¢ (3770). Table ?? lists the cross sections of

ete™ — wm, pn and pn’; the branching fractions of ¥(25) — wm, pn and pn’ ?)
are listed in Table 77. ~

For 1(28) — K*(892)K~ + c.c., we study its final state K'K*nT —
e KErF T A large isospin-violation between the charge and neutral
mode has been observed. The other decay modes are studied with ¢ decays to
KtK—, wtontr 7% o to nrtn~ or yata~, and 7° and n to 2y ?). The
results are also listed in Table 77.
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3.2 PP decay mode of (25)

The decay ¥(2S) — KgK, is observed using 14 million ¢(2S) events; the
branching fraction is determined to be B(4(2S) — KsK)=(5.24 £ 0.47 +
0.48)x107° 7). Compared with J/¢ — KsK|, ?), the ¢(2S5) branching fraction

is enhanced by more than 4o relative to the prediction of the perturbative QCD
712%” rule.

4 Summary

Partial wave analyses have been performed on BES data to study the scalar
mesons. The x near K7 threshold is needed and the pole position is (760 ~
840) — (310 ~ 420)MeV. The o is seen clearly in J/¢p — wntn~ chan-
nel and gives an accurate pole position, (541 + 39) — (252 £+ 42)MeV. In
¥(2S) — 77~ J/+, we can fit the 77~ invariant mass spectrum well through
a strong destructive interference between o and contact term, and the o pole
was determined to be (554+14 £53) —i(242+ 5 £ 24)MeV, which is consistent
with that of J/¢ — wrtn™.

The Q-values of 12% rule for two kinds of two-body decay, VP and PP, are
listed in Table 1. The branching fractions in our measurement are consistent
with those of CLEO 7). Tt shows clearly the Q-value is enhanced for some
channels while suppressed for others. The experimental results show that 12%
rule seems to be too simplistic.

I would like to thank Prof. Giorgio Chiarelli for the friendly hospitality.
I also would like to thank my colleagues of BES collaboration who provide me
so many good results which are reported here.
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Abstract

This paper describes recent preliminary results from the CLEO-c experiment
using an initial ~ 60 pb~' sample of data collected in ete™ collisions at a
center of mass energy around the mass of the ¥(3770). A first measurement
of the branching fraction B(Dt — utv) = (3.5 £ 1.4+ 0.6) x 107% and the
corresponding decay constant fp = (202 £ 41 + 17) MeV has been made.
Several charged and neutral D meson absolute exclusive semileptonic branching
fractions have been measured, including first measurements of the branching
fractions B(D® — p~etv) = (0.19 £ 0.04 + 0.02)% and B(DT — wetv) =
(0.17 £ 0.006 £ 0.01)%. Estimated uncertainties for inclusive D semileptonic
decay modes are also presented. Fits to single and double D tagged events
are used to extract absolute branching fractions of several hadronic D decay
modes and DD production cross sections. Most of these results from this small
preliminary sample are already of greater sensitivity than previously published
results.
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1 Introduction

The CLEO-c physics program is focused on the study of charm decays in e™e
collisions in the CESR-c storage ring at energies near the ¢(3770) and J/4
resonances and above DD, threshold. The results presented in this paper are
based on approximately 60 pb~! of data collected at the 1(3770), just above
DD threshold.

For many electroweak quantities measured by the B factories at SLAC and
KEK, in particular many that contribute to constraining the CKM unitarity

triangle 1), the precision is limited by theoretical uncertainties rather than
experimental precision. One of the primary goals of these measurements is
the calibration and validation of lattice QCD. Lattice QCD will soon be able
to predict many quantities such as the decay constants fp and fpg of D and
Dg mesons with few percent uncertainties. Measurement of fp will lead to
a determination of fp, since lattice QCD can predict the ratio fg/fp better
than the absolute decay constants. It is critical, however, that the uncertainties
of the lattice calculations be verified by experimental measurements. CLEO-
¢ measurements of absolute branching fractions and form factors for a full
isospin set of semileptonic decays will provide a stringent test of form factor
calculations and models.

In addition to verification of lattice QCD, CLEO-c will improve on the ex-
isting measurements of |V.,| and |V.4| and measure absolute branching fractions
for many important hadronic normalization modes which contribute significant
uncertainties to important measurements at higher energies.

2 Purely Leptonic D Meson Decay Absolute Branching Fraction
and the Decay Constant fp

The decay constant fp is an important parameter which quantifies the annihi-
lation probability of the valence quarks of the D meson. This parameter can
be determined from the absolute branching fraction B(D* — utv). A first
measurement of the absolute branching fraction of the decay Dt — utv was
recently made by CLEO-c.

The analysis relies on fully reconstructing or “tagging” one D or D meson
in the DD pair produced in the 1 (3770) decay. This technique works quite
well at the ¢ (3770) resonance, since there is not enough energy in the event
to produce hadrons other than the DD pair. Using the decay modes D~ —
Ktn=n~, Ktr—n 7% Kyr~, Kdr—n at, Kin~ 7 for the tag side D, an
efficiency of approximately 25% for the tag reconstruction is achieved.

A very pure sample of 28651 £ 207 tagged D mesons is selected. The
tag D meson is combined with an additional charged track of the correct sign,
presumed to be a muon. The distribution of “missing mass squared”, defined to
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be M2, = (Ebcam—Eﬂ+)2 —(pp- —ﬁ#+)2, is shown in Fig. 1. A significant and
well-defined peak of eight events at the neutrino mass around zero is observed.
The peak at 0.25 GeV?/c? corresponds to a background from decays to the
K97t final state, which is well separated from the signal region. The total
contribution of backgrounds in the signal region is estimated in a maximum
likelihood fit to be one event. This leads to a branching fraction of B(Dt —
ptr) = (35 £1.440.6) x 107* and a D meson decay constant of fp =
(202 + 41 £ 17) MeV, where the first uncertainty is statistical and the second

is systematic 2) .
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Figure 1: Missing mass distribution of DT — u*v candidates. The signal peaks
at zero missing mass.

3 Absolute Branching Fractions of Exclusive Semileptonic D Meson
Decays

The analysis of exclusive semileptonic decays also uses a tag of the other D me-
son in the event. These tag D mesons are selected using the beam-constrained
mass of the candidate, defined as

Mbc = \/ Egeam _ﬁgand’ (1)
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Table 1: Absolute branching fraction measurements by CLEO-c (center column,)

compared with the present measurements tabulated in the particle data book 3)
(right). All results are preliminary.

| Decay Mode | B (%) (CLEO-c) | B (%) (PDG ’04) |

DY — r=efv 0.25+0.03 £ 0.02 0.36 & 0.06
D — K—etv 3.524+0.10 £ 0.25 3.58 +£0.18
D’ — K*~(K~n%etv | 2.07+0.23+0.18 2.15+0.35
D% — p=ety 0.19 4 0.04 £ 0.02 -

Dt — K% Tv 8.71+0.38 £0.37 6.7+0.9
Dt — K*(K~nt)etv | 5,70 £0.28 £ 0.25 5.5+0.7
Dt — 70ty 0.44 £ 0.06 £ 0.03 0.31+0.15
Dt — Ozt ety 0.21 4 0.04 £ 0.02 0.25+0.10
Dt — w(rtr=m%)etr | 0.17£0.06 £ 0.01 —

and the energy difference between the beam and the candidate, defined to be
AFE = Ebeam - Ecand- (2)

The remaining observable tracks are then reconstructed to form the daughter
meson. The missing energy, Fuiss, and missing momentum, |pmiss|, in the
event are used to form the kinematic variable U = Episs — |Pmiss|, which is fit
to determine the signal and background contributions. These distributions and
fits are shown in Fig. 2 and Fig. 3 for the neutral and charged D meson modes,
respectively.

These raw numbers of events are corrected for efficiency and divided by
the number of tag D mesons to produce absolute branching fractions. The
efficiencies are determined using a combination of GEANT Monte Carlo and
data. These measurements include first observations of the modes D° — p~etv
and Dt — wetv.

The absolute branching fraction measurements for these modes are sum-
marized in Table 1. Even with only a small fraction of the final sample, the
sensitivity is already an improvement over previous measurements 3) for most
modes.

4 Inclusive Decay Channels

The inclusive branching fractions B(D? — et X) and B(D* — e X) are being
measured by the CLEO-c collaboration. At present, the branching fractions are
not yet public, however, even with the preliminary ~60 pb~! sample, the statis-
tical uncertainties are ~ 0.2% and ~ 0.3% for the D° — ¢t X and DT — et X
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channels, respectively. The corresponding statistical & systematic uncertainties
for the present best measurements are ~ 0.3% and ~ 1.9% for these channels.

5 D Meson Absolute Hadronic Branching Fractions and DD Pro-
duction Cross Sections

Using samples of single and double D tagged events, absolute branching frac-
tions of several hadronic D decay modes are determined independent of the
integrated luminosity, which would typically add a large uncertainty to the
measurement. This technique is similar to that used by the Mark IIT collabo-
ration 4) 5)
given by

. The number of single D tagged events in a given decay mode i is

Ni = NDﬁBiEi (3)
and the number of double tagged events with decays to modes ¢ and j is given
by

N7 = NpﬁlgiBjEij~ (4)
Equations 3 and 4 can be combined to give the number of DD pairs produced
and the branching fraction of each mode i:

- NZ‘NJ’ Eij

N, — = 5
PPNy e ®)
and Noi
iJ €j
B, = = 6
Nj Eij ( )

In practice, a simultaneous fit to the neutral modes D° — K~7+, D° —
K—7t7% and D — K-nt7nt7r~ and charged modes DT — K w7t and
Dt — K%nt is performed to extract the branching fractions and number of
DD. All statistical and systematic correlations between modes are taken into
account in the fit. The fit is of good quality with x?/Nq.or = 9.0/16 and a
confidence level of 91.4%.

The efficiencies are determined from a combination of data and Monte
Carlo. The denominator of the efficiency calculation may be determined using
missing mass to select events in data and Monte Carlo. The effects of final
state radiation are included in this analysis.

The single and double D tagged yields are determined using the variables
AFE and My, defined in Egs. (2) and (1), respectively. Approximately 2500
double tagged neutral D mesons and 500 double tagged charged D mesons are
reconstructed.

Table 2 sums up the branching fractions and cross sections determined
from this preliminary analysis. The statistical uncertainties on the neutral
modes are of order 2.0% and of order 4.5% for charged modes.
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Table 2: Absolute branching fractions and ratios of branching fractions of
hadronic decays and DD production cross sections. All results are preliminary.

| Quantity | CLEO-c Measurement |
o(ete” — DYDO) 3.4740.07 £0.15 nb
olete = DTD™) 2.594+0.11+0.11 nb
o(ete™ — DD) 6.06 £0.13+£0.22 nb
Np+p-/Npo5s 0.75 4 0.04 + 0.02
ND0? (1.98 £ 0.04 £0.03) x 10°
B(DY — K—=t) 0.0392 4 0.0008 + 0.0023
B(D° — K—ntx0) 0.143 +0.003 £ 0.010
B(D° — K—ntatr™) 0.081 + 0.002 =+ 0.009
Np+p- (1.48 £0.06 £ 0.04) x 10°
B(Dt — K—ntzn™t) 0.098 + 0.004 =+ 0.008
B(Dt — K%zt) 0.0161 & 0.0008 + 0.0015
B(D° — K7t 7%)/B(D° — K—77) 3.64+0.05+0.17
B(D° - K—ntrtn™)/B(D° — K—nt) 2.05+0.03 £0.14
B(Dt — K9nt)/B(DT — K- ntxt) 0.164 4 0.004 + 0.006

The uncertainties in the charged track efficiencies used in this preliminary
analysis will be reduced by about a factor of four in the final analysis of this
preliminary data set. Improvements to the 7 and K2 efficiencies are also
nearly complete. Four more charged D modes are presently being added and
will improve the statistics in those modes by about a factor of three. These
measurements will impact the determination of |V,| by the B factories using
B — D*{v.

6 Conclusions

CLEO-c is producing results that will have a large impact on electroweak
physics. These measurements are essential for the B factories and the Tevatron
experiments to realize their full potential on many measurements. Using only a
small preliminary sample corresponding to an integrated luminosity of 60 pb~!
many of these measurements are already the most significant. A considerably
larger sample is presently being collected at the 1(3770). The CLEO-c collab-
oration also plans to study Ds decays in collisions above D, Dy threshold and
study radiative J/¢ decays.
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Abstract

We present an overview of recent results from the Tevatron concerning the
production, lifetimes, and masses of hadrons containing bottom and charm
quarks. Many results are based on a substantial fracion of the total Run II
integrated luminosity. Where appropriate, comparisons are presented with
theoretical expectations.
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1 Overview

The range of physics encompassed by heavy flavor production, masses, and
lifetimes is quite broad. An understanding of heavy flavor production relies
on detailed knowledge of higher-order QCD, including parton luminosities and
fragmentation functions that describe the energy distributions of the produced
heavy quarks. The spectrum of heavy hadron masses, lifetimes, and decay
parameters are the realm of the Heavy Quark Expansion and Heavy Quark

Effective Theory 1), Since the theoretical predictions of these quantities are
expressed in terms of a small number of universal parameters, more precise
measurements lead to a reduction in the theoretical uncertainties in other ar-
eas of the heavy quark sector, most importantly the parameters that govern
heavy flavor mixing and CP violation. While these measurements may lead
to the underpinnings of the discovery of New Physics through the interpre-
tation of heavy-flavor mixing and the CKM matrix, the direct observation of
any of several rare decay modes whose branching fracions can be significantly
enhanced by physics beyond the Standard Model would be a sure sign of such
a discovery. The Tevatron and the B-Factories provide complementary venues
for exploring the vast parameter space of possibilities and measurements. At
the time of La Thuile, total integrated luminosities for the two Tevatron ex-
periments, D@ and CDF, had reached almost 0.6 fb—!, with 1 fb~! expected
by the end of the calendar year.

2 Heavy Quark Production

Over the past decade, seemingly large discrepancies emerged between the ob-
served and predicted rate of heavy flavor production in pp collisions at the
Tevatron. Recent theoretical work and several experimental analyses have sig-
nificantly improved the overall situation. An extensive exposition of this was

presented at La Thuile 2004 2). The major improvements have been advances
in the theory calculations of heavy quark production, which are now performed
at NLO plus NLL corrections. Further clarifications of the relevance of higher
order moments of fragmentation functions and their different roles at hadron
and eTe™ colliders has improved the understanding of the scope of experimen-
tal measurements. On the experimental side as well, an increased appreciation
of the importance of a self-consistent treatment of calculations, Monte Carlo
simulations, and hadronic corrections has led to better (larger) estimates of sys-
tematic errors. Figure 1 shows recent results on the total b hadron production
cross section from Run II compared with the recent theoretical predictions. The
total reported cross section is measured to be 29.4 + 0.6 + 6.2ub for rapidities

y where |y| <1 3). The inclusive charm production cross section, measured

carlier 4 , is approximately a factor of 50 higher. As an aside, these cross sec-
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Figure 1: The measured b-hadron production cross section as a function of
b-hadron pr, compared with recent NLO plus NLL calculations.

tions and the “democratic” production of heavy flavor hadron species are what
enable the Tevatron to make such a substantial contribution to heavy quark
physics. The cross sections quoted in above correspond to 3 kHz of central b
hadron production, with a factor of two more within the D@ muon acceptance
of |[n| < 2. Charm hadrons are produced at 150 kHz into the central region
of the detectors. Given the integrated luminosities, this implies that 2 x 1010
b hadrons and 1 x 102 charm hadrons have already been “seen” by the two
experiments! Triggering and bandwidth to tape become the only limitation in
recording near-infinite statistics for heavy flavor studies. As an example of the
lepton triggers used to select heavy flavor events at the trigger level, Figure
2 from CDF shows the di-muon mass distributions collected by their various
dedicated heavy flavor triggers.

3 Quarkonia Production

Compared to inclusive heavy flavor production, the production of quarkonia is
placed in a slightly different theoretical context. Bound states of heavy quarks
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Figure 2: A plot from CDF showing the dimuon invariant mass spectrum of
samples recorded by their various b-hadron triggers. The relative importance of
each trigger is reflected by the number of events.

are best described by Non-relativistic QCD (NRQCD) 5). Production rates
are described by short distance cross sections convoluted with non-perturbative
matrix elements for evolution to the quarkonium state. CDF demonstrated
in Run I that a simple color singlet model was insufficient to reproduce the
observed rates. Rather, color octet modes are required on top of color singlet
to describe quarkonium production.

New Run II results from D@ are consistent with this picture. Shown in
Figure 3 is the Y(1s) production cross section as a function of T transverse
momentum for different rapidity regions, compared with a NRQCD color-octet

model 6).

4 B Hadron Masses

In the theoretical context of the Heavy Quark Expansion (cite), the mass
splittings between the various hadrons are calculable corrections in powers of
AQQCD/mQ7 where Agep is the fundamental QCD scale of the theory, and mg is
the heavy quark mass. Evaluation of these terms, however, requires knowledge
of the dynamics of the light degrees of freedom associated with the meson. An
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example of the mass splitting calculation is given by

2 2 2

- — I

Mp =my+ A4 E—He F5 (1)
2my, my

Here, A is something, and i, s and pu3 represent bound state and hadroniza-
tion effects expressed in terms of local Heavy Quark operators. These same
operators are necessary ingredients to the understanding and extraction of the
CKM parameters in the B system; measurements constraining them are of
considerable importance.

CDF have produced preliminary mass measurements of the four “stan-
dard” b hadrons whose precision are either world-best or extremely competitive
with previous results. They are as follows:

mpe = 5279.10 % 0.41(stat) = 0.36(syst)MeV (2)
mpo = 5279.63 £ 0.53(stat) % 0.33(syst)MeV (3)
mp, = 5366.01=+0.73(stat) = 0.33(syst)MeV (4)
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myp, = 5619.7+ 1.2(stat) + 1.2(syst)MeV (5)

The exacting precision is achieved by using all-charged decay modes, such as
Bt — J/¢YKT. The branching fracions for these modes are small, but the
overwhelming production rate and the presence of muons for trigger purposes
allow them to be used.

The lowest lying L = 1 excited B meson states have now been observed
by CDF and D@ . The By and the B} are 1P(2) states that were predicted
to be narrow. Both experiments used the combination of a fully-reconstructed
B meson plus an additional pion from the B** — B®r transition. The three
peaks seen in Figure 4 are from the By — B*w, B — B*pi and B — Bm.
The B3 — B; mass splitting is sufficiently small that the two decay peaks
cannot be resolved and appear as a single larger peak. D@ values for the mass
splitting and masses for the excited states are M(By) = 5724 + 4 & TMeV /c?
and AM (Bs — By) = 23.6 + 7.7 = 3.9MeV /2.

Combined B’ signal CDF Preliminary: ~330pb”

80 - Total Signal
B,— B'n

(o2
o

B, — Bx

n
o

Events / (0.01 GeV/c?)
I &

n
o

R e

I " " " 1
0.2 0.4

Q=m(B)-mB)-mrx (GeV/c)

Figure 4: Signals for the excited B hadron states Bs and By as seen by the
CDF Collaboration.

CDF have also prepared a preliminary measurement of the B, mass using
a novel “blind” technique to search for a significant mass peak over background
using the all-charged final state B. — J/yn* — ptpu~ 7%, which has a total
branching fracion of 7.8 x 1075, Monte Carlo studies and BT — J/9 K events
were used to optimize the selection criteria. Only one mass peak was found with
a significance exceeding the selection criteria which had been pre-selected before
the data were analyzed. This also represents the first use of the innermost
Layer 00 component of the CDF silicon tracker; optimum lifetime resolution
was required for background rejection. The result, mp, = 6.2870 + 0.0048 £
0.0011GeV/c2 , is about 100 times more precise than previous measurements
using semi-leptonic decays.
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5 B Hadron Lifetimes

A general feature of lifetime calculations in the HQE (and a general property of
QCD due to the gauge structure) is that there are no corrections to the lifetime

to O m—lQ . In HQE, for example, the lowest-order corrections to the b hadron

A2 A2
5THb~o< Q§D>+~0< QCD>+ ©

lifetimes are

my my

Precise lifetime measurements, then, allow direct access to the unknown coef-
ficients of the Heavy Quark operator terms necessary for the determination of
the CKM matrix elements without some of the uncertainties associated with
the light quark dynamics. Correspondingly, precise predictions of ratios of

lifetimes are possible. Examples include 7

T(By) _
B 1.06 + 0.02 (7)
B;
_ 2 < 0.
‘1 | < 00 8)
T(Ay)
B 080£005 9)

Verification of these predictions tests the calculational validity of the HQE and,
once understood, can provide direct input to the understanding of the Unitarity
Triangle.

6 By Meson Lifetimes

While the Tevatron experiments cannot yet compete directly with the B Fac-
tories in terms of fully reconstructed B mesons, the high average boost of the
B in Tevatron pp collisions leads to very high statistics at large proper times.
Careful measurements thus can be made of the ratio of the Bj and BY life-
times. D@ has presented a very precise result using semi-leptonic B decays
where B — pD°X. In the case where no other charged particle can be associ-
ated to the D to form a charged, orbitally-excited D*, the B meson sample
is almost exclusively B*. Where a charged pion can be associated to the D°
to form a D*, the B meson sample is almost exclusively B°. By using the
expected composition of each sample, and measuring the ratio of the lifetimes
of the two samples, the ratio 7(BJ)/7(BY) can be measured. The raw ratio
plot showing the best fit to the ratio as a function of proper time can be seen

in Figure 5. The result is 8)
(B} )/7(BY) = 1.080 & 0.016 £ 0.014 (10)
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Note that this agrees rather well with the theoretical predictions presented in
the previous section.

o
w
a

= DO
[a]
=
=
«9 r
a 03|
= :
=2
025 -
L P P P P L
-0.1 0 0.1

0.2 0.3 0.4
Visible Proper Decay Length (cm)

Figure 5: The ratio of the number of B — puD°X (= BT) events to the number
of B — uD*X (= BY) events vs. the proper lifetime of the decay. This raw dis-
tribution clearly shows a difference in the lifetimes of the BT and B° hadrons.

7 Other b Hadron Lifetime Measurements

We now turn to results that are only currently available from the Tevatron
experiments. The B, lifetime has been measured in semi-leptonic decays, which
contain a mix of CP eigenstates, and in the exclusive decay Bs — J/1¢¢, which
is a CP-even eigenstate. (Does this matter?) The current world-average results
give

B;
1— —5 =0.061 £ 0.044 (11)
By
also in good agreement with the predictions given above.
The Ay lifetime has been measured in Run II by both CDF and D@ in the

Ay — J/pA mode 9). At the moment, the statistical errors on these measure-
ments are somewhat large, but the all-charged final state makes for particularly
small systematic errors. These measurements will begin to dominate the world
averages as more luminosity is included in the lifetime analyses. This can be
seen in Figure 6, where the current equality in weight between the LEP and
Tevatron measurements will gradually shift towards the Tevatron.

The B, lifetime has been measured previously in semi-leptonic decays. A
new DO result uses the J/¢puX final state, which is very clean experimentally.
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Figure 6: The Heavy Flavor Averaging Group results for the Ay lifetime.

The J/vp invariant mass is used as a discriminant to statistically separate

the B. sample 10) | The combined Tevatron average for the B, lifetime is
0.45 £ 0.12 ps. Thus, all of the b hadron lifetimes are in agreement with the
HQE predictions within errors.

8 Rare B Decays

Exploiting potential enhancements to branching ratios from unknown higher-
energy particles contributing to the decay amplitudes is a common technique
to search for the effects of New Physics beyond the Standard Model. Because
of the strength of constraint imposed by flavor-changing neutral currents, di-
lepton modes provide the greatest constraints of those decay modes easily vis-
ible at the Tevatron. Typically, coupling to new, weakly-interacting particles
will be proportional to m#, so muon modes are the most interesting. The clas-
sic Tevatron search mode is Bs — pp, whose Standard Model branching ratio
is expected to be around 4 x 1079 1) susy models, where this branching
ratio is dependent on the charged higgs mass and tan® 3 can enhance this to
~ 1077 or even higher. Both CDF and D@ have attempted to observe this
decay mode. The current limits are Br(Bs — up) < 7.5 x 1077 at 95% con-

fidence level (CDF) 12) and Br(Bs — up) < 5.0 x 1077 at 95% confidence



278 M. D. Hildreth

level (DO ) 13). Both improvements in analysis techniques and the addition
of more data should push these limits to smaller values; this will begin to have
consequences for some SUSY models in the near future.

Another realm under exploration is that of penguin contributions to var-
ious decay amplitudes. Since these are notoriously difficult to calculate, mea-
surements of specific decay rates that are expected to be dominated by EW
or QCD penguins should constrain the uncertainties associated with these ef-
fects. This, again, will allow a better understanding of crucial measurements
that play a role in the study of CP violation and Unitarity Triangle. CDF has
shown the first observation of the decay mode By — ¢¢, which is expected to
proceed through QCD and EW penguins diagrams, but may be dominated by
EW penguins. To calculate relative branching ratios and efficiencies, the ¢¢

mode was normalized to B, — J/¢¥K*Y, yielding 14)

Br(Bs — ¢¢) = (1.4 4 0.6(stat) 4 0.2(syst) + 0.5(BR’s)) x 10~° (12)

This is obviously just the initial step in a long series of analyses that will
examine accessible interesting rare decays using the huge Tevatron dataset.

9 Rare Charm Decays

Due to the massive production cross section for charm hadrons, a multitude of
potentially-interesting rare charm decay modes are accessible to the Tevatron

experiments. CDF published a result 15) on the decay D — pp, with a
limit of Br(D° — pu) < 3.1 x 1076 at the 95% confidence level. D@ have
recently begun study of the decay D* — wTutpu~. Modes like these are
particularly sensitive to enhancements from New Physics; theories such as R-
parity-violating SUSY allow flavor-changing neutral currents at tree level in

the decay ¢ — upp 16) A full exploration of these modes requires more data,
since it is the production cross section away from the ¢ and w resonance sub-
structure that is enhanced. (Figure?) However, as a first step, D@ observes
a 7-sigma signal for Dy — m¢ with an as-yet statistically insignificant peak at

the D*. The mass plot is shown in Figure 7 17) " Further luminosity should
yield greatly enhanced results.

10 Conclusions

The Heavy Flavor program at the Tevatron benefits both from the massive
production cross sections for heavy hadrons and the significantly-improved per-
formance of the upgraded detectors. The sheer number of heavy flavor hadrons
produced is staggering: since the beginning of Run II, each experiment has seen
approximately 2 x 1010 b hadrons and 1 x 10'2 charm hadrons in their fiducial
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Figure 7: Reconstructed m¢ invariant mass for two different cuts on d a mul-
tivariate likelihood designed to select D meson decays.

volumes. For reasons of trigger selection, semi-leptonic and multi-leptonic de-
cay modes have dominated the results so far, but both detectors will now be
able to exploit displaced vertex triggers to enhance their heavy-flavor samples.

The datasets and detector capabilities should allow the Tevatron experi-
ments to dominate the world scene for several crucial measurements, especially
the lifetime measurements of b hadrons. Searches for rare decay modes and
spectroscopy results will form the other significant portion of the “Production,
Masses, and Decays” program outside of the mixing and CP- violation mea-
surements. Outside of the rare decays searches, the main contribution of these
studies is to constrain the unknown parameters in the HQE theory so that
more accurate predictions are possible for the CKM sector. We can only hope
that, with the increased level of precision, deviations from the Standard Model
will arise.
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CHARM PHYSICS AT BELLE
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Abstract

The recent results on charm physics at Belle are presented. The presentation
comprises D° — DY mixing in D° — K*7n~ and D° — Kte~ 1, final states,
D** study in B decays, B — D, ;K /m results and observation of double charm
production.
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1 Introduction

Successful operation of B-factories during the last 5 years provides large data
sample of the eTe™ — hadrons events. Belle detector has already collected
integrated luminosity of more than 300 fb~! at Y(4S5). At this energy charm
particles can be produced by direct annihilation of ete™ — ¢ followed by the
fragmentation of c-quarks as well as in B-meson decays to the charm hadrons.
The cross section of each process is about 1 nb. In the case of the charm
production in B decays the spin of initial state is fixed which allows to carry
out the partial wave analysis.

In this report we present recent result of D°-D9 mixing, study of p-
wave excitation of charm mesons and updated results on double charmonium
production.

2 Experiment description

The Belle detector 1) operates at the KEKB asymmetric eTe™ collider 2),
The detector consists of a three-layer silicon vertex detector (SVD), a 50-layer
central drift chamber (CDC), an array of aerogel threshold Cherenkov coun-
ters (ACC), time-of-flight scintillation counters (TOF), and an electromagnetic
calorimeter based on CsI(Tl) crystals. These detectors are located within a
solenoid coil providing a 1.5 T magnetic field. An iron flux-return outside the
coil is instrumented to identify muons and K9 mesons.

3 Search for D°-D° mixing.

The phenomenon of mixing among quark flavors has been observed in the K°-
K and B°-B° systems but not yet in the D%-D? system. Neutral D mass
eigenstates are D° — D° combinations with masses m;, mso. The parameters
used to characterize mixing are = Am/T and y = AL'/(2T), where Am
and AT are the differences in mass and decay width between the two D%-D?
mass eigenstates, and T is the mean decay width. The rate for D°-D° mixing
within the Standard Model (SM) is small, typically well below experimental

upper limits 3). Observation of mixing much larger than this expectation
could indicate new physics. Such nonstandard processes may also give rise to
C P-violating effects.

In this report we present D° — D° mixing measurements in the time
evolution of the wrong-sign two-body decay of the D° — K*7~ and in the
wrong-sign decay amplitude D — K+l v.
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3.1 Search for D°-D? mixing in D° — K7~ decays.

We search for mixing by reconstructing the “wrong-sign”(WS) decay D° —
K7~ , which would arise from a D° mixing to D° and subsequently decaying
via D° — K+tx~ 4). The flavor of the D is identified by requiring that it
originate from D**t — D%t or D*~ — D%~ and noting the charge of the
accompanying pion. In addition to arising via mixing, D° — K7~ can also
occur via a doubly-Cabibbo-suppressed (DCS) amplitude. The two processes
can be distinguished via the decay-time distribution. This method has been

used by FNAL E791 5), CLEO 6), and BaBar ) to search for mixing and
measure or constrain the DCS decay rate.

For |z|, |y < 1 and negligible CPV, the decay time distribution for
D® — K+7~ can be expressed as

— /2 12

O Tt Ry + Ry T+ w2 (1)
where Rp, is the ratio of DCS to Cabibbo-favorite (CF) decay rates, =’ =
zcosd + ysind, y' = ycosd — xsind, and ¢ is the strong phase difference
between the DCS and CF amplitudes. The first term in brackets is due to
the DCS amplitude, the last term is due to mixing, and the middle term is
due to interference between the two processes. The time-integrated rate for
D°— K7~ relative to that for D° = K~n" is R +/Rpy' + (¢ +y?) /2.
To allow for CP violation, we apply Eq. (1) to D° and D° decays separately.
This results in six observables: { R}, #'T2% y/*} for D° and {R, 2'~2% y/~} for
DP. CP violation is parametrized by the asymmetries A, = (R}, —Rp)/(R}+
Rp) and Ay, = (Ry, — Ry,)/(Ri; + Ry;), where Ry, = (2/*2 4+ y/*2) /2.
The asymmetry A, characterizes CPV in the DCS decay amplitude, and A,
characterizes CPV in D°-D° mixing.

The selection criteria for this process are described in detail in Ref. 8).
The decay-time resolution is typically 0.2 ps.

We measure R, /% and y’ of Eq. (1) using an unbinned maximum likeli-
hood fit to the WS decay-time distribution. The likelihood function consists of
probability density functions (pdf’s) for signal and several backgrounds. The
pdf’s depend on the decay time, the mass m ., and the kinetic energy released
Q = mKﬂ'TrSlDW_ MEr— Mg

There are four backgrounds to the WS sample: (a) random 7 background,
in which a random 7+ is paired with a D% — K7~ decay (the pdf is peaked in
my. but broad in Q); (b) D* T — D7 followed by D° decaying to > 3-body
final states (the pdf is broad in m . and broad but enhanced in Q); (¢) D*/D}
decays; and (d) combinatorial. We determine the level of each background by
performing a two-dimensional fit to the my - @ distribution. The RS fit finds
227721 £497 D° — K~ 7T decays, and the WS fit finds 845+ 40 D° — K+7~
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Figure 1: Distributions of (a) WS my with |Q — 5.9 MeV | < 0.6 MeV; and
(b) WS Q with |mK7T — mD0| <20 MeV/c?. Superimposed on the data (points
with error bars) are projections of the my. _-Q fit.

decays. The ratio Ryg = I'(D° - K*Tn~)/T(D°— K~nt) = (0.371 £ 0.018)%
(statistical errors only). The WS m, and @ distributions are shown in Fig. 1
along with the fit projections. The ratio of WS signal to background is 0.9; the
latter is mostly random 7 (59%) and combinatorial (36%).

To fit the decay-time distributions of RS and WS samples, we consider
the 4o region |my —mpo| <22 MeV/c? and |Q — 5.9 MeV| < 1.5 MeV/c?.
The signal and background yields (which normalize the pdf’s in the likelihood
function) are determined from the m - @ fit described above.

Four fits are done, yielding the results listed in Table 1. For the first fit
the CP assumed to be conserved. The projection of this fit superimposed on
the data is shown in Fig. 2; the x2 of the projection is 71.9 for 60 bins. The
central value for z'2 is negative thus the most-likely value is zero, and we refit
the data fixing /2 = 0. The 2 of this fit projection is 73.2 for 60 bins, which
is satisfactory. For the third fit we allow for C PV and fit the D° — K+7~ and
D°— K—nF samples separately. Finally, for the last fit we assume no mixing
or CPV and set z'2 =y’ =0; the x? of this fit projection is 75.6 for 60 bins,
somewhat worse than for the case of mixing.

To obtain 95% CL limits on z'? and y’, we use a frequentist method with

Feldman-Cousins ordering 9). The obtained contours are shown in Fig. 2(b).
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Table 1: Summary of results from the separate likelihood fits. The 95% CL in-
tervals are obtained from a frequentist method (see text) and include systematic
errors.

Fit Case Parameter  Fit Result ~ 95% CL interval
(x1073) (x1073)
" —1.53 0% 22 <0.81
No CPV y' 25.41105 —8.2<y'<16
Rp 2.87+£0.37 27<Rp<4.0
Ry, - R,, <0.42
No CPV y' 6.0+3.3 -
z' =0 (fixed) Ry 3.43+0.26 -
Ap —80 £ 77 —-250<A,<110
CPV allowed Ay 987113 —991< A,, <1000
z'"? - z'? <0.89
y' - -30<y' <27
Ry, - R <0.46
& T 0 T
N 300 [ ) + @ D _)K'-T[- 7 \ no CPV (stat. only)
> a > D) no CPV i
~ \ [l Interference 0.02 N/ ey Gsatonty
) B Mixing e

N D0 & D3body
Combinatoric o 0f

-0.02

-2000 | 4000 0 002 004 20.b6 0.08 01
Proper time (fs) X x10

Figure 2: (a)The decay-time distribution for WS events satisfying
M. —mpo| <22 MeV/c? and |Q — 5.9 MeV| < 1.5 MeV. Superimposed on
the data (points with error bars) are projections of the decay-time fit. (0)95%
CL regions for (z'2, y').
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3.2 Search for D° — DO mixing using semileptonic decays.

The semileptonic decay modes don’t suffer from a background of doubly Cab-
bibo suppressed (DCS) decays but they are more difficult to reconstruct due
to the presence of a neutrino in the final state.

For the present analysis, data collected by the Belle detector at the center-
of-mass energy of the Y(4S) resonance, corresponding to an integrated lumi-
nosity of 140 fb~! were used. To search for the D° — DO mixing in this case
we used the D** — D%}, DY — K~e*v decay chain. The flavor of the
produced D meson is tagged by the charge of the slow pion (7%) emerging in
the D* decay. The charge of the electron determines the nature of the D meson
at decay.

The events with slow pion momentum of less than 600 MeV /¢, electron
momentum p > 600 MeV/c and charged kaon candidates momentum above
800 MeV/c were selected. Additional cuts on the p*(Ke) > 2 GeV/c¢, the
second and zeroth Fox-Wolfram moments Ry > 0.2 and M (Ke) < 1.82 GeV/c?
were applied. The detailed description of the selection criteria are presented in

Ref. 10),
For the events satisfying the described criteria, the neutrino reconstruc-
tion was performed. A first approximation for the neutrino four-momentum P,

7000 MC SIG

6000

5000

2000 AFTER CORRECTIONS
FWHM =7 MeV

3000

2000 NO CORRECTION

1000 .., FWHM =55 MeV
8.1 - 0.4

0.2 03
Am [GeV]
Figure 3: Am distribution for simulated signal events using the missing momen-
tum for neutrino reconstruction (dashed histogram) or the missing momentum
together with the constraints on the missing mass and the mass of the D** (full

histogram,).

is obtained from the four-momentum conservation P, = Pems — Pr. ke — Prest)
where cms stands for the center-of-mass four-momentum of the eTe™ system,
and the index rest indicates the four-momentum of all detected particles except
the slow pion, charged kaon and the electron candidate. Peg is calculated using
all the remaining charged tracks in the event with |07| < 1 cm and |§z] < 2 cm
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and all photons with an energy above 100 MeV.

Two kinematic constraints were used to improve the resolution on the
neutrino momentum. First, for events with —4 GeV/c? < M(m;Kev)? <
36 GeV/c?, the magnitude of Pes; was rescaled by a factor x requiring the
invariant mass M (7sKev)? = (Pems — @ - Prest)? should equal the mass of the
D** meson. Second, for events satisfying —2 GeV/c> < m2 < 0.5 GeV/c?,
the square of the missing mass m2 = (Ecms — Er, ke — Frest)’ — P2 e —
pfest — 2Dr, KePrest COS @ Was set to zero by correction of the angle a between
the direction of Pies and the direction of the m;Ke system. As it is shown in
Fig. 3 the constraints allow to improve Am resolution about 7 times. We use
simple cut on ¢ > 1.57p to suppress D° mistag background.

The distribution on Am for RS and WS events are shown in Fig. 4.
The signal and background shapes are estimated from the data, with a small
MC-derived corrections. The results of the number of events for RS and WS
obtained from the fit are the following: Ngs = 40198 + 329 and Nwgs =

. . .. _ D° “Ktv. _
19 £+ 67. Using the data we obtained the mixing value rp = #}(—Ze =

# = (0.20 £ 0.70 & 0.11) x 10~3 which corresponds to the upper limit of
rp < 1.4 x 1072 at 90% C.L. The detailed description of the analysis can be
found in Ref. 10),
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Figure 4: Distribution of Am for RS events (a) and for WS events (b). Data
is shown with error bars, the full histogram shows the fit. The background
contribution is shown as the dashed histogram.
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4 P-wave excitations of D mesons.

Study of the production of excited states of D-mesons, collectively referred to as
D**’s, provides tests of Heavy Quark Effective Theory (HQET) and QCD sum
rules. Figure 5 shows the spectrum of D-meson excitations. In the heavy quark
limit, the heavy quark spin 3. decouples from the other degrees of freedom and
the total angular momentum of the light quark ]q =L+ 54 is a good quantum
number. There are four P-wave states with the following spin-parity and light
quark angular momenta: 0%(j, = 1/2), 1*(j, = 1/2), 17(j, = 3/2) and
2% (j, = 3/2), which are usually labeled as D§, Dj, D; and Dj, respectively.

r L=0 L=1
2.8 i jq 1/2 1/2 3/2

2.6
241
221

2}

1.8°

Figure 5: Spectrum of D-meson excitations. Lines show possible one pion
transitions.

The B — D™ 7r decay provides a possibility to study D** production.
The fixed spin of the initial state makes it possible to perform an angular anal-
ysis of the decay products and to separate final states with different quantum
numbers. The list of possible waves for B and D** decays is listed in Table 2.

We performed analysis of B~ — D®)*7~ 7~ based on 65x 10 BB events.
The D*) mesons were reconstructed in the following modes: Dt — K~ ntrnt,
D** —» D%t D° » K7t and D° - K ntr «t. Candidate events are
identified by their center of mass (c.m.) energy difference, AE = (3}°, E;) — Eb,
and beam-constrained mass, My, = /EZ — (), 7;)?, where E, = /s/2 is
the beam energy in the Y(4S) c.m. frame, and p; and E; are the c.m. three-
momenta and energies of the B meson candidate decay products. We select
events from the signal region |[AE| < 25 MeV and | My, — Mg| < 5 MeV/c%.

The description of the details can be found in Ref. 1) The projection of the
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Table 2: Possible waves in B and D** decays

B-decay D**-decay
B — Dim | D-wave || D3 - Dw, D*rm | D-wave
B — Di7 | P-wave || D1 — D*7 | D-wave
B — Dim | P-wave || D] — D*rm | S-wave
B — Dgm | S-wave || D§ — Dm S-wave

minimal D™®) 7 mass distribution for the signal events is shown in the Fig. 6
together with the background distribution estimated from AFE sideband. To-
gether with the narrow peaks corresponding to D3° and DY resonanses we
observe additional broad structure. To extract the contributions of the differ-

150
120 b)
100
100 -
80
60
40 S0r
20§
0 Ko 0 e WY T
2 25 3 35 4 2 3 35
M, (GeV/c)) M, (GeV/c)

Figure 6: The minimal D (a) and D*m (b) mass distribution of B~ —
Dtr—n~ candidates. The points with error bars correspond to the signal box
events, while the hatched histogram shows the background obtained from the
sidebands. The open histogram is the result of the unbinned fit while the dashed
one shows the fitting function in the case when the narrow resonance amplitude
15 set to zero.

ent D**’s the unbinned likelihood fit of Dalitz plot for D7 was performed. For
the D*r final state we have a decaying vector D* particle. There are two addi-
tional degrees of freedom and, in addition to the D*m and w7 invariant masses
squared, two other variables are needed to specify the final state. In this case
unbinned likelihood fit was performed in four-dimensional space. Contributions
of all four neutral D**’s have been observed. This was the first observation of
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Table 3: The branching fraction products for the different D** production.

B(B- - D*%r)x | B(B- —» D™%n)x
B(D**® - D*z=) | B(D*® - D*+n™)

x1074
D;O 34+03+0.6+0.4 1.8+0.3+£0.3£0.2
D? 6.8+0.7£1.3£0.2
DSO 6.1£06+09+1.6
D'lo 50+£04+£1.0+04

B(B" > D" F 1 )x | B(B° » D" Fr)x
B(D***+ — D°x+) B(D*** — D*0+)

x107¢
%;: 3.08 £0.33 £0.0970 0 ggg i gggzgggzggz
1 : : —0.40—0.30
DT <12at90% C.L.
Df <0.7at 90% C.L.

the broad states D and D?. The obtained branching fractions are listed in
the Tab. 3.

Similar analysis has been performed for B — D®)9xt 7~ decay based
on 152 x 10°BB events 12) Iy this case together with the D®)x structure
in the final state we have contribution of 777~ structure which corresponds
to production and decay of p°, fo, fo mesons. The amplitude for Dalitz plot
description includes both D)7 and 77~ final states. The branching fractions
obtained from the unbinned fit are shown in the Tab. 3, 4. D®) 71 and 77 mass
distributions are shown in th Fig. 7. In this case we observed the narrow
resonances but the contribution of broad structures is smaller than in the case

Table 4: Branching fractions of B - D*X, X = n1

decay Branching fraction x10~%
B(BY = D%) | 2.91+0.28+0.3370%
B(B® — D°f,) | 1.95+0.34+0.38107>
B(BY — D*%p) | 3.73+0.87+0.4615 8
B(BY = D*0fy) | 1.86+0.65+ 0.60705
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of charged B decay.
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Figure 7: Mass distribution for decay B — D°ntn~: Dr - (a), 7m -(b) and
for decay B® — D*°ztx=: D*r - (c), mm -(d). The points with error bars
correspond to the signal box events, the hatched histogram — to the background
obtained from sidebands. The open histogram shows the fit function after effi-
ciency correction.

The branching fraction products obtained for the narrow (j = 3/2) res-
onances are similar to those obtained in the case of charged B decays. The
measured values of the branching fractions for the broad resonance Dj* and
D" production in neutral B decay are, however, significantly lower than those
for charged B decays. One possible explanation for this phenomenon is that
for charged B decay to D**r, the amplitude receives contributions from both
tree and the color suppressed diagrams as shown in Fig. 8.
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Figure 8: Feynman diagrams for charged (a),(b) and neutral (c) B decays.

5 Search for BY - DI, K, BY - D_;nt decays.

Two narrow resonances denoted as D*;(2317)" and D,;(2460)" have been

observed recently in ete™ continuum interactions 13, 14, 15, 16) These res-
onances were initially seen in the D*,(2317)" — Dfx°, D,;(2460)* — D}~
and D, ;(2460)" — D*T 7% decay modes and their quantum numbers were ten-
tatively classified as JE = 0% for D?;(2317)" and JE = 1% for D,;(2460)*.
However the measured masses of these resonances are significantly smaller than
predicted within the potential model for 0T and 17 states. The D,; mesons
were also observed in B — D°D,; decay modes with branching fractions an
order of magnitude less than those for B — D°D, decay modes with a pseu-

doscalar Dy 17), Angular analysis of B — D°D,;(2460)" favors a spin 1
assignment for D, ;(2460)*. There has been a significant effort to explain the

surprising Ds; masses 18), and some authors discussed an exotic four-quark
content for the D:‘J 19, 20, 21, 22, 23)

We report the results from a search for B® — DT, K~ and B® — D7+
decays, where D, mesons are reconstructed in the modes D?;(2317)" — D} 7°
and D;;(2460)* — DF~. The corresponding B® - Df K~ and B® — D;nt
decays have been observed recently by Belle 24) and BaBar 29).

The decay mode B® — D;(J)’IT+ can be described by a tree diagram with

the b to u transition and only a few B® — D_ 7t events can be expected to
be observed in the current Belle data.
The decays B® — D:'(J)K_ are of special interest because the quark

content of the initial B meson (bd) is completely different from that of the
Dj( 5K final state (cssu), indicating an unusual configuration with both ini-
tial quarks involved in the weak decay.
The analysis was performed using a 140fb™' data sample, containing
152 x 10 BB pairs. The detailed analysis description can be found in 26)
The signal yields were obtained from the fit of AM (Dsy) = M (D 7°%(v))—
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Figure 9: AE and AM distributions for B — D?;(2317)* K~ events.

Table 5: Signal yields, product branching fractions (or limits), and significances
for the BY — D:'JK_ and D, ;m" decay modes.

Decay mode Yield B(BY — Dgyh)x Signif.
AM(D,;) B(Dsy — Dy°(%)) o
x107°
BY — D:,(2317)T K~  16.673¢ 53715£07+£14 6.8
B° — D*,(2317)#+ 29753 <2.5(90% C.L.)
B — Dy ;(2460)t K~ 2.073 <0.94(90% C.L.)
B9 — D,;(2460) 7t —1.9754% <0.40 (90% C.L.)

M (DY) distributions for events in the AE and My, signal region. They are
described by signal Gaussians with widths fixed from MC and mass differ-
ences fixed to 348.6 MeV/c? or 487.9 MeV/c?, and linear backgrounds. A clear
B® — Dr,;(2317)* K~ signal is observed; no significant signals are observed
in the remaining modes (Fig. 9). The B° yields, based on fits to histograms
combining all three D} decay modes, are listed in Table 5.

The B® — D7 ;(2317)* K~ mode was observed, with product branching
fraction B(B® — D;(2317)tK~) x B(D:;(2317)* — Dfx%) = (5.3715 +
0.7 +£1.4) - 107°. Recent measurements imply that the D*,(2317)" — Df#°
channel is dominant and the D;;(2460)" — DJ~ fraction is around ~30%.
Taking into account these approximate values, we can conclude that B(B° —
D:z,(2317)TK™) is of the same order of magnitude as B(B® — D K~), but
at least a factor two larger than the BY — D, ;(2460)* K~ branching fraction,
in contrast to the naive expectation that decays with the same spin-doublet
Dx,(2317)% and D,;(2460)" mesons would have similar rates. In agreement
with the expectation, no significant signals for B® — D_;mt decays were seen.



294 A. Kuzmin

6 Double charmonium production

The large rate for processes of the type ete™ — J/¢n. and J/th (¢€)non_res

reported by Belle 27) remains unexplained. Following the publication of this
result, the cross-section for ete™ — J/1n. via eTe™ annihilation into a sin-
gle virtual photon was calculated using non-relativistic QCD (NRQCD) to be

~ 2fb 28), which is at least an order of magnitude smaller than the measured
value. Several hypotheses have been suggested in order to resolve this dis-

crepancy. In particular, the authors of Ref. 29) have proposed that processes

proceeding via two virtual photons may be important. Other authors 30)

gest that since the dominant mechanism for charmonium production in ete~
annihilation is expected to be the color-singlet process ete™ — cégg, the final
states observed by Belle contain a charmonium state and a M ~ 3GeV/c?
glueball. The glueball states with this mass are predicted by lattice QCD.

In this presentation we report an extended analysis of the ete™ — J/1 (c€).
process to check the above hypotheses and provide extra information that might
be useful to resolve the puzzle. This study is performed using a data sample
of 140fb ™! collected at the Y (4S5) resonance and 15fb ™' at an energy 60 MeV
below the Y (45S).

J/v are reconstructed from two oppositely charged muons or electrons
with invariant mass within 30 MeV of J/1 nominal mass. A mass-constrained
fit is then performed to improve the p% /o resolution and the recoil mass Mrecoil =

\/(ECM - E3,,)? —p}ﬁp is calculated, where E7, is the J/¢) CM energy af-

ter the mass constraint. 1(2S5) is reconstructed via its decay to J/¢ w77~ and
the 1(2S) signal window is defined as [ My r+r- — M(¢(25))] < 10MeV /c?

(= 3 0r) The analysis is described in detail in Ref. 31),
The Miecoin(J/1) spectrum for the data is presented in Fig. 10: clear
peaks around the nominal 7, and x.o masses are evident; another significant

sug-

o
o

N/20 MeV/c?
»
o

N/20 MeV/c?

3.8 ¥ . 3.8
Moo (/) (GeV/c?) M, 0o ($(25)) (GeV/c?)

Figure 10: The mass of the system recoiling against the reconstructed J/v in
inclusive ete™ — J/1 X events. The curves are described in the text.
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peak around ~ 3.63GeV/c? is identified as the 1.(2S). The spectrum was
fitted including all of the known narrow charmonium states. The fit results are
listed in Table 6.

Table 6: Summary of the signal yields (N), charmonium masses (M), sig-
nificances, and cross-sections (Gporn X Bs2((cC)res)) for eTe™ — J/1 (CC)res;
Bso denotes the branching fraction for final states with more than two charged
tracks.

(€C)res N M [GeV/c*]  Signif. OBornX B> [fb]
e 235+26 2.972+0.007 10.7 256 £2.8+£34
J/ —14 £ 20 fixed — < 9.1 at 90% CL
X0 89+24 3.407+0.011 3.8 6.4+1.7+1.0
Xe1+Xe2 10 £ 27 fixed — < 5.3 at 90% CL
1:(25) 164+ 30 3.630 & 0.008 6.0 16.5+£3.0+24
$(2S)  —26+29 fixed <133 at 90% CL

We perform a similar study with reconstructed ¢ (2S) — J/¢ w77~ de-
cays to search for eTe™ — 1(25)(c€).es processes. The recoil mass spectrum for
the data is presented in Fig. 10: peaks corresponding to the 7., X0, and 1.(25)
can be seen. Using a larger data set we confirm our published observation of

Table 7: Summary of the signal yields (N ), significances, and cross-sections
(0Born X B>o((cC)res)) for ete™ — (2S) (cC)res; B>o denotes the branching
fraction for final states containing charged tracks.

(CE)res N Signif.  opern X Bxo [fb]
e 36.7+10.4 4.2 16.3+4.6+£3.9
J/ 6.9+8.9 — < 16.9 at 90% CL
Xc0 35.4 +£10.7 3.5 125+ 3.8+3.1
Xe1 + Xe2 6.6 + 8.0 < 8.6 at 90% CL
n:(25) 36.0+11.4 3.4 16.0£5.1£3.8
¥(29) —8.3+85 < 5.2 at 90% CL

ete™ = J/vne, J/xeo and J/1n.(25) and find no evidence for the process
ete™ — J/vy J/y. We have calculated the cross-sections for ete™ — J/v 7.,
J/Y xco, and J/1pn.(2S) with better statistical accuracy and reduced system-
atic errors and set an upper limit for o(ete™ — J/v J/v) x B(J/ — >
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2 charged) of 9.1fb at the 90% CL. Although this limit is not inconsistent

with the prediction for the J/v J/v rate given in Ref. 29), the suggestion
that a large fraction of the inferred J/v 7. signal consists of J/1 J/v events is
ruled out. We have measured the production and helicity angle distributions
for ete™ — J/¥ne, J/¥ xc0, and J/1pn.(2S); the distributions are consistent
with expectations for these states, and disfavor a spin-0 glueball contribution
to the 7, peak. We observe ¥(2S5)(c€)res production for the first time, and find
that the production rates for these final states are of the same magnitude as
the corresponding rates for J/ (¢€)res-

7 Summary

Successful operation of the KEKB and the Belle allows to obtain many inter-
esting results in charm physics.

The measurement of D® — DO mixing in D — K mode provides the
world’s-most-restrictive-limit on 3’ and z'?-mixing values of the level 1072 and
1073 respectivly. B

The sensitivity to D® — D? mixing in D — Klv mode also reached a 1073
level.

The branching fractions of B~ — D**%7~ have been measured both for
narrow and for broad states. Masses and widths of D** have been measured.
Significantly smaller branching fractions of B® — D***7~ for the broad states
has been observed. _

BY - D*TK~ and B® - D_;n" decays were studied for the first time.
The branching fraction of BO — D*;(2317)T K~ is of the same order as B® —
Dt K~ and at least a factor of 2 larger than the B — D,;(2460)* K. No
significant signal from B® — D_;7" were observed.

Double charmonia production has been confirmed and the measured cross
section is at least one order of magnitude larger than theoretical calculations.
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RARE DECAYS AND EXOTIC STATES WITH BABAR
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Abstract

Results from the BABAR experiment are presented for searches for sev-
eral rare FCNC B and D meson decays, including the modes B® — ¢+¢~ and
D% — (¢~ B — (p,w)y and BT — (K, 7)Tv¥. Limits on lepton flavour vio-
lation in neutrino-less 7 decays are also discussed. Finally, results of BABAR
searches for the strange pentaquark states ©1(1540), ==~ (1860) and =°(1860)
are summarized.
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1 Introduction

In addition to the CP-violation studies for which is better known, the large
inclusive samples of BB, continuum ete~ — ggand eTe~ — 777~ recorded by
the BABAR experiment are providing unprecedented sensitivity to rare decays
of heavy-flavour mesons and 7 leptons as well as to exotic states such as the
controversial ©7(1540) pentaquark. In these proceedings we present results
of searches for a number of rare b — d, s and ¢ — u flavour-changing neutral-
current (FCNC) processes, the lepton-flavour violating (LFV) decay 77 — ptry
and the strange pentaquark states ©1(1540), 2=~ (1860) and Z°(1860). *

The data used for analyses described in these proceedings were collected

with the BABAR detector 1) at the PEP-II asymmetric-energy ete~ storage
ring at SLAC. Since 1999 the BABAR experiment has collected a data sam-
ple of approximately 245 million BB pairs, corresponding to an integrated
luminosity of approximately 221 fb~! at the Y(4S) resonance. An additional
23 fb~! sample was collected at a centre-of-mass (CM) energy approximately
40 MeV below BB threshold and is used to study continuum production of
ete™ — qq (¢ = u,d,s,c) and dilepton events. BABAR data taking was shut
down during the summer of 2004 to permit upgrades to the PEP-II acceler-
ator and BABAR detector. In particular, two sextants of an upgraded muon
system based on limited-streamer tubes were installed during this period. The
resumption of data-taking, anticipated to begin in October 2004, was delayed
by several months due to an electrical accident at SLAC, but was imminent at
the time of this conference. It is anticipated that the current run will continue
essentially without interruption until the summer of 2006, at which time the
remaining sextants of the muon system will be installed during a several-month
shutdown. It is anticipated that BABAR will have integrated a total luminosity
of 500 fb~! by the end of this run.

Charged particle tracking and dE/dz for particle identification (PID)
are provided by a five-layer double-sided silicon vertex tracker and a 40-layer
drift chamber contained within the magnetic field of a 1.5 T superconducting
solenoid. A ring-imaging Cherenkov detector (DIRC) provides charged K — 7
separation of greater than 3o, over the relevant momentum range for analyses
presented here. The energies of neutral particles are measured by an electro-
magnetic calorimeter (EMC) consisting of 6580 CsI(T1) crystals, which provides
an energy resolution of op/E = (2.3/EY* @ 1.9)% (E is in GeV). The mag-
netic flux return of the solenoid is instrumented with resistive plate chambers
in order to provide muon identification. A full BABAR detector Monte Carlo

(MC) simulation based on GEANT4 2) is used to evaluate signal efficiencies and
to identify and study background sources.

!Charge conjugate modes are implied throughout this paper.
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2 BY ¢ty and D° — ¢ti—

The leptonic decays BY — ¢+¢~ and D° — ¢/~ FCNC processes proceed via
one-loop electroweak penguin and box diagrams in the Standard Model (SM).
These processes are cleanly calculable, since the only non-vanishing operator
is the axial-current O1¢ and the hadronic matrix elements are just the meson
decay constants fg p. For B mesons the SM branching fractions are pre-
dicted to be ~ 10715, 10719 and 108 for the ete™, utp~ and 777~ modes
respectively. New physics may contribute additional loop diagrams, may pref-
erentially couple to heavier quark flavours and will not in general exhibit the
helicity suppression of the SM decays. Consequently, various non-SM models
predict enhancements to SM rates by two or more orders of magnitude. Exper-
imentally, B — ¢T¢~ (¢ = e, u) are also very clean in a B-factory environment
(B® — 777~ unfortunately is extremely challenging due to the presence of
neutrinos). Results of BABAR searches for B — eTe™, u"u~ and the lepton-
flavour violating mode etu~ based on 111 fb~! of data have recently been

submitted for publication 3). The experimental search proceeds by identifying
two oppositely-charged high-momentum lepton candidates. The lepton four-
vectors are combined to yield a B meson candidate which is expected to have
invariant mass equal to the B mass and a centre-of-mass (CM) energy Ep equal
to the CM beam energy Fheam (Where the total CM energy is 2 Epeam). These
requirements are enforced via the kinematic variables mgs = Egeam —p%
and AE = Eg — Epeam, which exploit the fact that the CM energy is very pre-
cisely determined in a B-factory environment. For B® — ¢+¢~ the mgs and AE
resolutions are estimated to be less than about 3 MeV/c? and 25 MeV respec-
tively. Additional suppression of non-BB continuum backgrounds is achieved
through cuts on event-shape variables, particularly cos 67, the cosine of the an-
gle between the thrust axis defined by the reconstructed B candidate and the
thrust axis defined by the combination of all other tracks and clusters in the
event. Signal efficiencies are determined from simulation, while backgrounds
are determine directly from data by extrapolating mgs and AFE sidebands into
the expected signal region. Efficiency systematics arise predominantly due to
knowledge of the shapes of the signal mgs and AFE distributions, and from
tracking and PID uncertainties. The total estimated systematics range from
5.7% to 7.1% for the three signal modes. Unblinding of the data revealed a to-
tal of two signal candidate in the three modes, consistent with the background
expectations. Branching fraction limits are derived using a modified frequentist
approach and are listed in table 1.

A related BABAR analysis searches for the corresponding leptonic decays
of D mesons 4). This analysis complements the B — ¢T¢~ search in that
it is potentially sensitive to new physics couplings of up-type quarks rather
than down-type quarks. D° candidates are reconstructed from combinations
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Table 1: B® — ¢T¢~ results.

Mode Efficiency | Expected Events Limit
background | observed | ( 90% C.L.)
B(B? —efe™) [ 21.8+£1.2 ] 0.71+£0.31 0 <6.1x107%
B(B? — utp™) | 1594+ 1.1 | 0.72+0.26 0 <83x1078
B(BY — etpT) | 181+£1.2 | 1.29+0.44 2 <18x 1078

of oppositely-charged electrons and muons as described above. Due to sub-
stantial combinatorial backgrounds arising from double-semileptonic decays of
BB events, the resulting D° candidates are required to possess CM momentum
pp > 2.4 GeV/c and are further required to combine with a charged pion to
yield a D** — DOt candidate consistent with the expected D** mass. Since
this analysis does not utilize Y (4.5) events for the signal channel, the offpeak
data is also included, for a total dataset of 122 fb~!. Remaining backgrounds
arise either from purely combinatorial sources or from D° decays with kaons
or pions misidentified as leptons. In the latter case, the reconstructed dilepton
invariant mass is shifted slightly from the nominal D® mass, permitting esti-
mation of this background source directly from data sidebands along with the
purely combinatorial background component. Signal yields are obtained by a
simultaneous fit of the signal and background shapes to the dilepton invariant
mass distribution in data, yielding branching fraction limits of

B(D® —ete”) < 12x107°
B(D® = ptp~) < 1.3x1076
B(D® — e*uF) < 0.81x10°°

at the 90% confidence level.

3 B — p(770)y and B — w(782)y

Penguin-mediated b — sy FCNC decays have been relatively precisely mea-
sured in both inclusive and exclusive modes. In contrast, the CKM suppressed
b — dy modes have been more elusive. The decay rates for the exclusive de-
cays B — p(770)y and B — w(782)v are related in spectator quark models,
permitting the combined rate, B[B — (p,w)7], to be expressed as

BIB = (p.o)] = 5 (BB — p™)+ EEBB — o) + BB - wy)]}
1)

The SM expectation is B[B — (p,w)y] ~ (0.9—1.8) x 10~ but, as is the case
for other FCNC decays, enhancements to this rate are predicted in various new
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physics models. BABAR has recently reported the results of a search for the
exclusive decays Bt — ptv, B — p%y and B — w(782)~ based on 191 fb=! of
data. p* — 77—, p¥ — 7770 and w — 7t 7~ 70 candidates are reconstructed
from combinations of charged and neutral pions which yield invariant masses
630 < m(rm) < 940 MeV/c? and 764 < m(nt7~7Y) < 795 MeV/c?. These
are combined with identified photons to obtain charged and neutral B meson
candidates. Background arise primarily from ete™ — ¢ events containing
energetic photons from initial state radiation, 7°/n decays, or from other ra-
diative B decays such as B — K*v. Events are vetoed if the photon candidate
can be combined with any other photon to yield m(vy) consistent with a 7° or
7. Additional background rejection is obtained using a combination of a neural
net based on activity in the detector which is not associated with the signal
photon or p/w candidate (i.e. the so-called “rest of event”), and using a Fisher
discriminant based on the kinematics of the signal candidate (the helicity angle,
flight direction of the reconstructed B candidate, etc.). The signal candidate
yield is extracted from data using a four-dimensional extended maximum like-
lihood fit to the mgg and AFE distributions and the outputs of the neural net
and Fisher as shown in figure 1. Branching fraction limits are obtained both
for the individual modes as well as the B — (p,w)y combination, yielding

B(B* —pty) < 18x107°
B(B° — p%) < 04x107°
B(B° —wy) < 1.0x107°

B[B — (p,w)y] < 12x107°

at 90% confidence level. These results are compared with theoretical predic-
tions and current Belle experimental results in figure 2, from which is is clear
that current experimental sensitivity has reached the SM level.

Because SM b — s/dy processes are dominated by penguin diagrams with
a top quark in the loop, the branching fractions are sensitive to CKM elements
Vie (x = d,s,b). Although the absolute branching fractions possess relatively
large theoretical uncertainties, many of these are expected to cancel in the ratio
of b — dvy and b — sy modes,

Via
Vis

B(B = (p,w)y) _
B(B — K*(892)y)

3
> &%[1 + AR] (2)

2/ 1- mz/M%
1—m2. /M3
9)

where m are the masses of the decay daughters, Mp is the B meson mass ¥/,
and ¢ and AR are correction factors relating to flavour SU(3) breaking and
weak annihilation respectively with values €2 = 0.85 = 0.10 and AR = 0.1 +
0.1.7) Using B[B — (p,w)y] from above and combining it with a previously

published BABAR measurement 10) of B (B — K*(892)7) yields a limit on the
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Figure 1: Projections of the combined B — (p,w)y fit to BABAR data (points)
in the four fitting variables (a) mgs, (b) AE, (c) the neural net output N
and (d) the Fisher discriminant output F. The dashed curves are the expected
background, while the solid curves indicate the total signal plus background.

ratio B(B — (p,w)y)/B(B — K*(892)y) < 0.029 at 90% which, neglecting
theoretical uncertainties, can be interpreted as a limit on the ratio |Viq|/|Vis| <
0.19. Tt is worth noting that this limit is beginning to impose a significant
constraint on the B meson unitarity triangle fits.

4 Bt - Ktvvand Bt - ntuvw

The b — svv branching fraction is considered to be one of the most the-
oretically clean probes of new physics in the B sector. Unlike the charged
lepton modes b — s¢T¢~, the neutrino modes do not possess a photonic pen-
guin diagram (only Z penguin and W box diagrams contribute) and hence
are governed by only a single Wilson coefficient. b — svv is also free of long
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Figure 2: Comparison of b — dy branching fractions experimental results from
BABAR 9) and Belle 6) with theoretical predictions 78,

distance contributions which additionally complicate the interpretation of the
charged lepton modes. The situation for b — dvv is similar, except that there is
an additional suppression factor of \th|2/ |Vts|2 relative to the strange modes.
Unfortunately, b — svv is experimentally very difficult due to the presence
of the two undetected neutrinos. Consequently, it is necessary to search for
the exclusive decay BT — K Tvv rather than perform an inclusive search. The
SM prediction for the Bt — K17 branching fraction is ~ 4 x 1076, how-
ever substantial enhancement can occur in new physics models as a result of
contributions of heavy non-SM particles in the loop. BABAR has recently re-
ported the results of a search for BT — K*vv and BT — 77w decays based

on 82 fb~! of data 11). The signature for these modes is the presence of a
single charged kaon or pion plus significant missing energy recoiling against
a reconstructed charged B meson. The analysis proceeds by first exclusively
reconstructing a charged B candidate in either an hadronic or semileptonic
decay mode of the foom B~ — DX or B~ — D®%~p where X|_,
is a combination of up to five charged or neutral hadrons. Once a charged
B candidate has been identified, all remaining particles in the event are con-
sidered to comprise the signal candidate. Events are retained if the signal
candidate contains exactly one track with charge opposite the reconstructed
B, with CM momentum pg . > 1.25GeV/c and with PID consistent with ei-
ther a kaon (for BT — KTvw) or pion (for BT — nTvw). True signal events
may also contain a small number of low-energy calorimeter clusters result-
ing hadronic split-offs, beam backgrounds, bremsstrahlung photons etc., while
background events typically contain significant additional calorimeter activity
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Figure 3: Distribution (a)of the total energy, Eextra, of all calorimeter clusters
in BT — KVvu signal candidate events which are not used in the reconstruc-
tion of the accompanying B meson, and (b) distribution of the signal kaon CM
momentum, pr for events surviving the €extra indicated in (a). Data are shown
as solid points, while the MC predictions for the signal and background distri-
butions are plotted as dashed and solid curves respectively. In both plots only
events with an hadronic accompanying B are shown.

due to the presence of neutral hadrons in the event (see figure 3a). The total
extra calorimeter energy associated with the signal candidate is required to be
less than 250MeV. For BT — Ktvw, the overall B reconstruction plus signal
selection efficiencies were estimated to be (0.05540.005)% and (0.115+0.009)%
respectively for the hadronic and semileptonic reconstruction samples, domi-
nated in both cases by the low B reconstruction efficiencies. Unblinding of the
data revealed three and six events respectively, consistent with background es-
timates. A combined branching ratio limit of B(B* — K*vv) < 5.2 x 1079 is
obtained using a modified frequentist approach. Comparable signal efficiencies
were obtained for the BT — 7T u¥ search, however substantially larger back-
grounds were expected and subsequently observed in data, resulting in a limit
of B(BT — mtuw) < 10 x 1072 at 90% confidence level.

5 Neutrino-less 7 decays and lepton-flavour violation

In the SM with non-zero neutrino masses LFV can occur in one-loop penguin
processes via neutrino mixing, but only at a level which is many orders of
magnitude below current or expected future experimental sensitivity. Hence
any observation of LFV would provide unambiguous evidence of new physics.
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Various new physics scenarios predict enhancements in various LE'V 7 decays
up to the current experimental limits. BABAR has recently reported the re-
sults of a search for the LFV mode 7+ — ut+, based on a sample 2.07 x 103
ete”™ — 717~ events, corresponding to an integrated luminosity of 232 fb—!
(on- plus off-peak data). Events are divided into two hemispheres along a
plane perpendicular to the event thrust axis and events consisting of a 1-1 or
1-3 charged track topology are retained. The so-called “tag” hemisphere is
labelled as e, u, h or 3h according to the particle identification of the track(s).
The opposing hemisphere is then required to contain only a single muon and a
photon with energy E, > 200 MeV. Background rejection is achieved using a
five-input neural net utilizing the event missing mass and transverse momen-
tum, the tag particle momenta and the signal candidate helicity angle. Signal
candidates are selected within a region defined by a 20 ellipse in the kinematic
variables 0E = E,,, — \/s/2 and mgc, defined as the invariant mass resulting
from a kinematic fit to the py combination with E, constrained to y/s/2. A
total of four events are observed in the combination of all tag modes. Back-
grounds are determined from extrapolation of mgc and AFE sideband regions
into the signal region and are estimated to total 6.2 + 0.5 events. A branching
fraction limit is derived from a maximum likelihood fit to the mg¢ distribution
(see figure 4), yielding B(+ — puty) < 6.8 x 1078 at the 90% confidence level.

6 ©7(1540) and =5 ~(1860) Pentaquark searches

A flurry of recent experimental searches for pentaquark states was triggered

by a theoretical paper 15) based on a chiral soliton model using the N1 (1710)
as input and mass splittings of ~ 180 MeV/c?. Evidence was subsequently
reported by several experimental groups for an exotic state, ©F (1540), which
is presumed to have minimal quark content of ududs. BABAR reported prelim-

inary null results at ICHEP 2004 16) for the ©F(1540), =5~ (1860), =2(1860)
as well as other members of the antidecuplet and corresponding octet. These
searches have recently been refined and subsequently submitted for publica-

tion 17). Since the production mechanism at an ete™ collider is not known
the BABAR searches utilize all events accepted by the trigger, estimated to
be more than 99% efficient for ete™ — g events. ©T candidates are recon-
structed in the mode pK? (K? — 77 ~), with a resulting invariant mass reso-
lution ranging from 2-8 MeV/c depending on the signal candidate momentum.
The signal efficiency is estimated from Monte Carlo simulation and validated
by comparing the data yield for Af — pK?{ with the simulation predictions.
A clear A} — pK! peak containing approximately 98000 events is visible in
data, however no evidence of the ©7 (1540) is visible (see figure 5 left). Limits
are obtained by fitting both the inclusive pK? spectrum and the differential
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Figure 4: The energy-constrained invariant mass mgc for 7+ — ptvy signal
candidate events. Data are shown as solid points, while the fitted background
shape is shown as a dashed curve. The signal shape is shown for illustration as
a solid curve.

spectra obtained in bins of the CM pK? candidate momenta (figure 5 right and
table 2) assuming both a width of 1 MeV/c? and a natural width of 8 MeV/c2.
Production rates are consistent with zero across the entire momentum range
and for all width hypotheses.

Searches for the Z; ~ (1860) and Z2(1860) pentaquarks proceed in a similar
manner, via the channels =5~ (1860) — =~ 7~ and Z2(1860) — =~ 7", where
2= — A%, A" — pr—. A total of 290000 Z~ candidates are obtained, with
a signal to background ratio of 23:1 in the A7~ invariant mass. The overall
reconstruction efficiency for Z5 ~ (1860) and Z2(1860) is estimated to range from
6.5% at low momentum to 12% at high momentum. The Z2(1860) efficiency
is further validated by comparing the yield of conventional Z°(1530) and =,
baryons in data and simulation. Signal yields are extracted both inclusively
and in bins of momentum as was done in the ©F search, for signal widths
ranging from 1-18 MeV/c?. No evidence for either =5 ~(1860) or =2(1860) was
found. The resulting limits are reported in table 2.

7 Summary

We have reported the results of BABAR searches for several rare decays with po-
tential sensitivity to beyond-SM physics. In several cases, such as B — (p,w)~y
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Table 2: Pentaquark search results integrated over the entire momentum range
and quoted as both cross section upper limits and in terms of the rate per event.

Numbers in brackets assume (A = natural width), while unbracketed numbers
assume (A =1 MeV/c?).

Pentaquark | Cross section ete™ — qq yield
state upper limit (fb) | upper limit (x10°/event)
CREC 171 (363) 5 (11)
By +EFT 25 (36) 0.74 (1.1)

and BT — KTuw, these limits are approaching SM predictions. In other cases,
such as B® — ¢*¢~ and 77 — ut+, the current experimental limits are many
orders of magnitude from the SM, but the limits are currently constraining new
physics. In addition, we have described searches for the strange pentaquark
states ©F (1540), =5 ~(1860) and Z2(1860). While large, cleanly reconstructed
samples of similar conventional baryons are obtained with excellent invariant
mass resolution, we see no evidence of these pentaquark states and conclude
that if they exist, then production must be significantly suppressed in ete™
compared to conventional baryons.
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DETERMINATION OF V,;,:
RECENT PROGRESSES FROM THEORY

Vittorio Lubicz
Dip. di Fisica, Universita di Roma Tre and INFN, Sez. di Roma III,
Via della Vasca Navale 84, I-00146 Rome, Italy

Abstract

Recent experimental and theoretical results on kaon semileptonic decays have
significantly improved the determination of the CKM matrix element V5. After
briefly summarizing the impact of the new experimental determinations, I will
concentrate in this talk on the theoretical progresses, coming in particular from
lattice QCD calculations. These results lead to the estimate |V,s| = 0.2250 +
0.0021, in good agreement with the expectation based on the determination of
|Via| and the unitarity of the CKM matrix.
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1 Introduction

The determination of the Cabibbo angle is of particular phenomenological and
theoretical interest since it provides at present the most stringent unitarity test
of the CKM matrix. This is expressed by the “first row” unitarity condition:

|Vud|2 + ‘Vu8|2 + |Vub|2 =1. (1)

Since |Vyp| ~ 1073, its contribution to Eq. (1) can be safely neglected.
The value of |V,q| is accurately determined from nuclear superallowed
0" — 0" beta decays. An analysis of the results, based on nine different

nuclear transitions, leads to the very precise estimate 11

|Viua| = 0.9740 = 0.0005 . (2)

This determination of |V,,4| is more accurate, by approximately a factor three,
than the one obtained from the analysis of neutron beta decay. In the neutron
case, the error is dominated by the uncertainty on the contribution of the weak

axial current, which is determined experimentally, g4/gy = 1.2720£0.0022 3),
It is also worth to mention that a new measurement of the neutron lifetime has
been recently presented 4) whose new value, 7, = (878.5 &+ 0.8) sec., differs by
more than six standard deviations with respect to the previous average quoted

by the PDG, 7, = (885.7 £ 0.8) sec. 5). Combined together, the neutron beta
decay results lead to the determination |V,4| = 0.9750 £ 0.0017, in agreement
with Eq. (2) but with a much larger error. In the following, I will take the
estimate in Eq. (2) as the final average of |Vy,4|, and concentrate the discussion
on the remaining entry of Eq. (1), the matrix element |V,]|.

The most accurate determination of |V,| is obtained from semileptonic
kaon decays (Ky3). The analysis of the experimental data gives access to the
quantity |Vys| - f+(0), where f1(0) is the vector form factor at zero four-
momentum transfer square. In the SU(3) limit, vector current conservation
implies f4(0) = 1. The deviation of f4(0) from unity represents the main
source of theoretical uncertainty. This deviation has been estimated many

years ago by Leutwyler and Roos (LR) 6), who combined a leading order anal-
ysis in chiral perturbation theory (ChPT) with a quark model calculation.

They obtained ffo’ff (0) = 0.961 £ 0.008, and this value still represents the

referential estimate 5>.

LAfter this talk, the estimate of |V,4| from nuclear superallowed decays
has been updated by Marciano at the CKM 2005 Workshop on the Unitarity
Triangle. The new estimate, whose uncertainty is further reduced, reads |V,4| =

0.9739 + 0.0003 2).
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Figure 1: Experimental results for |Vys| - f+(0). The “EXP” and “THEORY”
bands indicate respectively the average of the new experimental results and the
unitarity prediction combined with the LR and lattice (see Sect. 4) determina-
tion of the vector form factor.

By averaging old experimental results for Ky3 decays with the recent
measurement by E865 at BNL 7), and using the LR determination of the
vector form factor, the PDG quotes |V,s| = 0.2200 %+ 0.0026 5). This value,
once combined with the determination of |V,4| given in Eq. (2), implies about

2 o deviation from the CKM unitarity condition, i.e. [Vys["% ~ /1 — [V,4]2 =
0.2265 £+ 0.0022.

2 K/(3 decays: the new experimental results

With respect to the PDG 2004 analysis, however, a significant novelty is rep-
resented by several new experimental results, for both charged and neutral

K3 decays, which have been recently presented by KTeV 8), NA48 9) and

KLOE 10). Expressed in terms of |V,s|- f1(0), these determinations are shown
in Fig. 1, together with the BNL result and the averages of the old Ky3 results

quoted by the PDG. Remarkably, the average of the new results 11), repre-
sented by the darker band in the plot (“EXP”), is in very good agreement with
the unitarity prediction, once the LR determination of the vector form factor
is taken into account. The unitarity prediction is shown in Fig. 1 by the lighter
band (“THEORY”).
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3 K3 decays: theory status

An important theoretical progress in the determination of |V,4| is represented
by the first (quenched) lattice determination, with significant accuracy, of the

vector form factor at zero momentum transfer fy(0) 12) " The lattice result
turns out to be in very good agreement with the quark model estimate obtained
by LR, thus putting the evaluation of this form factor on a firmer theoretical
basis. Before outlining the strategy of the lattice calculation, I would like to
summarize the theoretical status of the fi(0) evaluations.

A good theoretical control on Ky3 transitions is assured by the Ademollo-

Gatto (AG) theorem 13), which states that f4(0) is renormalized only by terms
of at least second order in the breaking of SU(3)-flavor symmetry. Neverthe-
less, the error on the shift of fi(0) from unity represents not only the main
source of theoretical uncertainty but it also dominates the overall error in the
determination of |V

The amount of SU(3) breaking due to light quark masses can be in-
vestigated within ChPT, by performing an expansion of the form fi(0) =
1+ fo+ fa+ ..., where f, = O(p™) = O[M} /(47 fz)"]. Thanks to the AG
theorem, the first non-trivial term in the chiral expansion, fa, does not receive
contributions of local operators appearing in the effective theory and can be
computed unambiguously in terms of Mg, M, and fr (fo = —0.023, in the

K% — 7~ case 6)) The higher-order terms of the chiral expansion involve
instead the coefficients of local chiral operators, that are difficult to estimate.
The quark model calculation by LR provides an estimate of the next-to-leading
correction f4, and it is based on a general parameterization of the SU(3) break-
ing structure of the pseudoscalar meson wave functions.

An important progress in this study is represented by the complete two-

loop ChPT calculation of fy, performed in Refs. 14, 15) 1y Ref. 15)7 the result
has been written in the form

Fi = M) — g [Craln) + Coa()] (MF: — M2)?, 3)

where A(p) is expressed in terms of chiral logs and the O(p*) low-energy con-
stants, while the second term is the analytic one coming from the O(p®) chiral
Lagrangian. As can be seen from Eq. (3), this local contribution involves a
single combination of two (unknown) chiral coefficients entering the effective
Lagrangian at O(p%). In addition, the separation between non-local and local
contribution quantitatively depends on the choice of the renormalization scale
1, only the whole result for f; being scale independent. This dependence is
6)

; for instance, at three typical values of the scale one finds

0.031, 0.015, 0.004
A(M)_{M—Mn p=M, p=1GeV ’ (4)

found to be large 1



V. Lubictz 315

An important observation by Bijnens and Talavera 15) is that the combination
of low-energy constants entering f4 could be in principle constrained by experi-
mental data on the slope and curvature of the scalar form factor. The required
level of experimental precision, however, is far from what is currently achieved.
Thus, one is left with either the LR result or other model dependent estimates
of the local term in Eq. (3). Recent attempts in this direction include the esti-

mate by resonance saturation obtained in Ref. 17) and the dispersive analysis

of Ref. 18). The model results, however, are in disagreement within each other.
In addition, the large scale dependence of the O(p®) loop calculation shown in

Eq. (4) seems to indicate that the error £0.010 quoted in Refs. 15, 16, 18)
might be underestimated.? For all these reasons, a first principle lattice deter-
mination of the vector form factor is of great phenomenological relevance.

4 Strategy of the lattice calculation

The first lattice calculation of the vector form factor at zero momentum transfer
has been recently presented in Ref. 12) Iy order to reach the challenging goal
of about 1% error on the lattice determination of f(0), a new strategy has
been proposed and applied in the quenched approximation. This strategy is
based on three steps.

1) Precise evaluation of the scalar form factor fo(q?) at ¢* = ¢«

This evaluation follows a procedure originally proposed by the FNAL group to

study heavy-light form factors 19) For K 3 decays, the scalar form factor fo(q?)
can be calculated very efficiently at ¢* = ¢2,,. = (Mg — M,)? by studying the
following double ratio of matrix elements,

(m|5y0ulK) (K|uros|m) _ (Mx + Mx)*

(K90 ) (elivouln) a0t oWl (5)

where all the external particles are taken at rest. There are several crucial ad-
vantages in using the double ratio (5) which are described in details in Ref. 12),
The most important point is that this ratio gives values of fo(q2,,,) with a sta-
tistical uncertainty smaller than 0.1%, as it is illustrated in Fig. 2 (left).

2 A different factorization between local and non-local contributions has been
considered in Ref. 17 , which partly reduces the dependence on the factorization
scale.
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Figure 2: Left: Values of fo(q2..) versus the SU(3)-breaking parameter
a’?AM? = a*(M% — M2). Right: The form factor fo(q®) as a function of
¢ for one of the quark mass combinations. The inset is an enlargement of the
region around g*> = 0.

2) Extrapolation of fo(q2,,) to fo(0) = f1(0)

This extrapolation is performed by studying the g?-dependence of fy(g?). New
suitable double ratios are also introduced in this step, that improve the statis-
tical accuracy of fo(q?). The quality of the extrapolation is shown in Fig. 2
(right). Three different functional forms in ¢* have been considered, namely
a polar, a linear and a quadratic one. The lattice result for the slope Ay of
the scalar form factor is in very good agreement with the recent accurate de-

termination from KTeV 20), In the case of the polar fit, for instance, the
lattice result is Ao = 0.0122(22) (in units of M2,) to be compared with the
experimental determination Ao = 0.0141(1).

3) Extrapolation to the physical masses

The physical value of f1(0) is finally reached after extrapolating the lattice
results to the physical kaon and pion masses. The problem of the chiral ex-
trapolation is substantially simplified if the AG theorem (which holds also

in the quenched approximation 21)) is taken into account and if the leading
(quenched) chiral logs are subtracted. This is achieved by introducing the

following ratio
Af _ 14+ /5 - f4(0)

R= = ,
(M - M2)? (Mj — M2)?

(6)
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R(M,,M )
20.0 T

Linear

17.5 ——- Quadratic
—-— Logarithmic

25
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2, 2 2 2
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n

Figure 3: Comparison among linear, quadratic and logarithmic fits of the ratio
R(Mg, M) as a function of [a> Mz + a>M?2].

where f] represents the leading chiral contribution calculated in quenched

ChPT 12) and the quadratic dependence on (M3 — M?2), driven by the AG
theorem, is factorized out. It should be emphasized that the subtraction of
f& in Eq. (6) does not imply necessarily a good convergence of (quenched)
ChPT at O(p*) for the meson masses used in the lattice simulation. The aim
of the subtraction is to access directly on the lattice the quantity Af, defined
in Eq. (6) in such a way that its chiral expansion starts at O(p®) independently
of the values of the meson masses. After the subtraction of ff, the ratio R of
Eq. (6) is smoothly extrapolated in the meson masses as illustrated in Fig. 3.
In order to check the stability of the results, linear, quadratic and logarithmic
fits have been considered. The chiral extrapolation leads to the final result

KO (0) = 0.960 = 0.0054¢a5 & 0.007syst , (7)

where the systematic error does not include quenching effects beyond O(p*).
Removing this error represents one of the major goal of future lattice studies of
K3 decays. Remarkably, two preliminary unquenched calculations have been

already presented. The results read 22, 23)
foﬂi (0) = 0.962 + 0.006 & 0.007 (8)
FET(0) = 0.954 +0.009, (9)

in very good agreement with the quenched estimate of Eq. (7).
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The value (7) compares well with the LR result ffoﬂ_ (0) = 0.961+0.008

quoted by the PDG 5) and, once combined with the average of the more recent
experimental results, implies

[Vius| = 0.2256 4- 0.0022, (10)

in good agreement with the unitarity prediction.
A strategy similar to the one discussed above has been also applied to
study hyperon semileptonic decays on the lattice, and preliminary results have

been presented in 24)

5 Conclusions

We have discussed the most recent experimental and theoretical progresses
achieved in the determination of Vs from semileptonic kaon decays. On the
theoretical side, the main novelty is represented by the first lattice QCD calcu-
lation of the K3 vector form factor at zero-momentum transfer, f4(0). This
calculation is the first one obtained by using a non-perturbative method based
only on QCD, except for the quenched approximation. Once combined with
the new measurements of kaon semileptonic decays, the lattice result leads to
a determination of V. in very good agreement with the expectation based on
the determination of V,4 and the unitarity of the CKM matrix.
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BINARY SYSTEMS IN QM AND IN QFT: CPT

Victor Novikov
ITEP, Moscow, Russia

Abstract

Quasi-degenerate neutral systems like a (K, K) type are investigated in
Quantum Field Theory (QFT). A constant mass matrix as the one used in
Quantum Mechanics (QM) can only be introduced as a linear approximation to
QFT. We study the phenomenological consequences of the differences between
the QFT and QM treatments. The role of “spurious” states with zero norm at
the poles is emphasized. The K — Kg mass splitting triggers a tiny difference
between the C'P violating parameters €7, and €g, without any violation of TCP.
Non-vanishing semi-leptonic asymmetry ds — §1, does not signal T'C'P violation
(usual claims not withstanding), while Arcp keeps vanishing when TCP is
good symmetry.
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This talk is based on the paper written in collaboration with B. Machet
and M.Vysotsky )

1 Introduction

I would like to reconsider the theory of binary quasi-degenerate neutral systems
such as (K, K), (D, D) and (B, B). The result of this revision will be the well-
known conventional theory plus tiny corrections. It seems unlikely that these
corrections can be ever measured experimentally but conceptually they are
rather interesting.

The (K, K) meson system is among the most magnificent ones in particle
physics. Fifty years ago Gell-Mann, Pais, and Pais and Piccioni 2) discovered
and described in great detail such beautiful phenomenon as K meson oscilla-

tions. Later C' P symmetry violation 3) was found in (K, K) system. Nowadays
the search for C'P violation in (B, B) system is a hot topic in experimental par-
ticle physics. Binary systems are also well suited to test CPT symmetry and
Quantum Mechanics (QM) in general.

The main property of the binary systems is that the splitting between two
states in binary systems is extremely small in comparison with other masses.
Thus it is widely believed that with good accuracy one can separate the dynam-
ics of quasi-degenerate states from the details of the dynamics of other states.
In other words one can integrate over infinite number of degrees of freedom in
Quantum Field Theory (QFT) and deal with the rest finite number of degrees
of freedom, i.e. with effective Quantum Mechanics.

According to this philosophy in the case of binary systems one deals with
effective QM with 2 x 2 non-hermitian Hamiltonian

H=M - %F, (1)
where M = MT, T' = I'f. The details of QM treatment of binary systems
can be found in text-books. A brief and a very transparent version of this
conventional theory is presented in Review of Particle Physics 4). As a rule
the text-books do not go beyond (QM) level in treatment of (K, K) system.
Only recently the need of a treatment of these systems in the framework of
Quantum Field Theory arose 5), 6). 1t was actually mainly motivated by the
leptonic sector, i.e. by the attempts to treat neutrino oscillations in terms of
QFT.

The formalism of a mass matrix seems never to be in doubt, though its
existence, as we shall see, can only be assumed in a certain approximation. The
growing need for precise criteria to test discrete symmetries made necessary an
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exhaustive investigation of these systems in QF7T. This was done in D) and a

short version of this study is presented here.

2 KK system in QM

First let me remind the conventional QM wisdom for (K, K) system. In
Wigner-Weisskopf approximation to describe decaying particles we use non-
hermitian effective Hamiltonian

H:Mf%I‘, (2)

with mass matrix M = M' and decay matrix I' = I'f . Thus

H:(@‘%E m”_%m), (3)
M2 — 5712 M22 — 5722

where mq1, Mos2, Y11, Y22 are real numbers. Matrix elements of M and I' can
be considered as a set of phenomenological parameters that can be extracted
from the experimental data. On the other hand the same matrix elements
H;;. of the effective Hamiltonian can be connected with matrix elements of the
fundamental weak Hamiltonian Hyy. For example

My, = mépe+ < i|Hw|k > + Y <i|Hw|8 >< B|Hw|k > /(m — Eg), (4)
B

where i, k numerate K° K° mesons and 8 numerates all other states.
The eigenvectors that correspond to ”stationary” non-mixing states are
Kg and K, states

|Ks >=/Ns(| K > +es| KS >), |Kp >=/Np(| K9 > +e| K >),
(5)
where | K > and | K9 > are C'P-even and C'P-odd states. Mixing parameters
€g,1, can be calculated in terms of matrix elements Hjj, of effective Hamiltonian.

There are few constraints on the elements H;j, that follows from the gen-
eral symmetries of the system.

Thus from CPT symmetry one can derive that diagonal elements of ef-
fective hamiltonian are identical, i.e. H1; = Hos. From this equation one gets
that mixing parameters eg s, are the same eg = €y,.

For CP-symmetric interaction one derives additional constraint on the
non-diagonal elements. Namely, one gets that His = ¢**Hy;. From this equa-
tion it follows that mixing parameter is zero e = 0, and that eigenvectors of



324 V. Novikov

effective Hamiltonian are the states with definite CP-parity, i.e. | K > and
| K9 >.

One can calculate all CP and CPT violating asymmetries in terms of
mixing parameters €r, s.

Formalism of Mass Matrix for KK system seems never to be in doubt,
though in the very early publications people mentioned possible corrections to

Wigner- Weisskopf approximation. (Although see ref. 8))

3 Normal and non-normal Quantum Mechanics

Quantum Mechanics with non-hermitian Hamiltonian eq. (2) is rather different
from the conventional QM. The reason is that in general case the effective
Hamiltonian eq.(2) is not a normal operator.

Let me recall a definition of a normal matrix:

M normal < [M,M'] = 0. (6)

Normality is a remarkable property of matrices:

1) any matrix that commutes with its hermitian conjugate can be diago-
nalized by a single unitary transformation;

2) its right and left eigenstates accordingly coincide;

3) it admits complex eigenvalues, which makes it specially suited to de-
scribe unstable particles.

When CP is conserved, we have shown that the propagator of neutral
kaons and effective Hamiltonian H must be normal. This will provides us with
the most general C'P eigenstates in the (K, K9) basis.

It is very tempting to have a normal propagator and normal effective
Quantum Mechanics, since in this case the right eigenstates and left eigenstates
coincide. Unfortunately this is impossible. In general the mass matrix M does
not commute with the decay matrix I,

[M,T] #0. (7)
Thus Hamiltonian H does not commute with its hermitian conjugate H'
[H, H'] #0, (8)

and is non-normal operator.
In this case the left and right eigenstates

H |in >= E;y, |in >, < out| H=< out| Eoyut (9)



V. Novikov 325

are independent sets of vectors, i.e. they are not connected by complex conju-
gation

< out| # |in >T. (10)

As for the eigenvalues, one can prove that
E()ut - E7n (11)
For K-meson system all these can be rewritten as

i

H |KL75 >= (mL’g — 5

Y1) |KL,s >, (12)

i
2
Left eigenstates are orthogonal to the right eigenstates

<Kps|H=(mps—57,5) <Krsl (13)

< KL,S|KS,L >=10 (14)
and there is no complex conjugation, i.e.
< Kp| #|Kp>T. (15)

All these mean that < K7 |ou and |Kf >, are different mixtures of K and K
state. This statement, being formally absolutely correct, is rather unconven-
tional and encourages us to look for different description of binary systems.

4 Effective QFT approach

It seems natural to start from QFT and to derive effective QM as some ap-
proximation to Q F'T. Partly this line of reasoning was motivated by numerous
attempts to develop theory of v-oscillation in terms of Green functions.

We work within effective Field Theory where K-mesons, pions, etc are
considered as elementary particles that are described by the corresponding
field operators ¢k (z), ¢ (x), etc. The propagator of these particle are given
by v.e.v. of T-product of the appropriate field operators. Say propagation of
KO into K is equal to

< KA (2)|K® >=< 0] T{¢xo(z), dt.0(0)} [0 >. (16)

For (K, K) mesons quasi-degenerate system the propagator is described
by 2 X 2 matrix
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A():<<K|A|K> <K|A|K>> (17)

< K|AIK > <K|AIK >

where z = ¢? and ¢ is momentum. For any momenta ¢ one can diagonalize A
and find corresponding eigenstates, i.e.

A(2)|Ri(2) >= As(2)[Ri(2) >, < L (2)|A(2) =< Li(2)[Ax(2).  (18)

The eigenstates are “stationary” states ( i.e. there is no oscillation between
K;, and Kg). Eigenvalues of the propagator Ay are the same for in and out
states. There is no reason for A(z) to be normal. Thus complex conjugation
does not transform left states into right states and visa verse, i.e.

< Ri|=|R: >Te< R{|R_ >#0. (19)

This is in one-to-one correspondence with QM approach.
One can write Dyson-Schwinger equation for all 4 propagators. For in-
verse matrix A~!(z) it looks like

o _ [ @ —m® —Tgk(q®) My (q°)

A= ( Mgk (%) ¢* —m® —Tgg(¢?) ) ’ (20)
where (Hxk(¢?), Mz (¢%)) and (I (¢?), gk (¢%)) are diagonal and non-
diagonal self-energy functions. Dyson-Schwinger equations for these self-energy
functions include vertex operators. There are infinite number of equations
for vertex operators and QFT with its infinite number of degrees of freedom
exhibits itself exactly at this level. But whenever self-energy functions are
known one can describe (K°, K°) system in terms of 2 x 2 propagators matrix.
These functions are analog of matrix elements H;; in QM approach.

Actually to construct a bridge between QFT and QM we need to know
a little about these self-energy functions. To proceed it is useful to consider
analytical properties of propagator.

4.1 Kallen-Lehmann representation

Analyticity: It can be demonstrated, with very general hypothesis that propa-
gator satisfies a Kéllen-Lehmann representation 7)

space, as

, which is written, in Fourier

A(z) = /OOO dk2%7 (21)
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where, eventually, z gets close to the cut on the real axis by staying in the phys-
ical upper half-plane z — (p?+ic),p? € R. A consequence is that the propaga-
tor A(z) is an holomorphic function in the complex z plane outside the cuts.
Positivity: The spectral function p(k?) is a positive hermitian matrix. A con-
sequence is that the propagator A(z) in the complex z plane outside the cuts
7)

satisfies

A(z) = [A())". (22)

Indeed, one can write, using the hermiticity of p

A(z)—/Ooode,fz(k_Q;[A(é)P—/om dk? []:’Q(L_Q)Z]T :/OOO dk?Z;(@. (23)

This general property should be distinguished from the (Schwarz) reflec-

tion principle or its refined version called the “edge of the wedge” theorem 7);
indeed, as soon as complex coupling constants can enter the game, in particular
to account for C'P violation, the discontinuity on the cut is no longer the sole
origin for the imaginary part of the propagator; it can be non-vanishing outside
the cut, which is likely to invalidate the principle of reflection.

In QFT, the physical masses are the poles of propagator A(z), i.e.

Mass states < Det(A™'(¢%)) = 0. (24)

Thus for binary system of K-mesons we have two complex poles
21 = M3}, z = M3. (25)

4.2 Introducing a mass matrix: from QFT to QM

Here we demonstrate how the effective mass matrix that describes unstable
particles can be derived from propagator. This matrix automatically respects
the positivity and analyticity properties of the propagator.

In QFT, the physical masses are the poles of propagator A(z) or the
zeroes of inverse propagator A~!(z). Thus close to the poles, a linear approx-
imation for A~! should be suitable,

A7 (2)~ Az + B, (26)

where A and B are some constant matrices.
From the positivity of the propagator one can derive that 4 = Af is a
positive hermitian matrix. If the property of positivity is true everywhere then
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B = Bf. In this case, the mass matrix is hermitian, its eigenvalues are real
and cannot describe unstable particles. However, if one only wants to preserve
this property in the upper (physical) half plane $(z) > 0, it is enough to have
$(B) > 0. If this is so, then, writing B = By + iBa, B > 0, one has

AY(z) m/Z< >\/Z:\/Z(z— (M<2>)) VA, (27)

1 1
+ (B +iBy)——
2t BB

To find the mass of the state we have to diagonalize matrix M (?). Thus matrix
M®@) plays a role of a mass matrix. More accurately

M® = (M- %F)Z. (28)
Thus mass matrix M2 is defined in terms of propagator’s matrices A and B

2
M® =n® — ZFT = f%(Bl + iBg)ﬁ,with r® >0 4=A" (29
It is no longer hermitian and can describe unstable kaons. Since I'®?) > 0,
the zeroes of the approximate inverse propagator (poles of the approximate
propagator) are located in the lower (unphysical) half plane. The hermitian
matrix A normalizes the states.
Near any given pole z; of the propagator we get some new mass matrix M;.
In other words for any given state we construct a new Effective Hamiltonian.
Thus according to QFT in the case of binary system like (K°, K°) we have
to introduce two different effective Hamiltonians - one for K¢ and another for
Ky.

43 (K° K°) in QFT.

Consider this construction in more details. For any momenta z = ¢ the
propagator A(z) has two eigenvalues Ay (z) and four eigenvectors, i.e. two
(in) states |[R+(z) > and two (out) states < L4 (z)|. The same is true for the
momenta near the pole z; = M?. It is clear that one of the eigenvalues of
A~1(z1) has to be zero. Corresponding eigenvectors are the physical states
that describe K meson on-mass shell:

IRy (21) >= KL >in, < Li(21)| =< Kp|out (30)

Another eigenvalue of A=*(z1) is 2M?. Corresponding eigenvectors |R_(z1) >
and < L_(z1)| are non-physical spurious states, i.e they do not correspond to
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propagation of any particle on-mass shell. One can check that these states have
ZEero norm.

Similar situation takes place for the momenta near the pole zo = M3.
Thus we get four on-mass shell states vs four spurious states. One can not
delete spurious states since they make the system of eigenvectors complete.

It is also clear that since we have different Hamiltonians for K and Kg
the mixing parameters of eigenstates for two different Hamiltonians are also
different. Thus C' PT symmetry of fundamental QFT does not entail that C'P
parameter €, of Ky, is identical to the one eg of Kg. That means that for C PT
invariant theory

|Ks >in~ (| KY > +€d'| K9 >), |KL >in~ (| K§ > +€!| KY >).  (31)

and
€ # € (32)
This conclusion is in a sharp contrast with QM treatment of K mesons
where C'PT symmetry and equality €;, = €g are just the same statement! In
the next section we shall check whether this difference in formalism exhibits in
physical observables.

5 ”Applications”

The standard way to test C'PT symmetry is to measure semi-leptonic asym-
metries 07 s and Apcp (see 4>):

_ | < 7T_l+l/|KL’S > |2 — | < 7T+Z_V|KL’S > |2.
<7 ltWKps > 24| <atlv|Kpg > 2

dr,s (33)

and

| <7 Ity|K > 2= | <atl v|K > |?
| <m ltv|K > 2+ | <7mtlv|K > |2

Arcp =
In the Standard Model Apcp can be also rewritten as

Arcp = | < I:((tf”[:((ti) > 2 — | < K(ty)|K(t:) > ‘2. (35)
| < K(tp)|K(t:) > > +| < K(t7)|K(t:) > |2

According to PDG booklet 4) these two asymmetries are related to the
difference of mixing parameters €g 1

ATCP:(SS_5L22§R (ES_€L) (36)
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Explicit perturbative calculation within our formalism gives
55 = 2R (e5), 61 = 2R (7). (37)
Thus
0s — 0L =2R (es —er) #0 (38)
for CPT symmetric theory!

The calculation of Apcp is slightly more subtle exercise (see 1)) We find
that to construct correct perturbation theory for effective Hamiltonian one has
to take into account spurious states. The contribution of these spurious states
into Arcp exactly cancel the contribution of physical states. As a result,

ATCPZO#(S_S'—(;L (39)
for CPT symmetric theories. Thus Arcp is a good test of CPT violation.

6 Numerical estimates

In spite of conventional QM treatment of (K, K) system mixing parameters
for K1, and Kg states are different even for C PT symmetric theory. Now we
perform order of magnitude estimate of this difference €X' — €%

To do that we need to know the dependence of (K, K) self-energy func-
tions on momenta. The main contribution comes from K « K transition
amplitude that takes place in the second order in weak interactions. To esti-

mate the order of magnitude of the effect we calculate quark box diagram for
K < K transition. Inspecting this diagram we find 1)

AmLs _ 10-17, (40)

m wm

€q' — €' ~ e p—
This effect is extremely small compared with the current experimental bounds
on C'PT violation (see 4,9, 10)).

As for theoretical estimates of expected C' PT violation effects they extend
from the order of unity to zero. At this conference Dolgov presented arguments
that spin-statistics relation is different for neutrino. That will immediately
break C PT symmetry by order of unity. To observe such violation of C'PT one
can safely use conventional formalism from 4),

On the other hand if we believe in conventional field theory the only source
of CPT violation comes from non-locality of QFT due to effects of gravity at
small distances. This non-locality of QFT should be very small due to Plank
mass in the denominator. At best they are of the order ~ my, /mp; ~ 10717,
If one dreams to measure such effect one needs our formalism with all tiny
corrections in order to separate genuine C'PT violation effects from the fake
ones.
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7 Conclusions

Let me summarize the results.

There is substantial difference between QM and QFT in treatment of
binary systems. We find that correct formalism for (K, K) system imitates
the effects that can be considered as C' PT violation in conventional formalism.
Thus one has to remember that

1) QM is not appropriate framework for CPT violation if effects are
small;

2) Asymmetry &y, — 0g tests the difference €;, — eg, not CPT violation;

3) Asymmetry Arcp measures CPT violation.
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SEARCH FOR DIRECT CP VIOLATION
IN CHARGED K DECAYS

*

Marco S. Sozzi
Scuola Normale Superiore, Pisa, Italy

Abstract

The NA48/2 experiment at the CERN SPS collected an unprecedented statis-
tics of charged Kaon decays with a unique double-beam technique, which allows
high control of systematics, with the main goal of looking for direct CP viola-
tion asymmetries. A preliminary result is presented on the CP-violating Dalitz
plot linear slope asymmetry in K* — 7=zt 7~ decays, which corresponds to

a ten-fold improvement in accuracy with respect to previous measurements.
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1 Introduction

More than 40 years after its discovery 1>, the phenomenon of CP violation still
eludes a deep understanding, and holds a central role on the present and future
agenda of high-energy physics experimental investigations. After a long hiatus
during which this elusive effect seemed to be confined to a rather peculiar sector
of particle physics, two recent breakthroughs were t)he )exp)erimental evidences
2) 3) 4

for direct CP violation in neutral kaons (i.e. € /e, ), and the evidence

for CP violation effects in B meson decays 5). Direct CP violation, manifest-
ing itself as an asymmetry in two CP-conjugate decay amplitudes (which was

recently detected also for B mesons 6)), is the most “straightforward” man-
ifestation of CP violation, and while its importance cannot be overestimated,
as a strong qualitative test of the way the Standard Model accommodates CP
violation (i.e. the CKM paradigm), its quantitative exploitation to constrain
fundamental parameters of the theory has been hampered so far by dire theo-
retical difficulties in providing accurate predictions in terms of the underlying
fundamental parameters, due to the complexity of the hadronic environment.
Still, an intense theoretical program is under way to devise new approaches
to improve such predictions, to ultimately allow the experimental direct CP
measurements to be used also as strong quantitative constraints to the Stan-
dard Model; lattice QCD appears to be the most promising candidate for this
program.

After a successful program of investigations with neutral kaons, which

culminated with the proof of direct CP violation 3), and after an experiment
(NA48/1) devoted to the study of rare Kg decays, the NA48 collaboration
undertook a high-statistics investigation of charged K decays (NA48/2), with

the main purpose ) of looking for further CP violation effects, which for
charged particles can only be of the direct type.

The relatively low mass of the K* in the hadron spectrum results in
a limited number of decay modes with large branching fractions; the most
common ones which are expected to possibly support CP violation are the
37 modes: ntatr~ and 7ta%70, with branching fractions 5.6% and 1.7%
respectively. The interest in these decay modes surged from the observation
that they do not share some of the intrinsic a priori suppression factors which
make direct CP violation effects small for neutral kaons (i.e. |¢/| ~ 4-1075).

It turns out, however, that explicit predictions for CP violating asym-
metries in the Standard Model, while being quite uncertain, are usually very
small; while this fact likely precludes present experiments from detecting such
effects, it opens up a large window of opportunity for challenging the Standard
Model itself.

The usual phenomenological description of K — 37 decays is made in
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terms of the bi-dimensional Dalitz plot parameters 8) w and v, related to the
energy sharing to the “odd” pion (i.e. the one having opposite charge with
respect to the two other ones), and among the two “even” pions respectively:

83 — S0
u = 5 =2mg
mﬂ'

mK/S—ng S9 — S1 ET—E;
A et ) — —9 -1 72

2 Tom T
where s; = (px — p;)?, px being the four-momentum of the decaying kaon
and p; (1 = 1,2, 3) those of the pions (with index i = 3 for the odd one), and
so = (81 + s2 + s3)/3. After transforming to the kaon centre of mass frame,
the pion centre of mass energies E} appear. The matrix element is naively
expanded as

|M|* o 1+ gu + hu® + kv? + - -

8).

where
glrEatn™) = —0.2154+0.0035  g(r*7°7%) = 0.652 +0.031

and |h|,|k| < |g| imply smaller quadratic terms. While other results from
NA48/2 show that this simple parameterization around the centre of the Dalitz
plot is not entirely adequate to describe the physics, it is the conventional one
adopted so far.

Among the possible CP asymmetries between K+ and K~ are those of
partial decay widths (i.e. |M|?): these are very highly suppressed in any model
for symmetry reasons, and therefore not very promising for experimental detec-
tion. The experimental measurement of such rate asymmetries would require a
precise knowledge of the relative kaon fluxes for both charge signs. On the other
hand, the measurement of differences among the above parameters describing
the decay distributions is independent on flux and can be performed just by
comparing the Dalitz plot shapes. The main goal of the NA48/2 experiment is
to measure the slope asymmetries

_ 9+ —9-
g+ t+9-
with a precision of 2.2 - 10~* for the 7* 77~ decay mode and 3.5 - 10~* for
atn070,

The above figures require collecting very large samples, and therefore in-
tense beams, large acceptance and data acquisition bandwidths; these have to
be matched with a careful control of systematics, which requires novel experi-
mental approaches.

The available experimental information on A, is summarized in table 1,
and some experimental predictions within the Standard Model and other mod-
els are shown in table 2 (where as usual some care must be taken with the
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Table 1: Summary of experimental measurements on direct CP violating slope
asymmetries in K+ decays.

Asymmetry Events | Experiment

Ag(ntrta—) = (=70 £ 53) - 10~* 3.2M BNL AGS (1970) 9)
Ag(nta0n0) = (19 £ 125) - 104 115K CERN PS (1975) 10)
Ag(rtrta—) = (22+15+37)-10~% | 54M HyperCP (2000) 1) prelim.
Ag(mtrO70) = (24£19) - 10~4 620K Protvino IHEP (2005) 12)

quoted “theoretical” errors, and central values could admittedly vary by up
to an order of magnitude). One can see that NA48/2 has a great potential
for closing the wide gap between experiments and theory, reaching the inter-
esting region in which one could detect enhancements due to physics beyond
the Standard Model, which were out of reach with lower experimental accu-
racy. Theoretical estimates are difficult and not far from being exhaustive,
particularly for what concerns specific extensions of the Standard Model.

Table 2: Some theoretical predictions for direct CP violating slope asymmetries
in K* decays.

Asymmetry Model Reference
Ag(ntrts=)| ~ 14-10~4 SM Bel’kov et al. (1989) 13)

g
|Ag(nE7070)] ~ 14 104 SM Bel’kov et al. (1989) 13)
Ag(ntrta=)| =~ (3.7+ 1.4) - 10~4 SM, NLO | Bel’kov et al. (1993) 14)

g
|Ag(nEm070)| o (3.1 4 1.4) - 104 SM, NLO | Bel’kov et al. (1993) 14)
\Ag(ﬂiw+7r’)\ <0.45-1074 SM, NLO | D’Ambrosio et al. (1991) 15)
|Ag(ntatr=)| ~ 21074 3HD Shabalin (1998) 18)
|Ag(rErtn=) < (0.5+0.2) - 10~4 SM, NLO | Shabalin (1993) 19)

|Ag(rErtm—)| ~ (0.023 + 0.006) - 10~* | SM, NLO | Maiani et al. (1995) 16)

|Ag (7070 o~ (0.013 +0.004) - 10~% | SM, NLO | Maiani et al. (1995) 16)
|Ag(rErta=)| ~ 1075 = 10~4 SUSY D’Ambrosio et al. (2000) 17)
Ag(nEnta—)~ (—0.24+0.12)-10-4 | SM, NLO | Gamiz et al. (2003) 23)
Ag(rEatr—) ~ (—0.42 £ 0.08) - 104 SM, NLO | Shabalin (2004) 20)
Ag(nFrtr=)~ (—02+-0.8)-10-* | SM, NLO | Shabalin (2004) 21)
Ag(rtata—)~0.3-10"4 SM, NLO | Shabalin (2005) 22)

Ay (nE7070) ~ 0.02- 10~ SM, NLO | Shabalin (2005) 22)
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2 The NA48/2 experiment

The NA48/2 experiment largely exploits the existing NA48 detector and in-
frastructure, with some additional element and a completely new beam line,
providing for the first time simultaneous and collinear K™ and K~ beams.

A hadron beam is produced by 400 GeV/c protons from the SPS im-
pinging on a beryllium target rod 40 cm long and 2 mm in diameter at zero
degrees. The proton beam intensity is about 7 - 10! per pulse of 4.8 s dura-
tion. A first achromatic momentum selection stage collects charged particles
of (60 £ 3) GeV /¢ momentum and both charge signs for further transmission.
After being recombined, the two hadron beams, containing about 6.4 - 107 par-
ticles per pulse (12 times more pions than kaons), with a kaon charge ratio
KT/K~ ~ 1.8, pass through magnetic focusing and muon sweeping stages,
before being again split in the vertical plane by a second achromatic set of
magnetic dipoles (see fig. 1). At this stage the vertical positions of individ-
ual beam particles are measured by MICROMEGA detectors (KABES), thus
allowing a 1% momentum measurement of the incoming kaons.
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Figure 1: Sketch of the NA48/2 beam setup. Note that two beams are super-
imposed to within ~ 1 mm all along the decay region.

Both beams, whose transverse dimensions are about 5 mm RMS, are
thereafter recombined along the experiment axis, and remain superimposed to
within 1 mm while traveling through the ~ 114 m long vacuum decay region
towards a focus point at the detector. The detector itself has a central hole
for a vacuum pipe in which the undecayed charged particles of the beams keep
traveling. Note that the decay products from charged pions in the beam, due
to the limited transverse momentum available, are mostly confined to remain
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within such pipe, without illuminating the detector itself.
The main part of the NA48 detector used for the measurement of the CP-

violating asymmetry in K* — 7¥7t7~ decays is the magnetic spectrometer

24), composed of four large drift chambers and a dipole magnet (120 MeV/c
horizontal magnetic kick) enclosed in a helium-filled tank. Each octagonal
chamber has four double planes of sense wires with 1 cm spacing, aligned along
four directions oriented at 45° with respect to each other. The momentum
resolution is o(p)/p = 1.0% & 0.044%p (p in GeV/c).

The trigger to select K* — 7tntn~ decays is a two-level one. At the
first level a two-layer scintillator hodoscope provides a fast coincidence signal
consistent with a minimum track multiplicity of two, and such signal starts a

farm of fast processors 25) which performs track reconstruction based on three
drift chambers’ data. Events with at least two tracks consistent with being
originated in the decay volume are kept, giving a rate of about 30K in 4.8 s. For
part of the 2003 run and all of the 2004 run events which were not selected by
the above condition were also kept if one track consistent with having originated
in the decay volume was reconstructed and the missing mass (assuming it to be
a charged pion originating from a 60 GeV /¢ nominal momentum kaon traveling
along the beam axis) was incompatible with the kinematics of K * o gpEgd
decay.

3 Principle of the measurement

The presence of the two oppositely charged beams, being spatially superim-
posed and present at the same time plays an important role in enforcing by
design large cancellations of detector acceptance effects and response drifts on
the measured asymmetries, therefore leading to robust cancellations of possible
systematic errors.

The density of K* events in the Dalitz plot is projected onto the u axis to
obtain one-dimensional distributions N*(u). The ratio R(u) = N*(u)/N~ (u)
of such distributions is to first order independent on the distortions induced
by the variation of the detector acceptance over the Dalitz plot, and can be fit
to a linear function R(1 + Agu) to extract Ag = g4+ — g— = A,42g to sufficient
accuracy.

Clearly, any instrumental effect has to be both charge-asymmetric and
u-dependent, in order to potentially bias the measurement.

Charge-related beam and detector differences can induce spurious asym-
metries, the most obvious one being that due to imperfect left-right detector
symmetry when coupled with the lateral deflecting effect of the spectrome-
ter dipole magnet. While the beam is carefully aligned along the detector axis,
any unavoidable local imperfection of the spectrometer can introduce an accep-
tance asymmetry. This effect is canceled to first order by periodically reversing
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(each day?) the polarity of the spectrometer magnetic field, therefore effectively
equalizing the time-averaged acceptance for K and K.

The largest instrumental effect on the event density in the Dalitz plot
occurs at large u values, where a steep drop in acceptance corresponds to the
“odd” pion being lost into the central beam pipe hole for any spatial decay
orientation. Similar cuts occurs at large —(u & v)/2 values, where one of the
“even” pions is lost, but these are mapped onto wider u regions after projecting.
The most critical region is therefore the high u edge, where any difference in
the way the acceptance-defining central hole is seen by the two beams, due
e.g. to an asymmetric relative mismatch between a beam axis, (which can drift
by ~ 1 mm) and the detector axis, can directly induce a u asymmetry, which
is moreover magnified by the large lever arm due to the distortion occurring
at the edge of the distribution. For this reason software acceptance cuts are
enforced, which are centered on the effective beam axis, independently for K+
and K~ : the momentum-weighted average of the three tracks’ impact points at
the first and last drift chambers are continuously monitored to high precision
from the data, and all tracks are required to cross the first (last) drift chamber
at a radial distance larger than 11.5 (13.5) cm from the average measured
centre of the beam from which they originate. The larger cut at the last drift
chamber accounts for the additional ~ 2 cm lateral displacement due to the
magnetic deflection. On top of the tracking of the time-dependent variations
of the beam axis’ positions, the coupling of such positions to the value of
kaon momentum and their dependence on the spill extraction time, due to
the residual chromaticity of the beam line, are also factored out. The above
acceptance cuts are always larger than the physical dimensions of the beam pipe
hole and properly symmetrize the acceptance without resorting to MonteCarlo
simulation and correction. A conservative limit of §(Ag) = 0.5-107* on the
residual systematic effects is set by studying the result sensitivity to different
acceptance cuts.

The coupling of resolution effects to acceptance variations are minimized
by using a definition of u in terms of the odd pion energy in the centre of mass
frame, which has the best possible resolution in the critical region at large w.

The effects of small residual differences between the “upper” and “lower”
beam paths in the achromats are canceled by periodically reversing (once per
week) also all the magnetic fields along the beam lines, so that the paths of K+
are exchanged. Note that the rather large intensity difference for the positive
and negative beams is irrelevant for the measurement; also, accidental rate
effects affect both K+ events in the same way, since both beams are obtained
simultaneously from the same target.

A complete independent data set (“supersample”) therefore corresponded
usually to a two-week long data-taking period, comprises four K+ and four K~

'During the 2004 data-taking period the period was reduced to a few hours.
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samples with all combinations of beam-line and spectrometer magnet polarities.
The actual ratio R(u) to be fit is obtained as a quadruple ratio of K+ /K ~:

R(u) = RuysRysRpsRps ~ R(1+4Agu)

where the subscript U (D) relates to the beam line magnets’ polarities, denot-
ing a sample in which KT travel along the upper (lower) beam path in the
achromatic magnet sets, while the subscript S(J) relates to the spectrometer
magnet polarity, denoting a sample in which particles with the same charge
as the beam from which they originate are deflected to the right (left) in the
spectrometer (i.e. towards the Saleve (Jura) mountains respectively).

The above ratio exploits several cancellations: beam line differences - by
comparing K+ and K~ traveling along the same paths, detector asymmetries
- by comparing K+ and K~ illuminating the detector in the same way, while
global time-dependent effects are canceled by the simultaneous detection of
K+ and K~ events. The only residual effects which can induce a spurious
asymmetry are therefore detector left-right asymmetries which vary in time
on a time-scale shorter than that corresponding to a single magnet polarity
configuration.

While the principle of the experiment is such that MonteCarlo simulation
is not required nor used to correct the measurement, a detailed GEANT-based
MonteCarlo program with full detector simulation, including time-varying lo-
cal drift chamber inefficiency and alignment maps and beam line geometry
variations, is used to check the sensitivity of the result to various systematic
effects.

4 Data analysis

The experiment took data in 2003 (50 days) and 2004 (60 days), collecting the
unprecedented sample of ~ 4 -10° K* — 7¥7rt7~ decays, out of a total of
about 200 TBytes of data written to tape.

Apart from the magnetic spectrometer and the scintillator hodoscope, no
other sub-detector is involved in this analysis.

The spectrometer internal alignment was periodically calibrated by using
data from special runs with no magnetic field, in which only beam halo muons
are illuminating the detector Track reconstruction combines hit information
from all four drift chambers, using the measured magnetic field maps scaled
for the measured dipole magnet current, and correcting for the small magnetic
fields due to the vacuum tank magnetization and the Earth’s field, which were
measured before the run.

The vertex-constrained track parameters are used to compute the three-
pion invariant mass with a resolution of about 1.7 MeV /2. Small non-Gaussian
invariant mass tails arise from kink tracks in which a charged pion decayed; in
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order to avoid introducing potential instrumental asymmetries from other sub-
detectors, no muon rejection is applied, which is possible because background is
entirely negligible. The charge symmetry of the muon decay invariant mass tails
has been tested with MonteCarlo to a level corresponding to §(Ag) = 0.4-10~%.

A fine control on the spectrometer internal alignment is obtained by con-
tinuously monitoring the difference in the reconstructed three-pion invariant
masses for K™ and K~ (equal by CPT), which can be induced by a residual
horizontal misalignment between chambers before and after the spectrometer
magnet, at the level of ~ 1.5 keV/um. Tiny relative drifts of the drift chambers’
positions, as small as a few pm per day up to 200 pm were detected in this way,
and the reconstructed momenta were corrected accordingly as p — p(1+ Bgp),
where p is the measured track momentum (in GeV/¢), ¢ its charge sign and 3
a parameter of order 107° GeV ! related to the measured mass difference for
positive and negative events.

While each spectrometer magnetic field reversal was preceded by a full
degaussing procedure, the reproducibility of the absolute magnitude of the field
integral, and its equality for both polarities, can be controlled online only to
within ~ 1073, Effects induced by smaller magnitude differences are canceled
by the fact that geometric acceptance cuts were defined with respect to the
average beam positions (both before and after magnetic deflection) and by
a continuous momentum recalibration procedure which constrains the recon-
structed three-pion invariant masses to its nominal (PDG) value with ~ 10~°
precision. This recalibration affects both K* events which are collected at the
same time.

The trigger as a potential source of bias due to charge-asymmetric ineffi-
ciencies is studied directly from the data, by using downscaled control samples
collected with alternative trigger conditions uncorrelated to the elements under
scrutiny. Only those parts of the inefficiencies which are correlated to spatial
positions are potentially dangerous, since rate-dependent effects cancel due to
the simultaneous beam scheme. The first level trigger inefficiency is measured
to be small, ~ 7-1074, charge-symmetric and flat in u to good accuracy and con-
stant in time, leading to no correction and an uncertainty of §(Ag) = 0.4-10~4
reflecting the statistical size of the control sample. For the second level trigger
(online track/vertex reconstruction) inefficiencies are larger (0.2 to 1.8%) and
do change in time, being largely related to drift chambers’ wire inefficiencies,
to which the online reconstruction is more sensitive. While no statistically sig-
nificant charge asymmetry or u dependence of the asymmetry was measured,
the size of the collected control sample is not sufficient to exclude such effects
to a high precision, so that a conservative approach is adopted by correcting
each sample by the measured u-dependent trigger efficiencies, and therefore
introducing a significant error due to the statistical power of the above sample.
This turns out to be the largest systematic uncertainty at this stage of the
analysis, although it could be reduced by further study.
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Other possible sources of bias were studied, such as the dependence on
the u computation or the fitting limits (—1 < u < 1 for this result), the effects
due to the uncertainty on the knowledge of the stray magnetic fields, pile-
up effects, inhomogeneities in the spectrometer misalignment, the accuracy of
time-tracking of various changes in the beam geometry and those due to charge-
asymmetric pion interactions. All contributions to the systematic uncertainty
are summarized in table 3.

Table 3: Summary of systematic uncertainties on Ag = 4,2¢ in units of 107,

Acceptance, beam geometry | 0.5

Spectrometer alignment 0.1
Spectrometer magnet 0.1
Pion decay 0.4
u computation and fitting 0.5
Accidental activity 0.3
Total systematic uncertainty | 0.9
Trigger efficiency: level 1 0.4
Trigger efficiency: level 2 0.8
Total trigger uncertainty 0.9
| Total systematic error | 13 ]

5 Preliminary result

The final 2003 sample of K* — 77t 7~ after all cuts contains 1.6-10° events.
The preliminary result is obtained as the average of three independent analysis,
all of them giving consistent results. The results for each of the four super-
samples of 2003 are averaged after trigger efficiency corrections; the results
from all four super-samples are statistically consistent with each other (x2/ndf
= 3.2/3), as shown in figure 2.

The result stability was checked with respect to several variables, such
as kaon energy and decay position, without finding any significant dependence
(see fig. 3).

Null checks were performed by building ratios of events of the same charge,
which are deflected in opposite directions in the spectrometer magnet or which
are distinguished only by the upper or lower path of kaons along the beam
line; any asymmetry in such ratios just reflects instrumental biases coupled to
time variations. Such effects are seen to be at the 10* level and are fully
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Figure 2: Stability of the preliminary result (in terms of Ag) and of null asym-
metries as a function of supersample.

reproduced by the MonteCarlo simulation as due to the time variation of the
detector inefficiencies and beam optics (see fig. 2).
The preliminary result from the 2003 data for the asymmetry A, = Ag2g

(using the average PDG 8) value for the slope parameter g) is:
Ay = (0.5 £ 24500t £ 2. 1gat(trig) £ 2-1yst) - 1074 = (0.5 £3.8) - 107*

This result is consistent with no CP violation, and its precision is one order
of magnitude better than earlier measurements. The systematic uncertainty
can be reduced with further studies and using more data.
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Figure 3: The linear slope difference Ag as a function of kaon energy (left) and
of longitudinal decay vertex position (right).

6 Further prospects

The 2004 data, which is presently being analyzed, contains more data than the
2003 one, of higher quality, so that the control of some systematic uncertainties
is expected to be better, and the proposal goal seems within reach.

Other interesting possibilities being investigated to enhance the quality of
the result include the use of the beam spectrometer information as an additional
tool for systematic checks, and possibly as a means of allowing the measurement
of the slope asymmetry also for events in which one of the pions is outside the
detector acceptance, by using the measured K momentum and direction to close
kinematically the event: such sample, likely affected by different systematic
effects, would be significantly larger and with a different u spectrum, therefore
being interesting as an alternative measurement.

NA48/2 also collected a large sample of K* — 75770 decays (about
2 - 108 in total), from which a measurement of the corresponding slope asym-
metry will be extracted. Despite the lower branching ratio and acceptance for
this mode, its larger Dalitz plot slope compensates, leading to a comparable
statistical uncertainty on the slope asymmetry (e.g. ~ 2.2-107% for 28 - 10°
events in a sub-sample of 2003 data). Systematic uncertainties will be different
in this case, but it is interesting to notice that for this decay the asymmetry
can be computed using practically only information from the electro-magnetic
calorimeter, therefore leading to a rather complementary CP-violation mea-
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surement.

The slope asymmetries for the two 37 decay modes are expected to be
strongly correlated in any given model (albeit such correlation is also affected
by theoretical uncertainties), and the measurement of both would allow to
constrain better the underlying parameters.
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Abstract

We present recent results of measurements of the Unitarity Triangle angles «,
B3 and v made with the BABAR detector at the PEP-II asymmetric B Factory.
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1 Introduction

The measurements of the angles «, # and  of the Unitarity Triangle at the
BABAR and Belle experiments are providing precision tests of the description of
CP violation in the Standard Model (SM). This description is provided by the
Cabibbo-Kobayashi-Maskawa (CKM) quark-mixing matrix 1), which relates
the weak and flavour eigenstates of the quarks in the weak Lagrangian

dr,
Loo=—-% (@L,er.tL) v"Vexm | so | W) +hee. (1)
V2 by
where
Vud Vus Vub
Vokm = Vea Ves Ve (2)
Via Vis Vi
1—’\72 A ] AN3(p — i)
~ —A — 4 AN +0(\)
AN (1 —p—in) —AN? 1

is the 3 x 3 CKM matrix shown here in the Wolfenstein parameterisation 2).

The imaginary coefficient 7 is the source of CP violation.
The CKM matrix is a unitary matrix and using this condition one can

write down several relationships of the following form
D ViV =0 (G #k). (3)

There are six such equations, each of which represents a triangle in the complex
plane. One of these has sides of similar magnitude and also contains some of

the least well constrained CKM matrix elements:
VudVay + VeaVi, + ViaViy = 0. (4)

The triangle, rescaled by W, is illustrated in fig. 1. The internal angles of
c cb
the triangle are given by
ViaVih } P [_ VeaVes VudVJb} |
VuaVi ] ViV VeaVey
This paper will review recent measurements of these CKM angles from the

BABAR collaboration. The BABAR detector and the PEP-II accelerator are
3, 4)

=] | e [22] w

described in detail elsewhere
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Figure 1: The Unitarity Triangle.

2 Measurements relating to

The primary goal of the BABAR experiment was to measure sin2(3 in the so
called “golden modes” that proceed via the decay b — ces, such as B® —
J/ip K9. These channels are considered golden since they are not too challenging
experimentally and are theoretically clean due to the presence of only one weak
phase. The latest BABAR measurement using a data sample of 227 million BB
pairs is: sin24 = 0.722 £+ 0.040 + 0.023 5), Measuring sin2/3 results in a four-
fold ambiguity on 3 itself but one of the four solutions is in excellent agreement
with the predictions of the Standard Model based on experimental knowledge
of other parameters, as can be seen from fig. 2.

2.1 Measurement of the sign of cos2/3

In order to properly test the Standard Model it is important to reduce the
ambiguity on the measurement of 5. The existing four-fold ambiguity can be
reduced to two-fold by determining the sign of cos2/3 6).

The decay B — J/i K* has a dependence on cos2( due to the interference
of the one CP-odd and two CP-even components. This dependence appears in
the time-dependent angular distributions in the observables:

cos(d)| — 61) - cos23, cos(d — o) - cos2f (6)
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Figure 2: The p — 7 plane showing the various constraints on the Unitarity
Triangle.

where §; are the strong phases of the decay amplitudes:
Ai = |A1|615, (7)

Using samples of both neutral and charged decays it is possible to measure
these strong phases up to a two-fold ambiguity:

((5” — (50,6J_ — 60) 4 (—((5” — 50),7T — (6J_ — 50)) (8)

Under this transformation cos(d) — 1) and cos(d1 — dg) change sign and so
the two sets of parameters:

(6] — 00,61 — o, cos2f) < (—(6) — do), ™ — (6L — bo, —cos2B))  (9)

are equivalent, meaning that the sign of cos2( is still ambiguous.
However, it is known from previous experiments that the K*(892) is not

the only contribution in this region of K7 mass and that a broad S-wave is

7).

also present This additional contribution also has an associated strong
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phase, dg, and so a new relative phase enters the problem: v = (dg — dp). The

ambiguity of eq. (8) now becomes:
(5” — 50, 5J_ — (50,’)/) =4 (—(5“ — 50),71’ — ((5J_ — 50), —’y). (10)

The ambiguity on v can be broken however using Wigner’s causality princi-
ple 8), which states that the phase of a resonance rotates anticlockwise with
increasing mass. Since the phase of the S-wave is moving very slowly in the
region of the K*(892) while the phase of the P-wave is moving very rapidly
the relative phase v must rotate clockwise. fig. 3 shows the behaviour of v as
a function of K7 mass for both solutions along with the data from the LASS
experiment 7), which shows remarkable agreement with the one solution that

also obeys Wigner’s principle.
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Figure 3: The relative phase v as a function of K7 mass. The open circles are
“Solution 17, the filled circles are “Solution 2” and the open diamonds are the
LASS data. A global offset of 7 has been added to the LASS data.

With the strong phase ambiguity broken a time-dependent fit can be
performed to the B® — J/ip K*0(K9%7%) data sample in order to extract cos2/3
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and sin208. With sin2 floating in the fit the results obtained are:

cos2f = +3.327076 1027
sin23 ~0.10 4 0.57 + 0.14. (11)

If sin2( is fixed to the world average value of 0.731 we obtain:
cos2f3 = +2.7210-50 £ 0.27. (12)

If cos23 and sin2(3 are considered to be measuring the same angle 3 then cos2(
should be £0.68. A toy Monte Carlo technique is used to determine which of
these solutions is more likely. It is found that the positive solution is preferred
at the 89% confidence level. The projection of the time dependent fit is shown
in fig. 4. This analysis used a sample of 88 million BB pairs.

C Moment

10 -8 6 4 2 0 2 4 6 8 10
At (ps)

Figure 4: Moment of the function weighting the cos23 contribution to the
amplitude. The solid line is the result of the fit with both cos23 and sin2/3
floating. The dashed line corresponds to the preferred value cos23 = +0.68
and the dotted to cos2 = —0.68.
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2.2 sin2f from b — s5s Penguin Modes
The time dependent CP asymmetry for a given B®/B° decay is given by:

I(B°(At) — fop) = T(B(Al) — fep)
= TNfecr Sfcp Sin(AmdAt) — Nfcr Cfcp COS(AmdAt) (13)

Ajep(AL) =

where 75, is the CP eigenvalue of the final state fcp, Amg is the mass differ-
ence between the two neutral B mass eigenstates and At is the time difference
between the decays of the two B mesons. Measurements of the S coefficient
of this CP asymmetry in decay channels dominated by b — sss “penguin di-
agrams” are expected to be equal to 7y, sin23 where sin2f is that measured
in the b — c¢s decays. If the measured values are found to deviate then this
could be an indication of new particles entering in the loop and contributing
to the amplitude. However, care must be taken in the interpretation as small
deviations are expected in some modes due to the presence of SM suppressed
amplitudes with different weak and strong phases.

2.2.1 BY — ¢K? and B — ¢K?

This channel is the most theoretically clean of all the penguin modes in that
it is expected to have no contribution from tree diagrams. This means that
to very good approximation CYy., should be zero and Sy, should be +sin2f3
for KO and —sin23 for K. From a data sample of 227 million BB pairs
BABAR reconstructs 114 +12 ¢ K2 events and 98 18 ¢K? events. Combining
these samples in a time-dependent fit yields the following results 9).

Sero = 0.50£0.25F007

Cpro = 0.00£0.23£0.05 (14)

These results are in good agreement with the SM since C' is zero and S is

consistent with sin23 within 1o.

222 B — KTK~K? excluding pK°

The B® — K+ K~ K? Dalitz plot contains many more events than those simply
due to ¢K? and so can reduce the statistical uncertainty on the measurement
of sin2/3 in these modes. However, there are possible contributions from other
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amplitudes making it theoretically less clean. Additionally, the CP content of
the final state is not known and must be determined. This is achieved using
a moments analysis that takes advantage of the statistical technique known
as sPlot 10). The S- and P-wave intensities are shown in fig. 5 along with
the CP-even fraction, all as a function of KK~ mass. The average number
obtained for the CP-even fraction was 0.89 + 0.08 + 0.06 from the data sample
of 227 million BB pairs. The time-dependent CP fit then yielded the following

results 9):
SK*K*Kg = —-0.42+0.174+0.03
CKJrK*Kg = +40.10+0.14 +0.04 (15)
sin2fB.g = 40.55+0.224+0.04 +0.11

where the third error on sin24 is due to the uncertainty in the CP-even content.
As with the ¢KO results the central value of sin28 is slightly lower than the
SM value but agrees within errors. The C value is again zero within errors.
The time-dependent asymmetries for this mode as well as ¢KY and ¢pK? are
shown in fig. 6.

223 B’ — KYKIK?

This mode, like ¢K©, is very clean from a theoretical standpoint. It is also a
pure CP-even state making the experimental determination simpler. An exper-
imental complication is that there are no tracks originating from the primary
vertex and as such the determination of the vertex separation (essential for a
time-dependent analysis) was thought to be impossible. However, it was found
in the BABAR analysis of B — K%7° that applying a beam-spot constraint

11), Firstly a branching frac-

allows successful vertexing with reasonable errors
tion fit is performed that only uses kinematic and event topology variables and
then a time-dependent CP fit is performed 12) The branching fraction fit yields
88 + 10 signal events from a data sample of 227 million BB pairs, which gives
the following branching fraction: B(B® — K9K9K9) = (6.9702 +0.6) x 106
The CP fit gives the following results:

Skokory = —0.71705 +0.04
Croxory = —0.34%535+0.05 (16)
sin2fer = +0.79+922 4 0.04
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Figure 5: S- and P-wave intensities and CP-even fraction as a function of
KK~ mass.

Again, these results are highly consistent with the SM value of sin23. The
distributions of At for B® and B° tagged events are shown in fig. 7 along with
the time-dependent asymmetry.

2.2.4 Summary of sin2(3 from b — sss Penguin Modes

The results presented above are all consistent with the value of sin2 measured
in the charmonium modes. However, there are measurements in the penguin
modes that are not so consistent, shown in fig. 8, and the average of all the
penguin modes differs from the average of the charmonium modes by 3.70. It
must be emphasised, however, that the theoretical uncertainty on many of the
modes is high, so large deviations may be possible within the Standard Model.
More precise measurements of these modes, particularly the most clean modes
such as ¢K°, are necessary before any conclusions can be drawn about the

presence of New Physics.
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3 Measurements relating to o

The decays of neutral B mesons to the final states hh, where h = p, 7w, are
sensitive to the CKM angle « in the interference between decay and mixing.
The presence of penguin loop diagrams complicates the situation by introducing
additional phases such that the measured parameter is aeg = @+ dpenguin. In
terms of the time-dependent asymmetry defined in eq. (13) the coefficients are

given by:
2Im(Ann) 1— | Apnl?
Spp = ——— 2 = 17
hh T+ ol hh T+ PP (17)
and App, is given by:
1 P _—ia
qgA 2ial = T€ 2ia
)\ = - — = —_— = )\ eff 18
hh P A € 1—%6'“0‘ |Ale (18)

where ¢ and p are the B mixing coefficients and % is the penguin to tree

amplitude ratio, which can be different for 77, pmr and pp.
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3.1 TIsospin analysis in B — hh

Taking the case of B — 7w we can see how isospin symmetry can be employed
to disentangle « from aeg. The following relations can be formed relating the

amplitudes for the decays of B® and B° mesons to various 7 final states 14).

1 1 - _ _
—ATT =AY A0 At = A0 400 19
7 7 (19)
By also noting that

(in the absence of electroweak penguin diagrams) it can be seen that these
decay amplitudes form two triangles with a common base in the complex plane
as illustrated in fig. 9.

Figure 9: Illustration of the B — 7w isospin triangles. § = |a — et

For the modes B — pp there can be up to three such triangles depending
on the angular structure of the decays and for B — pm a pentagon isospin

analysis is required 15) or a Dalitz plot analysis 16),

32 B—anmw

As seen in the last section this is the simplest set of decay modes to study
when attempting to measure . The measurements of the various branching
fractions and CP asymmetries are summarised in tab. 1, where S and C are the
coefficients are defined in eq. (17) and Acp is the charge (tag) asymmetry in the
case of a charged (neutral) B decay. All the measurements are sufficiently well
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Table 1: Summary of BABAR measurements of B — ©r decays.

Mode Bx 1076 S C

atn- 47+06+02 | —0.30£0.17+0.03 | —0.09 £ 0.15 + 0.04
Acp

mE70 58+0.6+0.4 —0.01 +£0.10 £ 0.02

7% | 1.174+0.32+£0.10 —0.12+0.56 + 0.06

established to perform an isospin analysis. However, the value of B(B — 7%7%)
is the limiting factor in this analysis. Its value is too large to allow a tight
bound to be placed on | — aegr| but it isn’t sufficiently large to allow a precision
measurement of this quantity with the current statistics. The limit that results

from the current isospin analysis is: |a—aeg| < 35° at 90% confidence level 13).

33 B—pp

The analysis of B — pp is potentially highly complicated due to the fact that
there are three possible helicity states for the decay. The helicity zero state,
which corresponds to longitudinal polarisation of the decay, is CP-even but
the helicity +1 states are not CP eigenstates. Fortunately this complication
is avoided due to the experimental determination that the longitudinally po-

larised fraction fr, is dominant 17, 18)

19, 20)

. This and other pp measurements are
summarised in tab. 2 . The measurements of the branching fractions of
B — p*p® and B — p°p° indicate that the penguin pollution is small in these
modes compared with B — 7. As such it is possible to perform an isospin
analysis on the longitudinal part of the decay and to place a much tighter bound
on |a — aen|, at the same time as using the results of the CP fit to constrain
a. From this analysis BABAR obtains the confidence level plot shown in fig. 10
and the measurement 20)

a=(96+1045+11)° (21)

34 B —oprm

Previous measurements of this mode have been made using a “quasi-two-body”
approach 21), i.e. cutting out the interference regions of the Dalitz plot (DP)
and analysing the regions containing the p resonances. This approach has the
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Table 2: Summary of BABAR measurements of B — pp decays.

Mode Bx107° fr S C

ptp~ 30£4+5 | 0.99+0.03£0.04 | —0.19+£0.33+0.11 | ~0.23+£0.24 +0.14
Acp

prp? | 225737 £58 | 0.975003 £0.04 —0.19£0.23 £0.03

P’ | <11 90% C.L.

cL

——
~

—

T
A
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Figure 10: Plot of the confidence level of the CKM angle o from the BABAR
isospin analysis of B — pp.

advantage that it avoids the need to understand the interference effects but by
cutting out those regions of the DP statistical power is lost. Additionally, the
statistics available to the B factories are not sufficient to perform the pentagon
isospin analysis that is necessary in these modes. The measurements reported
here are the results of the first attempt by either of the B factories to perform
a time-dependent Dalitz plot analysis of a B decay mode 22) This Dalitz
analysis models the interference between the intersecting p resonance bands and
so determines the strong phase differences from the Dalitz plot structure. The
Dalitz amplitudes and time-dependence are all contained in various complex
parameters within the likelihood fit. The values obtained for these parameters
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are then converted back into the quasi-two-body CP observables, which are

more intuitive in their interpretation and are defined in 21).
S = —-0.104+0.144+0.04
C = 0344+0.114+0.05 (22)
Acp = —0.0884+0.049 £0.013

Using isospin with these results the confidence level plot shown in fig. 11 is
obtained and the following constraint is placed on a:

o= (113737 +6)°. (23)

This result is of particular value because there is a unique solution between 0
and 180°, which helps to break the ambiguity on the pp result, which is in itself
more precise. The direct CP violation parameters C and Acp can be combined
into more intuitive variables A}~ and A, which give the charge asymmetry
in the modes where the p and the 7 respectively is emitted by the W boson.
The contour plot for these observables can be found in fig. 12, which shows

that there is a hint of direct CP violation at the 2.9¢ level.

' BABAR

preliminary

08 [

C.L.

04 [

02 |

0 30 60 90 120 150 180
a (deg)

Figure 11: Plot of the confidence level of the CKM angle o from the BABAR
isospin analysis of B — pm.
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Figure 12: Plot of the confidence level contours for the direct CP violation
observables At~ and A_*.

3.5 Combined results for «

Combining all the BABAR results on « presented above gives the measurement:
a=(103135)°. (24)

The confidence level plot of each individual measurement and the combined
result is shown in fig. 13. Also included in the plot is the result for a from the
global CKM fit not including the direct constraints from these results. The
agreement is excellent.

4 Measurements relating to ~

Sensitivity to the CKM angle v occurs in decay modes that have contributions
from diagrams containing b — ¢ and b — wu transitions that interfere with
one another. The size of the interference, and hence the sensitivity to -, is
determined by the relative magnitudes of the two processes. The two diagrams
being considered here are those of Bt — D°K+ and BT — D°K™, which are
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Figure 13: Plot of the confidence level contours for the CKM angle « using all
BABAR measurements as an input. The blue point with error bar is the result
of the full CKM fit without the direct constraints on a.

illustrated in fig. 14. In order for these two processes to interfere it is required
that the final state be the same. Here we examine the decay of the D° and D°
to Kontm—.

In this decay mode, there are four unknowns

®* 7,

_ |ABT—=D°K™)|

[ ] = —
"B = [ A(BT—DOKY)|

e {p - the strong phase of the B decay and
e 0p - the strong phase of the D decay.

This last parameter is eliminated by using the Dalitz plot structure of the
D% — K97~ decay in the likelihood fit. This is determined by performing
a full Dalitz plot analysis of this D decay mode using a very high statistics
sample of D*T decays. The resulting amplitude model is then fixed and used
as the f terms in the following expressions:

My(m?,m2) = [A(B* = D°K*)| [f(m3,m2) + rpee f(m? m?)]
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Figure 14: Diagrams for the decays BT — DYK* and Bt — DK™, which
are sensitive to the angle 7 in their interference if the D° and D° decay to the
same final state.

M_(m2,m?%) = |A(B~ — D°K™)|[f(m%,m2) +rpe??e™ f(m%,m?)]
(25)

The fit to the D* sample can be seen in fig. 15.

A simultaneous fit is then performed to both the BT and B~ data samples
in order to determine vy, §p and rg. In addition to the Dalitz plot information,
kinematic and event topology information is used to separate the signal and
background events. The number of signal events was found to be 261+19 for the
DK™ mode, 83411 for the D**(D°7%) K™ mode and 4048 for D*(D%)K .

The results determined are 23):

rp < 0.19(90%CL), 1§ = 0.1557 3579 4 0.040 + 0.020
op=(114+41+8+10)°, &%= (303+£34+ 14+ 10)° (26)
v = (70 + 26 £ 10 4 10)°.

5 Summary

In the last few years the measurements of the angles of the CKM Unitarity
Triangle from the BABAR experiment have become increasingly sophisticated
and precise. New techniques are allowing ambiguities to be resolved and mea-
surements to be performed in modes that were not thought possible when the
B factories were first conceived. The measurements are mostly in excellent
agreement with the Standard Model predictions but there are possible hints of
New Physics in the measurements of sin23 in b — s penguin modes. BABAR
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intends to double its dataset by Summer 2006 and again by 2008 so we can

look forward to further improvement in the measurements of these parameters.
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ANGLES OF THE CKM UNITARITY TRIANGLE MEASURED
AT BELLE
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Abstract

The Belle experiment has used several methods to measure or constrain the an-
gles ¢1, ¢q, and ¢5 (or B, a, and 7) of the CKM unitarity triangle. The results
are sin 2¢; = 0.728 £0.056 (stat) £0.023 (syst) or ¢; = (23.4 fg:ﬁ)o from B® —
J/¢ K° decays (140 tb=1); ¢y = (0—19)° or (71-180)° at 95.4% CL from B° —
7t~ decays (253 tb™1); and ¢5 = [68T]7 (stat) + 13 (syst) £ 11 (model)]O
from B* — (D°, DO)K*, (D°, D°) — K% ntm~ decays (253 fb~!). These val-
ues satisfy the triangle relation ¢; + ¢4 + ¢3 = 180° within their uncertainties.
The angle ¢, is also determined from several b — sgq penguin-dominated de-
cay modes; the value obtained by taking a weighted average of the individual
results differs from the B® — .J/4 K° result by more than two standard devia-
tions. The angle ¢, is constrained by measuring a C'P asymmetry in the decay
time distribution; the asymmetry observed is large, and the difference in the
yields of BY, B® — 77~ decays constitutes the first evidence for direct CP
violation in the B system.
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1 Introduction

The Standard Model predicts CP violation to occur in B meson decays owing
to a complex phase in the 3 x 3 Cabibbo-Kobayashi-Maskawa (CKM) mix-

ing matrix 1) This phase is illustrated by plotting the unitarity condition

ooV + Vi Vg + Vi Vg = 0 as vectors in the complex plane: the phase re-
sults in a triangle of nonzero height. Various measurements in the B system
are sensitive to the internal angles ¢;, ¢, and ¢4 (also known as 3, «, and
7, respectively); these measurements allow us to determine the angles and
check whether the triangle closes. Non-closure would indicate physics beyond
the Standard Model. Here we present measurements of ¢, and ¢, obtained by
measuring time-dependent C'P asymmetries, and a measurement of ¢, obtained
by measuring an asymmetry in the Dalitz plot distribution of three-body de-
2)

cays. The results presented are from the Belle experiment </, which runs at the

KEKB asymmetric-energy e*e™ collider 3) operating at the T (4.5) resonance.
In Belle, pion and kaon tracks are identified using information from time-
of-flight counters, aerogel Cerenkov counters, and dF/dzx information from the

central tracker 4). B decays are identified using the “beam-constrained” mass
M,.= /E?,,. — p% and the energy difference AE = Ez—E, ., where pp is
the reconstructed B momentum, Fy is the reconstructed B energy, and F,
is the beam energy, all evaluated in the eTe™ center-of-mass (CM) frame. A

tagging algorithm 5) is used to identify the flavor at production of the de-
caying B, i.e., whether it is B or BY. This algorithm examines tracks not
associated with the signal decay to identify the flavor of the non-signal B. The
signal-side tracks are fit for a decay vertex, and the tag-side tracks are fit for
a separate decay vertex; the distance Az between vertices is to a very good
approximation proportional to the time difference At between the B decays:
Az =~ (Byc)At, where (7 is the Lorentz boost of the CM system.

The dominant background is typically ete~— g continuum events, where
g = u,d,s,c. In the CM frame such events tend to be jet-like, whereas BB
events tend to be spherical. The sphericity of an event is usually quantified

via Fox-Wolfram moments 6) of the form hy = 32, ;p;pj Py(cost;;), where i
runs over all tracks on the tagging side and j runs over all tracks on either

the tagging side or the signal side 7). The function P, is the fth Legendre
polynomial and 6;; is the angle between momenta p; and p; in the CM frame.
These moments are combined into a Fisher discriminant, and this is combined
with the probability density function (PDF) for cosfg, where 65 is the polar
angle in the CM frame between the B direction and the z axis (nearly along the
e~ beam direction). BB events are produced with a 1 — cos? 5 distribution
while ¢g events are produced uniformly in cosfy. The PDFs for signal and ¢g
background are obtained using MC simulation and M, -AFE sidebands in data,



A. Schwartz 375

respectively. We use the products of the PDFs to calculate a signal likelihood
L, and a continuum likelihood L, and require that L, /(L + L ;) be above a
threshold.

The angles ¢; and ¢, are determined by measuring the time dependence
of decays to C P-eigenstates. This distribution is given by

dN

anL & e AT {1 — qAw + q(1 — 2w) [ Acos(AmAt) + Ssin(AmAt)] |, (1)
where ¢=+1 (—1) corresponds to B (B?) tags, w is the mistag probability,
Aw is a possible difference in w between B° and B tags, and Am is the B%-B°

mass difference. The CP-violating coefficients A and S are functions of the
parameter \: A= (|]A|*> —1)/(J]A]* +1) and S = 2Im(A\)/(|]A|? + 1), where

_ g AB—f) My AB—p) (vtd m) AB=f)
p ABI=f) "\ My, AB=p) ~ \Viv,) AB=f)

In this expression, ¢ and p are the complex coefficients relating the flavor eigen-
states B® and B to the mass eigenstates, M, is the off-diagonal element of the
B°-B° mass matrix, and we assume that the off-diagonal element of the decay
matrix is much smaller: I'y, < M;,. If only one weak phase enters the decay
amplitude A(B® — f), then [A(B® — f)/A(B° — f)] = 1 and A = n,e'?,
where 1y = =+1 is the C'P of the final state f. For the final states discussed
here, |0 = ¢, or ¢,.

2 The angle ¢,

This angle is most accurately measured using BY — J /1 K° decays!. The decay
is dominated by a b— c¢s tree amplitude and a b— scc penguin amplitude. The
latter can be divided into two pieces: a piece with ¢ and ¢ in the loop that has
the same weak phase as the tree amplitude, and a piece with v and ¢ in the loop
that has a different weak phase but is suppressed by sin? 0 relative to the first
piece. Due to this suppression, A(B?— f) is governed by a single weak phase:
Arg(V,, V). The ratio A(B® — J/v K2)/A(B® — J/¢ K9) includes an extra
factor (p/q) g = V5, V. / (Vg Vi) to account for the K © oscillating to a K2, and
thus A = — [V, Vit / (Vi Vi) IV, Vi (Vi Vil (V3 Vi (Vg V)] = =291,
The C'P asymmetry parameters are therefore S = sin 2¢,, A = 0. To determine

&1, we fit the At distribution for S; the result is sin 2¢; = 0.728 £0.056 (stat)

!This measurement includes B® — J/¢ K9, J/¢Y K?, ¥(2S)K2, x. K%,
n. K%, and J/¢ K*0(K*° — K%7°); we use “B° — J/¢ K°” to denote all
six modes.
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Table 1: Decay modes used to measure sin 2¢,, the number of candidate events,
the value of sin2¢, obtained, and the parameter A obtained [see Eq. (1)]. The
B — J/vy K° result corresponds to 140 fo=1 of data; the other results corre-
spond to 253 bt of data.

| (CP) Mode Candidates sin 2¢, A |
(=) I/ K 2285
() 15 K§ 2332 0.728 £ 0.056 =+ 0.023 -
(=)o K 189 £ 14 0.08 + 0.33 £ 0.09 0.08 £0.22 +0.09
(+)p K? 36 +£15
(£)KTK-KY 398 +£28 0.74 £ 0.27 7059 —0.09 £0.12 £0.07

(+ = 83%)

(+) f,(980) K9 94 +14 —0.47 £ 0.41 &+ 0.08  —0.39 £ 0.27 £ 0.09
(+) KIK2KY 88 £13 —1.26 & 0.68 +0.20 0.54 +0.34 +0.09
(-)n' K3 512 + 27 0.65 + 0.18 £ 0.04 —0.19 £0.11 £0.05
(-)mO KY 247 +25 0.32 4+ 0.61 £0.13 —0.11 4 0.20 £ 0.09
() wKY 31+7 0.76 + 0.65 7013 0.27 £0.48 £0.15

0.023 (syst), or ¢, = (23.4 f%:i)o (the smaller of the two solutions for ¢;). The
fit result for A yields [A| = 1.007 £0.041 (stat) £0.033 (syst), in agreement with

the theoretical expectation. These results correspond to 140 fb~! of data 8).

There are several decay modes that proceed exclusively via penguin am-
plitudes (e.g., B® — ¢ K° proceeding via b — s5s) or else are dominated by
penguin amplitudes (e.g., BY — (' /w/7°)K° proceeding via b — sdd) but
have the same weak phase as the b — ccs tree amplitude. This is because the
penguin loop factorizes into a ¢,t loop with the same weak phase and a u,t
loop with a different weak phase; the latter, however, is suppressed by sin? 0
relative to the former and plays a negligible role. We thus expect these decays
to also have § = sin2¢,, A = 0. There are small mode-dependent corrections
(JAS] < 0.10) to this prediction due to final-state rescattering 9). Table 1 lists
these modes and the corresponding values 10) of sin 2¢; obtained from fitting
the At distributions; Fig. 1 shows these results in graphical form. Neglecting
the small rescattering corrections and simply averaging the penguin-dominated
values gives sin2¢, = 0.40 + 0.13. This value differs from the B® — J/¢ K°
world average value by 2.4 standard deviations, which may be a statistical
fluctuation or may indicate new physics.

3 The angle ¢,

This angle is measured by fitting the At distribution of B® — 7t7~ decays. The
rate is dominated by a b— wud tree amplitude with a weak phase Arg(V,, V.*,).
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Figure 1: Values of sin2¢,; measured in decay modes dominated by b — sqq
penguin amplitudes, for 253 b~ of data. The average value differs from the
world average (WA) value measured in B®— J/1 K° decays.

If only this phase were present, then A = [V, Vi /(Vis V)] [V Vit / (Vi Via)] =
e'?%2 and S = sin2¢,, A = 0. However, a b — duu penguin amplitude also
contributes, and, unlike the penguin in BY — J/¢ K decays, the piece with
a different weak phase is not CKM-suppressed relative to the piece with the

same weak phase. The C'P asymmetry parameters are therefore more compli-
11).

1 P
Aw=-7 (2|7
1 P
S7T7T R <’T

P
R=1-2|=
‘T

cated

sin(dy + 6) sin 6) (3)

2

P
sin(¢; — @) cos § + sin 2¢, — ‘T

sin 2¢1) (4)

2

; (5)

P
cos(¢y + ¢5) cosd + ‘?




378 A. Schwartz

e tagged as a B°

2200 | © tagged asa B®
o
>
o
£
=100
° |
o' L
2 L
0
1
.|
©
£ |
€ o
» [
®
_;_lf.
l;) L
-1 B | | |
-5 0 5
At (ps)

Figure 2: The At distribution of background-subtracted B° B° H7L+7r7 candi-
dates (top), and the resulting CP asymmetry [N(B°)—N(B°)]/[N(B°H+N(B°)]
(bottom). The smooth curves are projections of the unbinned ML fit.

where |P/T| is the magnitude of the penguin amplitude relative to that of the
tree amplitude, J is the strong phase difference between the two amplitudes,
and ¢; is known from B? — J/9 K decays. Since Egs. (3) and (4) have three
unknown parameters, measuring A and S, determines a volume in §-|P/T|-
¢4 space.

The most recent Belle measurement 12) uses 253 b1 of data; the event
sample consists of 666 + 43 B® — 7t7~ candidates after background sub-
traction. These events are subjected to an unbinned maximum likelihood
(ML) fit for At; the results are A, = 0.56 + 0.12 (stat) = 0.06 (syst) and
S,.=—0.67 & 0.16 (stat) &+ 0.06 (syst), which together indicate large C'P vio-
lation. The nonzero value for A__ indicates direct CP violation. Fig. 2 shows
the At distributions for ¢ = +1 tagged events along with projections of the ML
fit; a clear difference is seen between the fit results.

The values of A, and S, determine a 95.4% CL (20) volume in §-|P/T|-
¢ space. Projecting this volume onto the 6-|P/T| axes gives the region shown
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o (degrees)

Figure 3: Projection of the 68.3% CL (dashed) and 95.4% CL (solid) volumes
in 0-|P/T|-¢y space onto the §-|P/T| axes. From the solid contour we obtain
the constraints |P/T|>0.17 and —180° <§ < —4° (95.4% CL).

in Fig. 3; from this region we obtain the constraints |P/T'|>0.17 for any value
of ¢, and —180° < < —4° for any value of |P/T.
The dependence upon ¢ and |P/T| can be removed by performing an

isospin analysis 13) of Bsnr decays. This method uses the measured branch-
ing fractions for B — ntn~, #¥70, 7970 and the C'P asymmetry parameters
A S —,and A, .. We scan values of ¢, from 0°—180° and for each
value construct a x2? based on the difference between the predicted values for
the six observables and the measured values. We convert this x2 into a con-
fidence level (CL) by subtracting off the minimum x? value and inserting the
result into the cumulative distribution function for the x? distribution for one
degree of freedom. The resulting function 1 —CL is plotted in Fig. 4. From
this plot we read off a 95.4% CL interval ¢ = (0—19)° or (71—180)°, i.e., we
exclude the range 20°—70°.

4 The angle ¢,

The angle ¢4 is challenging to measure by fitting the At distribution, as the two
requisite interfering amplitudes have very different magnitudes, and the small

ratio of magnitudes multiplies the ¢5-dependent term [sin(2¢,+¢4+9)] 14) " Ag
an alternative, one can probe ¢5 via interference in the Dalitz plot distribution
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Figure 4: The result of fitting the branching fractions for B — ntn—, ntx0,

7979 and the CP asymmetry parameters A S i —,and A, o, as a func-
tion of ¢y (see text). The vertical azxis is one minus the confidence level. The

horizontal line at 1—CL = 0.046 corresponds to a 95.4% CL interval for ¢,.

of B* — (D% DY) K% decays: the additional phase ¢, causes a difference
between the interference pattern for BT decays and that for B~ decays 15).

We study this asymmetry by reconstructing B¥ — (D°, D®)K* decays
in which the D® or D decays to the common final state K 7*7~. Denoting
m(K3, 7t) = my, m(K2,7m7) =m_, A(D° - K2ntr™) = A(m™,m™), and
AD - Kntn=) = A(m*,m~) = A(m~,m") (i.e., assuming CP conserva-
tion in D® decays), we have

AB* DK+, D' - KS7ntrn™)

Al i)+ re503) A2 )
(6)

AB™—D°K~, D' - K%rtn™) = A(m%,m2)+re'® %) A(m%, m?),
(7)
where D° denotes (D° + D), r is the ratio of magnitudes of the two ampli-

tudes |[A(B* —D°K*)/A(BT—D°K™)|, and § is the strong phase difference

between the amplitudes. The decay rates are given by
. 2
’A(B"' — DK — (K% 7T+7T_)K+)‘ = \A(mi, m2) |2+ r2|A(m?, 7713_)|2 +
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2r[A(m3, m2)||A(m2,m3 ) cos(é + ¢35 +6)  (8)

~ 2
AB™—= DK~ — (K¥ntn )K™)| = r?|A(m2,m%)|* +|A(m%,m2))* +
2r| A(mZ, m2)[|A(m2,m3 ) cos(6 — 65 +6),  (9)

where 6 is the phase difference between A(m3 ,m? ) and A(m? ,m?%) and varies
over the Dalitz plot. Thus, given a D° — Kt~ decay model A(m3,m?2),
one can fit the B* Dalitz plots to Eqs. (8) and (9) to determine the parameters
r, §, and ¢5. The decay model is determined from data, i.e., D® — K ntr™
decays produced via ete™— ce. ~

The data sample used consists of 253 fb~!; there are 209 +16 B* HQOKi
candidates with 75% purity, and an additional 58 + 8 B* — DY*K* (D —

D7) candidates with 87% purity 16)  The background is dominated by ¢g
continuum events in which a real D° is combined with a random kaon, and
random combinations of tracks in continuum events. The Dalitz plots for the
final samples are shown in Fig. 5.

The events are subjected to an unbinned ML fit for r, §, and ¢5. The
decay model is a coherent sum of two-body amplitudes and a constant term
for the nonresonant contribution:

A(er ’ Z a; em m+ ’m2 ) + Qnonres emnomes ) (10)

where a;, a;, and A; are the magnitude, phase, and matrix element, respec-
tively, of resonance j; and [NV =18 resonances are considered. The parameters a;
and «; are determined by fitting a large sample of continuum D®— K§ntn~
decays. The dominant intermediate modes 16) a5 determined from the frac-
tion ['[a;A;|>dm? dm? [ [|A(m% ,m2)|* dm3 dm? are K*(892)*n~ (61.2%),
KY p° (21.6%), nonresonant K2 wtn~ (9.7%), and K§(1430)" 7~ (7.4%).

The central values obtained by the fit are r=0.25, §=157°, and ¢; =64°
for Bt — DOK™; and r=0.25, § =321°, and ¢5 =75° for Bt — D*OK*. The
errors obtained by the fit correspond to Gaussian-shaped likelihood distribu-
tions, and for this analysis the distributions are non-Gaussian. We therefore
use a frequentist MC method to evaluate the statistical errors. We first obtain
a PDF for the fitted parameters r, d, ¢5 as a function of the true parameters
7, 8, ¢5. We do this by generating several hundred experiments for a given set
of 7, §, ¢4 values, with each experiment having the same number of events as
the data, and fitting these experiments as done for the data. The resulting
distributions for ay =7 cos(d & ¢5) and S, =7sin(d + ¢5) are modeled as Gaus-
sians (G) with mean values @, and ;. and common standard deviation o, and
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Figure 5: Dalitz plots of D° — K%ntn

left), and B~ — D*OK~ (bottom right).

i} 4 decays obtained from samples of
Bt — DK™ (top left), B~ — DK~ (top right), B* — D*°K™* (bottom
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Table 2: Results of the Dalitz plot analysis for r, §, and ¢5. The first error
listed is statistical and is obtained from a frequentist MC method (see text);
the second error listed is systematic but does not include uncertainty from the
DO—>Kg 7t 7~ decay model; the third error listed is due to the decay model.

‘ Parameter ‘ Bt - DOK+ Bt - D*9K+ ‘
r 0.21 +0.08 £0.03 £0.04 0.12 %91 +0.02 £0.04
) 157° £19° £11° £21°  321° +£57° +£11° +21°
by 64° £19° £13° £11°  75° £57° £11° +11°

the product G(ay —a,) - Gla_—a_)-G(By— B4) - G(B_— B_) is used to ob-
tain the PDF P(r, §, ¢5|7, 5, d3). With this PDF we calculate the confidence
level for {7, 6, 3} given the fit values {0.25, 157°, 64°} for Bt — D°K+ and
{0.25, 321°, 75°} for BT — D*OK*. The resulting confidence regions for pairs
of parameters are shown in Fig. 6. The plots show 20%, 74%, and 97% CL
regions, which correspond to one, two, and three standard deviations, respec-
tively, for a three-dimensional Gaussian distribution. The 20% CL regions are
taken as the statistical errors; the values that maximize the PDF are taken as
the central values. Of the two possible solutions (d, ¢3) or (§ + 7, ¢5 + 7), we
choose the one that satisfies 0° < ¢4 <180°.

All results are listed in Table 2. The second error listed is systematic
and results mostly from uncertainty in the background Dalitz plot density,
variations in efficiency, the m2__ resolution, and possible fitting bias. The third
error listed results from uncertainty in the D® — K3 7+ 7~ decay model, e.g.,
from the choice of form factors used for the intermediate resonances and the
¢® dependence of the resonance widths.

We combine the B — D°K* and Bt — D*9K ™ results by multiplying
together their respective PDF’s, taking the parameter ¢; to be common be-
tween them. This gives a PDF for the six measured parameters 7, 6, ¢, 1y
Ty, Oy, Oy @) in terms of the five true parameters 7, d;, 75, 05, 3. The value
of ¢33 that maximizes the PDF is taken as the central value, and the 3.7%
CL interval prescribed by the PDF (corresponding to 1o for a five-dimensional
Gaussian distribution) is taken as the statistical error. The systematic error
is taken from the B — DOK+ measurement, as this sample dominates the
combined measurement. The overall result is

¢s = [687F15 (stat) + 13 (syst) & 11 (decay model) ] ‘.

The 20 confidence interval including the systematic error and decay model
error is 22° < g3 <113°.



384

A. Schwartz

07 % 350 ]
s
o
0.6 | ] 300 ]
0.5 ] 250 97% ]
04| ] 200 h
0.3 ] 150 B
02f ! 1 100 |- i
o1l 50 e ]
0 e . \ i . 0 . I L \/"— \’ A \ .
0 50 100 150 200 250 300 350 50 100 150 200 250 300 350
3 (deg) 3 (deg)
0.7 B 350 ]
s
o
0.6 | 300 ]
0.5 | 250 ]
04 200 |
03| ) . ) 150 |
02f N 7 100 —
0.1 B 50 |
0 ! ! ! ! N ! ! PN ! ! ! ! !
0 50 100 150 200 250 300 35 50 100 150 200 250 300 35

3 (deg)

3 (deg)

Figure 6: Confidence regions for pairs of parameters: the left-most plots cor-
respond to r-¢5 and the right-most plots to 6-¢5. The top row corresponds to
B*  DYK® decays and the bottom row to B¥ — D*OK* decays.
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In summary, the Belle experiment has measured or constrained the an-
gles ¢, ¢y, and ¢4 of the CKM unitarity triangle. We obtain sin2¢, =
0.728 + 0.056 (stat) =+ 0.023 (syst) or ¢, = (23.4727)° with 140 fb~" of data;
¢y = (0—19)° or (71—180)° at 95.4% CL with 253 fb=! of data; and ¢; =
[68 715 (stat) & 13 (syst) =+ 11 (decay model) | ° with 253 fb~! of data. Within
their uncertainties, these values satisfy the triangle relation ¢; + ¢4+ ¢35 = 180°.
The angle ¢; is measured from B° — J/¢ K° decays and also from sev-
eral b — sgq penguin-dominated decay modes; the value obtained from the
penguin modes differs from the B® — J/1 K result by 2.40. The ¢, con-
straint results from measuring the C'P asymmetry coefficients A, and S,
in BY — 7~ decays; the results are A__=0.56 + 0.12 (stat) + 0.06 (syst)
and S, =—0.67 = 0.16 (stat) = 0.06 (syst), which together indicate large C'P
violation. The nonzero value for A__ indicates direct C'P violation; the statis-
tical significance (including systematic uncertainty) is 4.0 . These values also
imply that the magnitude of the penguin amplitude relative to that of the tree
amplitude (|P/T) is greater than 0.17 at 95.4% CL, and that the strong phase
difference (0) lies in the range (—180°, —4°) at 95.4% CL. The ¢4 measurement
is obtained from a Dalitz plot analysis of BT — D®) 0% DO — KYntr~ de-
cays; the statistical significance of the observed (direct) C'P violation is 98%.
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Abstract

Measurements of the sides of the unitarity triangle performed using the data
collected by the Belle detector located on the KEKB collider are reported. One
of the CKM matrix elements |V ;| is measured in two different methods. One is
inclusive measurement of 8(B — X, £v) using the full reconstruction technique.
The other utilizes the branching fractions of exclusive decays, B — nfv and
B — ptv. Also reported is the search for the decay b—dy, whose branching
fraction is related to the CKM matrix element |V 4].
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1 Introduction

Measurements of the sides of the unitarity triangle performed using the data
collected by the Belle detector located on the KEKB collider are reported. One
of the CKM matrix elements |V | is measured in two different methods. One is
inclusive measurement of B(B — X, {v) using the full reconstruction technique.
The other utilizes the branching fractions of exclusive decays, B — m{v and
B — pfv. Also reported is the search for the decay b—dy, whose branching
fraction is related to the CKM matrix element |Vq|.

2 Vyp measurement with semileptonic decays

Measurement of the Cabbibo-Kobayashi-Masukawa matrix element [V | is
crucial to test the Standard Model. Two measurements are performed with
data corresponding to an integrated luminosity of 140 fb~!. One is the inclusive
measurement of the branching fraction 8(B — X, {v) with full reconstruction
tag and the other is the exclusive measurement of (B — 7nfv) or B(B — plv)
with semeleptonic tag.

2.1 Inclusive measurement with Full Reconstruction 1)
In this measurement, one of the B mesons is fully reconstructed to tag the
flavour and to reconstruct the momentum of the B meson. This allows a
precise determination of kinematic properties of semileptonic B decay which
contains a neutrino, such as the invariant mass of hadronic system, myx or
the invariant mass squared of leptonic system, ¢4°. To discriminate B — X, ¢v
events from B — X.fv decays while maintaining the uncertainty from the
theory small, kinematic requirements are applied simultaneously to both mx
and ¢

In the full reconstruction tag, total of about 180 decay modes are tested
to reconstruct full decay chain of the B meson. It covers about 18% of all the
decay channels of B meson. The tagging efficiency is about 0.3% with purity of
50%. An event is required to have only one electron or muon with momentum
in the center-of-mass (CM) frame grater than 0.6 GeV or 0.8 GeV, respectively
and should satisfy —0.2 GeV < AE < 0.05 GeV, where the AE is the difference
between beam energy and the reconstructed B energy in CM frame. By fitting
the beam constrained mass, 1y, distribution, the number of semileptonic event
is extracted as (5.07 + 0.04) x 10% The my, distribution of selected semileptonic
events together with fitted Monte Carlo distributions are shown in Figure 1.

After applying additional selections to suppress B — X.{v events, such
as kaon vetoes or requirement on the missing mass, events are required to
have g* greater than 8 GeV2. To get mx distribution without background, ny.
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distributions are fitted in each myx bins. The distribution is then fitted with two
template distributions obtained from B — X,{v and B — X.fv Monte Carlo
events to extract number of B — X, {v events. Figure 1 shows the background
subtracted my distributions with fitted Monte Carlo distributions. The number
of B — X,{v events in the kinematic region of q2 > 8 GeV? and mx < 1.7 GeV
is extracted as 171+26 events after correcting the detector resolution.

The partial branching fraction, where the kinematic selection is applied,
is then derived by a formula,

Nb—»u i 1

N. b—-u
sl Ssel

ABB — Xylv) =

. Rsel : B(B - XKV), (1)

where Nj_,, and Ny are the measured numbers of B — X, v and semileptonic

events, E';’e_l’“ is the efficiency of the additional selection described above, R

is the ratio of efficiencies to select fully reconstructed semileptonic events
between B — X, {v and semileptonic decays, and B(B — X{v) is the nominal

semileptonic decay branching fractions 2). The measured partial branching
fraction is then extrapolated to the total branching fraction with the relation,
BB — Xutv) = ABB — Xutv)/ fu. ()

The factor f, is obtained using the method based on the shape function
scheme 3). The b quark shape function parameters are determined by fit-

ting the photon energy distribution measured in the Belle B —X,y analysis, 4),

The f, is estimated to be 0.294+0.044. That yields
BB — Xutv) = (3.37+0.50 (stat.) + 0.60 (syst.) + 0.14 (b — u) 3)
+0.24 (b — ¢) + 0.50 (f.,)) x 1073, (4)
where the first two errors are from statistical and experimental systematics,

the next two accounts for the uncertainties in the modeling of b decays, and
the last error comes from the uncertainty in the calculation of the f,.

Finally, |V | is obtained using the PDG formula 2),

Vbl = 0.00424

BB — X Lv) 1.61ps :
( ) p) )

0.002 5

as,
IVl = (554 +0.42 (stat.) + 0.50 (syst.) + 0.12 (b — 1) (6)
+0.19 (b — ¢) £ 0.42 (f,) £ 0.27 (B - [V )) X 1073, (7)

where the last error is due to the uncertainty of the relation between 8 and
Vb in equation (5).
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2.2 Exclusive measurement using D™ ¢v tag 5)

In this analysis the signal side is either B — mfv or B — pfv. To improve
the purity while maintaining the efficiency, the tag side is required to be
D®¢v. Then a kinematic constraint of the double semileptonic decay in the

CM frame is applied as in reference 5). If an event is consistent with the double
semileptonic decay, the variable defined as

sz =1 (Cos2 O, + cos? 08, — 2 cos O3, cos Op, cos 612) (8)

sin 612

must range from 0 to 1 (see Figure 2). This x3 is used in the fit procedure. The
g% is calculated by neglecting the p; of the B mesons.

The numbers of B — 7~ ¢*v and B® — p~¢*v signals are extracted simul-
taneously by fitting the two-dimensional x;-mx distribution. The fit uses four
components namely B » = ¢*v,BY — p~{*v, the other B — X, {v events and
the other B decays. Figure2 shows the projected mx distribution obtained by
the fit.

Figure3 shows the g* distributions extracted from the fit for different
form factor (FF) models. Averaging the result of the fit for different FF models,
the branching fractions are determined as

BB’ - tv) = (1.76 £0.28 +0.20 + 0.03) x 10™* and )
BB — p ) (2.54 +0.78 + 0.85 + 0.30) x 1074, (10)

where the errors are statistical, experimental systematic and error due to FF
uncertainties, respectively. Then the |V ;| is derived using the relation,

BB — 1=C+v, ¢ > 16GeV?)
[Vl =

, 11
1—"rheoTBO ( )

where Iy, is the FF normalization predicted by Lattice QCD(LQCD) and
the Tpo is the B? lifetime. Since the T'yeo is only available for limited decay
mode and for kinematic phase space, only the result for the 7fv mode with
qz >16 GeV? is used to extract |Vl Recently two independent results using
unquenched LQCD calculations become available from two groups, FNAL04
and HPQCD. From these calculations, the |V ;| is calculated as,

V] (3.87 £0.70 £ 0.2270%%) x 107 (FNAL04), (12)
[Vwl = (4.73+0.85+0.27*07}) x 10~ (HPQCD) (13)
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3 Search for b—dy 6)

The b—dy process is a flavour changing neutral current transition via loop
diagrams in the Standard Model. It is suppressed with respect to similar b—sy
process by the CKM factor |Viq/Vis|> ~ 0.04 with a large uncertainly from the
poor precision of [Vi4|. Here the searches for the exclusive decays B — py
and B — wy have been performed. These decays are also suppressed with
respect to the corresponding B — K*y decay by |Vi4/Vis|*. The analysis uses
the data sample of 273 million B meson pairs corresponding to an integrated
luminosity of 253 fb~?.

After the event selection, signal yield is extracted by the unbinned max-
imum likelihood fit to the data in the m,—AE plane, simultaneously for three
signal and the B — K'y modes. The results of the fit is shown in Figure4.
Since there is no significant excess in the fitted results, 90% CL upper limit is
culculated as,

BB - (p,w)y) <14x107° (14)
The significances and limits for individual decay modes are summarized in
Table 1.
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Figure 4: Projections of the simultaneous fit results to my. and AE.

A similar fit is performed by using the ratio of branching fractions 8(B —
(p, w)y)/B(B — K'y) so that some of the systematic errors cancel out. From the
fit a limit of

BB - (p,w)y)/BB — K'y) < 0.035 at 90% CL (15)
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Table 1: Significance and the upper limit for branching fraction.

Mode significance  90%CL upper limit
B — (p, w)y combined 1.9 1.4x107°
B~ > p7y 2.1 2.2x107°
BY — p%y 0.6 0.8x107°
B — wy 0.2 0.8x107°

is obtained. from this result one can constrain |Vi4/Vs| using the relation

3
> (1 —m? )/m%)

BB - (p,0)) _ 0D L 201+ AR), (16)

BB - Ky)

Vi
Vis

(1 - mé/m%)

where C = 0.85 + 0.10 is the FF ratio and the correction factor AR = 0.1 £ 0.1
accounts for the SU(3) breaking effect 7). Finally the limit,

Va

<0.21 (90% CL) 17)

ts

is obtained. This limit is consistent with other measurements of |Vq/ V.
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B; OSCILLATION AND PROSPECTS
FOR Amy; AT THE TEVATRON
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Abstract

Till the start of the LHC, the Tevatron is the only running accelerator which
produces enough Bs mesons to perform Amg measurements. The status - as
it was at the time of the conference - of two different Am analysis performed
both by the CDF and DO collaboration will be presented.
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1 Introduction

The Tevatron collider (Fermilab, Batavia, USA) has a huge b production rate
which is 3 orders of magnitudes higher than the production rate at eTe™ col-
liders running on the Y (45) resonance. Among the produced B particles there
are as well heavy and excited states which are currently uniquely accessible
at the Tevatron, such as for example Bg, B, Ay, 05, B** or BX*. Dedicated
triggers are able to pick 1 B event out of 1000 QCD events by selecting leptons
and or events with displaced vertices already on hardware level.

The aim of the B physics program of the Tevatron experiments CDF and DO is
to provide constraint to the CKM matrix which takes advantage of the unique
features of a hadron collider.

One of the flagship analysis for the Tevatron experiments is to exploit the By
system in order to measure the mass difference (Amy) of the heavy and the
light Bs mass eigenstate. Two different analysis were performed to access Am:
fitting for the By oscillation and measuring the lifetime difference of the heavy
and light B, mass eigenstate. The status of those will be discussed in the
following.

2 Detectors and Triggers

After a 5 year shutdown with major detector and accelerator upgrade, CDF
and DO restarted data taking in March 2001.

Both the CDF and the DO detector are symmetric multi-purpose detectors
having both silicon vertex detectors, high resolution tracking in a magnetic
field and lepton identification.

CDF is for the first time in an hadronic environment able to trigger already
on hardware level on large track impact parameters which indicates displaced
vertices (Figure 1, 2). Thus it is very powerfull in fully hadronic B modes. A
Time-of-Flight system and the energy-loss measurements in the drift chamber
provide particle identification. The CDF detector has a large extension of the
tracking system in radial direction which provides a good mass resolution.

DO has an excellent muon coverage and very good forward tracking which makes
it very strong in J/¥ and semileptonic modes. Additionally the good muon
identification contributes significantly to the performance of the opposite side
muon tagger. DO is currently commissioning a displaced vertex trigger in order
to get better access to fully reconstructed modes, too.

3 Motivation

Figure 3 shows the current status of a common fit of the CKM triangle from
all measurements performed so far. The side of the unitarity triangle opposite
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of the secondary vertex trigger (CDF).  eter of tracks from secondary vertex.

to the angle «y is determined by the measurement of the mass difference of the
By system, Amg, and the lower limits on Am,. The length of this side is
proportional to the CKM matrix-elements |V;qV;;|. The angle v and |ViqV;|
are the less well determined quantities of the triangle, thus measuring them
is crucial to test its unitarity. While the determination of |V;qV,j| from Amy
suffers from large theoretical uncertainties a lot of them cancel in studying
Amg/Ams. A measurement of this ratio would determine the related CKM
elements with 5 % uncertainty only (e.g. see the hatched area in Figure 3).
The range for Am, predicted by the Standard Model is Am, < 24 ps~! while
all Standard Model extentions predict a larger value of at least 30 ps~!. Thus
the measurement of Am, provides a handle to either confirm the Standard
Model or to find evidence for New Physics beyond the Standard Model.

Two different analysis measuring/constraining Amg are uniquely able to be
performed at the Tevatron. The first one is the B, mixing analysis (A(t) ~
D x cos(Amst)) which is especially sensitive to lower Am, values. The second
one is the measurement of the B, decay width difference AI's, which is related
to Amy (in the Standard Model) via the theoretical very clean relation:

Amg 2 m? 8m2. _, ~m?
~og o (= o) () (1)
AT 3T mj 3 my M,

This measurement is at the Tevatron sensitive to high values of Amy.
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Figure 3: Status of the fit for the CKM triangle at the time of the XIX Ren-
contres de Physics.

4 AT Measurement in B, — J/U¢

In order to measure the decay width difference AI'y we need to disantangle the
heavy and light Bs; mass eigentstates and measure their lifetimes separately.
In the Bs system CP violation is supposed to be small (d¢s ~ 0). Thus the
heavy and light Bs mass eigenstates directly correspond to the CP even and
CP odd eigenstates. So the separation of the B, mass eigenstates can be done
by identifying the CP even and CP odd contributions.

Generally final states are mixtures of CP even and odd states, but for pseu-
doscalar particles such as the By decaying into two vector particles such as the
J/WU and the ¢ it is possible to disantangle the CP even and CP odd eigen-
states by an angular analysis. The decay amplitude decomposes into 3 linear
polarization states with the amplitudes Ao, A and A with

|Ao|® + |4y |* + |AL]* = 1. (2)

Ap and Aj correspond to the S and D wave and are therefore the CP even
contribution, while A, corresponds to the P wave and thus to the CP odd
component.

Fitting at the same time for the angular distributions and for the lifetimes it
is possible to measure the lifetimes of the heavy and light Bs; mass eigenstate.

A similar angular analysis has been already performed by the BABAR
and BELLE collaboration in the B; — J/WK*? mode. This mode has as well
been studied at the Tevatron as a cross check for the By — J/¥¢ analysis
(Figure 4).



S. Menzemer 399

CDF Run Il Preliminary L~260 pb"

L Bd — J/w K*O —CDF Run Il

k [ Babar 2001
[l Belle 2002

Imaginary Axis

AO
w AL

[ 1o contour

-1 0 1
Real Axis

Figure 4: Angular analysis of the By — J/WK*® mode. BABAR, BELLE and
CDF results are in good agreement.

In order to perform this analysis first of all a By — J/¥¢ signal has to be
established. Both experiments have measured the By mass and lifetime (Figure
5, 6) and obtain the following results, where the lifetime 7, is measured with
respect to 74 from the topological similar decay By — J/WK*:

M(Bs) = 5360+5MeV/c* (DO) (3)
M(By) = 5366.01 «+0.73(stat) + 0.033(syst)MeV/c* (CDF) (4)
To/Ta = 0.98070 57 (stat) & 0.0003(syst) (DO) (5)
Ts/Ta = 0.980 £ 0.072(tot) (CDF) (6)
e EF
E %103%, (a) DY
3 ¢ ©
8 so- 1 &
:5‘1 527535 5. x 56, 107 505~ 0005 6709502 5 0.3
Invariant Mass (GeV/c") Proper Decay Length (cm)

Figure 5: Mass of Bs — J/W¢ can-  Figure 6: Average lifetime of Bs —
didates from DO. J/W¢ candidates from DO.
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Figure 7: Definition of the transversity frame and the transversity angles.

The angular analysis has been performed in the transversity basis in the
J/ U rest-frame which is introduced in Figure 7. The both kaons of the ¢ decay
define the x-y plane, the flight direction of the ¢ defines the positive x-axis
and the positively charged kaon the positive y-axis. The flight direction of
the positively charged muon of the J/¥ decay defines the positive z-axis. The
angles used in this analysis are § and ®, the polar and azimuthal angle of the
u and ¥ the helicity angle of the ¢.

The fit projections of the common fit of the both lifetimes and the angular
distributions for the CDF and for the DO analysis are shown in Figure 8.

8
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Figure 8: Fit projections of the common fit of the angular distribution in the
transversity frame and the two different By lifetimes, CDF (left), DO (right).
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The following results are obtained by the CDF analysis 1) (Figure 9, 10):

|AL] = 0.354+0.098 4 0.003 (7)
Ay = 0.784+0.039 + 0.007 (8)

7, = 1051015 £ 0.02ps (9)

Tm = 2.0770% £0.03ps (10)
AT/T 0.6510:35 £ 0.01 (11)
AT = 047703 +£0.01ps™* (12)

With about 200 signal events CDF finds a large value for the lifetime
difference which is about 2.5 ¢ way from being zero and about 20 away from
the Standard Model predictions of AT';/T's = 0.12. The CDF results favors
high values of Amg but is currently statistically limited. The systematic un-
certainties are very small thus this is a beautiful measurement ones more data
is available. The DO result of this analysis was on the way but not yet available

at the time of this conference. It can be found in 2).

5 B Mixing

The dominant Feynman diagrams describing the mixing processes are shown
in Figure 11. The probability that a B meson decays at proper time ¢ and has
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Figure 11: Feynman diagrams for dominant Bs mizing processes.

or has not already mixed to the B state is given by:

1
Punmiz(t) =~ 5(1 + cos Amt), (13)

Q

Priz(t) %(1 — cos Amit). (14)
The canonical B mixing analysis, in which oscillations are observed and the
mixing frequency, Am, is measured, proceeds as follows. The B meson flavor
at the time of its decay is determined by exclusive reconstruction of the final
state. The proper time, ¢ = mpL/pec, at which the decay occurred is deter-
mined by measuring the decay length, L, and the B momentum, p. Finally the
production flavor must be tagged in order to classify the decay as being mixed
or unmixed at the time of its decay.

Oscillation manifests itself in a time dependence of, for example, the mixed
asymmetry:

Nmmed (t) - Nunmiaced (t)

miz(t) =
A ( ) Nmimed(t) + Nunmized(t)

= —cos Amt (15)

In practice, the production flavor will be correctly tagged with a probability
P,qg which is significantly smaller than one but larger than one half (which
corresponds to a random tag). The measured mixing asymmetry in terms of
dilution, D, is

At (t) = DApic = —D cos Amt (16)
where D = 2P, — 1.

Figure 12 illustrates the mixed asymmetry for Amg = 0.5 ps ~* and for a
fictive Amg value of 20 ps~!, which is within the Standard Model expectations.
This clearly demonstrates the need for good proper decay time resolution in
order to resolve such a high Am, mixing frequency.

The second important ingredient for a mixing analysis is the flavor tagging.
As the examined decays are flavor specific modes the decay flavor can be de-
termined via the decay products. But for the production flavor additional
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5%.

information from the event has to be evaluated in order to tag the event. A
good and well measured tagging performance is needed to set a limit on Amy.
The last component are the Bs candidates. Sufficient statistic is need to be
sensitive to high mixing frequencies.

Figure 13 shows the current status of the Bs; mixing measurement. The world
average for the mass difference Amy is 14.5 ps~! @ 95 % CL which is a com-
bination of 13 measurements from LEP, SLD and CDF I.

5.1 Flavor Tagging

There are two different kinds of flavor tagging algorithms, opposite side tagging
(OST) and same side tagging (SST), which are illustrated in Figure 14. OST
algorithms use the fact that b quarks are mostly produced in bb pairs, therefore
the flavor of the second (opposite side) b can be used to determine the flavor
of the b quark on the signal side.

5.1.1 Jet-Charge Tagging

The average charge of an opposite side b-jet is weakly correlated to the charge
of the opposite b quark and can thus be used to determine the opposite side
b flavor. The main challenge of this tagger is to select the b-jet. Information
of a displaced vertex or displaced tracks in the jet help to identify b-jets. This
tagging algorithm has a very high tagging efficiency but the dilution is relatively
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]

Figure 14: Left: Sketch of different tagging algorithms; Right: Same-side kaon
tagging.

low. By separating sets of tagged events of different qualities e.g. how b like
the jet is, it is possible to increase the overall tagging performance.

5.1.2  Soft-Lepton-Tagging

In 20 % of cases the opposite b decays semileptonically either into an electron
or a muon (b — I~ X). The charge of the lepton is correlated to the charge of
the decaying B meson. Depending on the type of the B meson there is a certain
probability of oscillation between production and decay (0 % for B, 17.5 %
for By and 50 % for Bs). Therefore this tagging algorithm already contains
an intrinsic dilution. Another potential source of miss-tag is the transition
of the b quark into a ¢ quark which then forms a D meson and subsequently
decays semileptonically (b — ¢ — I~ X). Due to the different decay length and
momentum distribution of B and D meson decays this source of miss-tag can
mostly be eliminated.

5.1.3 Kaon-Tagging

Due to the transition chain b — ¢ — s it is more likely that a B meson contains
a K~ than a KT in the final state. Therefore a K~ on the opposite side is
a hint, that there was a b quark on the signal side. This tagging algorithm
heavily relies on the kaon identification power and the capability of separating
kaons from the fragmentation by kaons from the opposite B decay by a good
vertex resolution. At the moment non of the both Tevatron experiments use
an opposite side kaon tagger.
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| GDZ(%) | CDF semileptonic channels DO
SST(Ba) 1.04 £ 0.35 + 0.06 1.00 £ 0.36
Soft 0.56 £ 0.05 1.00 +0.38
Soft e 0.29+£0.03 -
Jet—Q 0.57 +£0.06 ~ 1 (measured combined with SST)

Table 1: Tagger performance of the CDF and D0 experiments as measured on
semileptonic By and B, samples.

5.1.4 Same-Side-Tagging

During fragmentation and the formation of the Bj,s meson there is a left over
5/d quark which is likely to form a K+ /7% (Figure 14). So if there is a near
by charged particle, which is additionally identified as a kaon/pion, it is quite
likely that it is the leading fragmentation track and its charge is then correlated
to the flavor of the B4 meson. While the performance of the opposite side
tagger does not depend on the flavor of the B on the signal side the SST
performance heavily depends on the signal fragmentation processes. Therefore
the opposite side performance can be measured in By mixing and can then be
used for setting a limit on the By mixing frequency. But for using the SST for
a limit on Amg we have to heavily rely on Monte Carlo simulation. The SST
potentially has the best tagger performance, but before using it for a limit,
fragmentation processes have to be carefully understood.

5.2 Amg Measurement and Calibration of Taggers

For setting a limit on Amg the knowledge of the tagger performance is crucial.
Therefore it has to be measured in kinematically similar By and BT samples.

The Am, and Amg analysis is a complex fit with up to 500 parameters
which combine several B flavor and several decay modes, various different tag-
gers and deals with complex templates for mass and lifetime fits for various
sources of background. Therefore the measurement of Amy is beside the cali-
bration of the opposite side taggers very important to test and trust the fitter
framework although the actual Amg result at the Tevatron is not competitive
with the B factories.

D0 measured Amgy applying combined opposite and same side taggers in
semileptonic decay channels with 250 pb~! of data and obtained 3)

Amg = 0.456 + 0.034 (stat) & 0.025 (syst) ps~* (17)

CDF performed two measurements using opposite side taggers only based on
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Figure 15: Asymmetry fit projection Figure 16: Asymmetry fit projection
for Amg using opposite side muon for Amg using opposite side muon
tagger in semileptonic decays (CDF). tagger in semileptonic decays (DO0).

semileptonic 4) and hadronic channels 9) respectively using 355 pb~! of data:
Amg = 0.497 £0.028 (stat) £ 0.015 (sys) ps—' (semileptonic) (18)
Amg = 0.503 +0.063 (stat) £ 0.015 (sys) ps—' (hadronic) (19)

An example of the fitted asymmetry using the opposite side muon tagger on
the semileptonic decay modes is displayed in Figures 15, 16. The measured
tagging performances are listed in Table 1.

5.3 Amplitude Scan

An alternative method for studying neutral B meson oscillations is the so called

“amplitude scan”, which is explained in detail in Reference 6). The likelihood
term describing the tagged proper decay time of a neutral B meson is modi-
fied by including an additional parameter multiplying the cosine; the so-called
amplitude A.

The signal oscillation term in the likelihood of the Am thus becomes

1+ AD cos(Amt)
o
2

c (20)

The parameter A is left free in the fit while D is supposed to be known
and fixed in the scan. The method involves performing one such A-fit for
each value of the parameter Am, which is fixed at each step; in the case of
infinite statistics, optimal resolution and perfect tagger parameterization and
calibration, one would expect A to be unit for the true oscillation frequency
and zero for the remaining of the probed spectrum. In practice, the output
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Figure 17: Amplitude scan for Amg in hadronic decay modes (CDF). The scan
is compatible with 1 around the result of the actual Amy fit.

of the procedure is accordingly a list of fitted values (A4, ga) for each Am
hypothesis. Such a Am hypothesis is excluded to a 95% confidence level in
case the following relation is observed,

A+1.645-04 <1

The sensitivity of a mixing measurement is defined as the lowest Am
value for which 1.645 04 = 1.

The amplitude method will be employed in the ensuing Bs mixing anal-
ysis. One of its main advantages is the fact that it allows easy combination
among different measurements and experiments.

The plot shown in Figure 17 is obtained when the method is applied to the
hadronic By samples of the CDF experiment, using the exclusively combined
opposite side tagging algorithms. The expected compatibility of the measured
amplitude with unit in the vicinity of the true frequency, Amg = 0.5 ps™1, is
confirmed.

However, we observe the expected increase in the amplitude uncertainty
for higher oscillation frequency hypotheses. This is equivalent to saying that

the significance is reduced with increasing frequency.
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Figure 18: Reconstructed semileptonic By decays for Amg analysis (DO0).

5.4 Reconstructed By Decays

DO exploits the high statistics muon trigger to study semileptonic By de-
cays. About 10,000 Bs candidates have been reconstructed in the Bs; —
uX Dy, (Ds — ¢m) mode in 250 pb~! of data. Additionally 5,000 B, candi-
dates were reconstructed when D, — K*'K, (K*Y — Kr) decays were added
(Figure 18).

Due to the missing neutrino the By momentum in semileptonic decays is not
fully reconstructed. Thus a correction factor obtained from Monte Carlo sim-

ulation (K factor) has to be introduced in order to extract the proper decay
time of the By meson.

Ly, * M(B) _ Ly, M(B)
pr(B)  pr(tD)

This introduced an additional uncertainty on the proper decay time. The max-
imal reach of sensitivity of the By mixing for semileptonic modes is limited by
the proper decay time resolution.

DO is currently working on reconstructing fully hadronic By decays on the non
trigger side in this sample and profiting from the trigger muon as opposite side
muon tag.

cT = * K (21)

CDF performs the B; mixing analysis using both fully reconstructed By
decays (Bs — D) obtained by the two track trigger and semileptonic decays
(Bs — ¢X D) collected in the lepton+displaced track trigger (Figure 19). In
both cases the D is reconstructed in the Dy — ¢m, Dy — K*°K and D, —
mrm modes. Altogether those are about 700 hadronic and 8000 semileptonic
B, candidates in 355 pb~! of data. The proper modelling of the background
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Figure 19: Reconstructed Bs decays for Amg analysis (CDF) in the Dy — ¢
mode.

especially in the hadronic modes from reflections and partial reconstructed B

candidates is one of the challenges on the way to the By mixing analysis.

For the semileptonic decays the background including a real D meson is hard to

reject and to measure and thus is the largest source of systematic uncertainties,

although the mixing analysis is by far dominated by the statistic uncertainties.
The results of the By mixing analysis from both experiments, CDF and

DO, using those decays were not ready in time for this conference, but they

have been presented a few days later and can be found in 8), 7).

For the first time in RUN II CDF and DO have performed a Amgs mixing
analysis, which is a very complex measurement. We have prooven to be able to
do it and further improvements are expected, e.g. by adding additional decay
modes and by using same side tagging.

6 Conclusion

Two different analysis to measure Amg have been presented, which are per-
formed both by the CDF and DO collaboration. The measurement of the decay
width difference AI'y of the heavy and light B, mass eigenstate is especially
sensitive to high Amg, values. The Bs mixing analysis is sensitive to lower
values. Together they have the ptotential to cover the hole range of possible
Amg values in the Standard Model and as well beyond. Those analysis cur-
rently suffer from lack of statistics, but there principle feasability has been
demonstrated, thus we expect soon to get further constraints on Amg from the
Tevatron experiments.
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HOW LARGE ARE CP EFFECTS PRODUCED BY DIFFERENT
MECHANISMS OF CP VIOLATION IN K* — 31 DECAYS

E. Shabalin
Institute for Theoretical and Experimental Physics,
B. Cheremushkinskaya 25, Moscow, Russia

Abstract

The CP-odd difference of the slope parameters Ag = (g% — ¢7) /(g + g7)
characterising the energy distributions of "odd” pions in K* — 37 decays
is studied. For K* — 707%7% decays, Ag is expressed through the known
experimental characteristics of K — 27 decays and is fixed around 2 - 1076 .
But for K* — ntn%n¥ decays, where the electroweak penguin contriburions
increase the QCD penguin contribution, Ag could be one order larger.
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1 Introduction

The Collaboration NA48/2 at CERN looks now for CP-odd difference in energy
distributions of ”odd” pions in decays

K* — gtptg™ (7-decay) ()
K* — n0n0n* (1'-decay)

This difference is characterised by the parameters g, gf, defined by the rela-
tions

|M (K*(k) — 7 (p1)7* (p2)7 T (p3)) > ~ 1+ g7Y + .. (2)
|M (K*(k) — 7°(p1)7" (p2)7t (ps)) > ~ 1+ g5Y + ... (3)

where
V=(ss—so)fmi,  ss=(k—ps)  so=gmkml.o (1)

The difference is generated in Standard Model (SM) by the complex coupling
constants figurating in so-called QCD penguin (QCDP) diagrams and elec-
troweak penguin (EWP) diagrams. For some observables, in particular, for &
in K% — 27 decays,the QCDP and EWP contributions are of opposite signs
that leads to considerable decrease of this parameter [1]. There were many
attempts to calculate QCDP and EWP contributions, but they gave &’ with an
uncertainty of order ten

few-107* < &'/e < few-1073 (5)
Now, when &’ is measured and known with 15% accuracy
e’ /e = (1.67£0.26)103 (6)
it becomes to be possible to clear up the individual role of QCDP and EWP
in direct CP violation. It may be done measuring the quantities
+ _ - + _ -
Ag, = g—; . z:_ . Agy = §7+ — z_ )

in K* — 37 decays.

It will be shown that EWP increases Ag, and decreases Ag,s , and what’s
more, Ag,s turns out to be proportional practically to the same combination
of QCDP and EWP contributions as for ¢’ | Then, Ag,s becomes fixed and the
separate contributions of QCDP and EWP may be evaluated from Ag,/Ag;.
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Our analysis is based on employment of the effective AS = 1 non-leptonic
lagrangian in the form proposed in [2]:

L(AS=1)= V2G F sin ¢ cos O Z c;0; ()

where O;_¢ are the 4-quark operators represented in [2] and

3_ _
Or = 557(1+75)d Z;l eq@rn(1 —75)4 9)
q=u,d,s
_ _ 2 1 1
Os=—-12 Y e4(50qr)(@rdL), ¢q= (57 3 —5) (10)

q=u,d,s
The bosonization may be carried out using the relations [3]:

F.r 1
(1 +vs)qx = _W[U - EBQU]M (11)

. - Fr
‘jj'Yu(l +95)qk = l[auU Ut -U - a“UT - T;(mauUT - auUm)]kj (12)

where

2 2
r= #, A~1GeV, F,=93MeV, m = diag{my,mad, ms}
(mu +md)

F
U= ~—~exp(iv2#/Fy 13
7 p(ivV27/Fr) (13)
where 7 is 3 x 3 matrix of pseudoscalar fields.
Using this technics and representing the matrix elements M (K — 27) in

the form ) )
M(K? —atrT) = Agetdo — Ayeid

M(KY — 7970) = Ageido + 2A4,e™2 (14)
m(K+ — 7ta0) = —3 Aye2
we obtain 29
AO =K |:Cl —Cg —C3+ ?ﬂ(%65 + ’L%é5)j| (15)
2
Ay =k [64 + igﬂAQC\‘s@(m%{ — mi)_l] (16)
where
2 —m? 2mi

. m
k = GpF, sinf¢c cos o —&
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c—c+3 ¢7 = c7+ 3¢
5 = C5 16 7 =C7 8-

As ¢7/85 ~ aem, we have neglected EWP contribution to Ag.
From data on K — 27 rates one obtains [4]:

cs4 =0.328, c1—ca—c3+ %[3?}%65 = —10.13.
At ¢1 — co — c3 = —2.89 [2],[5]
%6%65 = —7.24.
Using the general relation

; 34 A

! — ei(6a=bo) | _SL0 | B2 17
T
and the experimental value of ¢/, we obtain [6]:

24.36 S REAE 3.32(1£0.15)1074
1-Q%é6 ) 1-0Q ’

(18)

where Q takes into account K — 7n(n’) — 7%7% transitions. A magnitude of
the above quantity will allow to fix Ag,.

2 K¥* — 37 decays

Applying the same technics and taking into account an appearance of CP-
even imaginary parts due to the strong 77 rescattering, we find in leading p?
approximation:

M(K*(k) = 7 (p)n* (p2)7 ¥ (ps)) = %[1+ia+%QTY(HibTﬂ(b}M—a%M)wL---]
(19)
[1+ia+%gT/Y(lJribT/ii(b}{/Mfa}éMwL...]
(20)
where a, b7, b are the CP-even imaginary parts having the same sign for
KT and K~ mesons. a%’?\;, b;{;; are the CP-odd imaginary parts produced
by Kobayashi-Maskawa phase and having the opposite signs for K+ and K~

mesons.
For K* — rtgptg¥ [6].

A = | 2856 + 4636 ( 3A2 + 2)} /co,

bienr = |5 03¢s + 80¢7] /(Co +9c4), ]

a=012, b7 =071, g =-25(1+ %),
K

Co=C —Cy—C3—Cq+ %ﬁ%&5 = —10.46.

M(K*(k) — 7°(p1)n® (p2)n™ (ps)) =

N |
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For K* — 7979+ [7].
! ~ 68A%3é
afey = | B63E + 67}(“7 /co,
! 32 ~ 3B8A%Sé 9
biewr = | F09% + 2P| /(co — %), (22)

b =049, gy o= Ua(1 - ).
K

m 2co
It follows from our formulae that
Agrr = (95 —97)/ (95 +97) = alblens — afear) /(14 ab™). (23)

Replacing 7/ by 7, one obtains Ag, .

’ 1604 e ~ ~
T Ty, = 1 + 27.85¢, /365 24
KM ~ Ok M co(co —9¢1/2) {BSes(1+ Ser/Scs)} (24)

The combination inside the figure brackets is very similar to the combination
(18) defining &’. At © = 0.124 these combinations coincide. Then

Agr = 1.8(1+0.15)107° (25)
At Q=0.25
4.73¢7 /3¢5
1+ 32.483¢7 /3¢5

Ag; =2.1-107° <1 ) ~ 2.4(140.15)1076 (26)

Both values of Q2 do not contradict to the estimates figurating in the literature
( see, for example, [8] ).

For K* — gtgatn®

1664

— (1 —14.345¢7/S¢ 2
00(00—0—904)( 34¢7/3¢s) (27)

bm — A = —
Then ,
—Ag- co—9¢cs/2 14ab™ 1—14.345¢7/S3¢s

=2 28
AgT/ co + 984 1+ ab™ 1+ 278%57/(\\955 ( )

Therefore:
1) If EWP do not play any significant role in direct CP violation, then

~Ag;/Ag, =31 or —Ag,>0.56-107°.
2) If EWP cancel half of QCDP contribution, then
—Agy =7.8Ag, > 1.4-1075.
3) If EWP cancel 3/4 of QCDP contribution,then
—Ag; =17.2Ag. > 3.1-107°.
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3 The role of p* corrections

The role of p* corrections for Ag, was studied in [6]. They increase Ag, by
23%.

As for Ag,s, such examination is not fulfilled so far. But one effect is seen
immediately. Because Agr, ~ a and (a),24p1 = 1.3(a)p2 [6], it is expected,
that

(AGr)eorr = 2.4-107C,

4 Conclusion

1)Ag, is fixed to be around 2.4 - 107°.

2)Ag; could be one order larger.

3) The parallel measurement of Ag, and Ag, will allow to clear up the relative
significance of QCDP and EWP mechanisms in direct CP violation.
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Abstract

Recent highlights in CP violation phenomena are reviewed. B-factory results
imply that CP-violation phase in the CKM matrix is the dominant contrib-
utor to the observed CP violation in K and B-physics. Deviations from the
predictions of the CKM-paradigm due to beyond the Standard Model CP-odd
phase are likely to be a small perturbation. Therefore, large data sample of
clean B’s will be needed. Precise determination of the unitarity triangle, along
with time dependent CP in penguin dominated hadronic and radiative modes
are discussed. Null tests in B, K and top-physics and separate determination
of the K-unitarity triangle are also emphasized.
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1 B-factories help attain an important milestone: Good and bad
news

The two asymmetric B-factories at SLAC and KEK have provided a striking

confirmation of the CKM paradigm 1), Existing experimental information
from the indirect CP violation parameter, ¢ for the K — 77, semileptonic
b — uev and B® — BY mixing along with lattice calculations predict that in

the SM, (sin23) ~ .70 £ .10 2,3, 4), Thisis in very good agreement with the
BELLE and BABAR result 9):

Acp(B® — ¢y K) = sin283 = .726 + .037 (1)

This leads to the conclusion that the CKM phase of the Standard Model (SM)
is the dominant contributor to Acp. That, of course, also means that CP-odd
phase(s) due to beyond the Standard Model (BSM) sources may well cause
only small deviations from the SM in B-physics.

Actually, there are several reasons to think that BSM phase(s) may cause only
small deviations in B-physics. In this regard, SM itself teaches a very important
lesson.

2 TImportant lesson from the CKM-paradigm

We know now that the CKM phase is 0(1) (actually, the CP violation parameter
n is 0(.3) 2,3, 4)) The CP effects that it causes on different observables
though is quite different. In K-decays, the CP asymmetrics are < 1073, In
charm physics, also there are good reasons to expect small observable effects.
In top physics, the CKM phase causes completely negligible effects 6, 7).
Thus only in B-decays, the large asymmetries (often 0(1)) are caused by the
CKM phase. So even if the BSM phase(s) are 0(1) it is unlikely that again in
B-physics they will cause large effects just as the SM does.

3 Remember the m,

Situation with regard to BSM CP-odd phase(s) (xpsar) is somewhat reminis-

8). There was no good reason for m, to be
zero; similarly, there are none for x gy to be zero either. In the case of v/'s,
there were the solar v results that were suggestive for a very long time; simi-
larly, in the case of xpgns, the fact that in the SM, baryogenesis is difficult to
accomodate serves as the beacon.

It took decades to show m, is not zero: Am? had to be lowered from ~

cent of the neutrino mass (m,)
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O(1 — 10)eV? around 1983 down to O(10~%eV?) before m, # 0 was estab-
lished via neutrino oscillations. We can hope for better luck with xpsas but
there is no good reason to be too optimistic; therefore, we should not rely on
luck but rather we should seriously prepare for this possibility.

To recapitulate, just as the SM-CKM phase is 0(1), but it caused only
0(1073) CP symmetries in K- decays, an 0(1) BSM-CP-odd phase may well
cause only very small asymmetries in B-physics. To search for such small
effects:

1) We need lots and lots of clean B’s (i.e. 0(10'%) or more)

2) Intensive study of By mesons (in addition to B’s) becomes very important
as comparison between the two types of B-mesons will teach us how to improve
quantitative estimates of flavor symmetry breaking effects.

3) We also need clean predictions from theory (wherein item 2 should help).

4 Improved searches for BSM phase

Improved searches for BSM-CP-odd phase(s) can be subdivided into the fol-
lowing main categories:

a) Indirect searches with theory input
b) Indirect searches without theory input
¢) Direct searches.

4.1 Indirect searches with theory input

Among the four parameters of the CKM matrix, A\, A, p and n, A = 0.2200 +

0.0026, A ~ 0.850 £ 0.035 9) are known quite precisely; p and 7 still need
to be determined accurately. Efforts have been underway for many years to
determine these parameters. The angles «, 3, v, of the unitarity triangle (UT)
can be determined once one knows the 4-CKM parameters.

A well studied strategy for determining these from experimental data
requires knowledge of hadronic matrix elements. Efforts to calculate several
of the relevant matrix elements on the lattice, with increasing accuracy, have
been underway for past many years. A central role is played by the following

four inputs 2,3, 4).

e By from the lattice with € from experiment

e fpv/Bp from the lattice with Amg from experiment

e ¢ from the lattice with ﬁzs from experiment
d
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ZZZfZ from experiment, along with input from phenomenology especially

heavy quark symmetry as well as the lattice.

As mentioned above, for the past few years, these inputs have led to the
important constraint: sin 28sas ~ 0.70+0.10 which is found to be in very good
agreement with direct experimental determination, Eq. 1.

Despite severe limitations (e.g. the so-called quenched approximation)
these lattice inputs provided valuable help so that with B-Factory measure-
ments one arrives at the very important conclusion that in B — .J/v K the
CKM-phase is the dominant contributor; any new physics (NP) contribution
is unlikely to be greater than about 15%.

What sort of progress can we expect from the lattice in the next several
years in these (indirect) determination of the UT? To answer this it is useful
to look back and compare where we were to where we are now. Perhaps this
gives us an indication of the pace of progress of the past several years. Lattice

calculations of matrix elements around 1995 10) yielded (amongst other things)
sin 23 ~ 0.59+0.20, whereas the corresponding error decreased to around £0.10
around 2001 2). In addition to B, such calculations also now constrain (= 60°)
with an error of around 10° 2).

There are three important developments that should help lattice calcula-
tions in the near future:

1. Exact chiral symmetry can be maintained on the lattice. This is especially
important for light quark physics.

2. Relatively inexpensive methods for simulations with dynamical quarks

(esp. using improved staggered fermions 11)) have become available.
This should help overcome limitations of the quenched approximation.

3. About a factor of 20 increase in computing power is now being used
compared to a few years ago.

As a specific example one can see that the error on By with the 1st use
of dynamical domain wall fermions 12) how seems to be reduced by about a

factor of two 13). Tn the next few years or so errors on lattice determination
of CKM parameters should decrease appreciably, perhaps by a factor of 3. So
the error in sin 28gp; = 0.10 — £0.03; v £ 10° — 4° etc. While this increase
in accuracy is very welcome, and will be very useful, there are good reasons
to believe, experiment will move ahead of theory in direct determinations of
unitarity angles in the next 5 years. (At present, experiment is already ahead
of theory for sin20).
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4.2 Indirect searches without theory input: Elements of a superclean UT

One of the most exciting developments of recent years in B-physics is that
methods have been developed so that all three angles of the UT can be de-
termined cleanly with very small theory errors. This is very important as it
can open up several ways to test the SM-CKM paradigm of CP violation; in
particular, the possibility of searching for small deviations. Let us very briefly
recapitulate the methods in question:

e Time dependent CP asymmetry (TDCPA) measurements in B°, B® —
KO type of final states should give the angle 8 very precisely with an

estimated irreducible theory error (ITE) of < 0(0.1%) 14),

e Direct CP (DIRCP) studies in B* — “K*”D° D° gives v very
cleanly 15, 16)

e TDCPA measurements in B®, B® — “K9 D% DO gives (28 +7) and also
0 very cleanly 17, 18),

e In addition, TDCPA measurements in B; — K Dy type modes also gives

~ very cleanly 19),

e Determination of the rate for the CP violating decay K; — 7lvi is a

very clean way to measure the Wolfenstein parameter 7, which is indeed
the CP-odd phase in the CKM matrix 20).

It is important to note that the ITE for each of these methods is expected
to be < 1%, in fact perhaps even < 0.1%.

e Finally let us briefly mention that, TDCPA studies of B, B — 77 or

P OT pp gives « 21, 22, 23), However, in this case, isospin conservation
needs be used and that requires, assuming that electro-weak penguins
(EWP) make negligible contribution. This introduces some model depen-
dence and may cause an error of order a few degrees, i.e. for a extraction
the ITE may well end up being O(a few %). However, given that there
are three types of final states each of which allows a determination of «,
it is quite likely that further studies of these methods will lead to a re-
duction of the common source of error originating from isopsin violation
due to the EWP.

It is extremely important that we make use of these opportunities af-
forded to us by as many of these very clean redundant measurements as
possible. In order to exploit these methods to their fullest potential and
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get the angles with errors of order ITE will, for sure, require a SUPER-B
Factory(SBF) & 30, 31, 32)

This in itself constitutes a strong enough reason for a SBF, as it represents

a great opportunity to precisely nail down the important parameters of
the CKM paradigm.

4.2.1 Prospects for precision determination of ~y

Below we briefly discuss why the precision extraction of v seems so promising.

For definiteness, let us recall the basic features of the ADS method 24)
In this interference is sought between two amplitudes of roughly similar size i.e.
B~ — K~D% and B~ — K~ DY where the D® and D° decay to common final
states such as the simple two body ones like K7, KTp~, Ktay, K™ 7~ or
they may also be multibody modes e.g. the Dalitz decay K+7~ 7%, KTn~nt7n~
etc. It is easy to see that the interference is between a colored allowed B decay
followed by doubly Cabibbo suppressed D decay and a color-suppressed B decay
followed by Cabibbo allowed D decay and consequently then interference tends
to be maximal and should lead to large asymmetries.

For a given (common) final state of D° and D° the amplitude involves
three unknowns: the color suppressed Br(B~ — K~ D), which is not directly

accessible to experiment 24)7 the strong phase f}f and the weak phase ~.
Corresponding to each such final state (FS) there are two observables: the rate
for B~ decay and for the BT decay.

Thus, if you stick to just one common FS of DY, DY you do not have
enough information to solve for 7. If you next consider two common FS of
D° and D then you have one additional unknown (a strong phase) making
a total of 4-unknowns with also 4-observables. So with two final states the
system becomes soluble, i.e. we can then use the experimental data to solve
not only the value of + but also the strong phases and the suppressed Br for
B~ — K~ D°. With N common FS of D° and D°, you will have 2N observables
and N + 2 unknowns. We need 2N > (N +2) i.e. N > 2. The crucial point,
though, is that there are a very large number of possible common modes of D
and D° which can all be used to improve the determination of ~.

Let us briefly mention some of the relevant common modes of DY and D°:

e The CP-eigenstate modes, originally discussed by GLW 21). Ks [7° n,
'y p% Wl T

e CP-non-eigenstates (CPNES), discussed by GLS 26). K**K= pta—..
These are singly Cabibbo suppressed modes.

e CPNES modes originally discussed by ADS 24, 25), K+*®[r=, p,
aj ...
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e There are also many multibody modes, such as the Dalitz D° decays:
Kgntn~ 27) or K+a—70 25) etc; and also modes such as K~ ntr—nt,
K-ntr7+a°, or indeed K~ 7t +nr 175 28, 29), Furthermore, multi-
body modes such as BT — K;"D° — (K7)*D® or (Knm)*D° 28, 33)
can also be used.

Fig. 1 and Fig. 2 show how combining different strategies helps a great
deal. In the fig. we show x? versus 7. As indicated above when you consider
an individual final state of D and D then of course there are 3 unknowns (
the strong phase, the weak phase (y) and the “unmeasureable” Br) and only
two observables (the rate for B~ and the rate for BT). So in the figure, for
a fixed value of v, we search for the minimum of the x? by letting the strong
phase and the “unmeasureable” Br take any value they want.

Fig. 1 and Fig. 2 show situtation with regard to under determined and over
determined cases respectively. The upper horizontal line corresponds roughly

to the low luminosity i.e. comparable to the current B-factories 30, 32) whereas
the lower horizontal curve is relevant for a super B-factory. In Fig. 1 in blue is
shown the case when only the input from (GLW) CPES modes of D° is used;
note all the CPES modes are included here. You see that the resolution on
then is very poor. In particular, this method is rather ineffective in giving a
lower bound; its upper bound is better.

In contrast, a single ADS mode (K7 7) is very effective in so far as lower
bound is concerned, but it does not yield an effective upper bound (red).

Note that in these two cases one has only two observables and 3 unknowns.
In purple is shown the situation when these two methods are combined. Then
at least at high luminosity there is significant improvement in attaining a tight
upper bound; lower bound obtained by ADS alone seems largely unaffected.

Shown in green is another under determined case consisting of the use of a
single ADS mode, though it includes K*~ as well D*0; this again dramatically
improves the lower bound. From an examination of these curves it is easy to
see that combining information from different methods and modes improves
the determination significantly 28),

Next we briefly discuss some over determined cases (Fig. 2). In purple all
the CPES modes of D° are combined with just one doubly Cabibbo-suppressed
(CPNES) mode. Here there are 4 observables for the 4 unknowns and one gets
a reasonable solution at least especially for the high luminosity case.

The black curve is different from the purple one in only one respect; the
black one also includes the D% from B~ — K~ D% where subsequently the
D% gives rise to a DY. Comparison of the black one with the purple shows
considerable improvement by including the D% . In this case the number of
observables (8) exceeds the number of unknowns (6).
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Figure 1: v determination with incomplete input (i.e. cases when the number
of observables is less than the number of unknown parameters). The upper
horizontal line corresponds to low-luninosity i.e. around current B-factories
whereas the lower horizontal curve is relevant for a SBF. Blue uses all CPES
modes of D°, red is with only KT7~ and purple uses combination of the two.
Green curve again uses on D, DY — K+7~ but now includes K*~ and D*°;
see text for details.

Actually, the D% can decay to D° via two modes: D% — DY + 1 or

D + ~. Bondar and Gershon 34)have made a very nice observation that the
strong phase for the v emission is opposite to that of the m emission. Inclusion
(blue curves) of both types of emission increases the number of observables to
12 with no increase in number of unknowns. So this improves the resolving
power for v even more.

The orange curves show the outcome when a lot more input is included;
not only K—, K—*, DY D% but also Dalitz and multibody decays of D° are
included. But the gains now are very modest; thus once the number of observ-
ables exceeds the number of unknowns by a few (say O(3)) further increase in
input only has a minimal impact.

Let us briefly recall that another important way to get these angles is
by studying time-dependent CP (TDCP) (or mixing-induced CP (MIXCP))
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Figure 2: ~ extraction with over-determined cases. Purple curve shows the
effect of combining GLW (all CPES modes) with one ADS (K7~ ) mode;
black curve differs from purple only in that it also includes D from D*O; blue
curves show the effect of properly including the correlated strong phase between
D% — DY + 7 and D% — D° +~. Orange curve includes lot more input
including Dalitz and multibody modes. see text for details (See also Fig 1).

Adopted from 28).

violation via BY — D°*)“K0”_ Once again, all the common decay modes of
DY and D° can be used just as in the case of direct CP studies involving B*

decays. Therefore, needless to say input from charm factory 29, 35, 36) 150
becomes desirable for MIXCP studies of B® — D) “K0” a5 it is for direct
CP using B*. It is important to stress that this method gives not only the
combinations of the angles (26 ++v = a — 8 + m) but also in addition this

is another way to get 3 cleanly 17, 18) 1y fact whether one uses B* with
DIRCP or B?— BY with TDCP these methods are very clean with (as indicated
above) the ITE of =~ 0.1%. However, the TDCP studies for getting v (with
the use of § as determined from K ) is less efficient than with the use of
DIRCP involving B*. Once we go to luminosities > lab~!, though, the two
methods for + should become competitive. Note that this method for getting
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Table 1: Projections for direct determination of UT.

| | Now(0.2/ab) | 2/ab | 10/ab | ITE ]
sin 2¢; 0.037 0.015 0.015(7) | 0.001
a(¢2) 13° ) | 220 | 1°0)
~(05) | £20° £10° £10° | 5° to 2° | < 1°(7) | 0.05°

( is significantly less efficient than from the ¥ K, studies 17),

Table 1 summarizes the current status and expectations for the near fu-
ture for the UT angles. With the current O(0.4/ab) luminosity between the
two B-factories, v &~ (69 = 30) degrees. Most of the progress on 7 determi-

nation so far is based on the use of the Dalitz mode, D°— > K w7~ 27),
However, for now, this method has a disadvantage as it entails a a modelling
of the resonances involved; though model independent methods of analysis, at
least in principle, exist 17, 27, 28). The simpler modes (e.g. K+7™) require
more statistics but they would not involve such modelling error as in the Dalitz
method. Also the higher CP asymmetries in those modes should have greater
resolving power for determination of v. The table shows the statistical, sys-
tematic and the resonance-model dependent errors on 7y separately. Note that
for now i do not think the model dependent error (around 10 degrees) ought
to be added in quadrature. That is why the combined error of 430 degrees is
somewhat inflated to reflect that. The important point to note is that as more
B’s are accumulated, more and more decay modes can be included in determi-
nation of 7; thus for the next several years the accuracy on v is expected to
improve faster than 1/1/(Ng), N being the number of B’s.

4.3 Direct searches: Two important illustrations

B-decays offers a wide variety of methods for searching for NP or for BSM-CP-
odd phase(s). First we will elaborate a bit on the following two methods.

e Penguin dominated hadronic final states in b — s transitions.

e Radiative B-decays.

Then we will provide a brief summary of the multitude of possibilities
that a SBF offers, in particular, for numerous important approximate
null tests (ANTSs).

4.4 Penguin dominated hadronic final states in b — s transitions

For the past couple of years, experiments at the two B-factories have been
showing some indications of a tantalizing possibility i.e. a BSM-CP-odd phase
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Figure 3: Ezperimental status of sin28 from penguin-dominated modes; taken

from

in penguin dominated b — s transitions. Let us briefly recapitulate the basic

idea.

Fig. 3 show the experimental status 5). With about 250 x 10 B-pairs in
each of the B-factories, there are two related possible indications. In particular,
BABAR finds about a 30 deviation in B — 77/K s. Averaging over the two
experiments, this is reduced to about 2.30. Secondly adding all such penguin
dominated modes seems to indicate a 3.50 effect.

Since B — n/ K seems to be so prominently responsible for the indications
of deviations in the current data sample, let us briefly discuss this particular
FS. That the mixing induced CP in 77le can be used to test the SM was

1st proposed in
the unexpectedly large Br for B — n'Ks. Indeed ref.

37).

37)

This was triggered in large part by the discovery of

emphasized that

the large Br may be very useful in determining sin208 with B — n/Ks and
comparing it with /the value obtained from B — ¥ K. In fact it is precisely the
large Br of B — n K that is making the error of the TDCP measurement the
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smallest amongst all the penguin dominated modes presently studied. Note
also that there is a corresponding proposal to use the large Br of the inclusive

n/Xs for searching for NP with the use of direct CP 38, 39),

Ref. 37) actually suggested use of TDCP studies not just in n,Ks but
in fact also [, 7%, w, p, ¢..] K, to test the SM. These are, indeed most of the
modes currently being used by BABAR & BELLE.

Simple analysis in 37) suggested that in all such penguin dominated
(b — s) modes Tree/Penguin is small, < 0.04. In view of the theoretical

difficulties in reliably estimating these effects, Ref 37) emhasized that it would
be very difficult in the SM to accomodate AS > 0.10, as a catious bound.

4.4.1 Final state interaction effects

40, 37)

The original papers predicting,

ASy =5y —Syr =0 (2)

used naive factorization; in particular, FSI were completly ignored. A remark-
able discovery of the past year is that in several charmless 2-body B-decays
direct CP asymmetry is rather large. This means that FSI (CP-conserving)

phase(s) in exclusive B-decays need not be small 41) | Since these are non-

perturbative 42), model dependence becomes unavoidable. Indeed character-
istically these FSI phase(s) arise formally from O(1/mp) corrections:

e In pQCD 43) 5 phenomenological parameter kp, corresponding to the
transverse momentum of partons, is introduced in order to regulate the
end point divergences encountered in power corrections. This in turn
gives rise to sizable strong phase difference from penguin induced anni-
hilation.

e In QCDF 44), in its nominal version, the direct CP asymmetry in many
channels (e.g B — KTn~, p~7F,7t7~.....) has the opposite sign com-
pared to the experimental findings. Just like in the pQCD approach
where the annihilation topology play an important role in giving rise
to large strong phases, and for explaining the penguin-dominated VP

modes, it has been suggested in 45) that in a specific scenario (S4), for
QCDF to agree with the Br of penguin-dominated PV modes as well as
with the measured sign of the direct asymmetry in the prominent channel
B% — K*t7~, a large annihilation contribution be allowed by choosing
pa =1, ¢4 = —55° for PP, ¢4 = —20° for PV and ¢4 = —70° for VP
modes.
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e In our approach 41), QCDF is used for short-distance (SD) physics;
however, to avoid double-counting, we set the above two parameters [pa,

¢a] as well as two additional parameters [pg, ¢g| that they have 45)
to zero. Instead we try to include long-distance (1/mp) corrections by
using on-shell rescattering of 2-body modes to give rise to the needed FS
phases.

So, for example, color-suppressed modes such as B® — K70 gets impor-
tant contributions from color allowed processes: B — K~ &)zt (pT), D;(*)D+(*
The coupling strengths at the three vertices of such a triangular graph are
chosen to give the known rates of corresponding physical processes such as
BY — Dg*D*(*)7 D* — D + 7 etc. Furthermore, since these vertices are not
elementary and the exchanged particles are off-shell, form-factors have to be
introduced so that loop integrals become convergent. Of course, there is no
way to determine these reliably. We vary these as well as other parameters
so that Br’s are in rough agreement with experiment, then we calculate the
CP-asymmetries.

Recall the standard form for the asymmetries:

L(B(t) — f) ~T(B(t) — [)
L(B(t) = f) +T(B(t) — f)

The TDCP asymmtery (S) and direct CP asymmetry [A; = —Cy (BaBar
notation)] both depend on the strong phase. Thus measurements of direct CP
asymmetry Ay (in addition to Sy) allows tests of model calculations, though
in practice its real use may be limited to those cases where the direct CP

= Sy sin(Amt) + Ay cos(Amt) (3)

asymmetry is not small. This is the case, for example, for p° K¢ and wKg 46)

It is also important to realize that not only there is a correlation between
Sy and Ay for FS in B? decays, but also that the model entails specific predic-
tions for direct CP in the charged counterparts. So, for example, in our model
for FSI, large direct CP asymmetry is also expected in the charged counterparts
of the above two modes.

In addition to two body modes there are also very interesting 3-body
modes such as B — KT K~ Kg5(K1), KsKsKs(Kr). These may also be useful
to search for NP as they are also penguin dominated. We use resonance-
dominance of the relevant two body channels to extend our calculation of LD
rescattering phases in these decays 47),

Tables 2 and 3 summarize our results for AS and A for two body

and 3-body modes. We find that 40: 47) po n Ks, ¢Kg and 3Kg are

cleanest 48), i.e. central values of AS as well as the errors are rather small,
O(a few%). Indeed we find that even after including the effect of FSI, AS in
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Table 2: Direct CP asymmetry parameter A; and the mixing-induced CP
parameter AS}QD +LD for various modes. The first and second theoretical errors

correspond to the SD and LD ones, respectively (see 46) for details). The foKs
channel is not included as we cannot make reliable estimate of FSI effects on
this decay; table adopted from 46)

Final State ASy Ar (%)
SD+LD Expt SD+LD Expt
¢Ks 0.03700, 00, —0.38+020 267055 2 4417
wKg 0.0170 931002 0171830 —13.273971% 484125
0 0.04H0-09+0.08 _ 46. 6+12 9+3.9 B
Ps 10:0070:00 +0 2558
nKg 0.0075 04 000 0.30+0.11 2175500 448
K 0.07+0:02++000 _ _3 7+4 A+14 B
ZO]? O O4+88§+88(1) 70 39+0427 3 7+3 %4»% 3 78 :l: 14
S 0.03—0.01 99-0.29 1.7-0.4

most of these penguin-dominated modes, it is very difficult to get AS > 0.10 in

the SM. Thus we can reiterate (as in 37)) that AS > 0.10 would be a strong
evidence for NP.

Having said that, it is still important to stress that genuine NP in these
penguin dominated modes must show up in many other channels as well. In-

deed, on completely model independent grounds 8), the underlying NP has
to be either in the 4-fermi vertex (bsss) or (bsg, g = gluon). In either case,
it has to materialize into a host of other reactions and phenomena and it is
not possible that it only effects time dependent CP in say B — 7' K, and/or
¢K, and/or 3K,. For example, for the 4-fermi case, we should also expect
non-standard effects in By — ¢(n )K*, BT— > ¢(n ) K+ B, — ¢¢(n)...In
the second case not only there should be non-standard effects in these reactions
but also in By,) — Xs7v, K™y, Bs — ¢v..... and also in the corresponding [~
modes. Unless corroborative evidence is seen in many such processes, the case
for NP due to the non-vanishing of AS is unlikely to be compelling, especially
if (say) AS < 0.15.

4.4.2 Averaging issue

As already emphasized in 37), to the extent that penguin contributions dom-
inate in these many modes and tree/penguin is only a few percent testing the
SM by adding ¥AS¢, where f = Kg + n (¢, 7w, p,n, KsKg...), is sensible at
least from a theoretical standpoint. At the same time it is important to em-
phasize that a convincing case for NP requires unambiguous demonstration of
significant effects (i.e. AS > 0.10) in several individual channels.
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Table 3: Mixing-induced and direct CP asymmetries sin28.g (top) and Aj
(bottom), respectively, in B® — K™K~ Kg and KsKgsKg decays. Results for
(KTK~Kp)cp+ are identical to those for (K™K~ Kg)cps; table taken from
47)

Final State Sin 2 Gef Expt.
(K¥EEs)ors cxonaea 0700 g i G570 1
(KK Ks)ors 07708 LS
(Kt*K~KL)gK, excluded 0. 749t8 Rot0-vatd 80‘; 0.09 + 0.34
KsKsKg 0.748F0- 000 0-000 0007 0.65 £ 0.25
KsKsKy, .74 7S 8000+ 6007
Az (%) Expt.
(K"K~ Ks)pKs excluded 0.160-9570- o —8+10
ols 01350 7550:0F
(Kt*K~Ks)cop+ —0. 09+0 oo+o 27+00
(KTK~KL)gK,, excluded 01607 025 00 —b4+24
KsKsKg 0.7410 e 000000 31+£17
KsKsKy .77+ S 108

4.4.3 Sign of AS

For these penguin-dominated modes, AS; is primarily proportional to the
hadronic matrix element < f|ul'bsT"u|B? >. Therefore, in the SM for sev-
eral of the final states (f), AS; could have the same sign. So a systematic
trend of ASy being positive or negative (and small of O(a few %)) does not
necessarily mean NP.

The situation wrt to ' Kg is especially interesting. As has been known for
the past many years this mode has a very large Br, almost a factor of 7 larger
than the similar two body K 7 mode. This large Br is of course also the reason
why the statistical error is the smallest, about a factor of two less than any
other mode being used in the test. For this reason, it is gratifying that ' Kg
also happens to be theoretically very clean in several of the model calculations.
This has the important repercussion that confirmation of a significant deviation
from the SM, may well come 1st by using the ' Ks mode, perhaps well ahead

of the other modes 49).

4.4.4 Concluding remarks on penguin-dominated modes

Concluding this section we want to add that while at present there is no clear
or compelling deviation from the SM the fact still remains that this is a very
important approximate null test (ANT). It is exceedingly important to follow
this test with the highest luminosity possible to firmly establish that as ex-
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pected in the SM, ASy is really < 0.05 and is not significantly different from
this expectation. To establish this firmly, for several of the modes of interest,
may well require a SBF.

5 Time dependent CP in exclusive radiative B-decays

Br (B — X)) and direct CP asymmetry ac,(B — v7X(q)) are well known

tests of the SM 90> 51, 52, 53)  Both of these use the inclusive reaction where
the theoretical prediction for the SM are rather clean; the corresponding exclu-
sive cases are theoretically problematic though experimentally more accessible.

In 1997 another important test 54) of the SM was proposed which used mixing
induced CP (MICP) or time-dependent CP (TDCP) in exclusive modes such
as BY — K*v, py..... This is based on the simple observation that in the SM,
photons produced in reactions such as B — K*v, K37, py... are predominantly
right-handed whereas those in B decays are predominantly left-handed. To
the extent that FS of B and B° are different MICP would be suppressed in
the SM. Recall, the LO H.y¢s can be written as

1 1-—
Has = —V8Gr o5 Fu | Ff 70" +%b+F‘1_"” 0 b (@)
Here F} (F}) corresponds to the amplitude for the emission of left (right)

handed photons in the br — qrvr (b — qrYr) decay, i.e. in the B — Fy.
(B — Fygr) decay.

5.1 Application to B%, B, — vector meson + photon

Thus, based on the SM, LO H.yy, in b-quark decay (i.e. B decays), the am-
plitude for producing wrong helicity (RH) photons oc mg/mp where mg = my
or mg for b — sv or b — d~y respectively. Consequently the TDCP asymmetry
is given by,

BY — K*0 : A(t) = (2m,/my) sin(23) sin(Amt) |
BY = p0y Alt) =0
Bs—¢y : A(t)=0,
By — K™y A(t) = —(2mg/my) sin(2) sin(Amt) (5)

where K*0 is observed through K** — Kgn°.

Interestingly not only emission of wrong-helicity photons from B decays
is highly suppressed, in many extensions of the SM, e.g. Left-Right Symmet-
ric models (LRSM) or SUSY 55, 56, 57) o Randall-Sundrum (warped extra
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Process SM LRSM
A(B — K*y) | 27% sin23sin(Am,) | sin 2w cos 23 sin(Amy)
A(B — pv) ~0 sin 2w sin(Am; )

Table 4: Mixing-induced CP asymmetries in radiative exclusive B-decays in
the SM and in the LRSM. Note |sin 2w| < 0.67 is allowed 54, 8)

dimension 58)) models, in fact they can be enhanced by the ratio mheavy/mb
where Mpeqvy is the mass of the virtual fermion in the penguin-loop. In LRSM
as well as some other extensions this enhancement can be around m;/ms. So
while in the SM the asymmetries are expected to be very small, they can be

sizeable in LRSM %) (see Table 4) as well as in many other models.

5.2 Generalization to BY, B; — two pseudoscalars + photon

An important generalization was made in Ref 59), 1t was shown that the basic
validity of this test of the SM does not require the final state to consist of a
spin one meson (a resonance such as K* or p) in addition to a photon. In fact
the hadronic final states can equally well be two mesons; e.g. Kg(7°, 1,7, ¢...)
or mt7~. Inclusion of these non-resonant final states, in addition to the res-
onances clearly enhances the sensitivity of the test considerably. For the case
when the two mesons are antiparticle of each other e.g. 7t7~, then there
is the additional advantage that both the magnitude and the weak phase of
any new physics contribution may be determined from a study of the angular

distribution 59) .

5.3 Theoretical subtelties

In principle, photon emission from the initial light-quark is a non-perturbative,
long-distance, contamination to the interesting signal of the short-distance

dipole emission from Hcsy 60, 61), Fortunately, it can be shown 59) that
predominantly these LD photons have the same helicity as those from Hyy.

Another important source of SM contamination was recently emphasized
in Ref. 62) from processes such as b — sy+ gluon which are from non-dipole
operators. Such processes do not fix the helicity of the photon and so can make
a non-vanishing SM contribution to mixing induced CP.

It was emphasized in Ref 59) that the presence of such non-dipole contri-
butions can be separated from the dipole contributions, though, it may require
larger amount of data, the resolution to this problem is data driven.



434 A. Soni

To briefly recapitulate, the different operator structure in H.r¢ would
mean, that in contrast to the pure dipole case, the time dependent CP asym-
metry (S) would be a function of the Dalitz variables, the invariant mass (s)
of the meson pair, and the photon angle of emission (z). A difference in the
values of S for two resonances of identical J©¢ would also mean presence of
non-dipole contributions. Schematically, we may write:

dS'/(dsdz) = [A, + Ab]+ B's+C'z (6)

where A, is the “universal” contribution that one gets from the dipole opera-
tor of the H.yy no matter if it is a resonance, or a non-resonance mode. It is
distinct from the contribution of the 4-quark operators as not only it is inde-
pendent of energy (s) or angle (z) Dalitz variables but also it is independent
of the specific nature of the hadronic FS (i.e. resonant or non-resonant). The
remaining contributions are all originating from 4-quark operators; not only
they dependent on energy and angle but also the coefficients are expected to
vary from one FS to another. In particular the 4-quark operators may give a F'S
dependent (energy and angle independent) constant Aj. It is easy to convince
oneself that with sufficient data the important term A,, at least in principle,
can be separated. Once that is done its size should be indicative of whether it
is consistent with expectations from SM or requires new physics to account for
it.

5.4 Approximate null tests aglore!

If the effects of a BSM CP-odd phase on B-physics are small, then searching for
these via null tests becomes especially important. Since CP is not an exact
symmetry of the SM, it is very difficult if not impossible to find exact null
tests. Fortunately clean environment at a SBF should allow many interesting

approximate null tests (ANTs); see Table 5 8).

Clearly there is a plethora of powerful tests for a new CP-odd phase and
/or new physics that a SBF should allow us to do. Perhaps especially note-
worthy (in addition to penguin-dominated hadronic and radiative B decays)

are the numerous very interesting tests pertaining to B — X (K, K*..)ITI~
50, 51)

Furthermore search for the transverse polarization 63, 64) of the  in
B — X(D,D*..)tv, due to their unique cleanliness are extremely interesting
especially in light of the discovery of neutrino mass and the potential richness of
neutrinos with the possible presence of Majorana neutrinos in simple grounds-

up extensions of the SM as well as in many other approaches 65, 66).
Sensitivity of each of these to NP as well as theoretical cleanliness (i.e.
how reliable SM predictions are) for each is also indicated. It should be clear
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Table 5: Final states and observables in B - decays useful in searching for effects
of New Physics. Reliability of SM predictions (i.e. how clean) and sensitivity

to new physics are each indicated by stars (5 = best); table adopted from

Final State Observable how clean | how sensitive
v[KZE, p,w] TDCP H* H*
Ko, 7% w,n',n, p°] TDCP 4.5% 5%
K*[¢, p, w] TCA 4.5% 5*
[y, 1717 X s, X 4] DIRCP 4.5% 5*
same Rates 3.5% 5*
J/p K TDCP, DIRCP 4% 4%
J/p K* TCA 5* 4*
D(*)Tv, TCA (p]) 5% 4%
same Rate 4% 4%

that for most of these tests > 5 x 10° B-pairs are essential, that is a SBF.

6 K-Unitarity Triangle

8)

For the past many years, effort has been directed towards constraining the UT
especially the parameters p and 7 by a combination of information from K and
B-physics, as mentioned briefly in Section 1. With the advent of B-factories and
significant advance that has been already made (and a lot more is expected to

come) it has become possible to construct the UT purely from B-physics

3, 4),

In fact it may also be very interesting and important to construct a separate
UT from K-decays. This could become particularly useful in search for small

deviations. Reactions that are relevant for a K-UT are

67).

e Indirect CP-violation parameter, ex with the hadronic matrix elements
(parameter Bk ) from the lattice. With the dawning of the era of dynam-
ical simulations using discretizations that preserve chiral-flavor symme-

tries of the continuum

13)

the errors on Bg

12)

, lattice should be able to significantly reduce

e Accurate measurements of the BR of K+ — 7tvi can give a clean de-

termination of |Viq4] 20), Important progress has been recently made in

the 1st step towards an accurate determination of this Br 68). Charm
quark contribution in the penguin graph is difficult to reliably estimate

but this is expected to be subdominant 69).
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e Measurement of the BR of K — 7% can give an extremely clean value

of n, i.e. ImV,4. This is clearly very challenging experimentally; however,
it is unique in its cleanliness, perhaps on the same footing as v from BK D
processes discussed above.

e After enormous effort, the experimentalists have determined the direct

CP violation parameter €' /e with considerable accuraccy 70, 71). For
theory a reliable calculation remains a very important outstanding chal-
lenge. Recently it has become clear that not only chiral symmetry on
the lattice is essential for this calculation but also the quenched approx-

imation suffers here from very serious pathology 72, 73) " As mentioned
above, since the past 2-3 years considerable effort is being expended in
generation of dynamical configurations with domain wall quarks which
possess excellent chiral properties. In the near future we should expect
to see the application of these new generation of lattices for study of
€'/e. It remains to be seen as to how accurately the current generation
of computers can allow this important calculation to be done.

7 Neutron electric dipole moment: a classic ANT of the SM

In the SM, neutron electric dipole moment (nedm) cannot arise at least to two
EW loops; thus is expected to be exceedingly small, i.e. < 10~ 3'ecm. Long
series of experiments over the past several decades now place a 90 %CL bound

of < 6.3 x 107 2ecm 74) . So the expectation from the SM is many orders of
magnitude below the current experimental bound. In numerous extensions of
the SM, including SUSY, warped extra dimensions etc. nedm close to or even

somewhat bigger than the current experimental bound occurs 75, 58) Thus
continual experimental improvements of this bound remains a very promising
way to discover new BSM CP-odd phase(s).

8 Top quark electric dipole moment: another clean null test of the
SM

The top quark is so heavy compared to the other quarks that the GIM-mechanisn
is extremely effective. Thus in the decays of the top-quark, in the SM, all FCNC
are extremely suppressed. Once again, top quark edm cannot arise in the SM
to two EW loops and is therefore expected to be extremly small. In many BSM

scenarios with extra Higgs doublets , 78), LRSM, SUSY 7), the top quark
can acquire edm at one loop and consequently can be considerably bigger (See
Table 6). Therefore searches for the top dipole moment at the International

Linear Collider will be an important goal 7, T6)  Indeed if sufficient high
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Table 6: Expectations for top edm form-factor in SM and beyond; adopted

from 7)

type of moment s Standard Neutral Higgs Supersymmetry
(e—em) I || (GeV) | Model mp, = 100 — 300 mg = 200 — 500
500 (41-20)x10719 ] (33-09) x 1071°

|Sm(d})] < 10730
1000 (0.9-0.8) x 10719 | (1.2-10.8) x 10 1?
500 (0.3-10.8) x 10719 ] (0.3-0.9) x 10~ 1°

|Re(d))] < 10730
1000 (0.7-0.2) x 10719 | (1.1 -0.3) x 10~1?
500 (1.1-02)x10-9 [ (1.1-0.3) x 10~ 19

|Sm(d?)| < 10730
1000 (0.2-0.2) x 10719 | (0.4 —0.3) x 10~ 1?
500 (1.6 —0.2) x 10~ [ (0.1 - 0.3) x 1019

|Re(d?)| < 10730
1000 (0.2 —1.4) x 10719 | (0.4—0.1) x 10~ 1?

luminosity could be attained top quark edm of around 10~'? ecm may well be
detectable (See Table 7).

9 Summary

The new millennium marks the spectacular success of B-factories leading to a
milestone in our understanding of CP-violation; in particular, for the first time
CKM paradigm of CP violation is quantitatively confirmed.

Direct measurement of sin2(3 by the B-factories agrees remarkably well
with the theoretical expectation from the SM to about 10%. Furthermore, first
relatively crude direct determination of the other two angles (a & «) also are
consistent with theoretical expectations. While these findings are good news
for the SM, at the same ime, they imply that most likely the effect of BSM
CP-odd phase on B-physics is likely to be a small perturbation. Thus discovery
of new BSM-CP-odd source(s) of CP violation in B-physics is likely to require
very large, clean, data samples and extremely clean predictions from theory.

For the search of such small deviations approximate null tests of the SM
gain new prominence.

Also important for this purpose is the drive to directly determine all
three angles of the UT with highest precision possible, i.e. with errors roughly
around the errors allowed by theory. It should be clear that to accomplish this
important goal would require a Super-B Factory.

Specifically regarding penguin-dominated hadronic FS, that have been
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Table 7: Attainable 1-0 sensitivities to the CP-violating dipole moment form
factors in units of 10718 e-cm, with (P, = +1) and without (P, = 0) beam
polarization. my = 180 GeV. Table taken from 779

20 fb~ ', /s = 500 GeV 50 fb~ 1, /s = 800 GeV
P.=0|P.=+1|P.=—1|P.=0]| P.=+1|P.=-1

S(Red)) | 4.6 0.86 0.55 1.7 0.35 0.23

5(Red?) 1.6 1.6 1.0 0.91 0.85 0.55

6(Smd]) | 1.3 1.0 0.65 0.57 0.49 0.32

6(Smd?) | 7.3 2.0 1.3 4.0 0.89 0.58

much in the recent news, the current data does not show any convincing signal
for deviation from the SM; however, it is a very important and sensitive test
for new physics and its of vital importance to reduce the experimental errors
to O(5%); for this purpose too a SBF may well be needed.

Outside of B-Physics, K-unitarity triangle, neutron electric dipole mo-
ment and top quark dipole moment are also very important approrimate null
tests of the SM that should be pursued vigorously.
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Abstract

Using the OPAL detector at LEP, the running of the effective QED coupling
a(t) is measured for space-like momentum transfer, 2 < —t < 6 GeV?, from
the angular distribution of small-angle Bhabha scattering. This is currently
the most significant direct observation of the running of the QED coupling in
a single experiment and the first clear evidence of the hadronic contribution
to the running in the space-like region. Our result is in good agreement with
standard evaluations of «(t), based on data in the time-like region.
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1 Introduction

The effective QED coupling «(t) is an essential ingredient for many precision
physics predictions. It contributes one of the dominant uncertainties in the
electroweak fits constraining the Higgs mass. The effective QED coupling is

generally expressed as:
(7]

T 1-Aat) (1)

where ag = a(t = 0) ~ 1/137 is the fine structure constant, ¢ is the momentum
transfer squared of the exchanged photon and A« is the vacuum polariza-
tion contribution. Whereas the leptonic contributions to A« are calculable to
very high accuracy, the hadronic ones have to be evaluated by using a dis-
persion integral over the measured cross section of ete™ — hadrons at low

a(t)

energies, plus perturbative QCD 1,2) There are also many evaluations which
are more theory-driven, extending the application of perturbative QCD down

to ~ 2 GeV, see for example the reference 3). An alternative approach 4) uses
perturbative QCD in the negative t (space-like) region.
There have been only a few direct observations of the running of the QED

coupling 5, 6,7, 8). Here we present a new result from the OPAL collabo-

ration. A full description can be found in the OPAL paper 9). The running
of « is measured in the space-like region, by studying the angular dependence
of small-angle Bhabha scattering, et e™ — eTe™, at LEP. Small-angle Bhabha
scattering appears to be an ideal process for a direct measurement of the run-
ning of «(t) in a single experiment, as it is an almost pure QED process,
strongly dominated by t-channel photon exchange. Moreover the data sample
has large statistics and excellent purity. The Bhabha differential cross section
can be written in the following form for small scattering angle:

do de©® (@

T @ ) (1+¢€) (1+64)+ 0z (2)

Qo

where do(®) /dt = 47a?/t? is the Born term for the t-channel diagram, e rep-
resents the radiative corrections to the Born cross section, while ., and §z
are the interference contributions with s-channel photon and Z exchange re-
spectively. 6, and dz are much smaller than € and the vacuum polarization.
Therefore, with a precise knowledge of the radiative corrections (e term) one

can determine the effective coupling a(t) by measuring the differential cross

section. This method has also been advocated in a recent paper 10),
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2 Detector and event selection

We use OPAL data collected in 1993-95 at energies close to the Z resonance

peak. In particular this analysis is based on the OPAL SiW luminometer 11),
The SiW consisted of two cylindrical calorimeters encircling the beam pipe at a
distance z ~ +2.5 m from the interaction point. Each calorimeter was a stack
of 19 silicon layers interleaved with 18 tungsten plates, with a sensitive depth of
14 cm, representing 22 radiation lengths (Xg). The sensitive area fully covered
radii between 6.2 and 14.2 cm from the beam axis, corresponding to scattering
angles between 25 and 58 mrad. Each detector layer was segmented with R-
¢ geometry in a 32 x 32 pad array. The pad size was 2.5 mm radially and
11.25 degrees in azimuth. In total the whole luminometer had 38,912 readout
channels corresponding to the individual silicon pads. Particles coming from
the interaction point had to traverse the material constituting the beam pipe
and its support structures as well as detector cables before reaching the face
of the SiW calorimeters. This preshowering material was minimum near the
inner angular limit, about 0.25Xg, while in the middle of the acceptance it
increased to about 2 Xy. When LEP 2 data-taking started in 1996 the detector
configuration changed, with the installation of tungsten shields designed to
protect the inner tracking detectors from synchrotron radiation. This reduced
the useful acceptance of the detector at the lower angular limit. Therefore we
limited this analysis to the LEP 1 data.

The event selection is similar to the one used for luminosity measure-

ments 1), The selected sample is strongly dominated by two-cluster config-
urations, with almost full energy back-to-back et and e~ incident on the two
calorimeters. At leading order the momentum transfer squared ¢ is simply re-
lated to the scattering angle 6, which is measured from the radial position R of
the scattered et and e~ at reference planes located within the SiW luminome-
ters: . 0 5
— cos S
t=—s 5 N tand = R/z. (3)

At the center-of-mass energy /s &~ 91 GeV our angular acceptance corresponds
to 2 < —t <6 GeVZ

The radial distributions are shown in Fig. 1 for the complete data statis-
tics, compared to the Monte Carlo distributions normalized to the same number
of events. Due to the back-to-back nature of Bhabha events, the two sides do
not contribute independent statistical information. After the studies mentioned
in section 4, we decided to use the Right side distribution for the final fits, to
keep at minimum possible unassessed systematic errors. Consistent results are
obtained with the use of the Left side distribution.



448

G. Abbiendi

OPAL OPAL
\:@ T T T T T Gc T T T T T
:w 1 LEFT side N ; 1 RIGHT side -
s s
: :
= = 08
0.6
0.4
0.2
© 103 t t t t t t © 103
= 102 4 = 102
= 101 + . E S 101
g 1 Btees 4;’7; Ftb Tt 4ot § 15* g
0.99 AN E 0.99 - E
0.98 E 0.98 - E
L L Il L L L L L Il Il L L L L
0.97 7 8 9 10 11 12 13 0.97 7 8 9 10 11 12 13
Radius (cm) Radius (cm)

Figure 1: Radial distributions for the complete data statistics. The points show
the data and the histogram the Monte Carlo prediction, assuming the expected
running of «, normalized to the same number of events. The lower plots show
the ratio between data and Monte Carlo.

3 Fit method

The counting rate of Bhabha events in the SiW is used to determine the in-
tegrated luminosity, so that we cannot make an absolute measurement of «/(t)
without an independent determination of the luminosity.

We compare the radial distribution of the data (and hence the ¢-spectrum)

with the predictions of the BHLUMI Monte Carlo 12) This is a multiphoton
exponentiated generator accurate up to the leading logarithmic O(a?L?) terms
L. Higher order photonic contributions are partially included by virtue of the
exponentiation. It has been used to determine the luminosity at LEP and has
been widely cross-checked with many alternative calculations. If the Monte
Carlo is modified by setting the coupling to the constant value a(t) = ay, the
ratio f of the number of data to Monte Carlo events in a given radial bin is:

_ Ndata(t) . 1 2
= No(t) (1Aa<t>> ' @

The dominant dependence of A«(t) expected from theory is logarithmic. We

f(t)

'L =1In(|t|/m2) — 1 is the large logarithm.
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therefore fitted the ratio f(t) as:

f)=a+bn (t> (5)

to

where tg = —3.3 GeV? is the mean value of ¢ in the data sample. The parameter
a, about unity, is not relevant since the Monte Carlo is normalized to the data.
The slope b represents the full observable effect of the running of a(t), both the
leptonic and hadronic components. It is related to the variation of the coupling
by:

b t
Aa(ty) — Aa(ty) ~ = In <_2> (6)
2 t1
where t; = —1.81 GeV? and to = —6.07 GeV? correspond to the acceptance

limits.

4 Main systematic effects

It is important to realize which systematic effects could mimic the expected
running or disturb the measurement. The most potentially harmful effects are
biases in the reconstructed radial coordinate. Most simply one could think
of dividing the detector acceptance into two and determining the slope using
only two bins. In such a model the running is equivalent to a bias in the
central division of 70 um. Biases on the inner or outer radial cut have a little
less importance and could mimic the full running for 90 or 210 um systematic
offsets respectively. Concerning radial metrology, a uniform bias of 0.5 mm
on all radii would give the same observable slope as the expected running.
Knowledge of the beam parameters, particularly the transverse offset and the
beam divergence, is also quite important. Thus, limitation of systematic error
in the reconstructed radial coordinate is key to the current measurement.
Details of how the coordinates are formed from the recorded pad infor-

mation are found in 11). The fine radial and longitudinal granularity of the
detector are exploited to produce precise radial coordinates. The reconstruc-
tion determines the radial coordinate of the highest energy cluster, in each of
the Right and Left calorimeters. Each coordinate uses a large number of pads
throughout the detector, from many silicon layers, and is projected onto a ref-
erence layer, close to the average longitudinal shower maximum. The residual
bias, or anchor, of this radial coordinate is then estimated at each pad bound-
ary in a given layer of the detector. Here we rely on the fact that, on average,
the pad with the maximum signal in any particular layer will contain the shower
axis. Then from the anchors we obtain bin-by-bin acceptance corrections which
are applied to the radial distribution. This procedure, named anchoring, is the
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Table 1: Fit result for each dataset and average. For each value of b the first
error is statistical and the second the full experimental systematic.

Dataset NG Number slope b
(GeV) | of events (x107°)
93 -2 89.4510 879549 | 662 + 326 £ 89
93 pk 91.2228 894206 | 670+ 324+ 92
93 +2 93.0362 852106 | 640 £332+ 89

94 a 91.2354 885606 | 559 326 = 86
94 b 91.2170 | 4069876 | 936 £ 152+ 71
9 c 91.2436 288813 | 62570+ 122

95 -2 89.4416 890248 | 839 + 325+ 124
95 pk 91.2860 581111 | 727+ 402 £+ 126
95 +2 92.9720 885837 | 156 + 325 £ 128
Average | 91.2208 | 10227352 | 726 £ 96 & 70
2/d.of. (stat.) 6.9/8
x%/d.of. (stat.+syst.) 6.5/8

most delicate part of the analysis, and was carefully studied 9). The challeng-
ing aspect is controlling the residual bias on the radial coordinate to a level
below ~10 pm uniformly throughout the acceptance.

5 Results

The ratio of data to Monte Carlo is fitted to Eq. 5 and the results are given
in Table 1. The nine datasets give consistent results, with x2/d.o.f = 6.9/8 for
the average b considering only statistical errors. The most important system-
atic errors come from the anchoring procedure and the preshowering material,
both affecting the radial coordinate. The fit results are then combined, by
considering the full error correlation matrix, obtaining:

b= (726 & 96 £ 70 + 50) x 1077

where here, and also in the results quoted below, the first error is statisti-
cal, the second is the experimental systematic and the third is the theoretical
uncertainty. The total significance of the measurement is 5.6 o.

The theoretical uncertainty is dominated by the photonic corrections to
the leading t-channel diagram, in particular by missing O(a?L) terms, and
the technical precision of the calculation. We estimated these uncertainties by
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comparing BHLUMI with alternative Monte Carlo calculations. Other uncer-
tainties, from Z interference and the contribution of light ete™ pairs, were also
estimated and added in quadrature.

OPAL
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Theoretical predictions
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Figure 2: |t| spectrum normalized to the BHLUMI theoretical prediction for
a fixed coupling (Aa = 0). The points show the combined OPAL data with
statistical error bars. The solid line is our fit. The horizontal line (Ratio=1)
is the prediction if a were fixed. The dot-dashed curve is the prediction of
running « determined by vacuum polarization with only virtual ete™ pairs,
the dashed curve includes all charged lepton pairs and the dotted curve the full
Standard Model prediction, with both lepton and quark pairs.

The result for the combined data sample is illustrated in Fig. 2. The
logarithmic fit to Eq. 5 describes the data very well, x2/d.o.f = 1.9/3, although
a simple linear fit would also be adequate, giving x?/d.o.f = 2.7/3. The data
are clearly incompatible with the hypothesis of a fixed coupling. The fitted
logarithmic dependence agrees well with the full Standard Model prediction
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including both leptonic and hadronic contributions, with the hadronic part

obtained by the Burkhardt-Pietrzyk parameterization 2),
The effective slope gives a measurement of the variation of the coupling
a(t) from Eq. 6:

Aa(—6.07 GeV?) — Aa(—1.81 GeV?) = (440 4 58 + 43 4+ 30) x 107°.

This is in good agreement with the Standard Model prediction, which gives
§ (Aa) = (460 4 16) x 1075 for the same ¢ interval, where the error originates

from the uncertainty of the hadronic component. The evaluation 2) of Aapad
has a relative precision ranging from 2.5% at t = —1.81GeV? to 2.7% at

t=—6.07GeV? 13).

The absolute value of A« in our range of t is expected to be dominated by
ete™ pairs, with the relevant fermion species contributing in the approximate
proportions: e : u : hadron ~ 4 : 1 : 2. Our measurement is sensitive, however,
not to the absolute value of A, but only to its slope within our ¢ range.
Contributions to the slope b in this range are predicted to be in the proportion:
e: p:hadron >~ 1:1:25. Fig. 2 shows these expectations graphically. We
can discard the hypothesis of running due only to virtual eTe™ pairs with a
significance of 4.4 ¢.

The data are also incompatible with the hypothesis of running due only
to leptons. If we subtract the precisely calculable theoretical prediction for all
leptonic contributions, §(Aajep) = 202 x 1075, from the measured result, we
can determine the hadronic contribution as:

Anaa(—6.07 GeV?) — Aapaa(—1.81 GeV?) = (237 £ 58 +£43 +30) x 1075

This has a significance of 3.0 g, considering all the errors.

Our result can be easily compared to the previous one by L3 8). 1t
the latter is expressed as a slope according to Eq. 6, it becomes: b(F3) =
(1044 + 348) x 1075, The two measurements are shown in Fig. 3. The L3 re-
sult has a larger error dominated by experimental systematics but is consistent
with ours. The average gives: b(#?®) = (759 & 113 + 50) x 1072, where the
first error is obtained from the experimental errors and the second is the the-
oretical uncertainty that we estimated for our measurement, which will likely
be common. The average is in good agreement with the prediction using the
Burkhardt-Pietrzyk parameterization.

6 Conclusions

We have measured the scale dependence of the effective QED coupling from the
angular distribution of small-angle Bhabha scattering at LEP, using the precise
OPAL Silicon-Tungsten luminometer. We obtain the strongest direct evidence
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Figure 3: Effective slope b = 2 < dAa/dInt >. The OPAL and L3 mea-
surements are shown together with their average. The solid line is the SM
prediction, with the band showing its uncertainty. The dashed line at b = 0
represents the case of no running.

for the running of the QED coupling ever achieved in a single experiment, with a
significance above 5 o. Moreover we report the first clear experimental evidence
for the hadronic contribution to the running in the space-like region, with a
significance of 3. This measurement is one of only a very few experimental
tests of the running of «(¢) in the space-like region, where A« has a smooth
behaviour. Our result is in good agreement with standard evaluations of «(t),
based on data in the time-like region.
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Abstract

We propose a method to determine the running of agrp from a measurement
of small angle Bhabha scattering. The method is suited to high statistics exper-
iments at eT e colliders equipped with luminometers in the appropriate angular
region. A new simulation code predicting small angle Bhabha scattering is also
presented.
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1 Introduction

The electroweak Standard Model SU(2) ® U(1) contains as a constitutive part
Quantum Electrodynamics (QED). The running of the electromagnetic cou-
pling « is determined by the theory

o) = = pers (1)

where «(0) = «p is the Sommerfeld fine structure constant, which has been

measured to a precision of 3.7-107? 1). Aa(qQ) positive, arises from loop con-
tributions to the photon propagator. The numerical prediction of electroweak
observables involves the knowledge of a(g?), usually for ¢ # 0. For instance,
the knowledge of a(m?%) is relevant for the evaluation of quantities measured
by the LEP experiments. This is achieved by evolving o from ¢?=0 up to the
Z mass scale ¢>= m%. The evolution expressed by the quantity A« receives
contributions from leptons, hadrons and the gauge bosons. The hadronic con-

tribution to the vacuum polarisation, which cannot be calculated from first

principles, is estimated with the help of a dispersion integral and evaluated 2)
by using total cross section measurements of ete™ — hadrons at low energies.
Therefore, any evolved value a(q?) ,particularly for |¢?| > 4m2, is affected
by uncertainties originating from hadronic contributions. The uncertainty on

a(m%)~! induced by these data is as small as + 0.09 2), nevertheless it turned

out 3) that it limits the accurate prediction of electroweak quantities within the
Standard Model, particularly for the prediction of the Higgs mass. While wait-
ing for improved measurements from BEPC, VEPP-4M and DAFNE as input
to the dispersion integral, intense efforts are made to improve on estimating the

hadronic shift Aapaq, as for instance 4, 5, 6, 7), and to find alternative ways
of measuring « itself. Attempts have been made to measure a(g?) directly using

ete”-data at various energies, such as measuring the ratio of ete™vy/ete™ 8) or

more directly the angular distribution of Bhabha scattering 9). We propose 10)
the running of a by using small angle Bhabha scattering. This process provides
unique information on the QED coupling constant « at low spacelike momen-
tum transfer ¢ = —|¢?|, where ¢t = —% s (1 — cosf) is related to the total
invariant energy /s and the scattering angle 6 of the final state electron. The
small angle region has the virtue of giving access to values of a(g?) without
being affected by weak contributions. The cross section can be theoretically
calculated with precision at the per mille level. It is dominated by the photonic

t-channel exchange and the non-QED contributions have been computed 11)
and are on the order of 1074, in particular contributions from boxes with two
weak bosons are safely negligible. In general, the Bhabha-cross section is com-
puted from the entire set of gauge invariant amplitudes in the s- and ¢-channel.
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The s-channel contribution gives only a negligible contribution 10) Thus, the
measurement of the angular distribution allows indeed to verify directly the
running of the coupling «(t). Such a measurement constitutes a genuine test
of QED alone. In fact, QED - as part of the electroweak theory - is valid as a
consistent theory by itself, since for the applications considered here the con-
ditions |¢?| < m¥,, m% are fulfilled. Furthermore, for the actual calculations
0 > me/Ebeam and Epeam > me must be satisfied. Obviously, in order to
manifest the running, the experimental precision must be adequate. This idea
can be realized by high statistics experiments at ete~-colliders equipped with
finely segmented luminometers, in particular by the LEP experiments given
their large event samples, by SLC and future Linear Colliders. The relevant
luminometers cover the t-range from a few GeV? to order 100 GeV?2. The t-
dependence of the quantity Aca(t) at small values of ¢ may be obtained using

the program alpha@QFED by Jegerlehner 2). At low energies is dominated by
the contribution from the leptons, while with increasing energy also the con-
tribution from loops due to hadrons gets relevant. The region where hadronic
corrections are critical is contained in the considered t-range.

2 The Method

The experimental determination of the angular distribution of the Bhabha cross
section requires the precise definition of a Bhabha event in the detector. The
analysis follows closely the procedure adopted in the luminosity measurement

which is described in detail, for instance in ref. 14) (YR), and elaborates on the
additional aspect related to the measurement of a differential quantity. To this
aim the luminosity detector must have a sufficiently large angular acceptance
and adequate fine segmentation. The variable ¢ is reconstructed on an event-
by-event basis.

The method to measure the running of a exploits the fact that the cross
section for the process ete™ — ete™ can be conveniently decomposed into
three factors :

do d;lo a(t)
dt — dt

m) (14 Ar(t)). (2)

All three factors are predicted to a precision of 0.1 % or better. The first fac-
tor on the right hand side refers to the Bhabha Born cross section including

soft and virtual photons according to ref. 11) , which is precisely known, and
accounts for the strongest dependence on t. The vacuum polarization effect in
the leading photon t-channel exchange is incorporated in the running of o and
gives rise to the squared factor in eq.2. The third factor Ar(t) collects all the
remaining real (in particular collinear) and virtual radiative effects not incor-

11, 12)

porated in the running of « The experimental data after correction
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for detector effects is to be compared with eq.2.This goal is achieved by using
a newly developped program based on the already existing semianalytical code

nLLBHA 1L 19) called saMBHA 10). The two-point functions II(¢) = Aa«(t)
and II(s) = Aa(s) are responsible for the running of « in the space-like and
time-like regions. In the language of Feynman diagrams the effect arises from
fermion loop insertions into the virtual photon lines. Anticipating the applica-
tion of the proposed method to measure the ¢-dependence of «(t) to the data

of a real experiment, a Monte Carlo simulation is carried out 10). Electrons,
positrons and photons are observed as clusters. Their reconstruction is based
on a cluster algorithm. By applying the selection criteria the event sample is

divided in clusters which areattibuted to various rings in the luminometer 10),
The hadronic contribution may be deduced by subtracting the leptonic con-

tribution which is theoretically precisely known 10) The extraction of the
hadronic contribution is only limited by the experimental precision (see the

talk of G. Abbiendi at this conference 18)). To conclude a novel experimental
approach to access directly the running of « in the t-channel is proposed. It
consists in analysing small angle Bhabha scattering. Depending on the particu-
lar angular detector coverage and on the energy of the beams, it allows to cover
a sizeable range of the t-variable. The information obtained in the ¢-channel
can be compared with the existing results of the s-channel measurements. This
represents a complementary approach which is direct, transparent and based
only on QED interactions and furthermore free of some of the drawbacks in-
herent in the s channel methods. The method outlined can be readily applied

to the experiments at LEP 18) and SLC. Tt can also be exploited by future
ete™ colliders as well as by existing lower energy machines. An exceedingly
precise measurement of the QED running coupling Aa(t) for small values of ¢
may be possibly envisaged with a dedicated luminometer even at low machine
energies.
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W BOSON PROPERTIES AT LEP
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Abstract

The determination of the properties of the W boson provide a key preci-
sion test of the Standard Model. This article reviews the significant measure-
ments made by the four LEP experiments using approximately 40,000 W-pair
events collected at eTe™ centre-of-mass energies from 161 to 209 GeV. These
results include the measurement of the WHW~ cross-section with a 1% accu-
racy, the determination of gauge boson self-couplings and the measurement of
the W Mass with a 42 MeV /c? precision.
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1 Introduction

The primary aim of the LEP2 measurement programme was the study of the
properties of the W boson, including the estimation of the W mass to a precision
of better than 50 MeV /c? and the observation and study of triple gauge boson
vertices. The LEP experiments achieved these aims using the data sample of
approximately 700 pb~! per experiment delivered during five years of operation
(1996-2000) of the LEP2 accelerator at centre-of-mass energies from 161 to
209 GeV.

This article presents the principal W physics measurements made at LEP.
Section 2 starts by describing the production processes for W bosons at LEP.
The following sections then provide results on the cross-section for W-pair and
single W production, the W hadronic branching ratio and the interpretation of
this in terms of the CKM matrix element |Ves|. The W Mass and width mea-
surements are discussed in section 3. The electroweak systematics discussed in
section 3.2.2 are relevant to the cross-section, mass and couplings. Cross-talk
effects between the two Ws in an event are discussed in section 3.2.3. Measure-
ments of triple and quartic gauge couplings and the fraction of longitudinally
polarised Ws are discussed in section 4. Some of the results presented here are

preliminary, further details are available in 1),

2 W production and Cross-sections

2.1 W Boson Production

W bosons were primarily produced at LEP through the process ete™ —
W+W~. The leading order Feynman diagrams relevant to WHW~ production
at LEP2 are given in Figure 1. Close to the W-pair production threshold, where
the initial LEP2 data samples were recorded, the production cross-section is
dominated by the t-channel neutrino exchange diagram. At higher energies the
s-channel diagrams, containing a triple gauge boson vertex, play a more signif-
icant role. The s and t channel interference terms contribute negatively to the
total cross-section and the well-behaved nature of the WT W™ cross-section at
higher energies is a consequence of these cancellations, and thus of the specific
forms of the gauge boson couplings in the Standard Model (SM).

In addition, single W boson production is also possible at LEP and occurs
through t-channel diagrams with an electron and neutrino in the final state.

2.2 Cross-section Measurements

The W boson sample can be divided into Ws decaying leptonically and hadron-
ically. Hence, the W-pair sample is divided into three distinct experimentally
observed topologies. Fully hadronic WTW~—qg'qq’ events constitute 46%
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Figure 1: The leading order Feynman diagrams relevant to W+W ™ production
at LEP2

of the total WTW ™ cross-section and have an experimental signature of four
(or more) high energy jets resulting from the primary quarks (and additional
hard gluon radiation). Semi-leptonic WT W~ —/(v,qq have a similar (44%)
branching ratio and are characterised by two (or more) jets, a high momentum
electron, muon or decay products of a tau and missing momentum due to the
unobserved neutrino. The fully-leptonic events W W~ —/¢7,fv, have a smaller
(10%) branching ratio and contain two charged leptons and at least two unob-
served neutrinos. The event selections are based on these characteristics and
commonly use neural network and discriminant techniques to obtain the best
efficiencies and purities. The principal backgrounds are from Z(vy) decays, with
77 events also becoming significant at the higher LEP energies.

The measurement of the WHW~ cross-section and theoretical predic-
tions are shown in Figure 2. The measurements have been corrected for in-
terference from other processes that can produce the same final state (e.g.
ete™ —7Z7Z—uiudd) and represent the cross-section for the graphs shown in Fig-
ure 1. The average of the ratio of the observed cross-sections at all LEP2

energies to the predictions from the YFSWW Monte-Carlo routine 2), known as
the Ry w value, is 0.994 £ 0.009. The YFSWW Monte-Carlo calculation includes
the effect of O(«r) corrections which are discussed in section 3.2.2.

At LEP2 energies the single W production cross-section is more that an
order of magnitude smaller than that for W-pair production. However, the
rate is still measurable at LEP2 to better than 10%, the Rwe,, value for the

combined LEP2 results to the expectation from WPHACT 3) is 1.002+0.075.
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Figure 2: The data points and error bars show the combined measurements
from the LEP experiments of the WW cross-section shown as a function of the
centre-of-mass energy. Excellent agreement is obtained with the full theoretical
prediction curves.

2.3 Branching Ratio and |V,|
2.3.1 W Branching Ratio

As described above the WTW ™ event selection proceeds through the separate
identification of semi-leptonic, fully-leptonic and fully-hadronic events (with
further splittings by charged lepton species). Hence, the branching ratio of
the W boson may be extracted. Assuming lepton universality, the hadronic
branching ratio of the W boson is measured to be 67.48 + 0.28 % to compare
with the Standard Model value of 67.51 %. However, there is a 3.0 sigma
discrepancy in the branching ratios (BR) of the tau lepton species:

2 x BR(W—17,)/(BR(W—ev,) + BR(W—uv,,)) = 1.077+0.026 (1)
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2.3.2 |V

The CKM matrix elements express the strength of the W coupling to the quark
species. Hence, the hadronic branching ratio of the W can be interpreted as
a measurement of the sum of the squares of the magnitudes of the six CKM
matrix elements that do not involve the heavy top quark. The least well known
of these elements is V.s. Combining the LEP hadronic W branching ratio
measurement with the existing measurements of the other elements provides
the best determination of the magnitude of this element.

|Vas| = 0.976 + 0.014 (2)

where unitarity constraints have not been applied.

3 W Mass and Width

3.1 Method

The W boson invariant mass is reconstructed from fully hadronic and semi-
leptonic W-pair events using the observed jet and lepton four-momenta and
their estimated errors. Fully leptonic final states have a relatively low mass
sensitivity as a result of the presence of at least two neutrinos in the event.

In the qg'qq’ final state the reconstructed jets must be appropriately
paired to correspond to their parent Ws. The more sophisticated analyses
make use of all possible pairings, weighting them when performing the final
My fit.

The mass resolution due to detector reconstruction effects is larger than
the intrinsic width of the W boson. This experimental mass resolution is im-
proved by imposing energy and momentum constraints upon the event in a
constrained fit. Two highly correlated masses may be extracted for each event,
or more commonly the additional constraint of equal masses is imposed.

The W mass and width are then evaluated by performing a maximum
likelihood fit to the data using either reweighted simulation events or a semi-
analytic function calibrated by simulation.

3.2 Systematics

The LEP2 determination of the W Mass is dominated by the systematic error.
Three contributions to the systematic error of particular interest are discussed
in this section.

3.2.1 Beam Energy Determination

The LEP beam energy is applied as a constraint in the kinematic fits used
in the mass reconstruction. Hence, the fractional error on the beam energy
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translates directly as a fractional error on the My determination.

At beam energies of up to 60 GeV polarised electron and positron beams
could be produced and the beam energy determined extremely accurately
(= 200 KeV) through the study of the e+ or e- spin precession frequency;
this method is used to calibrate the methods used at higher energies. These
methods include: measurements of the magnetic field in the LEP dipole mag-
nets; measurement of the LEP beam bend angle in a specially constructed steel
dipole of accurately known magnetic field; and measurements of the accelera-
tor’s synchrotron tune variation with RF voltage.

The LEP energy working group has recently published the final energy

determination 4), once this is incorporated in the final analyses the even-
tual error on the W mass resulting from the beam energy uncertainty will be
approximately 10 MeV /c2.

3.2.2 Electroweak Corrections

During the LEP2 programme O(a) corrections to the four-fermion W W=
process have become available in event generators. These calculations include
the effect of real (4f + ) corrections and both factorisable and non-factorisable
(e.g. v exchange between decay products of different Ws) virtual corrections.
All LEP collaborations are now using these corrections.

The LEP2 WT W™ cross-section measurements, discussed above, provide
evidence for the importance of these corrections. The ratio of the measurements

to the GENTLE calculation 5), that neglects these corrections gives 0.96940.009,
a 3.4 sigma deviation from unity.

The effect of electroweak corrections on differential distributions has also
been studied. The effect of neglecting these corrections on the estimation of

triple gauge boson vertices is significant 1) The effect on the W Mass is less
important and the systematic error for analyses using these corrections has

recently been investigated and shown to be less than 10MeV /c? 6),

3.2.3 Final State Interactions

The statistical sensitivity of the fully-hadronic and semi-leptonic events is com-
parable, yet the fully-hadronic events have a weight of only 10% in the combined
LEP W Mass average. This is due to the additional systematics applied in the
fully-hadronic channel to account for final state interactions.

The decay distance of the W bosons produced at LEP2 (~ 0.1 fm) is
significantly less than the typical hadronisation scale (=~ 1 fm). Thus, cross-
talk can occur between the final state particles from the two W bosons. Two
effects are considered, Bose-Einstein Correlations and Colour Reconnection.
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Bose-Einstein Correlations (BEC) give rise to the enhanced production of
identical bosons (pions) close in momentum space. While BEC inside individual
bosons are well established, the effect between the two different Ws is not. By
comparing fully-hadronic and semi-leptonic events all LEP experiments have
reported results compatible with inter-W BEC significantly reduced from the

preferred LUBOEI model implemented in JETSET 7). DELPHI do however

report 2.4 sigma evidence for the existence of BEC between Ws 8). The
systematic error on the W Mass (and that on other measurements) is assessed
using LUBOEI and hence is highly conservative.

Several phenomenological models of the potentially significant non per-
turbative phase reconnection effects exist. The JETSET SK-I, ARIADNE-II and
HERWIG models are the most widely studied by the LEP collaborations. The
LEP experiments have conservatively chosen the SK-I model, that predicts
some of the largest shifts, to assign the My systematic. Measurements of the

effect have also been made by the LEP collaborations 1) by studying particle
production in the inter-jet regions inside a W and between Ws. Removing the
particles in the inter-jet regions and studying the W mass variation provides
another technique of measuring the effect or reducing its effect on the W Mass
analysis. However, the statistical sensitivity is limited and work is continuing
in this area.

3.3 Results
The preliminary LEP2 average value of the W Mass is
My = 80.412 + 0.29(stat.) + 0.031(syst.) GeV/c?,
when combined with the measurements made at the TeVatron a value of
Mw = 80.425 + 0.034 GeV/c?
is obtained. The preliminary LEP2 average direct W Width measurement is
I'w = 2.150 £ 0.068(stat.) = 0.060(syst.) GeV/c?.

4 Angular distributions, Couplings and Spin-States

The existence of the SM triple gauge coupling (TGC) yWW and ZWWW
vertices is confirmed by the WTW™ cross-section results presented above. The
dashed lines in Figure 2 show the result that would be obtained in the absence
of these vertices, as discussed in section 2.2.

In addition to the cross-section, TGCs affect the differential cross-sections
as a function of the five W production and decay angles. A combined measure-
ment has been made of the variation of the differential WHW ™ cross-section
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Figure 3: The W-pair differential cross-section as a function of the W- polar
production angle for data collected at centre of mass energies above 204 GeV.

with the most important angle, the W- polar production angle with respect
to the e- beam direction, for the ev.qq’, u7,qq’ decay channels. The charged
lepton is required to be more than 20 degrees from the beam axis. This distri-
bution, using measurements made by the ALEPH, DELPHI and L3 collabora-
tions, is shown in Figure 3 for the data collected at the highest centre-of-mass
energies in the year 2000.

The three coupling parameters which describe the TGC vertices and con-
serve C and P and SU(2) symmetry are denoted k., A, and g¥. Measurements
of these parameters have been made by all LEP collaborations utilising cross-
section and angular decay information. Single W production also carries TGC
information, particularly on ., and hence is also included in the analyses of
some experiments. Single parameter and two parameter fits have been per-
formed and the results are compatible with the SM, with g# being determined
to 2% accuracy.

Quartic Gauge couplings are also predicted by the SM but are below the
sensitivity of the LEP experiments. However, limits have been placed on the
existence of large anomalous QGCs and the cross-section for WTW~ and a
hard photon determined.

The existence of longitudinal polarised Ws is generated in the SM through
the electroweak symmetry breaking process. By exploiting the angular distri-
bution of the W decay products or by using the Spin Density Method the
fractions of longitudinal and transverse Ws have been determined by the DEL-
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PHI, L3 and OPAL collaborations. An experimental result of 23.6 + 1.6% of
longitudinal Ws is obtained at the average centre-of-mass energy in agreement
with the SM prediction of 24.0%.

5 Summary

The principal W boson measurements of the LEP collaborations have been pre-
sented: including the determination of the WW cross-section to 1% accuracy,
the W Mass to 42 MeV/c? and the observation and determination of triple
gauge couplings. The mass of the W boson makes a particularly important
contribution to tests of the standard model, particularly when combined with
the top quark mass measurements from the TeVatron. The combined fit to
electroweak data inside the standard model prefers a relatively light SM Higgs

and yields a preferred Higgs mass of 126fngeV/02 1),
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Abstract

The CDF and D@ collaborations have analyzed up to ~200 pb~! of Run 2
physics data to measure W production properties such as the W cross section,
the W width, lepton universality and the W charge asymmetry. From the
cross section measurements, CDF obtains a lepton universality of q“ =0.998 £
0.012 and gT = 0.99 + 0.04 and an indirect W width of I'yy= 2079:|:41 MeV.
DO measured the W width directly and finds I'yy=20114+142 MeV. CDF has
estimated the uncertainties on the W boson mass measurements in the electron
and muon decay channels and obtains an overall uncertainty of 76 MeV.
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1 Introduction

The properties of the Z boson have been measured to very high precision at

LEP . Naturally one wants to match this precision for the charged carriers
of the electroweak interaction. Over the next few years the Tevatron is the
only accelerator which can produce W bosons. Measuring the properties of the
W boson to a very high precision is an important test of the Standard Model.
From the measured W cross section, one can infer an indirect measurement of
the W width and lepton universality. Since at the Tevatron the W bosons are
produced through quark anti-quark annihilation, a significant uncertainty for
all direct electroweak measurements comes from the knowledge of the parton
distributions inside the proton. The probability of finding a parton carrying a
momentum fraction x within the incoming proton is expressed in the parton
distribution function (PDF). The measurement of the W charge asymmetry
provides important input on the ratio of the w and d quark components of
the PDF and will help to further constrain parton distribution functions. The
W boson mass serves as a test of the Standard Model, but through radiative
corrections is also sensitive to hypothetical new particles. Together with a

precise measurement of the top quark mass 2>, the W boson mass constrains
the mass of the Higgs boson, which has not yet been observed experimentally.

Both CDF and D@ are multi-purpose detectors. They consist of tracking
systems surrounded by calorimeter and muon identification systems. CDF’s
tracking system consists of a wire drift chamber (the Central Outer Tracker)
and a 7-layer silicon microstrip vertex detector (SVXII) immersed in a 1.4 T
magnetic field. A lead (iron) scintillator sampling calorimeter is used for mea-
suring electromagnetic (hadronic) showers. D@ employs a silicon microstrip
tracker (SMT) and a central fiber tracker (CFT), both located in a 2 T mag-
netic field. The sampling calorimeter consists of liquid argon and uranium.

Since the hadronic decay of the W boson has an extremely large back-
ground originating from strongly interacting processes, CDF and D@ use the
clean leptonic decays to study the W boson. The signature is a high energy
lepton with large missing transverse momentum originating from the neutrino,
which does not interact with the detector. The momentum balance in the di-
rection of the beam is unconstrained and as a result, the W events are studied
in the plane transverse to the beam. A typically used quantity is the transverse
mass:

My = /204 (1 - cos(A9)), (1)

which is similar to the invariant mass, just in the two transverse dimensions.
If not otherwise stated, we restrict the lepton identification to the well instru-
mented central region of |n| < 1.

Z boson events are identified by two high energy leptons. These events
have very low background.
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2 Inclusive pp — W/Z + X Cross Section Measurements

W and Z bosons are identified by their leptonic decays to electrons, muons
and taus, from which the total rates oxBr(W — lv) and oxBr(Z — ll) are
obtained. The cross section times branching ratio is calculated as follows:

Ncund - kag

o X Br(pp - W/Z - 1l) = Y7

(2)

The W and Z boson cross sections have been measured by CDF 3) with differ-
ent datasets in different sub-detectors. Figure 1 shows a summary of the CDF
and D@ cross section measurements in all leptonic decay modes. All measure-

Tevatron W— | v cross section measurements Tevatron Z— I [ cross section measurements
CDF04 () —. 2768+ 16+ 64 = 166 pb CDF04 (¢) e 2558+39+55:154pb
CDF04 (e) — 2780 14 = 60 = 167 pb CDF'04 (i) . 248.0+59+7.6+149pb
CDF'04 (e+y) —— 2775+ 10 + 53 + 167 pb CDF'04 (e+u) - 2549+33+4.6+152ph
CDF'04 (e, forward) —e— 2874+ 34+ 167+ 172 pb CDF'04 (1) ——+—— 242:480:26:15pb
(preliminary)  (1.1<fn[<2.8) (preliminary)
COF03q)  —e— 2620+ 70+ 210 = 160 pb
(preliminary)
D004 (e) e 2649:39:99+17.2pb
(preliminary)
D004 () —e— 201.3:30:6.9+188pb
(preliminary)
D004 gs) —— 2865+ 8=+ 75+ 186 pb
(preliminaty)
D004 () —e—  252:16+19£17pb
(preliminary)
D03 (1 —e—  3226+128+100322 pb
(preliminat
‘ ‘
1000 3500 6000 0 500
oxB, pb oxB, pb

Figure 1: Summary of various CDF and D@ W and Z cross section mea-
surements in all three leptonic decay channels, using different datasets and
sub-detectors. The uncertainties are listed in the following order: statistical,
systematic, and luminosity.

4)

ments show good agreement with NNLO calculations */, represented by the

vertical band.
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2.1 Lepton Universality in W Decays

Lepton universality in W decays can be tested by extracting the ratio of the
electroweak couplings g,/g. and g-/ge from the measured ratio of W — Iv
cross sections. The W — [v couplings are related to the measured production
cross section ratio U as follows:

oxBr(W —lv) T(W-—=1l) g

 ox Br(W —ev) T(W —ev) g2 ®)

In this ratio, important systematic uncertainties cancel. The results obtained

3)

are :
i — 0.998 £ 0.012 (4)
Je
97— 0.99+0.04 (5)
ge

where the largest systematic uncertainty comes from event selection efficiencies.
Since these efficiencies are measured using the Z — [l sample, the uncertainty
will decrease as more Z bosons are collected.

2.2 Indirect W Width Determination

The ratio R of the cross section measurements for W and Z bosons can be used
to extract the total width of the W boson. R can be expressed as:
R_ o(pp - W)T(W — lv) T'(2)
olpp— Z) T(Z — 1) T(W)

(6)

Using the very precise measurement of I'(Z — [I)/T'(Z) from LEP and NNLO
calculations of o(pp — W)/o(pp — Z), together with the Standard Model
prediction of I'(WW — [lv) one can extract I'(W) from equation 6. Table 1 shows

Table 1: Summary of indirect W width measurements.

Channel r(W)(MeV) | L (pb~1)
W —ev+W — pv 2079 £ 41 72
W — pv 2056 + 44 194
World average 2124 + 41

the values from CDF for two different datasets, together with the current world
average (not including these measurements). The indirect width measurements
show good agreement and have competitive uncertainties.
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Figure 2: W width extraction from high transverse mass tail.

3 Direct W Width Measurement

D@ has measured the W boson width directly in the electron decay channel 5),
The measurement uses an integrated luminosity of 177 pb~!. The width is de-
termined by normalizing the predicted signal and background transverse mass
distribution in the region of 50 GeV<Mp<100 GeV and then fitting the pre-
dicted shape to the candidate events in the tail region 100 GeV< M7 <200 GeV,
which is most sensitive to the width. Figure 2 shows the transverse mass distri-
bution. The measurement yields I'yy =2011+93(stat)£107(syst) MeV, which
is in good agreement with the world average, an improvement over the D@ Run

1 measurement 6), and competitive to the CDF Run 1 measurements in the

muon and electron decay channels 7).

4 W Charge Asymmetry

The W bosons at the Tevatron are produced predominantly through annihi-
lation of valence u (d) and anti-d (anti-u) quarks inside the proton and anti-
protons for W+ (W ™) production. Since u quarks carry, on average, a higher
fraction of the proton momentum than d quarks, a W= tends to be boosted in
the proton direction, while a W™ is boosted in the anti-proton direction. This



476 O. Stelzer-Chilton

results in a non-zero forward-backward charge asymmetry, defined as:

do(W*)Jdyw — do (W) /dyy .
do (W) /dyw + do(W=)/dyw’

Alyw) =

where yyw is the rapidity of the W bosons and do(W*)/dyyw is the differential
cross section for W+ or W~ boson production. However, because the pz of
the neutrino is unmeasured, yy cannot be directly determined, and we instead

measure:

_ do(e?)/dn. = do(e)/dn. -
~do(et)/dne + do(e=)/dn.’
where 7. is the electron pseudorapidity. Therefore, the observed asymmetry

is a convolution of the aforementioned charge asymmetry and the Standard
Model V' — A couplings describing the W — ev decays. A measurement of

Ane)

o
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Figure 3: Measured asymmetry corrected for the effects of charge misidentifi-
cation and background contributions.

the forward-backward charge asymmetry is sensitive to the ratio of the u and
d quark components of parton distribution functions. CDF has measured this
asymmetry in the electron channel up to a pseudorapidity of |1|<2.5 using 170
pb! 8). Figure 3 shows the measured asymmetry corrected for the effects of
charge misidentification and background contributions. The predictions using
the latest CTEQ and MRST PDF's are overlaid. This measurement will provide
important input for the next generation of PDFs.
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5 W Mass

Since its discovery in 1983 9) 10), the W boson mass has been measured with
increasing precision. From an initial uncertainty of 5 GeV, the uncertainty

of the W mass has been reduced to 42 MeV from the LEP experiments 11)

and to 59 MeV from the Tevatron experiments 7). CDF has analyzed the
first 200 pb~! of Run 2 data and estimated the corresponding W boson mass
uncertainty in the electron and muon decay channels. The uncertainty includes
contributions from statistics, production and decay modeling, lepton energy
scale and resolution, hadronic recoil and resolution, and backgrounds.

There are two important aspects to a precision W mass measurement:
Calibration of the detector to the highest possible precision, and simulation
of the transverse mass spectrum, which cannot be predicted analytically. The
simulation includes the production modeling and detector effects and produces
transverse mass templates for a range of W boson masses. Since backgrounds
contaminate the signal, they are included in the templates. The W mass is
extracted from a maximum likelihood fit to the transverse mass spectrum.

5.1 Production Model

The uncertainty in the modeling of the W boson production and decay results
from parton distribution functions, QED radiative corrections, the transverse
momentum of the W boson and the W boson width.

The parton distribution functions affect the W mass through the limited
acceptance of the detector for the W decay lepton. The uncertainty has been

determined using the set of 40 CTEQ6 PDFs 12), which explore the uncer-
tainty on the 20 orthogonal eigenvector directions in parameter space. Each
eigenvector direction corresponds to some linear combination of PDF parame-
ters. The resulting uncertainty is AMy (e, u) = £15 MeV. A cross check using

the latest MRST 13) PDF falls within this estimate.

The dominant higher-order QED effect on the W boson mass is photon
radiation off the final-state charged lepton. Additional QED uncertainties arise
from multi-photon radiation, initial state radiation and radiation from inter-
ference terms, none of which are included in the simulation used to extract the
W boson mass. The uncertainty from QED corrections is AMy (u) = £ 20
MeV in the muon channel and AMyy (e) = £15 MeV in the electron channel.

The initial-state QCD radiation in vector boson production is constrained
by a phenomenological parametrization of the Z boson ppr measurement from
the previous collider run. The parameters are used for the modeling of the W
pr distribution and their uncertainties result in AMyy (e, u) = £13 MeV.

The uncertainty on the W boson width affects the falling Jacobian edge
and leads to AMywy (e, ) = £12 MeV.
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5.2 Lepton Momentum/Energy Scale and Resolution

The lepton momentum measurement is based fundamentally on the calibration
of the tracking wire chamber (COT). After the calibration of the track momen-
tum and resolution using the muon decays of precisely known resonances, the
energy scale of the electromagnetic calorimeter is calibrated using the ratio of
calorimeter energy to track momentum (FE/p) of electrons.

The quarkonium resonance decays J/¥ — pp and Y(1S5) — pp are used
to set the momentum scale (Figure 4). The passive material in the simulation

a

(=]

o
\

Aplp = (-1.344 = 0.088) x 10~

_events /15 MeyV

(=]

(=]

o
\

v2/dof = 22 /17

CDF RUN II
PRELIMINARY

500

Figure 4: The reconstructed invariant mass of muon candidate pairs in the
Y(1S) region. The fractional difference between the measured and PDG mass
s shown.

is tuned such that the reconstructed J/¥ mass is constant as a function of
mean track curvature. The measured momentum scale is the mean of the
individual J/¥ and T(1S) scales. The systematic uncertainty is taken as half
the difference between the extracted scales which results in AMy (e, ) = £15
MeV.

The track resolution is parametrized in the simulation by the individ-
ual hit resolution and by the hit multiplicity on the track. Muons from de-
cays of Z bosons are used to determine the resolution. The resulting uncer-
tainty corresponds to AMyy (e, ) = £12 MeV. An additional uncertainty of
AMywy (e, ) = £20 MeV is assigned for tracking chamber misalignments.

The E/p distribution of electrons from W boson decays is used to cal-
ibrate the electromagnetic energy scale of the calorimeter (Figure 5). The
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statistical uncertainty and the uncertainty from the momentum scale results in
AMyy (e) = £35 MeV. Additional energy scale uncertainties arise from the cal-

by o
o
E L
c
© 4000
]
B x2/dof=6/12
2000—
: CDF RUN IT
PRELIMINARY
0

E/p (W—ev)

Figure 5: The E/p distribution of electrons from W boson decays. The region
between 0.95 and 1.1 is used for the calibration of the electromagnetic energy
scale.

ibration of the detector passive material and from the calorimeter non-linearity.
The passive material was measured during detector construction and is tuned
using electrons from photon conversions. A final tuning uses the tail of the
E/p distribution which is sensitive to the amount of material modeled in the
simulation. The uncertainty on the passive material results in AMy (e) = £55
MeV. The calorimeter non-linearity is determined from the Er dependence of
the energy scale. After applying a correction, the uncertainty on the slope
results in AMyy (e) = £25 MeV.

The calorimeter resolution is parametrized as o By /Er=13.5%/vE1r®k,
where k is determined from the width of the E/p signal. The uncertainty on
results in AMyy(e) = £7 MeV.

The Z boson masses are used as cross checks for the momentum and
energy scales.

5.3 Recoil Scale and Resolution

The hadronic recoil is measured by summing over the energy in all calorimeter
towers, excluding the lepton towers. The simulation removes an equivalent set
of towers by subtracting the mean underlying event energy as measured from
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adjacent towers. The uncertainty on the measurement of this underlying event
energy results in AMy (e) = £15 MeV and AMy (1) = £10 MeV uncertainties
on the W mass.

The hadronic recoil scale is the ratio of measured to true recoil. It is
parametrized as a function of the true recoil and tuned using Z events where
both decay leptons are reconstructed and the Z boson pr can be reconstructed
precisely from the lepton momentum measurements. The uncertainty on the
parametrization results in AMyy (e, u) = £20 MeV.

The recoil resolution model incorporates terms from the underlying event,
which are modeled with generic inelastic collisions, and from hadronic jet res-
olution. The resolution uncertainty results in AMyy (e, 1) = £42 MeV.

5.4 Backgrounds

The backgrounds in the W boson data sample include W — 1v, Z — [l where
one lepton is outside the detector acceptance and not reconstructed, hadronic
jets, where one jet mimics a lepton, cosmic rays, where one leg of the cosmic
track is not reconstructed, and kaon decays, where the kaon track is misre-
constructed, resulting in large apparent muon momentum. The background
measurement uncertainties result in AMyy (e, p) = £20 MeV.

5.5 Mass Fits and Total Uncertainty

After including all measurement components, CDF obtains transverse mass
(Figure 6) and transverse energy distributions which are well modeled. Table
2 summarizes the uncertainties for the My fits in the electron and muon decay

channels. For comparison the uncertainties from the previous collider run 14)

Table 2: The uncertainty on the W boson mass measurement using ~200 pb~*
of Run 2 CDF data. The CDF Run 1b uncertainties are shown for comparison.

Uncertainty Electrons (Run 1b) | Muons (Run 1b)
Production and Decay Model 30 (30) 30 (30)
Lepton Energy Scale and Resolution 70 (80) 30 (87)
Recoil Scale and Resolution 50 (37) 50 (35)
Backgrounds 20 (5) 20 (25)
Statistics 45 (65) 50 (100)
Total 105 (110) 85 (140)

(Run 1b) are also included. The overall uncertainty is 76 MeV. The W boson
mass fit results are currently blinded with a constant offset. The offset will be
removed when further cross checks have been completed.
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Figure 6: The My distribution in W boson decays to muons. The points repre-
sent the data, the histogram the simulation with backgrounds added. The region
between 60-90 GeV is used to fit the W boson mass.

6 Summary

The W boson physics program at the Tevatron is very successful. CDF and
D@ have measured the inclusive W and Z cross sections in all three leptonic
decay channels, which show good agreement with NNLO calculations. From
the cross section measurements, CDF has extracted competitive measurements
on lepton universality and an indirect measurement of the W boson width.
D@ has measured the W boson width directly in the electron channel with an
uncertainty smaller than the Run 1 value. The new CDF W charge asymmetry
will help to further constrain the uncertainties of parton distribution functions,
which affect all the aforementioned measurements. With the addition of 600
pb~! of data on tape, these measurements will further constrain the Standard
Model.

CDF has determined the uncertainty on the W boson mass with the first
~200 pb~! of Run 2 data to be 76 MeV, which is lower than its Run 1 un-
certainty of 79 MeV. With the additional data to come, Run 2 promises the
world’s highest precision measurement of the W boson mass, with an antici-
pated uncertainty of 30 MeV for 2 fb~1.
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Abstract

The latest top quark mass measurements by the CDF and D@ experiments are
presented here. The mass has been determined in the dilepton (tt — eu, ee, ppu
+ jets +¥+) and lepton plus jets (tt — e or p + jets +¥;) final states. The
most accurate single result from lepton plus jets channel is 173.5f§:g(stat. +
Jet Energy Scale Systematic)41.3(syst.) GeV/c?, which is better than the
combined CDF and D@ Run I average. A preliminary and unofficial average

of the best experimental Run II results gives My,, = 172.7 £ 3.5 GeV /c?.
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1 Introduction

Since the first evidence in 1994 1) and the discovery of the top quark in

1995 2) 3), the CDF and D@ Collaborations invested a lot of work to determine
its properties, specially the value of its mass, which is a fundamental parameter
of the Standard Model (SM). The ongoing Run II, with the upgraded Fermilab
Tevatron collider and CDF and D@ detectors, gives new possibilities for a
precise measurement of the top mass. Due to its large mass, corresponding to
a Yukawa coupling of order unity, one may suspect that the top quark may
have a special role in the electroweak symmetry breaking. In addition, due to
its significant contribution to high order radiative corrections of a number of
electroweak observables, a precise measurement of the top quark mass provides

a tighter constrain on the Higgs mass 4),

This paper reports on the latest CDF and D@ top quark mass results
which are based on about 318 pb~! (CDF) and 219 pb™" (D@ ) of data from
the first two years of the Tevatron Run IT (2002 to 2004). Another paper, pre-

sented on this conference 5), summarized the top quark kinematics properties
including its recently measured production cross section at the center of mass
energy of /s=1.96 TeV,

At this Tevatron energy, top quarks are produced generally in pairs from
the processes qq — tt (in ~85% of the cases) and gg — tt (in ~15% of the
cases). Top can be produced as a single quark by electroweak interactions,

by W-gluon fusion or virtual W* production in the s-channel 6), but with a
smaller cross section. At this time, no signal has been observed from single top
processes and they are not expected to be utilized for a precise mass measure-
ment.

In the Standard Model the branching ratio of the decay ¢t — bW is nearly
100%. When a tt pair is produced, each of the W-bosons can decay into either
a charged lepton and a neutrino (branching ratio of 1/9 for each lepton family)
or into a qq/ quark pair (branching ratio of 2/3). This allows us to classify the
final states as:

e Dilepton final state, when both W’s from the tt pair decay leptonically.
This state is characterized by two high Pp charged leptons, two jets
from bb quarks ! and significant missing transverse energy (F.) from the
neutrinos.

e Lepton plus jets final state, when one W boson decays leptonically and
the other one hadronically. This state contains one high Py charged

'Errors in jet reconstruction and gluon radiation in the event may make the
observed number of jets smaller or larger. This statement is valid for all final
states.
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Figure 1: The summary of the top mass “evaluations” and direct measurements
versus time. See the text for explanation of the points.

lepton, four jets and significant ..

e All hadronic final state, when both W’s decay hadronically. This state is
characterized by 8 jets, two of which are from b-quarks.

In Run I, CDF and D@ wused all of these signatures for the top mass
measurements. At this time, the Run IT top mass analyses from the all-hadronic
channel are still in progress and will not be reported in this paper.

Figure 1 shows how our knowledge on the top quark mass improved with
time. The diamonds represent the indirect determinations from fits to the

electroweak observables 7). The curves in the upper left corner of the figure
represent the limits from direct searches in eTe™ and pp machines. The Run I
CDF and D@ results are presented with squares. The filled circles are the
new Tevatron Run II results. The band represents the average Run I top mass
results. One observes that the recent Tevatron results have equal or better
accuracy than the Run I world average.
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2 Top kinematics and mass reconstruction methods

The kinematics of the events in the lepton plus jets final state is over-
constrained. In this channel, the number of measured quantities and the num-
ber of applicable energy-conservation equations, from five production and decay
vertices, are larger than the number of non-measured kinematical event param-
eters. This feature allows for a complete reconstruction of the four-momenta
of the final state particles in the event, for example using the two constrain
kinematical fit (2CF), and for a reconstruction of the top mass event-by-event.
In this type of analysis there is an ambiguity in how to assign the four leading
jets to the two b quarks and two light quarks coming from the tt system. If
none of these jets is tagged by b taggers 2, there are 12 different ways of as-
signing jets to the 4 partons. Combining with the ambiguity from solving of
a quadratic equation on P}, there are 24 different values of my,, returned by
the fit. The combinations are reduced to 12 or to 4 if one or two of the jets are
selected from b-taggers.

The variety of the CDF and D@ analyses in the lepton plus jet sam-
ple is relatively large. However, all analyses can be separated in three major
categories:

1. Template type analyses, where the reconstructed mass distribution from
the data is compared with expected distributions from Monte Carlo gener-
ated signal (mass-dependent) and background. In these types of analyses,
all events are weighted equally. By doing so one neglects the additional
information coming from a different mass resolution in single events. In
addition no use is made of possible information from the dynamic of the
process which can be assumed to be known. Typical examples for this

type of analysis are the CDF and D@ Run I 10) 11) and the latest, most
accurate CDF Run II lepton plus jets analysis, described in Section 3.1.

2. Matrix Element type analyses, originally proposed by Dalitz and Gold-
stein 12) and independently by Kondo 13) | These methods calculate the
posterior probability, given the known production cross section, for every
event with measured kinematic properties, to originate from a pp — tt
process. A typical example is the D@ Matrix Element analysis which
is the base of the best Run I top mass measurement 4) Run II
CDF uses a method, proposed by K.Kondo 13), called Dynamic Like-
lihood Analysis, which differs in the way that the normalization of the
differential cross section is performed.

2CDF and D@ use taggers based on either displaced vertices (Secondary
Vertex Tagging, SVX, for example see 8)) or on low Pr electrons or muons

from the b-quark semileptonic decays (Soft Lepton Tagging, SLT 9))



G. Velev 487

3. A mixture between methods 1) and 2). For example the tt event is recon-
structed using the kinematic algorithms similar to the template analyses
but an event-by-event probability of each kinematic reconstruction is ex-
ploited as a weight (for example exp(f%)). A typical example of this

category is the D@ Ideogram Analysis 15),

3 Lepton plus jet channel

3.1 CDF result

For the time being the most accurate top quark mass measurement comes
from the lepton plus jets channel. This channel combines the benefits of good
signal to background ratio, the possibility to reconstruct the top quark mass
event by event with a relatively small combinatorial effect, and a large branch-
ing fraction. In brief, we discuss below the main selection criteria for this
channel.

Lepton plus jets events have the signature pp — ttX — &/bq(ﬁX . The
characteristics of this final state begins with the identification of one isolated
central high energy lepton (e with E; > 20 GeV or p with Pr >20 GeV) and
Il < 1°2.

Assuming that the lepton is coming from W boson decay, a companion
neutrino should exist. This would spoil the balance of the observed momentum
in the transverse plane. The missing transverse energy (K.) is constructed by
adding the calorimeter energy vectors in the plane transverse to the beam. The
calorimeter clusters identified as jets are corrected for detector response and for
multiple pp interactions. In muon events the K. is computed using the muon
momentum measured by the track instead of the muon calorimeter signal.

In order to fully reconstruct the tt system, at least four central jets |n| < 2
are required in the system. The SVX tagging algorithm is run over the lead-
ing jets (Ep >15 GeV): some of them may be identified as b-jets. To obtain
maximum statistical benefit from the event sample it is helpful to decompose
it into several classes of events which are expected to have different signal-to-
background ratios and top mass resolutions. The Monte Carlo studies showed
that an optimal partitioning is obtained splitting the sample into four statisti-
cally independent categories: events with double SVX tags (2SVX), events with
single SVX tag and tight forth jet cut (four jets with Ex >15 GeV, 1SXVT),
events with single SVX tag and loose forth jet cut (15 > Ep >8 GeV for the 4"
jet, 1ISXVL) and finally events without tags (0-tag). Since the last sample has
a high background contamination compared to SVX tagged ones, an additional

3A complete description of the lepton selection, including all cuts used, can

be found elsewhere 16)
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Table 1: In the first four columns from left to right: lepton plus jets subsamples
used in the top quark mass analysis, number of events in each sample, S/B
ratio, and a summary of the jet energy cut selection are presented. A total of
165 tt candidates were selected. The last column summarizes the background
fractions in % from W + light quark, Wbb 4+ Wce + We and QCD multijet
events (left to right).

Data Number | S/B Jet Er cuts (GeV) Bckg. type and
Subsample | of events jets 1-3 (4th jet ) fraction in %
25VX 25 10.6/1 Er >15 ( Er >15) 21/59/10
1SVXT 63 3.7/1 Er >15 ( Er >15) 17/38/22
1SVXL 33 1.1/1 | By >15 (15 > Ep >8) 29/48/14
0-tag 44 0.9/1 Ep >21 ( Ep >21) 75/3/20

optimization of the jet Er cuts ( Er > 21 GeV) was performed. A total of 165
tt candidates were selected from 318 pb™! of data.

The dominant backgrounds in all samples are direct W plus multijet pro-
duction, including heavy flavour production, and QCD multijet events where
one jet is misidentified as a lepton. Additional small backgrounds are due
to WW/WZ and single top production. The amount and composition of the
background depends on the sample. In the case of the 2SVX sample, the
Wbhb +Wece+ We background dominates (~60%) while in the case of the 0-tag
sample, the W plus light quark production is responsible for ~75% of back-
ground. The information for these four subsamples, including the dominant
type and background fraction, is summarized in Table 1.

Each event, either from data or MC samples, is fitted to the hypothesis
ttX — Ez/bq(leX . We use four kinematic constraints, as a consequence of the
assumed lepton plus jets event structure (My, = M;; = My and My, = Mjj
= M;op). The fitting procedure runs over all possible 24 combinations of as-
signing the four leading jets to the b, b and W — ch’ partons (the order of the
pair assigned to the W is irrelevant). If one or two of the four leading jets are
tagged as a b-jets, they are assigned to the b-partons and the number of ex-
plored combinations is correspondingly smaller. All solutions with x? < 9 (cut
optimized on the MC studies) are accepted. The top mass value corresponding
to the combination with the minimum x? is picked as the mass value indicated
by the event.

The events from the MC samples are used to produce probability density
distributions or so-called templates. In case of the signal MC, these distribu-
tions are parameterized as a function of reconstructed and input top masses.
On the other hand, the background probability density distributions are pa-
rameterized only as a function of the reconstructed mass. The likelihood of



G. Velev 489

0.141 0.14-
: Mo ; JES:
0'12; [ 145 Gevic? Noo'm; -3¢
0.1~ [[]165 Gevic? % 0.1F R
008} . 185 GeV/c? 3008} .1 o
r 205GeV/ic? | § T 36
0.06] N 20.06 i
, =0.06
i & T
0.04 £0.04-
0.02- 0.02-

200 250 300 % 20 40 60 80 100 120 140 160 180
meo(GeV/c’) m.(GeVic)

Figure 2: Left: reconstructed top mass p.d.fs for input top masses from 145 to
205 GeV/c* and JES = 0. Right: reconstructed mass p.d.fs of the dijet system
attributed to the W for different JES values in the range of =30 — + 30 and
input top mass of 180 GeV/c2.

each subsample uses the parameterized signal and background probability den-
sity functions (p.d.f) to evaluate the dependence of the likelihood on the input
top mass.

To reduce the dominant systematic error coming from jet energy scale

(JES) 10) the latest CDF template analysis exploits the fact that the global
JES scale can be determined from the decay W — q(j/. MC studies have shown
that this technique provides a 22% reduction in the JES uncertainty. Similar
template distributions as for the kinematically reconstructed top mass are built
for the dijet mass, with the exceptions of removing the x? < 9 requirement,
exploiting all the possible jet-to-parton assignments in the event. Examples of
top and dijet reconstructed masses p.d.fs are shown on Figure 2 left and right
respectively.

The reconstructed top and W dijet mass values for every data event are
simultaneously compared to the p.d.fs from signal and background sources
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Table 2: The systematic uncertainties in the CDF lepton plus jets top quark
mass measurement.

Source AMyop
(GeV/c?)
b-jets modeling 0.6
Method 0.5
Initial state radiation 0.4
Final state radiation 0.6
Shape of background spectrum 0.8
b-tag bias 0.1
Parton distribution functions 0.3
Monte Carlo generators 0.2
MC statistics 0.3
Total 1.5

performing an unbinned likelihood fit. The fit finds a maximum likelihood
value according to: the expected numbers of signal and background events in
each subsample, the JES and the true top quark mass (Miep). Only My is
a free parameter in the likelihood fit, the other are constrained within their
uncertainties. For each subsample, the likelihood has the following form:

L= EMtop L Ecounting . Ebg- (1)

shape shape

In (1), the main information on the top quark mass is hidden in the

term Ei\ﬁ“ge. It gives the probability for an event with reconstructed top mass

mysy to come from true top mass M;y,. All other terms constrain the JES

(£:,L£pe), the number of observed events (Lcounting) and number of expected
backgrounds in the subsample (Lp4) and help to reduce the statistical and
systematical uncertainties returned by the fit.

The systematic uncertainties are summarized in Table 2. For each sys-
tematic source, the relevant parameters are varied by #1¢ in the tt MC sample
with My, =178 GeV /c? and sets of fake events are generated. These fake events
are reconstructed in the same way as normal events. This procedure is called
“pseudoexperiments” (PE). It propagates the +1c effects to a shift in the top
mass relative to the result from the nominal sample.

The reconstructed top masses in the four subsamples with overlaid best fit
for the signal and background MC expectation are shown in Figure 3. The com-
bined fit for all lepton plus jets events returned M., = 173.5f§:g(stat.+JES)
+1.3(syst.) GeV/c? and JES = -0.1070 5] (stat.+syst.). This is the most precise
single measurement available to date, better than the average Run I result.



G. Velev 491

CDF Run Il Preliminary
2-tag 1-tag(T)
. Data (16 evts) . Data (57 evts)
[ signal + Bkgd [ signal + Bkgd

-Bkgd only

Entries/(15 GeV/c?)
O =a NWHh OO N®O
Entries/(15 GeV/c?)
>

8
6
4
2
100 150 200 250 300 350 400 0 100 150 200 250 3200 350 400
myeco (GeV/CZ) m{e*® (GeV/c")
1-tag(L) 0-tag

. Data (40 evts)
[ signal + Bkgd

.Bkgd only

. Data (25 evts)
[ signal + Bkgd

(2 Bd only

Entries/(15 GeV/c)
Entries/(15 GeV/cz)

O =2 NWhUoON®O©

100 150 200 250 :300 350 400
me°® (GeV/c")

100 150 200 250 3200 350 400
m{*°° (GeV/c")

Figure 3: The reconstructed mass distribution (histogram) for each lepton
plus jets CDF subsamples is overlaid with the result of the likelihood fit (sig-
nal+background, hatched area). The cross hatched area represents only the
background.

3.2 DO Result

D@ has measured the top quark mass in the lepton plus jets channel as
well. The utilized data set corresponds to an integrated luminosity of approx-
imately 229 pb~! collected between April 2002 and March 2004.

The event selection criteria are similar to those used in CDF. As a first
selection step, an identification of the a high Pr isolated electron or muon ac-
companied by substantial large F; > 20 GeV is required. The isolated electron
(muon) candidate should have Pr >20 GeV, satisfy a pseudo-rapidity cut of
Inl <1.1 (|n] <2.0) and tight quality conditions. These initial selections provide
the data sample.

Two separated analyses, b-tagged and topological, are performed on this
sample. In the b-tagged analysis, to reconstruct the top mass the events are
additionally selected to have at least 4 jets with Pr > 15 GeV and || <2.5. A
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further requirement of identification of one or more jets as b-jets is made. A
jet is b-tagged based on the reconstruction of the secondary verticies using the
charged particle tracks associated with it. 49 (29) e+jets (i + jets) b-tagged
events survive all cuts and are kinematically fitted to the tt hypothesis. In
42 (27) electron (muon) events the kinematic fit converged in a configuration
where the lowest x? solution is consistent with b-tagged jet permutation.

In the second analysis the information of the b-tagger is not exploited.
To increase the signal to background ratio several modifications of the selection
cuts are applied. For example the transverse momenta of the first four jets are
increased to 20 GeV. There are 87 e+jets and 80 pu+jets events left after this
requirement. Next, using the specific kinematics of the tt events, a discriminant

(D) was constructed. It is designed to use variables which are uncorrelated or

minimally correlated with the top quark mass 11)

are considered:

. Four topological variables

e K. - missing transverse energy which comes from the neutrino of the W
leptonic decay.

e A - aplanarity of the event. It exploits the fact that the decay products
from a massive particle have large aplanarity.

° H;FZ - the ratio of the scalar sum of the Pr of the jets, excluding the
leading jet, and the scalar sum of |p,| of the jets, the lepton and of the
reconstructed neutrino.

° K/Tm . - & measure of the jet separation folded with the Er of the recon-
structed leptonic W boson.

Figure 4 shows the simulated discriminant distribution for signal and
background. A cut of D > 0.4 is imposed to select the signal rich region. After
the kinematical fit at least one jet permutation is required to have x? < 10.

Similar to the CDF lepton plus jets analysis, two dominant sources of
background are accounted for: W plus multijet production, including heavy
flavour, and QCD multijet events where one of the jets is misidentified as
a lepton and there is significant F. imbalance in the event due to detector
resolution.

The systematic uncertainties of both analyses are summarized in Table 3.
The main contributions are due to JES, gluon radiation (initial state-ISR and
final state-FSR), and the MC tt signal modeling.

As expected, the dominant systematic uncertainty originates from the
JES. The impact of JES on the reconstructed top mass was evaluated by scaling
the jet energies by +1o for both signal and background in the MC simulation.
The uncertainty on the JES was conservatively assumed to be 5% for the E}et >
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Figure 4: Discriminant D for tt (solid dark line) and background (solid light
line) events from MC simulation.

30 GeV. For jets with E%et < 30 GeV, the JES uncertainty decreases linearly
as 0 = 30% — 25% x (EJ<'/30) GeV.

Next in importance to the JES is the systematic uncertainty coming from
gluon radiation. Regardless of which jet permutation is used, the fitted mass
will not be correct if the a radiated gluon is one in the four leading jets in the
event. To understand how this affects the tt reconstruction, MC events with
only four partons hadronizing and forming four jets were compared to events
where one of the leading 4 jets comes from gluon radiation. A small deviation of
~ 0.2 GeV/c? from the nominal top mass is observed when the events without
gluon radiation are reconstructed. The difference becomes ~ 2.4 GeV/c? when
one of the leading jets is a radiated gluon.

In this analyses the model of the kinematic properties of the events is
taken directly from MC simulation. Therefore some deficiencies in the MC
model may lead to a substantial bias in the mass reconstruction. In order
to perform a conservative estimate of this possible effect, in addition to the
nominal sample for tt signal a complementary sample was generated where an
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Table 3: Systematic uncertainties in the D@ lepton plus jets top quark mass
measurement. The uncertainty on JES, Gluon Radiation and Signal Model are
the dominant sources of error on the mass.

Source AM;op
(GeV/c?)
b-tagged analysis | Topological Analysis

JES +4.7/-5.3 +6.86.5
Jet Resolution +0.9 +0.9
Gluon Radiation +2.4 +2.6
Signal Model +2.3 +2.3
Background Model + 0.8 + 0.7
b-tagging +0.7 N/A
Calibration +0.5 + 0.5
Trigger bias +0.5 + 0.5
MC statistics +0.5 + 0.5

Total +6.0 +7.8-7.1

additional parton is produced in association with the tt pair. The cross section
for this process is approximately two times smaller than the cross section for
the tt production. By analyzing this sample, an uncertainty of +2.3 GeV/c?
due to the uncertainty on signal modeling is assigned to the analyses. All other
possible systematic effects turned out to be relatively small, at the level of
0.5~0.7 GeV/c%.

The distributions of the fitted masses and -In(L) curves are shown in
Figure 5. The top two figures show the result from the b-tagged analysis while
the bottom two represent the topological one. Taking into account the output
from the binned likelihood fit and the systematic uncertainties the final result
for the analyses is M;,, = 170.6 +4.2(stat.) £6.0(syst.) GeV/c? (b-tagged
analysis) and M;,, = 169.945.8(stat.)T78(syst.) GeV/c? for the topological
one.

4  Dilepton Channel

4.1 CDF result

CDF has several independent dilepton analyses which are found to return
consistent values for the top mass. Since this sample has good signal to back-
ground ratio (~ 4/1) one is stimulated to invent ingenious ways to reconstruct
the events and extract Myop.

The event selection criteria are similar as in the lepton plus jets channel.
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Figure 5: The result from the binned likelihood fit for the b-tagged (topological)
analysis is presented on the upper (lower) left plot. The dots represent the data,
the solid line is the fitted tt plus background and the dashed line is background
only, normalized to the fraction returned by the fit. The right plots show the
-In(L) curves.

Two or more central jets with E; > 15 GeV are required. A loose criterion is
applied to the second lepton - it must have opposite charge but isolation is not
mandatory. For the missing transverse energy the cut is increased to B >25
GeV since two neutrinos are supposed to be presented in the event. If F. <50
GeV, a requirement for the angle between K+ and the nearest lepton or jet to
be A¢ >20° is imposed. Also the transverse energy sum, Hp, has to be more
than 200 GeV. Events due to cosmic rays, conversions or Z bosons are rejected.

Four major backgrounds are taken into account: di-boson plus jet pro-
duction, W plus jets where one of the jet is faking a lepton, and Drell-Yan
production, specially Z/y — 77. 33 events passed all cuts with an expected
background of 11.6+2.1 events.

In contrast to the lepton plus jets mode, in the dilepton case due to
the presence of two neutrinos the kinematics is not constrained. The number
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of non-measured kinematical variables is larger by one than the number of
kinematic constraints (—1C'F'). Obviously, it is impossible to single out only
one solution per event. We may take some event parameter (E) as known
in order to constrain the kinematics and then vary R to determine a set of
solutions. In order to determine a preferred mass, every solution should have
a weight attached to it.

The minimal requirement in the case of —1CF kinematics is to use a two
dimensional vector as K. We chose the azimuthal angles of the two neutrino
momenta B = (¢,1,$u2) and create a net of solutions in the (¢,1, ¢2) plane.

For every point of the (¢,1, ¢,2) plane we have 8 solutions. Two of them
are generated by the two possibilities of associating the two charged leptons
to the two leading jets which are assumed to originate from the bb partons.
The four other solutions are generated from the four ways of associating each
neutrino to two p, momenta, satisfying the W decay kinematics. We select the
minimal x2 solution for every point of the net for further use in our analysis.

Using the x? value from a minimization we weight the selected solutions

by e(f%z). This is done in order to suppress the solutions which have worse
compliance with the fit hypothesis.

The final extraction of the top quark mass from a sample of dilepton
candidates is provided by the unbinned likelihood fit. The expected signal
and background p.d.fs are obtained using Monte Carlo samples with detector
simulation. The background-constrained fit (Ny=11.642.1) returns: M,y =
169.8 £33 GeV/c?, with 23.4+83 signal events. The left plot in Fig. 6 shows
the fitted mass distribution. The insert shows the mass dependence of the
negative log-likelihood function. The right plot represents the error distribution
for Monte-Carlo simulated experiments, where the arrows indicate the data
result.

We also performed a fit without constraining the number of background
events. This fit returns My,, = 169.2+52 GeV/c?, with 33.0+£%-) signal events
and 0.043-2 background events.

4.2 DO result

To reconstruct the top quark mass in the dilepton channel, D@ follows

the ideas proposed by Dalitz and Goldstein in 17) " The analysis uses about
230 pb~! of data. The initial selection includes:

e two leptons, electron or muon, with py > 15 GeV in the pseudorapidity
regions [n(e)| <1.1 or 1.5< |n(e)| <2.5 for the electron and |n(p)| <2.0

for the muon. In e-p events a separation cut of \/A¢? + An? >0.25 is
applied;

e two or more jets with pr > 20 GeV in the pseudorapidity region |7 | <2.5;
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Figure 6: Left: two-component constrained fit to the dilepton sample. The
cross hatched area corresponds to the background returned by the fit and the
line-shaded area is the sum of background and signal. The insert shows the
mass-dependent negative log-likelihood used in the fit. Right: positive and neg-
ative error distributions returned by the fit in pseudo experiments. The arrows
indicate the errors from the data fit.

e large missing Fr >25 GeV. However the K. cut is varied for di-electron
or di-muon events depending on the ee or pu invariant mass;

e veto on the Z — ee, pu events;

e acut A¢(u, Br) > 0.25 rejects the events where the F and u vectors are
close to each other in the transverse plane;

e Hr > 140 GeV, where Hr is the scalar transverse momentum sum of the
larger of the two lepton prs and of all jets over 15 GeV.

e for ee events a additional sphericity > 0.15 cut is applied.

8 eu, b ee and 0 pp events satisfy all requirements, when 6.240.6, 2.8+0.3
and 2.940.6 events are correspondingly expected.
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The D@ analysis method can be summarized as follows. The momenta of
the two highest p. jets in the event are assigned to the bb from the decay of tt
quarks. Then a likelihood to hypothesized values of the top mass in the region
of 80~280 GeV is determined. For each event a solution is found when the
pairs of tt momenta are consistent with the observed lepton and jet momenta
and F. A weight to each solution is assigned as

W = f () f(Z)p(Ef |Miop)p(E7 | Miop), (2)

where f(x) (f(Z)) is the parton distribution function for the proton (anti-
proton) and the initial quark (anti-quark) is carrying a momentum fraction x
(). p(E}|Miop) denotes the probability for the top (anti-top) quark with a
mass M; to generate a lepton ¢ (£) with the observed energy in the top quark
rest frame.

There are two ways to assign the two jets to the b and b quarks. In addi-
tion, for each jet-to-parton assignment, there might be up to four solutions for
each hypothesized value of the mass, coming from the fact that every neutrino
may have up to two real solutions for its p,, satisfying the kinematics. Then
the likelihood for each value of the top quark mass M,,, is given by the sum
of the weights w; ; over all possible solutions:

W)= Y > wiy (3)

pY solutions jet assignment

Up to now there was an implicit assumption that all momenta are mea-
sured perfectly. Therefore the weight in (3) is zero if no exact solutions are
found. To account for detector resolution the weight calculations are repeated
with input values for the particle momenta drawn from Gaussian distributions
with means equal of the measured values and widths corresponding to the detec-
tor resolution. In addition the E. value is recalculated from generated particle
momenta and a random noise from a normal distribution with mean 0 GeV and
rms 8 GeV is added. Figure 7 up (down) shows the weight curves for ey (ee)
events before (solid line) and after (shadow area) resolution smearing. For each
event the value of the top quark mass at which the weight curve reaches its
maximum is used as the estimator of the mass. After that, to extract the most
probable top mass value from the data sample, a standard template method
which exploits a binned maximum likelihood fit is applied. The likelihood fit
returns My, = 155.713(stat.) & 7.(syst.) GeV/c?. The JES uncertainty (5.6
GeV/c?) dominates the systematic error.
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Figure 7: Weight curves from 8 eu events (top) and 5 ee events (bottom). The
shadow histograms show the weight curves with resolution smearing while the
open histograms represent the weight curves without resolution smearing.

5 Summary of the Top Quark Mass Measurements and Run II
Prospects

Combining the presently available most accurate Run IT CDF and D@ mea
surements in the dilepton and lepton plus jets decay topologies, one finds
172.743.5 GeV/c?. This result is unofficial. The average is made by the author
assuming simple correlations (0 or 1) between the systematic uncertainties in
the CDF and D@ measurements.

The expected CDF uncertainty for JES systematics as a function of inte-
grated luminosity is shown in Figure 8, left. The right plots shows the total top
mass error versus integrated luminosity for the CDF lepton plus jet analysis.
One may conclude that with a Run II integrated luminosity of 8 fb™! the top
quark mass could be measured by CDF with a precision of ~2.0 GeV/c2. This
optimistic forecast is based on the present understanding that both the statisti-
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Figure 8: The expected JES uncertainty from W—jj as a function of integrated
luminosity is shown on the left plot. On the right, the total expected top mass
uncertainty, from CDF lepton plus jets events as a function of integrated lumi-
nosity, is shown.

cal and JES systematic uncertainties will decrease as expected with increasing
integrated luminosity.

6 Conclusion

The top quark CDF results from the Tevatron 2002-2004 Run II, with an
integrated luminosity of 318 and 230 pb~! for CDF and DO are presented.
The best, up to date, measurement of the top quark mass from the CDF lepton
plus jets analysis is 173.5f§:§ GeV/c?. Combining the CDF and D@ dilepton
and lepton plus jets Run II results, the author’s average of the top quark mass

is 172.7 £ 3.5 GeV//c2.
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TOP QUARK PRODUCTION AND PROPERTIES AT THE
TEVATRON

Frank Fiedler
Munich University (LMU), Germany
on behalf of the CDF and D@ Collaborations

Abstract

The precise measurement of top quark production and properties is one of the
primary goals of the Tevatron during Run II. The total ¢ production cross-
section has been measured in a large variety of decay channels and using differ-
ent selection criteria. Results from differential cross-section measurements and
searches for new physics in tf production and top quark decays are available.
Electroweak production of single top quarks has been searched for. The results
from all these analyses, using typically 200 pb~! of data, are presented.
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1 Introduction

The top quark is special among the fermions of the Standard Model because of
its large mass. Currently, the top quark can only be studied at the two Tevatron
experiments CDF and D@, where measurements of top quark production and
properties are one of the key physics goals of Run II.

The top quark mass is discussed in a separate article 1), This article
focuses on measurements of the total ¢£ production cross-section, searches for
new physics in ¢ production and top quark decay, and on the search for elec-
troweak (single) top quark production. While the CDF and D@ experiments
have both collected more than 500 pb~! of data so far during Tevatron Run II,
surpassing the Run I integrated luminosity by a factor >5, the measurements
summarized in this article typically use about 200 pb~!.

In section 2, general aspects of top production and event topologies at
the Tevatron are briefly discussed. Section 3 discusses the measurements of the
total t¢ production cross-section, while further measurements in t¢ events are
presented in section 4. The search for single top quark production is presented
in section 5.

2 Top Quark Production at the Tevatron

In the Standard Model, the production of top quarks at a hadron collider can
in principle proceed via two mechanisms: #f pair production via the strong
interaction, and single top (or antitop) production via the electroweak interac-
tion. The leading order Feynman diagrams are shown in figure 1 together with
the Standard Model cross-sections in pp collisions at a centre-of-mass energy

of 1.96 TeV (corresponding to the Tevatron collider at Run IT) 2, 3),
In the following, the main characteristics of ¢t and single top events at
the Tevatron are discussed.

2.1 Classification of ¢t Event Topologies

In the Standard Model, the branching fraction of top quark decays to a b
quark and an on-shell W boson is close to 100%, other decay modes not being
observable with Tevatron luminosities. The subsequent W decays determine
the event topology seen in the detector, and ¢t events are classified as follows:
e Dilepton events, where both W bosons decay into an ev or pv final
state, are characterized by two energetic, isolated leptons of opposite
charge, two energetic b jets, and missing transverse energy. While the
product branching ratio is only about 5%, pure event samples can be
obtained requiring the two leptons in the event to be reconstructed.
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Figure 1: Leading order Feynman diagrams for top quark production at hadron
colliders together with the Standard Model cross-sections at the Tevatron.

e In lepton-+jets events, one W boson decays hadronically and the other
into an ev or pv final state. This topology is characterized by an ener-
getic, isolated electron or muon, four energetic jets (two b jets and two
light-quark jets from the W decay), and missing transverse energy. The
product branching ratio of ~30% is larger than for dilepton events, and
the main background is from W+jets events.

e In hadronic events, one expects 6 energetic jets (of which two are b
jets) and no significant missing transverse energy. Because of large back-
grounds from QCD jet production, identifying ¢ events in the hadronic
channel is challenging, despite the large product branching ratio of ~44%.

e In about 21% of the ¢t events, at least one W boson decays into a Tv
final state. Depending on its decay, the 7 lepton can be identified as a
narrow jet, an isolated track, or an electron or muon. Two energetic b
jets, missing transverse energy, and the decay products from the second
W boson complete the event topology.

In general, the reconstruction and selection of ¢ event candidates is based
on reconstructing the directions and energies/momenta of isolated electrons or
muons and jets, and on reconstructing the missing transverse energy Er from
the transverse momentum balance in the event. The purity of the event samples
can be enhanced by identifying jets that originated from a b quark (b tagging),
since in the Standard Model, every tf event contains two b jets. Both CDF
and DO use

e secondary vertex algorithms, based on explicit reconstruction of the decay
vertex of the b hadron within the jet;

e impact parameter based algorithms that classify tracks inside a jet ac-
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Figure 2: FEzpected pseudorapidity distributions of the charged lepton and jets
in single top events (left: s-channel, right: t-channel) 4).

cording to their distance of closest approach to the primary event vertex;
and
e soft leptons from semileptonic bottom or charm hadron decay (only muons

are used so far)
to identify b jets. The requirements on the jet multiplicity, the minimum jet
transverse energies, b identification of the jets, and event kinematic information
can be balanced to minimize the measurement error; depending on the selection,
not all jets need to be explicitly reconstructed.

2.2 Single Top Quark Production

The total cross-section for single top quark production is only a factor ~2
smaller than that for ¢f production; however, the relevant backgrounds are
substantially larger (W +2jet instead of W+4jet events). To reduce the back-
ground, the selection of single top event candidates focuses on top decays with
leptonic W decays and on the identification of the b jet(s) in the event. Fig-
ure 2 shows the expected pseudorapidity distributions of the charged lepton
and jets in single top events. For s-channel events, two b jets are expected in
the center of the detector. In general only one b jet can be reconstructed in
case of the t-channel, but here an additional light quark jet can be observed.

3 Measurements of the Total ¢t Production Cross-Section

The goal is to measure the ¢t cross-section in as many different modes as possible
to check the predictions of the Standard Model. The measurements in the
different channels are described in the following sub-sections.

3.1 Lepton+Jets Channel, Topological Analyses

Both CDF and D@ have measured the tf cross-section in the lepton+jets chan-
nel without relying on b jet identification. In the CDF analysis 5), events with
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Figure 3: CDF tt cross-section measurement in the lepton+jets channel using
topological information. Left: Hp distribution. Right: NN output.

one isolated electron with E7 > 20 GeV or muon with pr > 20 GeV, missing
transverse energy Fr > 20 GeV, and at least 3 jets with Ep > 15 GeV within
the pseudorapidity range |n| < 2.0 are selected. For Fr < 30 GeV, there is an
additional cut requiring the angle A¢ between the missing transverse energy
and the highest Er jet in the transverse plane to satisfy 0.5 < A¢ < 2.5. Af-
ter this selection, the ¢ signal can be seen in the Hyp distribution (Hr is the
scalar sum of transverse energies of the lepton, jets, and the missing transverse
energy) as shown in figure 3, and the ¢f cross-section is measured to be

o(tt) = (4.7 + 1.6(stat.) + 1.8(syst.)) pb (1)

using a 195 pb~! data sample. To optimise the measurement, 7 quantities have
been chosen for training a neural network (NN) to separate the tf signal from
the background. The NN output distribution is also shown in figure 3. From a
fit to this distribution a result of

o(tt) = (6.7 £ 1.1(stat.) £ 1.6(syst.)) pb (2)

is obtained from the same dataset. In both analyses, the main systematic error
is from the uncertainty in the jet energy scale; it is however reduced from 30%
in the Hr based measurement to 16% in the optimised analysis.

In the D@ topological analysis 6), events with one isolated electron or
muon with ppr > 20GeV, missing transverse energy (Er > 20 GeV in the
et+jets case and B > 17GeV for p+jets events), and at least four jets with
Er > 15GeV within |n| < 2.5 are selected. So in contrast to CDF, four jets are
required to be reconstructed, but a larger pseudorapidity region is allowed. To
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Figure 4: D@ tt cross-section measurement in the lepton+jets channel using
topological information. The likelihood discriminant distributions are shown for
e+jets (left) and p+jets (right) events together with the fitted tt and background
contributions.

further separate tf events from background, a likelihood is constructed using
angular variables and ratios of energy dependent variables, to avoid direct
dependence on the jet energy scale. The resulting distributions are given in
figure 4. The combined fit to the e+jets and p-+jets distributions from 141 —
144 pb~! of data yields

o(tt) = (7.243 % (stat.) "1 S(syst.) £ 0.5(lumi.)) pb . (3)

3.2 Lepton+Jets Channel, b Tagging Analyses

For the D@ measurements that make use of lifetime b tagging information 7),

events are selected with the same criteria as above. The tf cross-section is then
determined from a combined fit to the jet multiplicity distributions for events
with exactly one b tagged jet and events with at least two b tagged jets. Using
a data sample of 158 — 169 pb~—!, D@ obtains

o(tt) = (8.2 £ 1.3(stat.) T g (syst.) £ 0.5(lumi.)) pb (4)
using secondary vertex b tagging and
o(tt) = (7.2} 3(stat.) {9 (syst.) £ 0.5(lumi.)) pb (5)

with a track impact parameter based algorithm. The jet multiplicity distri-
butions obtained with secondary vertex b tagging are shown in figure 5. In
a separate analysis, D@ analyzes events with a semimuonic bottom or charm

decay, resulting in 8)

o(tt) = (11.2 £ 4.0(stat.) £ 1.3(syst.) = 1.1(lumi.)) pb (6)
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Figure 5: D@ tt cross-section measurement in the lepton+jets channel using
b tagging information. The jet multiplicity distributions for single and double
secondary vertex tagged events are shown together with the expected Standard
Model signal and background.

based on 93 pb~ L.

Several CDF analyses make use of b tagging information. The preselection
of events requires one lepton, missing transverse energy, and three jets as in
section 3.1. When at least one jet is required to be secondary vertex tagged 9),
a measurement of

o(tt) = (5.67 13 (stat.) ") 2(syst.)) pb (7)

is obtained from the jet multiplicity distribution (where a value of Hp >
200 GeV is required for events with three or more jets) in 162pb~! shown
in figure 6. Alternatively, the fraction of ¢t events in events with at least 3 jets
is obtained from a fit to the Ep distribution of the leading jet, which is also

shown in figure 6, yielding 10)

o(tt) = (6.0 = 1.6(stat.) = 1.2(syst.)) pb . (8)

For the CDF multiple tag analysis, a special version of the b tagging algorithm
has been developed with looser criteria to increase the statistics. From the
jet multiplicity distributions obtained with the regular and the loose b tag,

measurements of % 11)
o(tt) = (5.0175(stat.) {5 (syst.)) pb (regular b tag) and (9)
o(tt) = (8.215 1 (stat.) "1 5(syst.)) pb (loose b tag) (10)
are obtained. Finally, CDF also uses events with b jets identified by an impact

parameter based algorithm, yielding 12)

o(tt) = (5.81 ] 3(stat.) £ 1.3(syst.)) pb (11)
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Figure 6: CDF tt cross-section measurement in the lepton+jets channel using
b tagging information. Left: the jet multiplicity distribution for events with at
least one b tagged jet. Right: the leading jet Er distribution for events with at
least 3 jets.

in 162pb~!, as well as events with a semimuonic bottom or charm hadron

decay, resulting in 13)

o(tt) = (5.2575(stat.)T1:5 (syst.)) pb (12)

using 200 pb~1.

3.3 Dilepton Channel

The CDF selection of tt events in the dilepton channel requires two isolated
tracks (pr > 20GeV) and missing transverse energy (Fr > 25GeV). The ¢t
production cross-section is determined from the jet multiplicity distribution of
events where both tracks are identified as leptons, or events where only one

identified lepton is required. The combined result is 14)

o(tt) = (7.073 7 (stat.) ]9 (syst.) £ 0.4(lumi.)) pb (13)

using 200 pb~!. The jet multiplicity distribution for the analysis with at least
one identified lepton is shown in figure 7. One of the main backgrounds to
tt production in the dilepton channel is diboson (mostly WW) production.
In a separate analysis, CDF fits the two-dimensional jet multiplicity vs. Er
distribution to measure the t#, WW, and Z — 77 cross-sections simultaneously.

This analysis yields 15)

o(tt) = (8.675 5 (stat.) £ 1.1(syst.)) pb (14)
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Figure 7: CDF and D@ tt cross-section measurements in the dilepton channel.
Left: jet multiplicity distribution in the CDF “lepton+track” analysis. Middle
and right: jet multiplicity distributions for data (middle) and expected back-
ground (right) in the D@ dilepton measurement with at least one secondary
vertex b tagged jet.

For the D@ dilepton analysis, events with two isolated leptons with pr >
15GeV (pr > 20 GeV in the dielectron channel), two jets with Ep > 20 GeV,
missing transverse energy r > 35GeV (r > 25GeV in the ey channel), and
Hlad- £ > 120(140) GeV in the pp (ep) channel are selected, where Hisad: ¢
includes all jets and the leading lepton. Additional cuts reject events consistent
with a Z — #¢ hypothesis. With no b tagging criteria applied, the analysis
yields 16)

o(tt) = (14.3%7 §(stat.) "7 5 (syst.) £ 0.9(lumi.)) pb (15)

using 140 — 156 pb~!. When requiring at least one jet to be secondary vertex

b tagged, the eu channel alone yields 17)

o(tt) = (11.1735(stat.) + 1.4(syst.) £ 0.7(lumi.)) pb (16)

with a very high purity sample, see figure 7.

3.4 Hadronic Channel

To separate tt events in the hadronic channel from the large multijet back-
ground, both tight kinematic cuts and b tagging information are applied. CDF
selects events with 6 to 8 jets and no isolated leptons and applies kinematic
cuts. In the distribution of the number of b tagged jets as a function of jet

multiplicity (see figure 8) the ¢t cross-section is then measured to be 18)

o(tt) = (7.8 £ 2.5(stat.) T35 (syst.)) pb (17)
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Figure 8: CDF and D@ tt cross-section measurements in the hadronic channel.
Left: number of b tagged jets in the CDF event sample as a function of jet
multiplicity. Right: output of the final NN in the DO analysis.

in 165 pb~1.

D@ selects events with 6 or more jets, of which exactly one is required
to be b tagged. A chain of NNs feeding into each other is used, and the ¢
cross-section is determined from the excess of events after a cut on the last NN
output over background. A data sample of 162 pb~! yields 19

o(tt) = (7.773 3 (stat.) T3 L (syst.) £ 0.5(lumi.)) pb . (18)

3.5 Events with W — 7v Decays
CDF searches for ¢t events where one W decays electronically or muonically,
while the other decays into a 7v final state with a subsequent 7 decay into

hadron(s) and a neutrino 20). Events with an electron or muon with Er >
20 GeV, a tau lepton with E > 15 GeV and opposite charge, missing transverse
energy Fr > 20GeV, at least two jets (Ep(1) > 25GeV, Er(2) > 15GeV),
and Hy > 205GeV are selected. The two events observed in 193.5pb~! are
consistent with the Standard Model expectation, and a limit of

Br(t — brv) < 5.0 - Brgm(t — brv) (19)

is derived at 95% confidence level.

3.6 Summary of tt Cross-Section Measurements

The tt cross-section measurements at Tevatron Run II are summarized in fig-
ure 9. The measurements in all decay channels and by both CDF and D@ are
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Figure 9: A summary of all Tevatron Run II tt cross-section measurements by

CDF (left) and DO (right).

mutually consistent and consistent with the prediction of the Standard Model.

4 Further ¢t Measurements

It is conceivable that physics beyond the Standard Model does not change the
total tf cross-section, but either only affects differential cross-sections or top
quark decays.

4.1 Searches for New Physics in tf Production

In a model independent analysis, CDF have searched for anomalous kinematic

properties in their dilepton ¢t sample 21) | Four kinematic distributions where
new physics signatures are expected to be likely to be seen were chosen a
priori. While one of them, the leading lepton pr spectrum shown in figure 10,
shows an excess at low transverse momenta in 193 pb~!, the other distributions
agree with the expectation. The overall compatibility with the Standard Model
prediction has been computed to be in the 1.0 — 4.5% range.

CDF searches explicitly for production of fourth generation quarks 22) 1
these t’ quarks are heavier than the top quark, an excess of events at large Hr
is expected. From a fit to the measured Hp distribution, which is consistent
with the Standard Model expectation, upper limits on the cross-section of 't/
events can be placed, see figure 11.
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Figure 11: CDF t' search. The Hr distribution in W+4jets events at CDF
with a topological selection is shown with a fit that includes a component from
hypothetical t' quark production (left). The resulting t' cross-section limits as
a function of assumed t' mass are also shown (right).

4.2 Searches for New Physics in Top Quark Decays

The Standard Model predicts the fractions of longitudinal and left-handed W
bosons from top decay to be Fo = 1/(1+2m3y,/m2,,) = 0.7 and F_ =1 — Fy,
while the fraction F. of right-handed W bosons is essentially zero because the
bottom quarks from top quark decay are left-handed due to the large mass
difference between top and bottom quarks. The predicted distribution of the
decay angle 6* in the W rest frame is shown in figure 12. From measurements
of this distribution (or quantities that depend on cos6*), one can either search
for non-zero constributions from right-handed W bosons (Fy > 0) or, assuming
Fy =0, for deviations from the predicted ratio Fy/F_.

CDF have measured the fraction Fy from the charged lepton pr spectrum
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Figure 12: W helicity measurements. The definition of the angle 8* in the W
rest frame (left) and the expected cos 08* distribution (middle), compared with the
measured cos 0% distribution in b tagged lepton+jets events from 159 —169 pb~!
at DO (right).

(using 200 pb~!) to be 23)
Fo=0271037 (20)

and from explicit reconstruction of the value of cos* (using 162pb~1) 24) o
be
Fo = 0.891530(stat.) + 0.17(syst.) , (21)

respectively — to be compared with the D@ Run I value of 25) Fy =0.56+0.31.
All of these values are consistent with the Standard Model expectation.
The two D@ measurements both use explicit cos §* reconstruction in an

event sample obtained with a topological 26) selection or using b tagging 27)
in 159 — 169 pb~!. The cos §* distribution from the b tagging analysis is shown
in figure 12. Both analyses each yield a limit of

Fy <0.24 at 90% confidence level, (22)

to be compared with the CDF Run I exclusion limit of F; < 0.18 at 95%

confidence level 28).

In supersymmetric models with mpg+ < myop, the top quark may decay
into a charged Higgs and a bottom quark. Depending on the values of tan 3 and
mp+, one expects the following changes in the observed tt event topologies 29).

e an excess of 7 decays due to H* — 77 v decays for large tan (3,
e an excess of hadronic top decays due to H — ¢35 decays for small tan 3
and small m g+, or
e it events with two extra b jets from HT — WTbb decays for small tan 3
and large my+.
The CDF collaboration has therefore taken their measurements of the tt cross-
section in the dilepton and lepton-+jets channels as well as their limit on tf —
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Figure 13: CDF charged Higgs search. Charged Higgs limits in the myg+ vs.
tan 3 plane. The pink regions have been excluded, and the black lines with error
bars indicate the expected limit.

{+ T events 30) to place limits on t — HTb decays in the my= vs. tan 8 plane,
as shown in figure 13.

Both CDF and D@ have compared their ¢ cross-section measurements
obtained with different numbers of b tagged jets to determine the branching
ratio Br(t — Wb)/Br(t — Wq), where g denotes any down-type quark. The

results are 31

L1102 CDF, 162pb~1,
0.6570 50 (stat.) T 17 (syst.) D@, 158 — 169pb~1, and (23)
0.7010-57 (stat.) T015(syst.) D@, 158 — 169 pb~*,

where the first DO result has been obtained with impact parameter b tagging
and the second with secondary vertex b tagging. They show no sign of a
deviation from the Standard Model expectation close to 1. It should be noted
that this quantity does not constrain the value of |V;;|? in models where top
quark decays into quarks from more than three quark generations are allowed.

In summary, from measurements of ¢f production, there is currently no
sign of physics beyond the Standard Model.

5 Search for Single Top Quark Production

The production cross-section for single top quarks is proportional to |Vi|2.
Also, any differences to the Standard Model prediction could provide hints for
new physics.
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Figure 14: CDF single top search: The Hr distribution for single top quark
candidate events at CDF (left) and the lepton charge signed n distribution of
the b jet (right) together with the Standard Model expectations for non-top and
tt backgrounds and single top signal (the contributions from s-channel and t-
channel events are shown separately in the right plot).

In their searches for single top quark production, the Tevatron experi-
ments concentrate on s-channel and t-channel production with expected cross-
sections of 0.9 pb and 2.0 pb, respectively, see figure 1.

Both CDF and DO select events with an energetic isolated charged lepton,
missing transverse energy, and exactly 2 (CDF) or 2—4 (D@) jets out of which at
least one must be b tagged. CDF then selects events with a reconstructed top
quark mass between 140 GeV and 210 GeV, while D@ requires Hy > 150 GeV.
As shown in figure 14, single top events can be found at intermediate values of
Hrp, and s-channel and t-channel events can be disentangled using the lepton
charge signed distribution of the pseudorapidity of the identified b jet. With the
current data sets, sensitivity for Standard Model single top quark production
has not yet been reached. No significant excess of events has been observed,
and the following 95% confidence level limits have been placed on the single
top quark cross-section 32):
experiment | s — channel t — channel s+t — channel

CDF 13.6 pb 10.1pb 17.8 pb (24)
DO 19pb 25 pb 23 pb

With more data being taken and analysed and refined methods being
developed, sensitivity for Standard Model single top quark production is within
reach for Tevatron Run II.

6 Conclusions

The current status of top quark measurements at the Tevatron experiments
CDF and D@ has been summarized, with the exception of the results for the
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top quark mass which are covered in a separate article 1),

A wealth of measurements of the total ¢f production cross-section are
available from Tevatron Run II. Measurements have been performed for dilep-
ton, lepton+jets, all-hadronic events, and events with top quark decays involv-
ing 7 leptons. They all yield results that are both mutually consistent and in
agreement with the Standard Model prediction.

The event samples have been further interpreted by looking for non-
Standard Model ¢t production mechanisms and top quark decays. No signs
for physics beyond the Standard Model have been found so far, supporting the
interpretation of the signal as tf production via QCD and top quark decay to
Wb final states.

In the search for single (electroweak) production of top quarks, the sen-
sitivity of the experiments has been improved over Run I. Even for Standard
Model single top quark production, a significant cross-section measurement at
the Tevatron is within reach in the near future.
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DI-BOSON PRODUCTION AND SM/SUSY HIGGS SEARCHES
AT THE TEVATRON

V. Daniel Elvira for the D@ and CDF Collaborations.
Fermi National Accelerator Laboratory, P.0. Box 500, Batavia, IL 60510, USA.

Abstract

The discovery of the Higgs boson would be a major success for the Standard
Model (SM) and would provide further insights into the electroweak symme-
try breaking mechanism. This report contains the latest results from the D@
and CDF Tevatron experiments on searches for the SM Higgs produced from
gluon fusion with H — WW | and in association with a W boson. It also in-
cludes searches for a supersymmetric Higgs in the bb and 777~ decay channels.
The study of di-boson production at the Tevatron is important to understand
backgrounds in high mass Higgs searches. It also provides a test of the SM
through the measurement of the production cross section and the gauge boson
self couplings. This paper includes measurements of the WW , W+, and WZ
production cross sections, as well as limits on the anomalous couplings associ-
ated with the WW+~ and WW Z interactions. The results are based on sets of
up to 320 pb~! of data collected by the D@ and CDF experiments at the pp
Tevatron collider, running at a center-of-mass energy of 1.96 TeV.
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1 Physics Motivation

The Higgs boson is the only scalar elementary particle expected in the standard
model (SM). Its discovery would be a major success for the SM and would
provide further insights into the electroweak symmetry breaking mechanism.
The constraints from precision measurements favor a Higgs boson sufficiently
light to be accessible at the Fermilab Tevatron Collider. The Electroweak
Working Group (EWWG) has updated, in the Winter of 2005, the constraints
on the SM Higgs mass, based on measurements by the LEP, SLD, CDF, and D@

experiments D). The preferred mass value, corresponding to the minimum of
the solid curve in fig. 1, is at 126 GeV, with an experimental uncertainty of +73
and -48 GeV. Direct measurements at LEP have excluded the SM Higgs boson
below 114.4 GeV at the 95% C.L. At the Tevatron, indirect searches involve
precision measurements of the top quark and the W mass, while direct searches
require high luminosity samples for discovery or exclusion in the low mass range.
Although the expected luminosity necessary for its discovery at the Tevatron
is higher than obtained thus far, the special role of the Higgs boson in the SM
justifies extensive searches for a Higgs-like particle independent of expected
sensitivity. The chances for discovery in a small sample improve according

to supersymmetric extensions to the standard model 2), which predict an
enhancement of the Higgs cross-section relative to that of the SM.

At this stage of the Tevatron experiments, the effort is focused on the
understanding of the physics objects, the backgrounds, missing transverse en-
ergy (Fr), as well b-tagging and calibration techniques. Di-boson production
is, therefore, an important topic of study, not only as a background to high
mass Higgs searches, but also as a test of the SM through the measurement of

the production cross sections, and the gauge boson self couplings. The D@ 3)

and CDF 4) detectors are described elsewhere.

2 Searches for SM/SUSY Higgs Production at the Tevatron

The two most promising mechanisms for Higgs production at the Tevatron pp
collider, given the center-of-mass energy of /s=1.96 TeV, are gluon fusion and
associated production with a W or a Z: g9 — H, q¢ — W/Z + H. Although
the gg process would have the largest cross section, ~ 1 pb at M3M =115 GeV,
it is only an option in the search for a high mass Higgs boson (Mg >140 GeV)

decaying to WW, since the H — bb decay channel would be overwhelmed with
background. For a low mass search, the Tevatron experiments explore W H
and ZH associated production, which would give a clear signal with leptons,
neutrinos, and b-jets: ¢q@ — W/Z + H — lv/I*1~ /v + bb. In the first half
of 2003, the D@ and CDF Collaborations performed a joint study on the sen-
sitivity of the Tevatron experiments to either observe or rule out a low mass
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Figure 1: Constraints to the Higgs boson mass from the FElectroweak Working
Group.

SM Higgs 5). The results of the study are summarized in fig. 2. Given that
systematic uncertainties were not taken into consideration in the sensitivity re-
sults, the amount of integrated luminosity per experiment for low mass Higgs
discovery at 115 GeV would be in the 8-12 fb~! range. Evidence might be
found with > 3fb~!, while Higgs masses less than ~130 GeV could be excluded
with >4 fb~1.

In two-Higgs-doublet models of electroweak symmetry breaking, such as
the minimal supersymmetric extension of the standard model (MSSM) 2),
there are five physical Higgs bosons resulting from symmetry breaking: two
neutral CP-even scalers, h and H, with H being the heavier state; a CP-odd,
A; and two charged states, H*. The ratio of vacuum expectation values of
the two Higgs fields is defined as tan B=wvs/v; where vy and vy refer to the
fields which couple to the up- and the down-type quarks. At tree level, the
couplings of the neutral Higgs bosons to the down-type quarks, such as the
bottom quark, are enhanced by a factor of tan 3 relative to the SM predictions,
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Figure 2: Results from the Tevatron Higgs sensitivity study.

thus production cross sections are enhanced by tan?3 6). D@ and CDF search
for SUSY Higgs production in two channels: bbh/bh — bbbb/bbb, and inclusive
Higgs production with H — 7777,

The Tevatron accelerator performed very well during 2004, providing
more than 0.5 fb~! per experiment since the beginning of Run II. The high
instantaneous luminosity values recently achieved at the Tevatron raises the
expectations of making strong statements about the Higgs sector by the end of
Run IL

3 Di-boson Production and Anomalous Couplings

The study of di-bosons at the Tevatron is not only critical to understand back-
grounds in high mass Higgs searches, but also provides a test of the SM through
the measurement of the production cross section and the gauge boson self cou-
plings. These couplings are a measure of the strength of the interaction of the
W, Z and -y bosons with each other. The model independent way of describing
new physics with anomalous couplings is through effective Lagrangians which
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depend on a number of parameters. The effective Lagrangian for the WW Z
and W W+ interactions

Lwwv _ gv (W, WHVY — WV, W) + ky WIW, VY + A—‘QW} WHyA
Jwwv My,
(1)

depends on three anomalous coupling parameters: gy, Ky, and Ay. The
most general Lorenz and gauge invariant ZV+y coupling, where V stands for
either Z or «, is described by eight coupling parameters h) (i=1,...,4) 7.
Non-zero values of the the CP violating h{’, hY, or the CP conserving hY,
hY would result in an increase of the Zv cross section, especially for large
photon transverse energies. Partial wave unitarity restricts the ZV+~ couplings
to vanish at high energies. The couplings are therefore parameterized as form-
factors:

v hig
h; = ——— 2
! (14 8/A2)n )
where § is the square of the Z~ invariant mass, A is the form-factor scale,
and h}; are values of couplings at low energy.
Measurements at LEP and at the Tevatron results are complementary.
The Tevatron experiments test values of § higher than LEP, and the W~/ Z~
processes independently. While D@ measured the most restrictive limits on
hY and h}, LEP obtained the best limits on h} and hY. D@ limits on
WW~/WW Z anomalous couplings are the tightest from hadron colliders.

4 Results

4.1 Measurement of WW Production Cross Section

Both D@ and CDF measure the WW production cross section in the three
channels: 2e2v/2u2v/ep2v. CDF uses a 184 pb~! sample collected from single
lepton triggers, and D@ 252, 224, 235 pb~! samples from single or di-lepton
triggers 8, 9).

D@ requires two oppositely charged leptons with pr > 15 GeV, and at
least one with pr >20 GeV. ZZ and W Z backgrounds are eliminated by remov-
ing events in the Z mass window, and requiring a >30, 40, 20 GeV in the ee,
up and ey channels, respectively. Cuts on di-lepton transverse mass, and jet-
P angular separation, help to eliminate the Zvy and QCD backgrounds. The
plots in fig. 3 show, for each channel, that the measured J; distributions agree
well with the Next-to-Leading Order (NLO) predictions for the signal plus the
background contributions, estimated from Monte Carlo generators or extracted
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from data, in the case of the QCD background 8). CDF performs a similar
analysis and also observes good agreement between the measurement and the
predictions for lepton pr, K7, and di-lepton invariant mass, as illustrated in
fig. 4.

In the final sample, DO observes 25 events compared with 8 £0.6(stat) +
0.6(syst) £ 0.5(lum) background events, and CDF 17 against 5 &+ 2.2/0.8. As
the probability of a background fluctuation is very small, the observation of the
WW signal is well established by the two experiments. The cross sections mea-
sured by D@ and CDF are 13.8 +4.3/3.8(stat) £+ 1.2/0.9(syst) £ 0.9(lumin) pb
and 14.6 £+ 5.8/5.1(stat) + 1.8/3.0(syst) &= 0.9(lumin) pb, respectively.
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e)en mo
Oww
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Figure 3: DO Fydistributions for WW events in the three decay channels.
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Figure 4: CDF measurements of lepton pr, By, and di-lepton invariant mass
m WW events.

4.2 Search for the SM Higgs boson H — WW* — [tvl'"" v

The search for the SM Higgs decaying into WWW at D@ is based on the same
three leptonic channels used in the WW cross section measurement, corre-
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sponding to an integrated luminosity of 177, 158, and 147 pb~'. The sample
selection includes cuts on the di-lepton invariant mass and event K , to remove
the Z background, as well as on the sum of the event ¥, and the pr of the two
leptons, to reject Drell-Yan and W+jets events. A A¢y <1.5-2 cut between the
two leptons was used as a discriminant since the leptons are not back-to-back in
Higgs decay due to spin correlations of the W bosons. Two events are observed
in the ep channel, as illustrated in fig. 5, and 9 in the combined sample, com-

pared with a predicted signal 10) of 0.272 4+ 0.004 events at My=160 GeV,

and an expected background 11, 12) of 11.1 £+ 3.2 events. The uppermost
(blue) line in fig. 5 shows the DO 95% C.L. limit on the SM Higgs production,
H — WW, for masses between 100 and 200 GeV. For My=160 GeV, the limit
is 5.7 pb. CDF does a similar search on a 184 pb~! sample. The plot on the left
of fig. 6 shows the A¢y distribution for the combined sample, which consists
of 8 observed events, compared with a predicted signal sample of 0.17 £ 0.02
events, and a background sample of 8.9 £ 1. For Myz=160 GeV, the CDF limit
is 5.6 pb, as shown in fig. 6. The Tevatron limits are still over an order of
magnitude above the SM prediction, due to low statistics.
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Figure 5: DO Age,, distribution in H — WW* — ITvl'"7 events (left). SM
Higgs production cross section limit for H — WW (right).
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4.3 Search for Wbb and SM Higgs Production in association with a W boson

The D@ search for W + bb production in the W — ev channel is based on
a 174 pb~! sample containing one isolated electron with pr >20 GeV and
Bp>25 GeV 13), W +bb events are the main background for Higgs production
associated with a W boson.

[ W + 2 jets events f W + 2 b-tagged jets I~ F : A o
T 4 - . a I i DB, 174pt", WH- evbb
g j74pb * Data e RS | o CDFRunl, 109 pb", evu
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Figure 7: D@ dijet mass distribution in W+2 jets and W—+2 b-tagged jets
samples (left). Limit on SM W H production (right).

The analysis also requires two b-tagged jets with pr greater than 20 GeV.
As illustrated in fig. 7, the measured dijet mass distribution is well described
by the prediction for W + bb events, added to the estimated background, which
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includes W+ jets, QCD, and tf events. The number of observed events de-
creases from 2540 in the W42 jets sample before b-tagging, to 76 in the sam-
ple with one or more b-tagged jet. In the 2 b-tagged jets sample, 6 events
survive, compared with 4.4 4+ 1.17 expected background events. Based on this
result, shown in fig. 7, a 95% C.L. limit of 6.6 pb is measured on Wb produc-
tion for p >20 GeV and an angular separation between b-jets greater than
AR,; >0.75. By restricting the selection to a £ 25 GeV window around the
Higgs mass, DO establishes a 95% C.L. limit on the SM W H production cross
section of 9-12.2 pb for Higgs masses in the range of 105-135 GeV. CDF does a
similar search based on a 162 pb~! sample with one electron or muon and .
The number of observed events decreases from more than 2072 in the W42 jets
sample to 62, when requiring one or more b-tagged jets. Figure 8 shows the
CDF upper limit on the SM W H production cross section.

i ‘W'ob Search Dijet Mass Distribution (no b-tag) P W'bh Search Dijet Mass (=1 b-tag WbB Search 95% C.L. Upper Limit
‘% i | COF Aun il Presiminary 182 bl 5 b s COF Aun B Proliminary 162 p& g 1 o T ity T
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Figure 8: CDF dijet mass distribution in W+ 2 jets and W41 or more b-tagged
jets samples (left). Limit on W H production (right).

4.4 Search for Neutral SUSY Higgs Bosons in Multi-jet Events

Supersymmetry models predict the hbb cross section to scale with tan?g at
tree level, making the search for an MSSM Higgs in this channel well worth to
pursue even on a small sample. DO uses a 260 pb~! sample of triple b-tagged

multijet events 14) " The main backgrounds are QCD heavy flavor and light jet
events, Z+ jets, and smaller contributions from other physics processes. The
plot on the left in fig. 9 shows the dijet mass distribution of two leading jets
in events with at least three b-tagged jets. The measurement agrees very well
with the estimated background, shown as a solid line. The predicted signal for
a Higgs mass of 120 GeV is shown separately as a dotted line. Since no excess
of events is observed, limits on signal production cross section are extracted
from this result. For a Higgs mass between 90 and 150 GeV, the limit on
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the production cross section is 70-20 pb, as shown in the plot at the center of
fig. 9. Figure 9 also shows the measured limits on the SUSY parameter tan
versus the mass of the neutral Higgs, m 4. D@ excludes a significant range of
tan 3, depending on my4, and the selected MSSM parameter set or scenario.
For example, tan (3 is less than 55 at a 95% C.L. in the case of the maximum
mixing scenario. There are other scenarios where the limit on tan 3 could be

even more stringent 14),
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Figure 9: Dijet mass distribution associated with events with at least three b-
tagged jets (left). Limits on the hbb production cross section (center). Exclusion
limits on tan B (right).

CDF uses a 195 pb~! sample from 7 triggers to search for a MSSM Higgs.
One 7 decays into hadrons+v and the other to e/u+ 2v. Cuts on the pr of the
leptons, the Z mass window, and the Hy = |pr ()| + |pr(7~)|+Ey variable
are applied to remove the light quark background. The number of observed
events in the final sample is 230 compared with the 263.6 £ 30.1 expected from
signal (PYTHIA 11) and Tauola 15)) plus background (Z — 7777, jet— 7, tt,
di-bosons). Figure 10 shows the measured limit of 19-3 pb, in the mass range
115-200 GeV, on the Higgs production cross section, with h — 7+t7~. This
limit is extracted from the mass-like discriminating variable m.s (I, 7, Br ).

4.5 Measurement of W/Z + ~ Cross Sections and Limits on Anomalous Cou-
plings

D@ measures the W+ production cross section in the e and p channels, using
samples of 162 and 134 pb~1, respectively. Cuts on the e and v transverse mass,
angular separation, and event Fr are applied to remove the backgrounds, dom-
inated by W+ jets, and photons as final state radiation from the lepton. The
photon pr distribution shown in fig. 11 for the combined channels in the final

sample is in good agreement with the theoretical prediction 16) plus back-
ground estimates. The cross section, 14.8 = 1.6(stat) & 1.0(syst) = 1.0(lum) pb,
agrees well with the SM prediction, 16.0 £ 0.4 pb, for Epy >8 GeV and
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Higgs — tt Search, Example Fit for m, = 130 GeVic?
' Higgs — 1t Search, 95% CL Upper Limit
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Figure 10: Mass-like discriminating distribution, muys(l, 7, Bp ) (left). Limit
on the Higgs production cross section with h — 777~ (right).

AR;, >0.7. Limits on the anomalous couplings Ar, and Ay are extracted
from the photon pr spectrum, and are consistent with the zero value expecta-
tion from the SM. The point and bars in the A versus Ak plot in fig. 11 indicate
the 95% C.L. one dimensional (1D) intervals for each parameter with the other
set to zero: —0.93 < Ak, < 0.97, —0.22 < A, < 0.22. The ellipse represents
the 95% C.L. two dimensional (2D) exclusion limit. These results are the most
stringent model independent constrains on Ak, and A, from hadron colliders,
and represent an improvement with respect to the Tevatron Run I measure-

ments 17 18), While the LEP experiments constrain the WW~ and WW Z
couplings simultaneously using WW events, single W, or single ~ final states in

19), the Tevatron experiments study the W~ process directly.

The CDF experiment has measured the W+ production cross section 20)
in a 200 pb~! sample using the same decay channels as D@ . Figure 12 shows
the photon transverse energy spectrum and the transverse mass of the lepton-
photon-E system for W+ candidates. A total of 195 and 128 events are
observed in the e and p samples, respectively, in agreement with the 194.1 &+
19.1 and 142.4 4+ 9.5 events expected from signal plus background. The CDF
measured W+ cross section of 18.1 £ 3.1 pb is in good agreement with the SM
prediction of 19.3 + 1.4 pb, for Epy >7 GeV and ARy, >0.7.

D@ also measures the Z~ production cross section in the ete™ and putp~
channels. The measured cross section of 4.2 + 0.4(stat + syst) & 0.3(lum) pb
is in good agreement with the NLO prediction 16) of 3.9 + 0.1/0.2 within the
errors. Contrary to the W~ case, the SM prohibits the ZZ~ interactions at
tree level, which means that any deviation of the h) trilinear couplings from
zero would signal the presence of new physics. D@ has measured the tightest

eTe™ collisions
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1D and 2D upper limits on the trilinear couplings from hadron colliders, which
also represent an improvement of a factor of 2-3 with respect to the Run I

measurements 17> 18). No deviation from the zero value SM prediction is
observed: |hJ,| < 0.22, |h},| < 0.019, |h%)| < 0.21, |h%,| < 0.019.
The CDF Z~ cross section measurement is based on the same initial

sample used in the CDF W+ analysis 20) | The number of observed events in
the e and p channels is 36 and 35, respectively, in agreement with the signal
plus background SM expectation. The measured cross section of 4.6 £ 0.6 pb
is well in agreement with the 4.5 + 0.3 pb obtained from NLO calculations for
Epy >7 GeV and AR[‘FPY >0.7.

4.6 Search for WZ/ZZ Di-boson Events and Measurement of Limits on Tri-
linear Couplings

The two Tevatron experiments conducted a search for W (Iv)Z(I*1™) events, in
the case of DO, and WZ(Ivitl™) + ZZ(IT1~1%1~ /It~ vv) events, in the case
of CDF. DO reports evidence of W Z production, based on the observation of
3 events in 285 and 320 pb~! samples, compared with an expected background
of 0.71 + 0.08. The measured W Z inclusive production cross section by D@ is

4.5+3.5/2.6 pb, in agreement with the SM prediction of 3.740.1 pb 21), cpF
uses a smaller sample, 194 pb~!, to establish a limit of 15.2 pb to the WZ +
7 7 production cross section, based on the observation of 3 events compared
with a signal plus background expectation of 3.3 + 0.43. Figure 13 shows the
D@ 1D and 2D limits on Agz, Az, and Akz, which are also summarized in
tab. 1. These results are the most stringent from direct, model independent
measurements to date, and about a factor of 2 to 3 better than the D@ Run I

results 22). LEP has measured the WW~ and WW Z couplings simultaneously

using WW events 19),
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Table 1: D@ preliminary one dimensional 95% C.L. limits on WW Z trilinear
couplings.

| A=10TeV | A=15TeV ]

-0.53< Az <0.56 -0.48< Az <0.48
-0.57< Agz <0.76 | -0.49< Agz <0.66
2.0< Aky <2.4

5 Conclusions

The hunt for the SM and SUSY Higgs bosons has started at the Tevatron.
Di-boson production cross sections have been measured more accurately than
before, and the tightest limits on anomalous couplings from hadron colliders
have been measured by the DO experiment. A significant amount of new
data will be necessary to exclude the Higgs boson in the low mass range, and
even more for discovery. The Tevatron has performed very well during 2004,
collecting more than 0.5 fb~! since the beginning of Run II. It is now necessary
to improve the particle identification, calibration, and analysis techniques to
meet the challenges of the high luminosity environment.
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SEARCH FOR PHYSICS BEYOND THE STANDARD MODEL
AT LEP

Isabel TRIGGER
CERN, Geneva, Switzerland

Abstract

The ALEPH, DELPHI, L3 and OPAL collaborations searched for evidence of
physics beyond the Standard Model in the data taken by the four detectors
at the LEP collider from 1989 to 2000. None of these searches has shown
significant evidence for a signal. Limits have been set on the cross-sections for
many processes. These cross-section limits have been interpreted in the context
of many popular models, and used to exclude regions of the models’ parameter
space and set lower limits on the masses of additional particles they predict.
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1 Introduction

Since LEP stopped taking data in 2000, the four detector collaborations have
already published the results of most of their searches for evidence of physics
beyond the Standard Model. This talk summarized only results published or
made public in the year preceding the Rencontres de La Vallée d’Aoste confer-
ence. For that reason, the searches described fall into three main categories:
“new” ideas, generally interpretations of older analyses in the context of mod-
els which arose only recently; final results of very complicated searches; and
combinations of final results from several collaborations.

2 New Ideas for Old Data

While most of the results presented in this talk are the final results of searches
which have been ongoing since at least the beginning of LEP 2, there have been
a few fresh initiatives in the last two or three years.

2.1 Pentaquarks

All four LEP experiments investigated their sensitivity to pentaquarks in the
LEP 1 dataset, following the controversial publication of evidence for their
existence. No evidence was found for a signal. The ALEPH collaboration

published 1) the null results of their searches for resonances consistent with
the decays of pentaquarks (see Table 1).

Table 1: Upper limits on production rates of exotic states per hadronic Z°

decay, from 1),

Pentaquark State | Decay | Number per Z-decay |

O(1535)" pK? <62x10717
Z(1862) E <4.5x%x 1074
=(1862)° E -t <89x 1074
0¢(3100)° pD*~ <6.3x1074
©¢(3100)° pD~ <31x107*

2.2 Radions and Branons

Models of gravity propagating in additional dimensions may imply the exis-
tence of scalars which could be detected at LEP energies or could affect the
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detection of the Standard Model Higgs at LEP. The OPAL collaboration re-

evaluated 2) the limits on the Standard Model Higgs boson and the Higgs lim-
its from flavour-independent searches in the context of the Randall-Sundrum

model 3) of gravity propagating in an additional dimension with a special
warped geometry which is introduced to solve the “hierarchy problem” associ-
ated with the large difference between the electro-weak and gravitational energy
scales. This model predicts the existence of a new scalar, the radion, associated
with fluctuations in the separation between branes. The radion could be light
enough to be produced at LEP, even if all other scalars in the model, including
the graviton, are too massive. The radion has the same quantum numbers as
the Higgs boson, allowing the two scalars to mix; however, unlike the Higgs,
the radion couples directly to gluon pairs. This means that its decays are quite
different from those of the Standard Model Higgs. If the Higgs mixed with a
radion, it might not have been detected in searches for the expected Standard
Model fermionic final states. As a result, the limit on the mass eigenstate which
in the absence of mixing would be the Standard Model Higgs decreases to only
58 GeV in the worst case.

The alternative Arkani-Hamed—Dimopoulos—Dvali models 4) of gravity
in large extra dimensions predict the existence of another scalar, the branon,
associated with the brane tension f. Branons may be produced at lower ener-
gies than gravitons if f is much less than the extra dimension scale Mpr. They
would not interact in the detector, and would be observed as missing energy in
the processes:
tem - 7772 — 77qq (1)
+

e

eTe” — Ty (2)
The L3 collaboration has reinterpreted 5) their searches for photons and miss-
ing energy in the context of this model. No excess of these events is observed
with respect to Standard Model predictions, so limits are set on the cross-
section as a function of f and Mg. The 95% confidence level lower limits
constrain the branon mass to be greater than 103 GeV in the extreme case
of small brane tension (f = 0), and the branon tension to be greater than
180 GeV in the extreme case of light branons (Mg = 0).

2.3 Anomalous Higgs Couplings

If the couplings of the Higgs boson to fermions or gauge bosons are larger than
the Standard Model or MSSM predictions, its production cross-section could
be anomalously large at LEP energies. L3 derived limits 6) on the couplings
d, dp, Ag?, Ak, and €2, and on the H — vy and H — vZ decay rates. All
were consistent with Standard Model predictions.
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3 Final Results from Long-term Efforts

3.1 Photons with Missing Energy

The results of a topological search by the OPAL collaboration 7) for final states
containing only photons with missing transverse momentum are interpreted as
electron-positron annihilation into pairs of weakly interacting neutral particles
(“ete”™ — X X7) with prompt radiative decays into other weakly interacting
neutrals (“X — ~Y”) which escape undetected. In the more general case
where both X and Y are massive (e.g. ete™ — {9%9, X3 — xV7v) the 95%
cross-section limits on this process are set between 10 and 60 fb as long as
Mx — My > 5 GeV. In the special case of nearly massless Y (e.g. GMSB
models where X =} and Y = G or composite models where X is an excited
neutrino), the limits are between 20 and 40 fb.

3.2 Excited Leptons

The DELPHI collaboration has performed dedicated searches 8) for charged
and neutral excited leptons decaying to ordinary leptons and gauge bosons.
If it is assumed that the weight factors f and f’, associated with the SU(2)
and U(1) gauge groups respectively, are either equal (no photon decays for
the excited neutrino) or equal and opposite (no photon decays for the exicted
charged lepton), then the results of all of these searches can be interpreted
very simply as limits in the f/A versus m; plane, where A is the compositeness
scale.

3.3 Exotic Higgs Searches

The three following searches were made in the context of rather general two
Higgs doublet models (2HDM). Most of the papers summarized here provide
many plots showing regions of parameter space excluded at specific benchmark
points; however, the most important and durable results from these searches
are model-independent cross-section limits. These stand as the final results of
LEP, and can be re-interpreted in the context of new models, as we saw in
Section 2.

3.3.1 Fermiophobic Higgs

If the lightest neutral Higgs boson had a much larger branching ratio for decays
to photon pairs than it does in the MSSM, anomalously large cross-sections
would be observed for final states containing two photons and two jets, two
photons and a lepton pair, or two photons and missing energy from neutrinos.

The DELPHI collaboration searched for these final states 9) and interpreted
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them either as R°ZY, in which case the invariant mass of the jet or lepton
pair or the missing momentum was required to correspond to the Z° mass,
or as h®A°, in which case only the bbyy topology was considered, as the A°
would still decay to fermions. The numbers of events selected in both analyses
matched the Standard Model background predictions very closely.

3.3.2 Invisible Higgs

The L3 collaboration performed a search 10) for ete~ — HZ® in the case
where the ZY decays to jets, electrons or muons and the Higgs to weakly inter-
acting neutral particles (LSP, fourth generation neutrinos, scalars associated
with extra dimensions, majorons, ...). The results were interpreted as a limit
on the ratio of the cross-section for h°Z° with invisibly decaying Higgs to the
Standard Model H Z° cross-section, as a function of the Higgs mass. For masses
up to just over 112 GeV, this ratio is less than unity, meaning that the Standard
Model cross-section is excluded.

3.3.3 Neutral Higgs Searches in Two-Higgs-Doublet Models

The OPAL collaboration combined many searches for neutral Higgs bosons and

interpreted them very generally 11) in the context of 2HDM. Limits were given
at many benchmark points, including ones where the usual assumption of CP-
conservation in the Higgs sector was dropped, and the CP-even and CP-odd
eigenstates were allowed to mix. In such a general scenario, LEP data can by
no means exclude the whole of the kinematically allowed region. In addition
to the benchmark scenario limits, there were model-independent cross-section
limits on the ratio of the excluded cross-section for a given final state to ogzo
in the Standard Model or ¢j0z0 in the MSSM with cos?(3 — a) = 1.

4 Final LEP Combinations

4.1 Lightest Supersymmetric Particle Mass Limit in the MSSM

The combination of MSSM LSP limits performed by the ALEPH collabora-

12) was updated with the combined results of the four LEP collaborations

for scalar lepton and Higgs searches 13) The lower mass limits on the LSP
depend slightly on the top mass limit, but are generally around 42 GeV if stau
mixing is allowed, and about 5 GeV higher if it is assumed that there is no
mixing in the stau sector. In the special case of minimal SUGRA, the limit
is set at lower values of tan 8 at around 50 GeV, and depends rather more
strongly on the top mass limit.

tion
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4.2 Neutral Higgs Searches in the MSSM

The results of the four LEP collaborations’ searches for neutral Higgs bosons

were combined 14), as discussed in the OPAL search of Section 3.3.3. Many of
the CP-conserving MSSM benchmark scenarios considered are excluded over
most of their parameter space.

4.3 Large Extra Dimensions

A sufficiently light graviton would be produced directly in the process ete™ —
G7v. Events from the four LEP experiments containing a single photon and

nothing else were analyzed together 15)  LEP can exclude a fundamental
gravity scale Mp of up to about 1.6 TeV for two extra dimensions and about
650 GeV for six.

5 Conclusions and Summary

Most of the final LEP 2 search results have now been finalized and are either
published or in the last stages of approval by the collaborations. As we can see
from the pentaquark searches, new initiatives are still possible; however, big
surprises seem unlikely at this stage.

The results of searches for physics beyond the Standard Model at LEP
can be summarized briefly by the words “no significant excess found”. While
this may be disappointing, the LEP results have also excluded many of the
original LHC benchmark scenarios, and are helping to point the way to where
the new physics will be found in the near future.
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Abstract

The charged and neutral current cross sections of deep inelastic ep scat-
tering at HERA are presented. For the first time, these cross sections are also
measured with longitudinally polarised electron (positron) beams. The cross
sections are compared to the standard model expectations. No deviations are
found. Recent results on further searches for physics beyond the standard
model in the full HERA data set are reported. The data have been analysed
searching for contact interactions, leptoquarks, squarks and light gravitinos in
R-parity violating sypersymmetric models. A dedicated search for events with
isolated leptons and missing transverse momentum is also reported.
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1 Introduction

At the HERA collider electrons (positrons) and protons collide at a center-of-
mass energy of about /s = 320 GeV (300 GeV before 1998). From 1994-2000
(HERA 1), integrated luminosities of about 100 pb~! of e* p and 15 pb~! of e~
p scattering data were collected by each of the two experiments H1 and ZEUS.

After an upgrade to run with high luminosity and with polarised leptons
60 pb~! of etp data and 100 pb~! of e~p data with an average polarisation of
40% and helicity & 1 have been collected since 2003 (HERA II).

The data were used to measure the charged and neutral cross sections with
and without polarisation and to search for new physics beyond the Standard
Model (SM).

2 Electroweak measurements

At HERA both neutral current (NC) interactions ep — ep via v or Z%-exchange,
or charged current (CC) interaction ep — ev via W* exchange are observed.
The cross sections are described in terms of @2, the four momentum transfer
squared, Bjorken x and the inelasticity y. These variables are related through
Q? = szy.

Fig. 1 shows the Q2 dependence of the NC and CC cross sections for eTp
and e~ p data measured in HERA I. ! The data are well described by the SM
as shown here with the CTEQ6D parametrisation for the parton densities in
the proton. At low @2 the NC cross section exceeds the CC cross section by
more than two orders of magnitude due to the dominating photon exchange
with the propagator term ~ 1/Q*. In contrast the CC cross section which is
proportional to M3, /(Q*+ MZ,) approaches a constant at low Q2. The CC and
NC cross sections are of comparable size at Q% ~ 10* GeV?, where the photon
and the Z° exchange contributions to the NC cross sections are of similar size
to those of the W* exchange. These measurements thus illustrate unification
of the electromagnetic and the weak interactions in deep inelastic scattering.

Small differences between et and e~ scattering can be observed in both
cross sections. The difference between the e™ and e~ scattering in the NC cross
section is due to vZ interference. The difference of the CC cross sections arises
from the difference between the up and down quark distributions and the less
favourable helicity factor (1 —y)? in the e*p cross section:

6L ~au+ (1 —y)’ad (1)

Goc ~ vut (L —y)wd (2)

!The e*p data have been combined after scaling the 94-97 data to /s =
319 GeV.
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Figure 1: lleft: NC and CC e*p scattering cross sections as a function of Q>
right: parton density functions

The high precision and the wide kinematic range covered by the HERA
DIS data, over four orders of magnitude in = and @2, allows the determination
of the parton density functions (PDFs) in an NLO QCD fit using the DGLAP
evolution equations as shown in Fig.1. The ZEUS fit uses in addition e™p
deep inelastic inclusive jet cross sections and direct photoproduction dijet cross

sections to further constrain the gluon density 1) The PDFs extracted by both
experiments agree and are in agreement with global fits. In a complementary
measurement to the fits, the H1 collaboration extracted the u and d quark
distributions in 2 and Q2 bins where they contribute at least 70% to the cross

section 2). The results are in good agreement with the fits.

The longitudinally polarised leptons available in HERA II are used to
measure the polarisation dependence of the total charged current cross section.
Due to the non-existence of right handed currents in the SM a linear dependence
of the CC cross section on the polarisation is expected:

P=
oEc = (1£ P)ols® (3)
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Charged Current ep Scattering (HERA II)
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Figure 2: CC cross sections as a function of polarisation.

Fig.2 shows the total charged current cross section as a function of the polari-
sation for eTp and e”p scattering. The data agree well with the expectations
from the SM and with a linear fit. Hence no sign for a right handed weak
current is observed.

3 Physics beyond the SM

The precise CC and NC cross section measurements and the high statistics
available allow to look for new particles or processes that would lead to devia-
tions of the cross sections from the standard model predictions. The ep collider
HERA is ideally suited to search for new particles coupling to electron-quark
(positron-quark) pairs.

3.1 Contact interactions

To search for new particles associated to a large scale (Mx >> +/s) the possible
interference of a new particle with the  or Z field of the e*p NC scattering pro-
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Figure 3: ZEUS e*p (a),(b) data compared with 95% C.L. exclusion limits
for the effective Planck mass scale in models with large extra dimensions. (c)
Ezxclusion limits for the effective mean-square radius of the electroweak charge

of the quark. Results are normalized to the SM expectations calculated using
the CTEQS5D parton distributions.

cess is parametrized and the effect on the NC cross section has been calculated,
see Fig.3.

Since no deviations of the NC cross section from the SM are found various
limits were derived: the effective mass scale in eeqq contact interactions A is
above 1.6 to 5.5 TeV (depending on the parametrisation); the ratio of lepto-
quark mass to the Yukawa coupling Mg /Arq for heavy leptoquark models is
above 0.3-1.4 TeV and mass scale parameters in models with large extra di-

mensions below 0.79 TeV are excluded 3), 4) . The limit on the quark charge
radius, in the classical form factor approximation, is 0.85- 107! cm.
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3.2 Leptoquarks

Leptoquarks (LQ) are bosons that carry both lepton (L) and baryon (B) num-
bers and have lepton-quark couplings. Their fermion number (F = 3B + L)
can be F' =0 or |F| = 2. Such bosons arise naturally in unified theories that
arrange quarks and leptons in common multiplets such as GUT like theories,
technicolor, compositness.
HERA provides a unique facility for resonant production of first generation
leptoquarks with Mrg = ,/scp® decaying into a lepton and a jet, with the
lepton being either an electron or a neutrino. In the Buchmiiller-Riickl-Wyler
model 7) the resonance-decay branching ratios ., 3, are fixed to 0, 0.5 or 1,
in generic models (3 is a free parameter.

Searches for narrow width resonances have been performed by both ex-

periments 5), 6). No evidence for a resonance were found in either the eq
or the vq topology. Limits were derived that depend only very weakly on (.
The excluded mass regions depend on the leptoquark type and the coupling.
For a coupling constant of electromagnetic strength (A ~ /4wy, ) mass limits
ranging from 275 to 325 GeV were set. These limits extend beyond the mass
domain covered at the Tevatron, where however coupling independent bounds
can be set.

The recent observations of neutrino oscillations have shown that lepton-
flavor violation (LFV) does occur in the neutrino sector. The LFV induced in
the charged-lepton sector by neutrino oscillations cannot be measured at exist-
ing colliders due to the low expected rate. However, there are many extensions
of the SM such as GUT, SUSY and compositness that predict possible e — 1 or
e — 7 transitions mediated by leptoquarks at detectable rates. The presence
of such processes, which can be detected almost without background, would
clearly be a signal of physics beyond the SM.

A search for LFV interactions ep — pX and ep — 7.X has been performed

by both experiments using the entire HERA I data sample 8), 9). No evidence
for LF'V was found and limits on Mg and the couplings A4, Arq were set. For

Mg =250 GeV, upper limits on Aeg, 1/Bug (Aeqi 1/ Brq) in the range 0.010-0.12
(0.013-0.15) were set.

3.3 Supersymmetry

Supersymmetry (SUSY) 10) is an attractive concept which remedies some
shortcomings of the SM. It introduces fermion-boson symmetry by associat-
ing a bosonic (fermionic) supersymmetric partner to each fermionic (bosonic)
SM particle, differing in its spin by half a unit. Particles carry the number
R, = (—1)L+3B+25 where B denotes the baryon number, L the lepton number
and S the spin of a particle. The masses of the new particles are related to
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the symmetry breaking mechanism. Various models exist that differ in the de-
scription of the SUSY breaking mechanism and on whether R, is conserved or
violated. If R, might be violated SUSY particles can be singly produced and
the lightest supersymmetric particle (LSP) is not stable.

If R, is violated squarks can be resonantly produced in lepton quark
fusion at HERA via a Yukawa coupling \'. HI1 searched for such processes

taking into account direct and indirect R-parity violating decay modes 1),
No evidence for squark production is found in the multi-lepton and multi-jet
final state topologies investigated. Mass dependent limits on the R, violating
couplings A ;i are derived within a phenomenological version of the Minimal

Supersymmetric Standard Model (MSSM). The existence of @y-type and dg-
type squarks of all three generations with masses up to 275 GeV and 280 GeV
respectively is excluded at the 95% CL for a Yukawa coupling of electromagnetic
strength (A ~ v/47ae,,) in a large part of the MSSM parameter space. These
mass limits extend considerably beyond the reach of other collider experiments.
Recently a squark search has been carried out by ZEUS restricted to the case

of the stop and to a few decay modes 12), Similar limits were observed.

Exclusion limits of 285 (275) GeV for dg-type ( 4r-type) squarks for
A ~ VAmae, were also derived in the more restricted minimal Supergravity
Model (mSUGRA) for which the limits obtained are partly competitive with
and complementary to those derived at the LEP and Tevatron colliders.

In Gauge Mediated Supersymmetry Breaking (GMSB) models, new “mes-
senger” fields are introduced which couple to the source of supersymmetry
breaking. The breaking is then transmitted to the SM fields and their super-
partners by gauge interactions. The gravitino, G, is the lightest supersymmet-
ric particle and can be as light as 1072 eV. At HERA, single neutralinos could
be resonantly produced via t-channel selectron exchange. Both collaboration

searched for R, violating SUSY in a GMSB scenario at HERA 13), 14)  por
the case that the \{ is the next-to-lightest supersymmetric particle and that
the decay Y9 — ~G into a stable gravitino occurs with an unobservably small
lifetime. The resulting experimental signature is a photon, a jet originating
from the scattered quark and missing transverse momentum due to the escap-
ing gravitino. No deviations from the SM were found and constraints on GMSB
models are derived for different values of the R, violating coupling. For small
mass differences between the neutralino x§ and the supersymmetric partner of
the left-handed electron €j,, neutralinos with masses up to 112 GeV are ruled
out at the 95% confidence level for R-parity-violating couplings A equal to 1.
Similarly, for large mass differences, massed of €z, up to 164 GeV are excluded.
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3.4 TIsolated leptons

A search for events with a high energy isolated electron or muon and missing
transverse momentum has been performed by both experiments for the HERA 1
and HERA II data sets. In the transverse plane, it is required that the hadronic
final state and the lepton are not back-to-back, which reduces genuine back-
ground from deep inelastic scattering and ensures that the missing transverse
momentum is due to an invisible particle (v). For the remaining hadronic final
state the transverse momentum (p%( ) is measured.

Within the SM such events are expected to be mainly due to W boson
production with subsequent leptonic decay. Searches have been performed by

both experiments in the decay channels into electrons, muons and taus 15),

17) 16)

In the HERA I analyses an overall good agreement between data and the
SM expectation was found at both experiments, see Tab.1. However, requiring
px > 25 GeV, 5 electron and 6 muon events were observed by the H1 experi-
ment compared to an expectation of 1.76 £ 0.30 and 1.68 £ 0.30 respectively.

This excess is not confirmed by ZEUS 16)
To enhance the limited statistics isolated lepton events were investigated

in the recent HERA II data set by both collaborations 18), 19) " zEUS
modified his search to be more closely comparable to the H1 analysis than
previous ZEUS searches. Fig. 4 shows the transverse momentum spectrum of
events with isolated leptons (electron and muon channels combined) in the H1
HERA I+II data set . H1 found 11 events in the high p%( region (pq)g > 25
GeV) compared to an expectation of 3.2 &+ 0.6 with an isolated electron and
6 compared to an expectation of 3.2 + 0.5 with an isolated muon, see Tab.1.
ZEUS found 1 event in the electron channel compared to 1.50 +0.18 expected
which is consistent with the SM.

3.5 Anomalous single top production

A search for single-top production ep — etX has been made by both exper-
iments. Since the centre of mass energy in the ep collision at HERA is well
above the top production threshold, single top production is kinematically pos-
sible. However, in the SM the dominant process for single top production is
the charged current reaction etp — wthX(e"p — tbX). This process has a
tiny cross section of less than 1 fb. However, in several extensions of the SM,
the top quark is predicted to undergo flavour changing neutral current (FCNC)
interactions, which could lead to a sizeable top production cross section. FCNC
interactions are for example present in models which contain an extended Higgs

sector 22) or SUSY 23). An observation of top quarks at HERA would thus
be a clear indication of physics beyond the SM.
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Figure 4: left: Transverse momentum distribution in the electron and muon
channels combined of events with isolated leptons is compared to SM expectation
(open histogram). The signal component of the SM expectation, dominated by
real W production, is given by the hatched histogram. The total error on the
SM expectation is given by the shaded band. right: FCNC exclusion region at
95% C.L. in the Kiuy-Viuz plane for three values of Mo, (170, 175 and 180
GeV) assuming kiey = Viez = 0. The CDF and L3 exclusion limits are also
shown.
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Table 1: HERA event yields in the search for isolated leptons with missing
transverse momentum. The numbers are given for the electron and muon chan-
nel for different cuts p .

| data set | Electron obs./exp. | Muon obs./exp. [ Combined
H1 94-00
L(e*) = 118 pb~!
Full sample 11 /11.54 £ 1.50 | 8 /2.94 4+ 0.50 | 19 / 14.48 + 2.0
PX > 25 GeV 5/ 1.76 + 0.30 6/1.68+0.30 | 11 /3.44+0.6
H1 94-05
L(e*) = 211 pb~!
all data 25 /204 + 2.9 9/45+1.1 34 /25.7+ 4.0
Pj)w( > 25 GeV 11 /32406 6/32+05 17/64+1.1
ZEUS (prel.) 99-04
L(e*) = 106 pb~!
P > 25 GeV 1/1.50+0.18

Both experiments searched for decays of top quarks into a b quark and a
W boson in the leptonic and hadronic decay channels of the W. ZEUS observed
no event in the leptonic channel and no excess over the SM in the hadronic
channels therefore limits were set on FCNC interactions of the type tqV. The
contribution of the charm quark, which has only a small density in the proton
at high Bjorken x, was ignored by setting K.y = 4z = 0. Only the anomalous
couplings involving a u quark k¢, and v,z were considered. By combining the
results from both the leptonic and hadronic channels, an upper limit of k.
derived see Fig.4, corresponding to a limit on the cross section for single-top
production of o(ep — etX) < 0.225 pb at 95% C.L..

H1 observed 5 events in the leptonic channel while 1.31+0.22 events are
expected, in the hadronic channel no excess above the expectation for SM
processes is found. Assuming that the observed events are due to a statistical
fluctuation, an upper limit of 0.55 pb on the single top cross section is set.

4 Conclusions

Results on the electroweak measurements and searches for physics beyond the
Standard Model (BSM) at HERA have been presented. Exploring the full
HERA I data set no signal of BSM physics has been observed, but some inter-
esting deviations were found to be followed up in the future.

First results from HERA II have been presented confirming the HERA
I observations. The HERA II start-up is promising. With the new incoming
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data (700 pb~! until 2007) the sensitivity to new physics will increase.
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Abstract

With almost 0.4 fb~lof pp collisions collected and analyzed at the Fermilab
Tevatron at a center-of-mass energy of 1.96 TeV, by both the CDF and D®
experiments, searches for signs of Supersymmetry in the present Run II data
sample are reviewed. The new results obtained by the upgraded detectors are
summarized.
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1 Introduction

Supersymmetry (SUSY) postulates a symmetry between bosonic and fermionic
degrees of freedom and predicts the existence of a supersymmetric partner
for each Standard Model particle. Most of these new particles could be light
enough to be discovered at the Tevatron. For most analyses, minimal Super-
gravity (mSUGRA) is used as a reference model, but alternative scenarios have
been considered as well, like gauge-mediated SUSY breaking and R-parity vi-
olation, leading to different final state topologies. The results shown are based
on data collected in 2002-2004 and correspond to an integrated luminosity of
up to 390 pb~!, sample three times larger than the Run I data set. The ac-
celerator and the two experiments were upgraded for Run II. The CDF and

D@ detectors are described in detail in Ref. 1) 2) Since March 2001 the
Tevatron is operating at a center-of-mass energy of 1.96 TeV, with a bunch
spacing of 396 ns. Peak luminosities and monthly integrated luminosity of up
to 1.23 x 1032cm~2s~! and 68.3 pb~!, respectively, have been achieved. CDF
and DO data taking efficiency is close to 90%. All the results reported here

can be found in Ref. 3) 4).

2 Charginos and Neutralinos

In R-parity-conserving minimal supersymmetric extensions of the Standard
Model (MSSM), the charged and the neutral partners of gauge and Higgs
bosons (charginos and neutralinos) are produced in pairs at pp colliders and
decay into fermions and the Lightest Supersymmetric Particle (LSP). As a

guideline, the results are interpreted in this model with chargino and neu-
tralino masses mainly following the relation M+ Mg 2m,0. Most of
the points in the parameter space considered are characterized by low slep-
ton masses, which lead to an enhanced leptonic branching fraction. The final
state consist of three leptons and large missing transverse energy. The new
result from D@ combines six analyses, including final states where the second
lepton is a tau decaying hadronically. The total integrated luminosity corre-
sponds to £ ~ 325 pb~!. Table 1 shows no evidence for SUSY. The results are
combined to extract limits on the total cross section using the likelihood ratio
method. Systematic and statistical errors are taken into account in the combi-
nation including their correlations. The resulting cross-section limit is shown
in fig.1 (left) as a function of the chargino mass in a scenario with compara-
ble neutralino and slepton masses. The combination excludes chargino masses
below 117.7 GeV. The inclusion of the 7 analysis improves the limit by about
2 GeV. These results reach for the first time beyond the Run I and LEP2 limits
in mSUGRA.
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Table 1: Number of candidate events observed and background events expected
(with stat. and syst. uncertainties) in the charginos and neutralinos DO
searches.

Analysis Data | Total Background
et+e+l 0 0.21 + 0.11 £ 0.05
e+pu+1 0 0.31 + 0.13 £ 0.03
A 2 1.75 £ 0.37 £ 0.44
pE+pE 41| 1 | 0.64+0.36 + 0.13
e+71+1 0 0.58 £+ 0.11 £ 0.09
wH+T+1 1 0.36 + 0.12 £ 0.06
Total 4 3.85 £ 0.57 £ 0.49
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Figure 1: (Left) 95% CL Limits on the total cross section for associated
chargino and meutralino production with leptonic final states. The expected
limit corresponds to the dashed line. Lines corresponding to 3 models are also
plotted as a reference. (Right) cross-section limit (solid line) and NLO pro-
duction cross section (dashed line) versus stau mass for pair-produced staus.
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3 Charge Massive Stable Particles

D@ has searched for the pair production of charged massive stable particles
(CMSP) based on £ ~ 390 pb~! of data. Their signature is the one of slow
moving high pt muons. The timing of the muon scintillators is used to calculate
the speed of the two particles in the event. No excess of events is observed and
95% CL limits are set. One theoritical model explored is in the case where
the next-to-lightest supersymmetric particle (NLSP) is the lightest scalar tau
lepton (stau). In this case, the limits on the production cross-section vary from
0.06 pb to 0.62 pb, depending on the stau mass as shown in fig.1 (right), and
are the most stringent limits to date from Tevatron. In another possible model
a stable lightest chargino is present. This situation can occur in Anomaly-
Mediated Supersymmetry Breaking (AMSB) or in models which do not have
gaugino mass unification. The two general cases correspond to a chargino
mostly higgsino or mostly gaugino. The upper limits are respectively 140 GeV
and 174 GeV. These are currently the best limits to date on stable charginos.
CDF also considered scenarios with a light stop in various decays and models.
One of this model assumes that it is a long lived particle that decays outside
the detector. It can is also be experimentally characterized as a heavily ionizing
and slow moving charged particle. Using standard muon triggers and the time
of flight detector CDF derives a limit on the stop mass at 108 GeV.

4 R-parity violation

The gauge symmetry of the MSSM allows terms to be included in the superpo-
tential which violate R-parity (RPV). The R-parity was introduced to impose
conservation of the leptonic and baryonic numbers. The two experimental sig-
natures considered here are RPV decay of the neutralino and resonant sparticle
production. The experimental consequences are SUSY signatures with usually
less missing transverse energy and more leptons and jets in the final state.
D@ has searched for multilepton final states arising from SUSY particle pair
production with RPV decays of the two neutralino LSP’s. The couplings con-
sidered are A\121 and Aj22 corresponding to six final states involving four charged
leptons and two neutrinos. The neutralino mass is expected to be relatively
small, the leptons are consequently rather soft and thus difficult to detect. No
excess is observed. In the case of Aj21 (A122), with m0 = 250 GeV, tan 3 = 5,
Ao = 0, p > 0 a chargino limit is set at 181 GeV (165 GeV) using an integrated
luminosity of £ ~ 238 pb~! (160 pb~1), improving results previously obtained
with Run I data in this context. A new search has been performed by D®
with £ ~ 199 pb~! where the neutralino decays into a tau, a neutrino and
either an electron or a second tau. The 7 is searched in his hadronic decay
modes characterized by a narrow jet with low track multiplicity. The trans-
verse momentum of the tau candidates after cuts on the neural networks used
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to find them is displayed in fig.2 (left). The data are consistent with the SM,
which suggest no evidence of A133 coupling. This preliminary result allows to
exclude at 95% CL the region : m(x¥) < 118 GeV, m(x) < 66 GeV for u > 0,
tan 3 = 10, m0 = 80 GeV. D@ has also searched in the resonant channel via a
fi or a v,,. Masse reconstruction of the slepton and the neutralino are possible
since all decay products are reconstructed. The data sample corresponds to
L =~ 154 pb™!. No excess above the Standard Model expectation is observed,
and limits on the Ay, coupling have been set, as show in fig.2 (right) as a
function of m(f).
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Figure 2: (left) Transverse momentum of the tau candidates after cuts on the
neural networks in the DO search for RPV in two electrons + taus final state.
(right) DO 95% CL on the LQD coupling \yyq for fized neutralino masses
75 GeV.

5 Search for B—pu*tpu~

The purely leptonic decay of B!—uTp~ is a flavor changing neutral current
process, which is forbidden at the tree level and proceed only at very low
rate through higher order diagrams. In SUSY, this decay amplitude can be
enhanced. Bg mesons are produced at a very large rate at Tevatron, and
possible decay into two muons can be identified with high efficiency. Both
experiments have set limits on the branching fraction which start to probe the
region of interest since the SM prediction on the branching ratio is 3.4 x 107°.
The selection identified two muons from a displaced vertex and the search
is performed using sideband and same side data to optimize cuts and check
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background estimates. The combination at 90% CL of CDF (£ ~ 171 pb~1)
and DO (L ~ 240 pb~!) analyses set a lower limit on the branching ratio at
BR(BY—ptu~) < 2.7x1077. CDF determined BR(Bl—utp™) <1.5x1077.

6 Gauge Mediated SUSY Breaking

Final states with two photons and K. can be interpreted in Gauge Mediated
SUSY breaking model (GMSB). In these analyses performed both by CDF and
D@, the NLSP is assumed to be the lightest neutralino which decays into a
photon and an undetected gravitino. Using inclusive single electromagnetic
(EM) and di-EM triggers, DO observed no excess of such events for a data
set corresponding to £ =~ 263 pb~! collected between April 2002 and March
2004. At 95% CL limits, the masses of the lightest chargino and neutralino are
found to be larger than 195 and 108 GeV, respectively. These are the most
restrictive limits to date. Similarly, CDF sets limits at 168 and 93 GeV using
L ~ 202 pb~!. As represented in fig.3 (left), CDF and D@ also combined
their analysis for a representative point in the parameter space obtaining an
improved limit at 95% CL of 209 GeV for the chargino mass.
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Figure 3: (left) The next-to-leading-order cross section and combined experi-
mental (CDF-DQ) limits as a function of the chargino and neutralino mass.
(right) Excluded region at 95% CL confidence level in the mSUGRA framework
fortans =3, Ag = 0, u < 0 for the D@ search for squarks and gluinos. The
expected limit is the dashed line. Limits inferred from the LEP2 chargino and
slepton searches are also indicated.
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7 Squark and Gluinos

Multijet final states with missing transverse energy (Fr) are characterized by
large production cross sections at Tevatron but these searches suffer from a large
experimental background. Generic squark and gluinos final states contain two
or more jets and large F.. DO has searched in three different scenarios. The
first one is for pair production of squarks, each decaying into a quark and a
neutralino, leading to a two jets+ - final state. This decay chanel is dominant
if the gluino is heavier than the squark. The second case is when the squark
is heavier than the gluino leading to a final state with 4 jets and K. The
third case is for intermediate mg values, with a final state with three or more
jets. Using dedicated multijet triggers, and requiring a tight cut on K and
the scalar pt sum, cross section upper limits at 95% CL have been obtained
for the sets of mSUGRA parameters considered (tan3 = 3, 49 = 0, p < 0).
The observed and expected limits for £ ~ 310 pb~! are shown in fig.3 (right)
as functions of the squark and gluino masses, improving on previous limits.

For the third generation, mass unification is broken in many SUSY models
due to potentially large mixing effects. This can result in sbottom or stop much
lighter than the other squarks and gluinos. CDF has searched for sbottom in
gluino decay leading to a 4 b-flavor jets + Er final state. Using a secondary
vertex algorithm to tag the “b-jet”, with £ > 80 GeV and vetoing the pres-
ence of leptons, for a dataset corresponding to £ ~ 156 pb~!, no evidence for
gluino pair production with sequential decay into a sbottom-pair is observed.
Requiring inclusive double b-tag or exclusive single b-tag, 95% CL exclusion
limits are set on the masses of the gluino and the sbottom of up to 280 GeV
and 240 GeV respectively, as shown in fig.4 (left).

CDF also considered models with a light stop. The first case assumes
that stops are long lived particles and is presented in section 3. The two other
searches for direct production of stop have been performed, one in the RPV
conserved scenario where the stop decays with a branching ratio of 100% into
a charm and a neutralino, the second in the RPV framework where the stop
decays into a “b-jet” and a 7. In the case of the stop decaying into a tau lepton
and a “b-jet”, the final state is a leptonically decaying tau into either an elec-
tron or a muon, as well as a hadronically decaying tau lepton, and two or more
jets. The good agreement between the data and the SM prediction obtained
with £ ~ 200 pb~! , allows to derive a 95% CL on the stop mass, the result is
shown in fig.4 (right). Including theoretical uncertainties in the cross-section
calculation due to the renormalization scales and PDF’s; a conservative limit
of m(t) > 129 GeV is obtained. These limits are also fully applicable to the
case of the third generation scalar leptoquark (LQ3) assuming a 100% branch-
ing ratio for the LQ3—7b decay mode. In the case of the stop decaying into
charm, neutralino, where the neutralino is the LSP, the final state is charac-
terized by two acoplanar “b-jets”+Kr. The background is mostly dominated
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Figure 4: (left) CDF 95% CL exclusion contours in the gluino and sbottom
mass plane. (right) CDF 95% CL limit curve for tt production in the final
state of a lepton, a 1, and two jets using 200 pb~! of data collected by CDF in
the PRV framework.

by QCD multi-jet production, W and Z boson production in association with
one or more jets, and top quark single and pair production. The CDF silicon
vertex detector is used to tag heavy-flavor jets and reduce significantly the SM
background. A jet probability is build based on the probability that all the
tracks in the jet come from the primary vertex. This probability peaks at zero
for bottom and charm jets. The distribution of the minimum jet probability of
the taggable jets is shown in fig.5 (left). By tagging the two leading jets, 92%
of the background is rejected while its efficiency for the signal is about 30%.
CDF computes a 95% confidence level limit for the stop pair cross-section as a
function of the stop mass. The result is shown in fig.5 (right) for a neutralino
mass of 40 GeV, and compared with the theoretical cross-section. The data set
corresponds to £ ~ 163 pb~!. This analysis does not yet reach the sensitivity
of the Run I result. Some reasons for this are a higher F;. trigger threshold
and larger systematic uncertainties in the jet energy scale (6% to 33%) and in
the heavy flavor tagging (13%) at Run II, as compared to Run I.

8 Conclusion

The Tevatron collider, and the CDF and D@ experiments are running well.
The analysis described here are based on up to 390 pb~!. Only half of the
SUSY particles have been found so far (W, Z, top ...), but there are already
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Figure 5: (left) Distribution of the minimum jet probability of the taggable jets
in the CDF search for scalar top quark decaying into neutralino and a charm
jet using 163 pb=1. (right) The CDF 95% CL upper limit on the production
cross-section tt. The limit curve is shown for m(x® = 50 GeV).

many new results which improve on existing limits and many more fb~! will
be analyzed at Run II. Therefore, there are still many years to expand the
frontiers of discoveries of New Phenomena for CDF and D@ experiments.
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Abstract

I discuss the possibility that the hierarchy problem has not direct implications
for the physics beyond the electroweak scale. I show that an approach based
on data (gauge coupling unification and the evidence for the existence of dark
matter) identifies a supersymmetric model with a “split” spectrum as a nat-
ural candidate for the physics above the electroweak scale. 1 illustrate the
phenomenology of the model and I discuss the possibility of accounting for the
characteristic spectrum from the model building point of view.
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1 Introduction and motivations

There is no doubt that the Standard Model (SM) is not the ultimate renor-
malizable theory of everything. One incontrovertible reason (among the many
others) is that it does not incorporate gravitational interactions. The SM is
instead an effective theory valid below a cutoff QQsy. The hierarchy prob-
lem arises if Qsy > 1TeV because of the quadratic radiative corrections to
the squared Higgs mass induced by its gauge, Yukawa, and self interactions,
dm?2; ~ (200 GeV)?(Qsn/TeV)2.! For Qsy > 1 TeV, in fact, the radiative cor-
rections are much larger than the Higgs mass itself, and a delicate cancellation
(fine-tuning) is required in order to keep the value of the Higgs mass within
the experimental and theoretical bounds.

The hierarchy problem has been around for a couple of decades by now,
and several solutions have been proposed. However, it is fair to say that none
of those solution is fully satisfactory. One reason is that some of the solu-
tions cannot reproduce gauge coupling unification (unless enough parameters
are available to “fit” it), one of the most solid and precise hints available on
physics beyond the electroweak (EW) scale. I'll elaborate on this point later on.
Another reason is associated with one of the most important legacies of LEP,
the electroweak precision tests (EWPTs). The EWPTs set a lower limit on Qsm
and therefore a lower limit on the fine-tuning required to reproduce the Higgs
mass. This limit is model-dependent. It is strongest for strongly interacting
theories like technicolor or its extra-dimensional dual. In this case, the lower
limit on Qgnm forces the radiative correction to the squared Higgs mass to be
3-4 orders of magnitude larger than the Higgs mass itself. It is milder, but still
serious, for Little-Higgs theories and in other set-ups with extra-dimensions.
In this case, the natural value of the squared Higgs mass is almost two orders
of magnitude too large. From this point of view, the MSSM would be the
perfect candidate for the physics at the TeV scale. Being a weakly interacting
theory, the lower limit on Qgy from EWPT is fully compatible with a natural
determination of the Higgs mass at Qsnm. In fact, Qg is essentially the stop
mass, mz, and the radiative corrections proportional to Q%M are harmless if
the stop mass is say below 1 TeV. On top of that, the SM gauge couplings
precisely unify within the MSSM. On the other hand, the MSSM suffers from
a new fine-tuning problem. A problem associated to one of the virtues of the
MSSM, namely its potential to bridge the electroweak scale and the Planck
scale Mpy. It is because of this virtue that we can test gauge unification with
high accuracy. On the other hand, the running of the Higgs mass from the EW
scale to the grand unification (GUT) scale Mgyt induces additional radiative
corrections to the Higgs mass. The latter are logarithmic in the MSSM cutoff

IStrictly speaking, here Qs is the mass of the degrees of freedom cutting
off the quadratic radiative corrections to the Higgs mass.
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(the GUT or the Planck scale) and are enhanced by a large log(M&yp/m?)
factor relative to the harmless correction discussed above. This is turn rein-

troduces a fine-tuning problem that can be quantified to have a likelihood of a
few %.

It is of course possible that one of the known solutions of the hierarchy
problem be the correct one and the evidence for gauge coupling unification
or the fact that we find ourselves in a corner of the parameter space be just
unfortunate accidents. It is also possible that a full solution of the hierarchy
problem compatible with gauge coupling unification just requires a small de-
parture from one of the classic solutions (the NMSSM is one example in this
direction). Here, I would like to consider the possibility that the hierarchy
problem has a different, unexpected, still unknown solution. I will namely
abandon the hierarchy problem as a guideline on the physics beyond the SM
and accept an arbitrary fine-tuning in the determination of the Higgs mass.
We will see that a generalized version of the MSSM still emerges as a minimal
and most appealing option. In this generalization, the new fermions (gaugino
and Higgsinos), together with the SM Higgs doublet, are still bound to be close
to the EW scale, but the new scalars (squarks, sleptons and a second Higgs
doublet) are associated to a scale m that could be as low as in the MSSM or
as high as the Planck scale (actually probably below ~ 103 GeV, as we will
see later on). In the former case, we recover the MSSM. If 7 is instead larger
than (10 +100) TeV, we enter the “Split Supersymmetry” (SpS) regime 1,2),

In the SpS regime, the squared Higgs mass receives radiative corrections
that are ~ (1m/TeV)? larger than the squared Higgs mass itself. The amount
of fine-tuning necessary to reproduce my < 250 GeV is however still negligible
compared to the fine-tuning required to account for a value of the cosmo-
logical constant of order 1073eV. The latter fine-tuning is in fact of order
(m/(1073eV))*/(167?%), thus posing an even more serious hierarchy problem.
In the case of the cosmological constant, there is no doubt that either the nat-
uralness criterion fails and the radiative corrections are much larger than the
cosmological constant itself; or, if some unknown mechanism regulates those
corrections, that mechanism does not affect the physics we accurately probed
at scales within orders of magnitude of the value of the cosmological constant.
It is therefore appropriate to wonder whether the hierarchy problem for the
Higgs mass could follow the same fate.

Needless to say, that has not to be necessarily the case. While from a
field theory point of view the hierarchy problem for the Higgs mass and for the
cosmological constant are completely analogous, the cosmological constant is
not even an observable quantity in field theory — its observation requires grav-
ity. It is therefore very plausible that the solution of the cosmological constant
problem be related to the mysteries of gravity and not to the Higgs mass prob-
lem. Still, lacking a convincing solution of the cosmological constant problem,
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and waiting for the LHC to provide us with an answer, it is at least prudent
to consider the possibility that the Higgs mass problem has an unexpected
solution.

It should be also mentioned that it is not unconceivable that the cosmo-
logical constant and the Higgs mass problem be related. For example, both

problems could be solved by anthropic considerations 3),

2 Alternative guidelines on new physics

Having abandoned the hierarchy problem as a (theoretical) guideline on the
physics beyond the SM, we can turn to the evidence for dark matter and for
gauge coupling unification as alternative (empirical) guidelines.

It is well known that a particle with weak cross-section and mass of the
order of the EW scale is a natural candidate for dark matter, although not the
only one. Let us take this observation seriously. We can then constrain the SM
quantum numbers of the new (dark) matter at the EW scale by requiring that
the gauge couplings unify.

Note that in this approach the evidence for unification comes first of all
by the structure of the gauge quantum numbers of the SM fields. The 15
discrete and continuous SM gauge quantum numbers (actually 14, since the
overall normalization of the hypercharge is arbitrary) can in fact be elegantly
understood in the context of an SU(5) or SO(10) unified gauge group in terms
of 2 or 1 unified gauge quantum numbers. The fact that within the SM the
gauge couplings are not so far from unifying at a high energy scale also goes in
the right direction. The fact that they do not actually unify is not surprising
either, since we already know that something is missing in the analysis (the
fields accounting for dark matter).

It is possible to perform a general one-loop analysis of the constraints that
gauge coupling unification sets on the quantum numbers of the dark matter

fields 2). Sticking to the EW scale interpretation of the dark matter evidence
and to minimality, we consider “one-step” unification. In other words, the SM
running of the gauge coupling is modified (at one loop) at one scale only, near
the EW scale. To avoid problems with the EWPT, we assume that the new
fermions come in vector SM representations. We also make use of a “minimal
fine-tuning” principle, according to which the doublet accounting for the EW
symmetry breaking is the only light scalar.? The constraints we use are i)
perturbativity of the unified gauge coupling, ii) Mgyt > 10 GeV to avoid
problems with proton decay and Mgyt < 10' GeV in order to avoid the
transplanckian regime, and iii) as(Mz) = 0.119 £ 2 - 0.003. These constraints

2This requirement can also be easily motivated with anthropic considera-
tions.
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identify a relatively small region in the parameter space of the possible quantum
numbers of dark matter. In particular, they identify only two classes of allowed
quantum numbers. The first one leads to a proton decay rate barely compatible
with the experimental bounds. The minimal possibility in the second class of
solutions turns out to correspond to the quantum numbers of the MSSM new
fermions: gauginos and Higgsinos.

Note that although both a dark matter candidate and gauge coupling uni-
fication can be obtained in alternative frameworks (e.g. an axion could account
for the dark matter and an intermediate scale could lead to a two-step coupling
unification), in our case the same matter content (gauginos and Higgsinos) ac-
counts at the same time for both of them in a minimal, predictive, and precise
way.

What above shows how the fermion content of the MSSM emerges in a
natural way and is bound (by the dark matter constraint) to be near the EW
scale, independently of naturalness considerations. As for the squarks and the
sleptons, they do not affect the one loop analysis sketched above, since they
come in complete SU(5) multiplets. As a consequence, they are allowed to
live at an arbitrary scale. The MSSM also includes an additional Higgs dou-
blet, which is not a complete SU(5) multiplet, but affects the running of the
gauge coupling only in a mild way (which goes in the right direction). Having
abandoned the hierarchy problem, one wonders however if there is any need
to introduce the MSSM scalars, and if there is any need for supersymmetry at
all. From a fundamental point of view, supersymmetry is a crucial ingredient
of string theory, but it could well not show up in our effective field theory
below the Planck scale. However, from the phenomenological point of view,
there are a number of hints for supersymmetry in this framework. First of all,
the fermion spectrum “selected” by dark matter and unification turns out to
be precisely the one predicted by supersymmetry (up to the Bino, which does
not affect unification). In other words, the quantum numbers of the fermion
spectrum can be understood in terms of supersymmetry. Supersymmetry also
helps understanding the splitting of SU(5) multiplets. The doublet-triplet split-
ting problem associated to the SM Higgs doublet is an example of the typical
problems one encounters when some components of an otherwise heavy unified
gauge multiplet lie near the EW scale. As we saw, gauge coupling unification
requires four additional incomplete multiplets at low energy (two Higgsinos and
two gauginos). Supersymmetry explains the splitting of the gauginos in terms
of the splitting of the SM gauge bosons, namely in terms of the unified group
breaking itself, and explains the splitting of the Higgsinos in terms of the usual
doublet-triplet problem (moreover, it forces the Bino to be part of the game).
Supersymmetry also provides a symmetry, the R-symmetry, able to account
for the split structure of the spectrum, for the stability of dark matter and for
lepton and baryon number conservation below the GUT scale. Last but not
least, the new scalars associated to supersymmetry provide a decay channel for
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the gluino. This is welcome, since a finite lifetime for the gluino, shorter than
the age of the universe, allows to evade the strong experimental limits on the
gluino abundance (see below). In turn, in the low energy effective description,
gluino decay requires a dimension 6 operator whose most obvious origin is the
mediation by bosons with the quantum numbers of the squarks.

3 Structure and phenomenology of the model

As mentioned, the SpS regime exacerbates the fine-tuning problem of the
MSSM. This could be hard to accept, or not, depending on the interpreta-
tion of the fine-tuning problem. For sure, raising m provides a number of
advantages.

3.1 Cleaning up the MSSM

The MSSM has a number of annoying features and is plagued by a number
of little problems. First of all, the number of parameters in the MSSM is
larger than 100, mainly due to the complex structure of the scalar sector.
The number of parameters is significantly reduced in the “constrained” ver-
sion of the MSSM (which is well motivated as a benchmark model, although
perhaps less as a realistic model). Moreover, flavour changing neutral current
(FCNC) and CP-violating quantities, in particular the electric dipole moments
(EDMs), are typically one or two orders of magnitudes above the experimen-
tal limits in most of the wide MSSM parameter space. FCNC processes can
be suppressed by invoking flavour symmetries or in specific scenarios for the
supersymmetry breaking and its communication to the observable sector, for
example gauge mediation or anomaly mediation (note that the suppression of
the EDMs may require additional hypotheses). In the context of a grand uni-
fied theory, the proton decay rate associated to sfermion-mediated dimension
5 operators can also pose a problem. In fact, the minimal version of the su-
persymmetric SU(5) model is already ruled out by the Superkamiokande limit.
However, non-minimal (and perhaps more realistic) models are still allowed. In
the supergravity context, another potential problem comes from the gravitino
decay, whose rate is slow enough to interfere with primordial nucleosynthesis.
This problem can be solved for low enough values of the reheating temperature.

As we saw, none of the problems of the MSSM is deadly. On the contrary,
standard solutions are available for each of those problems. Still, since all those
problems are associated to the MSSM scalars, SpS neatly solves all of them at
once. At the same time, two important successes of the MSSM, gauge coupling
unification and the possibility to account for the observed amount of dark
matter (associated to the MSSM fermions) are preserved.
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3.2 A predictive theory with only 4 — 1 new parameters

The EW scale structure and lagrangian of SpS can be summarized in a few lines
and only involve 4 parameters in addition to the SM ones. One parameter is
the mass scale m of the sfermions.®> Above m we have the MSSM. At scales
smaller than m, the field content only involves the two Higgsinos, H, and Hy,
and the three gauginos, §, W, and B, in addition to the SM fields. The relevant
lagrangian is

L= Lsu+V2H (9.W + ¢, B)H, + V2HT (9,W + ¢/,B)H,
M,

Ms __ M,
+< 23gg+—WW+7BB+uH Hd+hc> (1)

where the U(1), SU(2) and SU(3) generators and the contraction of the corre-
sponding indexes have been understood. The four new Yukawa couplings g,
gy, 9d, 9y are determined through the matching at the scale m in terms of
the SM gauge couplings and tan 3, the parameter that determines the linear
combination of the two MSSM Higgs doublets that survives below m.

Assuming an unified boundary condition for the gaugino masses, the EW
scale lagrangian is therefore determined in terms of only 4 new parameters: the
Wino mass Ms, the Higgsino mass p, the matching scale m, and tan 3. On top
of that, as in the MSSM, the Higgs quartic coupling Ay is predicted through
the matching at 7 in terms of the gauge couplings, Ay = (g2 —|—g’2) cos?(23) /4.
Note that the values of the 4 new Yukawas and the Higgs mass are predicted
in terms of 2 unknowns, m and tan 3. We therefore have 3 predictions. In
terms of the two additional parameters Ms and p, the 4 neutralino and the two
chargino masses are also predicted.

3.3 A rich phenomenology and new experimental signatures

Despite the small number of new parameters, the phenomenology of the model

is rich, interesting, and different (from the MSSM one) in many respects.
With the model fully specified up to the GUT scale, the unification of

gauge couplings can be reexamined in detail, taking into account thresholds and

higher loop corrections 2, 4) 1n all the allowed range of m, gauge coupling
unification is at least as successful as in the MSSM. Increasing the mass of
the scalars m (up to ~ 10° GeV) actually improves the convergence of the
couplings, but this is not very significant, also given the expected size of GUT
thresholds. The running of the top coupling )\; is slower in the SpS regime. As

3The mass of the single sfermions will not be strictly equal of course. How-
ever, the detailed structure of the sfermion spectrum is not expected to affect
in a significant way the results I will present.
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Figure 1: The value of the Higgs mass as a function of m. The bands include
1o errors on my and as(Mz). The upper band corresponds to tan 8 = 50 and
the lower one to tan 3 = 1.5.

a consequence, the Landau pole is met later, and the lower limit on tan 8 from

the perturbativity of A\; up to the GUT scale is relaxed 2,5), The bottom
and tau mass unify for values of tan 3 close to its lower limit, where the larger
top Yukawa enhances the bottom mass.

The tree level prediction for the Higgs mass, as in the MSSM, is corrected
by radiative effects proportional to the logarithm of the stop mass. Since in
SpS the stop is allowed to be heavy, larger values of the Higgs mass are allowed.
Fig. 1 shows that values up to about 160 GeV are allowed. The Figure has been
produced using the latest determination m; = (174.3 + 3.4) GeV. Note that,
unlike in the MSSM, the experimental limit on the Higgs mass does not give
rise to a lower limit on tan 3. That limit, in fact, crucially depends on the
conventional choice of the stop mass used in the analysis and gets weaker for
an heavier stop.

Since we have abandoned the naturalness criterion, the need to account
for the observed amount of dark matter is the only handle which allows to keep
the gauginos and the Higgsinos light. A precise analysis of the dark matter
constraint is therefore important to assess the capability of collider experiments
to probe the SpS parameter space. Let us first consider the case in which all
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the observed dark matter is due to thermally produced neutralinos 2, 6),
Assuming gaugino mass unification, there are two allowed regions in the SpS
parameter space. In the first one, the LSP is mostly Bino but it has a sizeable
Higgsino component. The chargino and neutralino masses are correlated and
vary from the EW scale to O (TeV). The gluino is typically within the reach of
the LHC. In the second region, the LSP is pure Higgsino and its mass is bound
to be g ~ (1+1.2) TeV, while the Wino mass is larger and not determined (but

expected to be within one order of magnitude of the Higgsino mass 2>) In
this region, there is no guarantee that the gluino will be within the reach of the
LHC, but a high energy linear collider such as CLIC would be able to probe the
model. If the gaugino mass ratios are those predicted by anomaly mediation,
the LSP is a pure Wino and its mass is bound to be Ms ~ (2.0 +2.5) TeV. For

arbitrary values of the gaugino mass ratios, the same upper bound holds 7).
That bound also holds in the case of non-thermal neutralino production or in
the presence of additional sources of dark matter. The prospects for direct
detection in the next generation of experiments are quite good in the region
of parameter space in which the gaugino-Higgsino mixing is sizeable (which is

also the region relevant to LHC) 2, 7). Indirect detection may be relevant
in the presence of non-thermal sources, but requires very light Higgsinos or
gauginos 8, 7).

The gluino phenomenology is particularly relevant for SpS. First of all, the
limits on the present gluino abundance from the searches for heavy isotopes 9)
require the gluino to decay with a lifetime shorter than the age of the universe
(or to be heavier than ~ 10TeV). In turn, this sets an upper limit on the

mass of the squarks mediating the gluino decay D. < 1013 GeV for a
gluino mass of 1TeV. In our approach, this is the main constraint on m.
Moreover, in the SpS regime the gluino is stable on detector time-scales. The
gluino therefore hadronizes and crosses the detector without decaying. The “R-
hadron” interacts through its cloud of light constituents. As a consequence, the
effective interaction energy and the cross section are smaller. The behaviour
of the R-hadron in the detector therefore crucially depends on its charge. A
charged R-hadron would give rise to a slow, highly ionizing track, a clear signal.
A neutral R-hadron would give rise to a missing energy signal. Once the
event has been triggered (e.g. because of an associated gluon emission), a mild
hadronic activity along the R-hadron trajectory could help telling the origin of
the missing energy signal. In practice, both neutral and charged R-hadrons will
be produced, and will have a few energy, charge, and Baryon-number exchanges
before escaping from the detector. The sensitivities to gluino detection go from

the (200 400) GeV of Tevatron run II to the (1.5+2) TeV of LHC 10, 11, 12),
Chargino and neutralino searches at the LHC are harder in SpS than in
the MSSM because neutralinos would only be produced through gauge inter-
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actions and because the trilepton signal is suppressed by the smaller leptonic

branching ratio 2). On the other hand, a linear collider would be able not only
to detect those particles but also to measure their couplings at the % level, thus

probing the predictions of SpS 12),

Particularly interesting is the analysis of fermion EDMs in SpS 4, 13, 14)
As mentioned above, SpS easily solves the supersymmetric CP problem. The
one-loop contributions to the SM fermion EDMs are in fact mediated by squarks
or sleptons and are therefore suppressed in SpS. However, not all the new
sources of CP-violation decouple when the sfermions become heavy. In fact,
one phase (two if M7/Ms is not real) survive below the sfermion scale: ¢ =
arg(gegiMap). Unless very small, this phase gives rise to EDMs that are safely
below the experimental limits, but sizeable enough to be well within the sensi-
tivity of the next generation of experiments. Such contributions only arise at
the two loop level, since the new phases appear in the gaugino-Higgsino sector,
which is not directly coupled to the SM fermions. The prediction for the elec-
tron EDM d. is maximal for |sin¢| = 1 and tan 8 = 1, in which case it ranges

from the experimental limit d, < 1.7 x 10727 ¢ 15) down to 10~ (28+29¢ cm
depending on the value of the chargino masses in the (100 GeV +2) TeV range.
EDM experiments are therefore at the frontier of testing Split Supersymmetry.
They may reveal hints of new physics even before the start of the LHC. Ongoing
and next generation experiments plan in fact to improve the EDM sensitivity
by several orders of magnitude within a few years. For example, DeMille and

his Yale group 16) will reach 1072 e cm within three years, and possibly to
1073 e cm within five years. An improvement of the present limit by 8 orders
17)

18)

of magnitude seems also feasible

Electroweak precision tests , neutrinos model building 19), baryoge-

nesis 29) are also among the interesting phenomenological issues discussed in
the context of the phenomenological analysis of SpS.

3.4 New model building options

Split Supersymmetry gives rise to a whole new class of model-building options.
From the model building point of view one wonders how natural is reproducing
the spectrum of split supersymmetry, characterized by a pronounced hierarchy
between fermion and scalar supersymmetry breaking terms. A first simple an-
swer is that an approximate R-symmetry, which forbids gaugino and Higgsino
mass terms, can explain that hierarchy. Nevertheless, Split Supersymmetry
can emerge from the high-energy theory not necessarily as a consequence of an
imposed R-symmetry, but simply as a result of the pattern of supersymmetry
breaking. In most models, supersymmetry is broken by the F-term of a chiral
field (“F-breaking”). In principle, the D-term of a vector field (or equivalently,
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(X) = F6?, where X is a chiral field forced to appear in the effective superpo-
tential in the combination XtX) can equally well be the origin of the soft term
(“D-breaking”). Using the property that R-symmetric soft terms correspond to
dimension-2 operators and R-breaking soft terms to dimension-3 operators, one

can show 4) that supersymmetry D-breaking leads to Split Supersymmetry,
while F-breaking leads to the usual mass spectrum with no hierarchies among
sparticles. In the case of D-breaking, the underlying R-symmetry protecting
Higgsino and gaugino masses emerges as an accidental symmetry, much alike
the approximate lepton-number conservation that protects neutrino masses in
the Standard Model.

4 Conclusions

The hierarchy problem of the Higgs mass is likely to be a relevant guideline
on the physics beyond the EW scale, and many appealing solutions of that
problem are available (although some of them are plagued by a residual fine-
tuning problem). However, lacking a convincing solution of the cosmological
constant hierarchy problem, and waiting for the LHC to provide us with firm
answers, it is at least prudent to consider the possibility that the Higgs mass
problem has an unexpected, still unknown solution, and the Higgs mass, as the
cosmological constant, appears to be fine-tuned.

This possibility is interesting also in the light of the rich phenomenology
and the new experimental signatures associated with it. The LHC will be able
to test a relevant portion of the parameter space of the model, and a high energy
linear collider such as CLIC would be able to probe the whole parameter space.
This should be compared with the case in which the naturalness criterion is used
to constrain the scale of the MSSM particles — in this case, strictly speaking,
no machine is capable of covering the whole parameter space. Moreover, the
next generation of experiment on the electron EDM could be able to see a
signal before the LHC and will also be able to probe most of the parameter
space.
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Abstract

We present recent findings of the Sloan Digital Sky Survey that aim to put
observational constraints on the properties of the dark matter and dark energy
and help unravel their nature. We discuss results from weak lensing measure-
ments that map the distribution of dark matter in halos by estimating the
cluster-mass correlation function and integrating for the mass profile. Another
recent significant result is the detection of the baryon feature in the galaxy
correlation function. The measurement of the location of this bump allows us
to calibrate the angular diameter distance redshift relation and constrain cos-
mological parameters to high precisions. We also discuss our current efforts to
measure these parameters from the much larger photometric sample.
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Figure 1: The mean dark matter distribution of halos with between 8 and 14
luminous red galaxies in the SDSS is reconstructed from the tangential shear
measurements of SDSS galaxies.

1 The Cosmic Genome Project

The Sloan Digital Sky Survey (SDSS; York et al. 2000) is the most ambitious
astronomical survey project ever undertaken. In fact, it is two surveys in
one: the photometric survey will map one quarter of the entire sky, creating
the ultimate census of 200 million objects, and the spectroscopic survey will
measure the distances to a million galaxies and quasars. The observatory, a
dedicated 2.5m telescope located at Apache Point, NM, is equipped with a
huge mosaic of 30 imaging CCDs. The unique multifiber spectrographs collect
640 spectra simultanously and yield distances to thousands of celestial objects
every night. The Collaboration has published close to 300 papers to date that
address fundamental questions about the universe. In the following sections,
we discuss two recent results that provide the the best constriants on dark

matter and dark energy up to date using state-of-the art statistical analyses.

2 Weak Gravitational Lensing

One of the great successes of Einstein’s General Relativity had been the pre-
diction of bending of light by gravity. We know that massive objects act as
lenses and the photons from background objects carry information about the
universe between the source and us. In the weak lensing limit the observable

parameters are essentially the magnification and the shear, background ob-
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Figure 2: Our 3.40 detection of the baryon bump in the correlation function of
luminous red galaxies (left) not only confirms the role of gravity in structure
formation but provides proof for dark matter at z~1000. The scale of this
feature in turn can be used to constrain cosmological models (right; see text).

jects appear brighter and their shape slightly distorted. This tangential shear
(vr) is directly related to the projected surface mass density of the lens (¥),
Y1t = L(< R) — (R), where R is the apparent distance on the sky and
the proportionality depends on the distances to the source (Dg) and the lens
(Dr), .1 = %. Sheldon et al. (2004) measured the shape character-
ized by adaptive moments of millions of background galaxies, whose distances
are estimated from the colors of the objects, behind spectroscopically observed
galaxies and inferred the projected surface mass density of the average cluster
halo, A¥(R). The galaxy-mass correlation function is then computed explot-
ing the spherical symmetry, which is valid assumption for the geometry of the
averaged halo. The stacking of clusters also cancels the mass bias along the
line-of-sight and yields a superb signal to ratio. Figure 1 shows the model in-
dependent mass profile of the mean halo around clusters with between 8 and
14 luminous elliptical galaxies from a similar analysis as calculated from the

cluster-mass correlation function.

3 Cosmology from the Baryon Bump

Eisenstein et al. (2005) recently measured the large-scale correlation function
from a spectroscopic sample of 46,748 luminous red galaxies from the Sloan
Digital Sky Survey. The survey region covers 0.72 h=3Gpc? over 3816 square
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degrees and 0.16 < z < 0.47, making it the best sample yet for the study of
large-scale structure. We find a well-detected peak in the correlation function
at 100 A~ 'Mpc separation that is an excellent match to the predicted shape
and location of the imprint of the recombination-epoch acoustic oscillations on
the low-redshift clustering of matter. This detection demonstrates the linear
growth of structure by gravitational instability between z = 1000 and the
present and confirms a firm prediction of the standard cosmological theory. The
acoustic peak provides a standard ruler by which we can measure the ratio of the
distances to z = 0.35 and z = 1089 to 4% fractional accuracy and the absolute
distance to z = 0.35 to 5% accuracy. From the overall shape of the correlation
function, we measure the matter density €2,,h% to 8% and find agreement with
the value from cosmic microwave background (CMB) anisotropies. Independent
of the constraints provided by the CMB acoustic scale, we find €2, = 0.273 +
0.02540.123(14wg)+0.137Q k. Including the CMB acoustic scale, we find that
the spatial curvature is Qx = —0.0104+0.009 if the dark energy is a cosmological
constant. More generally, our results provide a measurement of cosmological
distance, and hence an argument for dark energy, based on a geometric method
with the same simple physics as the microwave background anisotropies. The
standard cosmological model convincingly passes these new and robust tests of
its fundamental properties.

4 Angular Clustering of Red Galaxies

The much larger photometric sample can be also used to study the baryon
wiggles in the galaxy power spectrum. Instead of measuring the 3D redshift
space correlation function, one can use color based redshift estimates to select
galaxies in narrow redshift shells and measure the angular power spectrum of
these subsamples. For the luminous red galaxies that probe the largest cosmo-
logical volume, we can derive photometric redshift with the highest accuracy
and derive the radial selection function of objects in the photometric redshift
shells. This enables us to compare a measured angular power spectum to theo-
retical predictions by projecting the 3D power spectrum of various parameters
with the same redshift distribution. Our Fisher matrix simulations show that
with existing SDSS observations, one can pin down cosmological parameters to
even higher accuracy. Measurements are along their way.
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Abstract

We demonstrate the generation of high quality electron beams resulting from
the interaction of ultrashort and ultraintense laser pulses with underdense plas-
mas. The electron energy distribution is quasi-monoenergetic and peaks at 170
MeV.
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1 Introduction

Particle accelerators are used in a tremendous variety of fields, ranging from
medicine and biology to high energy physics. The accelerating fields in con-
ventional accelerators are limited to a few tens of MeV/m due to material
breakdown which occurs on the walls of the structure. Thus, the production
of energetic particle beams requires large scale accelerators and expensive in-
frastructures. In this context, laser-plasma accelerators have been proposed

for the next generation of compact accelerators 1) because of the huge elec-
tric fields they can sustain (>100 GeV/m). However, it has been difficult to
use them efficiently for applications because they have produced poor quality
particle beams with large energy spreads. Such beams are hard to use because
it is difficult to transport them and/or to focus them, as required by numerous
applications. Until now, the most widespread method for producing electron
beams from plasmas has relied on the self-modulated laser wake field (SMLWF)

accelerator 2). In the SMLWF accelerator, the laser pulse is longer than the
plasma wavelength. Under the influence of the self-modulation instability, its
envelope modulates at the plasma frequency and resonantly excites a plasma
wave. When the plasma wave amplitude reaches the wavebreaking level, copi-
ous amounts of plasma background electrons are trapped in the plasma wave
and accelerated. Numerous experiments report on the production of electron
beams with nC charge and divergence varying from a few degrees to tens of de-
grees and Maxwellian energy distributions. More recently, several groups have
demonstrated that more compact lasers can be used to efficiently generate high

repetition rate (10 Hz) electron sources which could be used for applications 3).
However, these beams still have very large energy spread and a low number
of electrons at high energy (typically <1 pC at 200+10MeV). Previous exper-
iments inherently produced poor quality beams: wakebreaking occured under
the laser pulse envelope and the accelerated electrons were also under the in-
fluence of the ultraintense laser field. Direct laser acceleration by transverse
laser field deteriorated the spatial beam quality, causing emittance growth. In
this work, we performed the experiment in a different parameter regime: the
pulse duration was chosen to be shorter than the plasma period. The electron
density, n. = 6 x 10'8em ™3, was lower than in previous experiments. Another
crucial point is that at these low densities, the interaction length need to be
long enough in order for the laser pulse to evolve, and for the electrons to be
trapped and accelerated to high energies. Extending the interaction length to
millimeter scales was done by extending the Rayleigh length to zp =1.3mm,
simply by using a long focal length optics. In this regime, the laser drives
a highly nonlinear wakefield (or plasma bubble) which traps and accelerates
plasma electrons, producing an extremely collimated and quasi-monoenergetic

1)

electron beam with a high charge of 0.5 nanocoulomb at 170 MeV =/. Exper-



J. Faure 595

Laser Nozzle Magnets / \

Y .
g BN

Figure 1: FExperimental set-up. Top: picture from the experiment, bottom:
schematic. An ultrashort and ultraintense laser pulse is focused onto a 3 mm
supersonic gas jet and produces a very collimated 170 MeV electron beam.

iments and simulations tend to indicate that the quality of the electron beam
is enhanced partly because electrons are accelerated in the plasma bubble but
stay behind the laser pulse and do not interact with the laser.

2 Experiment

This regime has been reached by using the ultrashort and ultraintense laser
pulse generated in a Titanium doped sapphire, chirped pulse amplification
laser system. The laser pulse had a 30 fs duration at full width half maximum
(FWHM), contained 1 J of laser energy at central wavelength 820 nm. It was
focused onto the edge of a 3 mm long supersonic Helium gas jet using a f/18
off-axis parabola. The diffraction limited focal spot was ro = 21um at FWHM,
producing vacuum-focused laser intensity of I =3.2x10'® W /cm?, for which the
corresponding normalized potential vector is ag = eA/(mc?) = 1.3. For these
high laser intensities, the Helium gas was fully ionized by the foot of the laser



596 J. Faure

Laser axis

no B field

with B field

170 50 20

with B field

170 50 20
Energy (MeV)
Figure 2: Raw images obtained on the LANEX screen. Top image: ne=61018
cm-8, no magnetic field. Middle image: ne=61018 cm-3, with magnetic field.
Bottom image: ne = 2 x 10°em =3,

pulse. Monoenergetic electron distributions were observed for densities of n, =
6 x 10'8em =3, for which the plasma wavelength (Ip=13.6 um) is comparable
with the laser pulse length (ct=9 wm). The diameter (r0=21 pum) was larger
than the matched one, but one may expect that self-focusing in the plasma
will bring it down to the resonant value. The experimental set-up is shown on
fig. 1.

Electron detection was achieved using a LANEX phosphor screen. As
electrons passed through the screen, energy was deposited and reemitted into
visible photons which were then imaged onto a 16 bit Charged Coupled De-
vice (CCD) camera. When inserting a magnet (B=0.45 T, on 5 c¢m), electrons
were deflected and the image on the screen represented the electron energy
distribution. The total beam charge was measured using an integrating cur-
rent transformer (ICT), placed about 30 cm behind the LANEX screen. fig.2a
shows a picture of the electron beam when no magnetic field is applied. The
electron beam is very well collimated with a 10 mrad divergence at FWHM,
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the smallest divergence ever measured for a beam emerging from a plasma ac-
celerator. One can explain this low divergence using several arguments: (i)
electrons are accelerated in the plasma bubble but they stay behind the laser
pulse and do not interact with its defocusing transverse field, (ii) when elec-
trons exit the plasma, their energy is very high and therefore, the effect of space
charge is greatly diminished. fig.2b shows the deviation of the beam when a
magnetic field is applied. The image shows a narrow peak around 170 MeV,
indicating efficient monoenergetic acceleration. For comparison, fig.2c shows
an image obtained at higher density (n. = 2 x 10%e¢m~2). Here, electrons are
accelerated at all energies but the number of high energy electrons is low. In
addition, the beam divergence is much larger than on Fig.2b. A comparison of
Fig.2b and 2¢ shows that performances are dramatically increased when plasma
bubble acceleration occurs. Fig.3 shows an electron spectrum after deconvolu-
tion. The spectrum clearly shows a quasi-monoenergetic distribution peaked
at 170 MeV, with a 24spread (at FWHM). This peaked energy distribution
is a clear signature of the formation of a plasma bubble as seen in computer
simulations. Finally, the charge contained in this bunch can be inferred using
the ICT. Without the magnet, the whole beam charge measured on the ICT
is 24+ 0.5 nC. The ICT signal can be correlated to the LANEX images to infer
the charge at high energy. This shows that the charge at 170 & 20 MeV is
0.5+ 0.2 nC. From the above, one can deduce that the electron beam energy
was 100 mJ, so that the energy conversion from the laser to the electron beam
was about 10fig. 2. fig. 3.

3 Discussion

To reach a deeper understanding of the experiment, we have run 3D particle-

in-cell (PIC) simulations using the code Virtual Laser Plasma Laboratory 5).
The simulation suggests that our experimental results can be explained by the
following scenario. (i) At the beginning of the simulation, the laser pulse length
(9 um) is nearly resonant with the plasma wave (Ip=13.6um); but its diameter
(21um > lp) is larger than the matched one. (ii) As the pulse propagates in the
plateau region of the gas jet, it self-focuses and undergoes longitudinal compres-
sion by plasma waves. This decreases the effective radius of the laser pulse and
increases the laser intensity by one order of magnitude. (iii) This compressed
laser pulse is now resonant with the plasma wave and it drives a highly non-
linear wakefield: the laser ponderomotive potential expels the plasma electrons
radially and leaves a cavitated region behind (this is referred to as ” cavitation”
or "blow-out” regime). In this regime, the three-dimensional structure of the
wakefield resembles a plasma bubble. (iv) As the electron density at the walls
of the bubble becomes large, wavebreaking occurs and electrons are injected
and accelerated inside the bubble. (v) As the number of trapped electrons
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Figure 3: FElectron spectrum corresponding to the deconvolution of the image
of figure 2b (n. = 6 x 10'8em=3. The crosses are the experimental result and
the full line represents the result of 3D PIC simulations. The horizontal bars
represent the spectrometer resolution.

increases, the bubble elongates. Its effective group velocity decreases and elec-
trons start to dephase with respect to the accelerating field. This dephasing
causes electron self-bunching in the phase space. This self-bunching results in
the monoenergetic peak in the energy spectrum 3. Simulations also show that
the quality of the electron beam is higher when trapped electrons do not inter-
act with the laser field. If this were to occur, the laser field would cause the
electrons to scatter in phase space, degrading the low divergence as well as the
monoenergetic distribution. This argument could explain why higher quality
beams are obtained experimentally for shorter pulses and lower electron densi-
ties. In conclusion, the experimental results and 3D PIC simulations indicate
that it is possible to generate a monoenergetic electron beam by carefully select-
ing laser and plasma parameters. The bunch duration (sub-50 fs), along with
the present improvement on the charge (nC) and the quality of the electron
beam (monoenergetic spectrum, low divergence) reinforce the major relevance
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of plasma-based accelerators for many applications (such as high resolution
radiography for non destructive material inspection, radiotherapy, ultrafast
chemistry, radiobiology and material science). With the rapid progress of laser
science, it will be possible to generate compact, monoenergetic and high quality
electron beams with a tunable energy range at a reasonable cost. This source
will be perfectly adapted as an injector for future GeV laser-plasma accelerator
schemes. It will also be relevant for generating ultrashort X-ray sources, using
undulators or lasers via Thomson scattering. Before these applications can be
developed, the issue of the electron beam stability will have to be resolved.
At the moment, although the beam charge and its spatial distribution are re-
producible quantities, the detail of the electron energy distribution vary from
shot to shot. In the future, this problem will have to be addressed: are the
fluctuations due to laser fluctuations or is this regime intrinsically unstable?
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Abstract

We discuss the strategy to prepare for physics with the ATLAS and CMS
experiments at the LHC. After reviewing the various steps required to un-
derstand, calibrate and commission the detectors, from construction quality
checks, to beam tests, to cosmics runs, to first collisions, we outline the ap-
proach to understand standard physics at /s = 14 TeV in the early phases of
the LHC operation. Finally, we present a few examples of physics goals with
the first fb~! of integrated luminosity.
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1 Introduction

Recently, the LHC construction has enjoyed significant achievements, with the
delivery of more than half of the dipole magnets, the installation of some of
them in the tunnel, and the successful beam injection test from the SPS to the
LHC through the TIS8 transfer line.

According to the present schedule, the machine will be cooled down in
the first half of 2007, and will then be commissioned for a few months starting
with single beams. A first run with colliding beams is expected in the second
half of 2007, and will likely be followed by a shut-down of a few months, and
then by a seven-month physics run in 2008 at instantaneous luminosities of up
to 2x 1033 cm™2 s~!. There are several uncertainties on this plan (in particular
because of some delays in the production of the cryogenic line) and on how the
machine commissioning and performance will actually evolve. Therefore in this
paper we assume that the integrated luminosity collected by ATLAS and CMS
by the end of 2008 will range between a very modest 100 pb~! per experiment
and a very ambitious 10 fb~! per experiment. These data samples will be used
to commission and calibrate the detectors, and to perform first physics studies.

2 Initial detectors and initial performance

The first question in view of data taking is related to the initial detector lay-
outs. Indeed, because of missing resources, and in some cases of construction
delays, several components of ATLAS and CMS will not be fully operational
at the beginning. ATLAS will start without Transition Radiation Tracker in
the region 2 < |n| < 2.4 and less muon chambers in the regions between the
barrel and the end-cap parts. CMS will start without muon trigger chambers
(RPC) in the region 1.6 < || < 2.1 and without the fourth layer of the end-cap
muon chambers. Furthermore, the CMS end-cap electromagnetic calorimeter
and the whole pixel detector will be installed during the shut-down period after
the 2007 run. In addition, in both experiments part of the high-level trigger
and data acquisition processors will be deferred, with the consequence that the
output rate of the level-1 trigger will be limited to 50 kHz (instead of 100 kHz)
in CMS and to 35 kHz (instead of 75 kHz) in ATLAS.

The impact of this staging on physics will be significant but not dramatic.
The main loss is a descoped B-physics programme because, due to the reduced
level-1 bandwidth, the thresholds of the single-muon triggers will have to be
raised from a few GeV (as originally chosen to address B-physics studies) to
pr=14-20 GeV.

The second question concerns the detector performance to be expected
on “day 1”7, i.e. at the moment when data taking starts. Some predictions,
based on construction quality checks, on the known precision of the hardware
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Table 1: Examples of expected detector performance for ATLAS and CMS at
the time of the LHC start-up, and of physics samples which will be used to
improve this performance.

expected performance data samples (examples)
on “day 1” to improve the performance
ECAL uniformity ~1% (~4%) in ATLAS (CMS) minimum-bias, Z — ee
electron energy scale 1-2% Z — ee
HCAL uniformity 2-3% single pions, QCD jets
jet energy scale <10% Z(— £l)+jet, W — jj in tt events
tracker alignment 20-200 pm in R¢ generic tracks, isolated p, Z — pup

calibration and alignment systems, on test-beam measurements and on sim-
ulation studies, are given in tab. 1 for illustration. The initial uniformity of
the electromagnetic calorimeters (ECAL) should be at the level of 1% for the
ATLAS liquid-argon calorimeter and 4% for the CMS crystals, where the dif-
ference comes from the different techniques and from the limited time available
for test-beam measurements in CMS. Prior to data taking, the jet energy scale
may be established to about 10% from a combination of test-beam measure-
ments and simulation studies. The tracker alignment in the transverse plane is
expected to be known at the level of 20 pm in the best case from surveys, from
the hardware alignment systems, and possibly from some studies with cosmic
muons and beam halo events.

This performance should be significantly improved as soon as the first
data will be available (see last column in tab. 1) and, thanks to the huge event
rates expected at the LHC, the ultimate statistical precision should be achieved
in principle after a few days of data taking. Then the painful battle with the
systematic uncertainties will start. This is illustrated in fig. 1 which shows that,
by measuring the energy flow in about 18 million minimum-bias events (which
can be collected in principle in a few hours of data taking), the non-uniformity
of the CMS ECAL should be reduced from the initial 4% to about 1.5% in the
barrel region. Therefore the systematic limit coming from the non-uniformity
of the upstream tracker material will be hit very quickly.

3 Strategy to achieve the goal detector performance

Are the performance expectations presented in the previous section realistic 7
And what are the steps needed to achieve these performances ?

The ATLAS and CMS detectors have been subject to stringent require-
ments and detailed quality controls at the various steps of the construction
phase. Extensive test-beam measurements have been performed with proto-
types and final modules, which have also allowed the validation of the simu-
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Figure 1: Inter-calibration precision of the CMS electromagnetic calorimeter

achievable with 18 million minimum-bias events 1), as a function of rapidity
(dots). The squares show the limit coming from the non-uniformity of the
upstream material.

lation packages (e.g. Geant4) needed for instance to extrapolate the detector
response from the test-beam to the collider environment. Such detailed checks
and tests represent an unprecedented culture in our field.

In addition, in situ commissioning and calibrations after installation in
the pits will be needed to understand the experiments as a whole, to account for
the presence of e.g. upstream material and magnetic field, to cure long-range
effects, etc. These calibrations will be based on cosmic muons, beam-halo
muons and beam-gas events during the pre-collision phase (i.e. in the first
half of 2007, during the machine cool-down and single-beam commissioning).
Then, as soon as first collisions will be available, well-known physics samples
(e.g. Z — Ll events, see tab. 1) will be used.

As a concrete example of the above procedure, and of the steps needed

to prepare for physics, the case of the ATLAS electromagnetic calorimeter 2),
which is already installed in the underground cavern, is discussed below.

One crucial performance issue for the LHC electromagnetic calorimeters
is to provide a mass resolution of about 1% in the hundred GeV range, needed
to observe a possible H — v signal as a narrow peak on top of the huge vy
irreducible background. This requires a response uniformity, that is a total con-
stant term of the energy resolution, of <0.7% over the full calorimeter coverage
(In] < 2.5). Achieving this goal is challenging, especially at the beginning, but
is necessary for a fast discovery, and can hopefully be accomplished in four
steps:

e Construction quality. Test-beam measurements performed with proto-
types of the ATLAS ECAL in the early '90s showed that a 1% excess
in the thickness of the lead plates produces a drop of the calorimeter re-
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Figure 2: Left: Distribution of the thickness of the 2048 absorber plates (3 m
long and 0.5 m wide) for the ATLAS barrel ECAL, as obtained from ultra-
sound measurements. The mean value of the distribution is 2.2 mm and the

r.m.s.

is 11 um. Right: Energy response of one module of the ATLAS barrel

ECAL, as a function of rapidity, as measured from a position scan over about
500 calorimeter cells with test-beam electrons. The various symbols indicate
different ¢ rows.

sponse by 0.7%. Therefore, since the maximum response non-uniformity
coming from the detector mechanics alone has to be kept below 0.3%, the
thickness of the lead plates must be uniform to about 0.5%, i.e. ~10 pum.
This goal has been achieved, as shown in the left panel of fig. 2.

Test-beam measurements. About 15% of the final calorimeter modules
have been exposed to electron beams, in order to verify the construction
uniformity and to prepare correction factors to the detector response. The
right panel in fig. 2 shows the results of a scan of one module (module size
AnxA¢ = 1.4x0.4) performed with high-energy test-beam electrons. For
all tested modules, the response non-uniformity was found to be about
1.5% before correction, i.e. at the exit of the construction chain, and
better than 0.7% after calibration with test-beam data.

Pre-collision phase. Before data taking starts, the calorimeter calibra-
tion can be checked in situ with physics-like signals by using cosmic

muons. Table 2 shows the expected rates of cosmics in ATLAS 3), as
obtained from a full simulation of the detector inside the underground
cavern (including the overburden, the access shafts and the surface build-
ings). These results have also been validated by direct measurements of
the cosmics flux in the pit made with a scintillator telescope. It can be
seen that rates between 0.5 Hz and 30 Hz are expected, depending on the
requirements on the muon trajectory. Therefore, in about three months
of cosmics runs in 2007 during the machine cool-down an commissioning,
a few million events should be collected, a data sample large enough to
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Table 2: Expected rates of cosmic muons in ATLAS for various requirements
on the muon trajectory, as obtained from a full simulation of the detector in
the pit.

[ topology | rate (Hz) | comments
through-going muons ~ 25 muons giving hits on top and bottom RPC’s
and in inner detector
close to interaction vertex ~ 0.5 muons passing within |z| < 60 cm and R < 20 cm
from the interaction centre
useful for ECAL calibration ~ 0.5 muons with |z| < 20 cm, E.e > 100 MeV

catalog and fix several problems, gain operational experience, check the
relative timing and position of the various sub-detectors, etc., hopefully
in a more relaxed environment than during the collision phase.

In particular, for what concerns the electromagnetic calorimeter, the
signal-to-noise ratio for muons is large enough (S/N ~ 7 from test-
beam measurements) that cosmic muons can be used to check the cali-
bration uniformity of the barrel calorimeter as a function of rapidity. The
calorimeter is equipped with an electronics calibration system delivering
pulses uniform to 0.25%. However, the calibration signals and the physics
signals do not have exactly the same shape, and the difference depends
on the rapidity of a given calorimeter cell. This induces a non-uniformity
of the ECAL response to incident particles as a function of . Test-beam
studies show that the expected sample of cosmic muons is large enough
to allow measurements of these effects to the 0.5% level.

e First collisions. As soon as first collider data will become available,
7 — ee events, which are produced at the rate of ~1 Hz at a lumi-
nosity of 1033 em™2 s™!, will be used to correct long-range response
non-uniformities from module to module, possible temperature effects,
the impact of the upstream material, etc. Full simulation studies indi-
cate that, since the calorimeter is already quite uniform on “day 1” by
construction and thanks to the previous steps, about 10° Z — ee events
should be sufficient to achieve the goal overall constant term of 0.7%.
In addition, this Z — ee sample should fix the absolute energy scale
to about 0.5%. Therefore, after a few weeks of data taking the ATLAS
ECAL should in principle be fairly well calibrated.

As an academic exercise, one could consider a very pessimistic (actually
unrealistic...) scenario. That is, ignoring the results and expectations discussed
above, one could assume that no corrections (neither based on test-beam data,
nor using Z — ee events) will be applied. In this case, the intrinsic calorimeter
constant term would be given by the uncorrected non-uniformity from detector
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Figure 3: Geant4 simulation of the 2004 ATLAS combined test-beam set-up,
showing the beam line and the various sub-detectors.

construction (measured to be ~1.5%, as mentioned above), to which another
~1.5% from uncorrected upstream material effects has to be added. This would
give a total constant term of the energy resolution of about 2% instead of 0.7%.
As a consequence, the significance of a H — ~~ signal would be reduced by
about 30%, and factor 1.7 more integrated luminosity would be needed to
achieve the same sensitivity.

4 Toward the complete experiment: the ATLAS combined test-
beam

A very significant step in the preparation for data taking and physics has
been made in ATLAS with the combined test-beam performed in 2004. A
full vertical slice of ATLAS (see fig. 3), including the Pixel detector, the Silicon
strip detector (SCT), the Transition Radiation Tracker (TRT), the liquid-argon
ECAL, the Tile hadron calorimeter, muon chambers (MDT, CSC, RPC, TGC)
and the trigger system, has been tested during six months on the CERN SPS
HS8 beam line. The set-up included magnets providing magnetic fields in the
inner detector and muon chambers.

A lot of global operation experience has been gained with this test, since
for the first time all ATLAS sub-detectors have been integrated, cross-timed
and run together with a common data acquisition system.

Electron, pion, proton, muon, photon data have been collected over a
broad energy range (from 1 GeV up to 350 GeV in some cases), for a total of
90 million events (4.5 TB of data). They are being analyzed using the common
ATLAS software framework. Examples of preliminary results are presented in
fig. 4. The left panel shows the correlation between the z-positions of muon
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Figure 4: Preliminary results from the 2004 ATLAS combined test-beam. Left:
For muon tracks, the z-position reconstructed by the muon chambers as a func-
tion of z-the position reconstructed by the inner detector (z indicates the coordi-
nate along the LHC beam line, units are cm). Right: The energy reconstructed
by the level-1 trigger cluster processor as a function of the energy reconstructed
i the liquid-argon electromagnetic calorimeter.

tracks as reconstructed by the inner detector (Pixel, SCT, TRT) and the muon
chambers, where z indicates the coordinate along the LHC beam line. Re-
constructed muon tracks are extrapolated backward from the muon chambers
over about 40 m. The right panel shows the correlation between the energy
reconstructed in the ECAL and the energy reconstructed by the level-1 trigger
cluster processor. These latter data were collected during a special run where
the beam was delivered with a bunch spacing of 25 ns in order to emulate the
LHC conditions.

5 Early physics goals and measurements

In this section we discuss the preparation for physics using the first collision
data at the LHC. Table 3 shows the data samples expected in ATLAS and
CMS for some example physics processes and for an integrated luminosity of
10 fb~!. The trigger selection efficiencies have been included. It can be seen
that already over the first year (even days in some cases) of operation, huge
event samples should be available from known Standard Model (SM) processes,
which will allow ATLAS and CMS to commission the detectors, the software
and the physics itself, and from some new physics scenarios. We stress that this
will be the case even for a very modest integrated luminosity of ~100 pb~1.

In more detail, the following goals can be addressed with such data sam-
ples!:

Tt should be noted that the total amount of data recorded by each ex-
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e Commission and calibrate the detectors in situ using well-known physics
channels, as already mentioned. Understanding the trigger performance
in as an unbiased way as possible, with a combination of minimum-bias
events, QCD jets collected with various thresholds, single and di-lepton
samples, is going to be one of the most challenging and crucial steps at
the beginning. Z — ¢/ is a gold-plated process for a large number of
studies, e.g. to set the absolute electron and muon scales in the ECAL
and tracking detectors respectively, whereas tf events can be used for in-
stance to establish the absolute jet scale and to understand the b-tagging
performance.

e Perform extensive measurements of the main SM physics processes, e.g.
cross-sections and event features for minimum-bias, QCD di-jet, W, Z, tt
production, etc. These measurements will be compared to the predictions
of the Monte Carlo simulation, which will already be quite constrained
from studies at the Tevatron and HERA energies. Typical initial pre-
cisions may be 10-20% for cross-section measurements, and 5-7 GeV on
the top-quark mass, and will likely be limited by systematic uncertainties
after a few weeks of data taking.

e Prepare the road to discoveries by measuring the backgrounds to possible
new physics channels. Processes like W/Z+jets, QCD multijet produc-
tion and ¢ are omnipresent backgrounds for a large number of searches
and need to be understood in all details. In addition, dedicated control
samples can be used to measure specific backgrounds. For instance, t£jj
production, where the jets j are tagged as light-quark jets, can be used
to gauge the irreducible tfbb background to the t#H — ttbb channel.

As an example of initial measurement with limited detector performance,
fig. 5 shows the reconstructed top-quark signal in the gold-plated tt — bjj blv
semileptonic channel, as obtained from a simulation of the ATLAS detector.
The event sample corresponds to an integrated luminosity of 150 pb~!, which
can be collected in less than one week of data taking at L = 1033 em™2 s~1. A
very simple analysis was used to select these events, requiring an isolated elec-
tron or muon with pr > 20 GeV and four and only four jets with pr > 40 GeV.
The invariant mass of the three jets with the highest pr was then plotted. No
kinematic fit was made, and no b-tagging of some of the jets was required,
assuming conservatively that the b-tagging performance would not have been
well understood yet. Figure 5 shows that, even under these over-pessimistic
conditions, a clear top signal should be observed above the background after a

periment in one year of operation corresponds to about 1 Petabyte, which
represents an unprecedented challenge also for the LHC computing and offline
software.
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Table 3: For some physics processes, the numbers of events expected to be
recorded by ATLAS and CMS for an integrated luminosity of 10 fb~' per ex-
pertment.

| channel | recorded events per experiment for 10 fb=! |
W — uv 7 x 107
Z — pp 1.1 x 107
tt—pu+ X 0.08 x 107
QCD jets pr >150 GeV | ~ 107 (assuming 10% of trigger bandwidth)
minimum bias ~ 107 (assuming 10% of trigger bandwidth)
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Figure 5: Three-jet invariant mass distribution for events selected as described
in the text, as obtained from a simulation of the ATLAS detector. The dots
with error bars show the expected signal from tt events plus the background, the

dashed line shows the W+ 4-jet background alone (ALPGEN Monte Carlo 4))
The number of events corresponds to an integrated luminosity of 150 pb~*.

few weeks of data taking (actually 30 pb~! would be sufficient). In turn, this
signal can be used for an early validation of the detector performance. For in-
stance, if the top mass is wrong by several GeV, this would indicate a problem
with the jet energy scale. Furthermore, top events are an excellent sample to
understand the b-tagging performance of ATLAS and CMS. It should be noted
that, unlike at the LHC, at the Tevatron today the statistics of tf events is not
sufficient to use these samples for detector calibration purposes.

6 Early discoveries

Only after the three steps outlined in section 5 will have been fully addressed,
can the LHC experiments hope to extract a convincing discovery signal from
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their data. Three examples of new physics are discussed briefly below, ranked
by increasing difficulty for discovery in the first year(s) of operation: an easy
case, namely a possible Z’ — ete™ signal, an intermediate case, Supersymme-
try, and a difficult case, a light Standard Model Higgs boson.

6.1 Z' —ete”

A particle of mass 1-2 TeV decaying into eTe™ pairs, such as a possible new
gauge boson Z’, is probably the easiest object to discover at the LHC, for three
main reasons. First, if the branching ratio into leptons is at least at the percent
level as for the Z boson, the expected number of events after all experimental
cuts is relatively large, e.g. about ten for an integrated luminosity as low as
300 pb~! and a particle mass of 1.5 TeV. Second, the dominant background,
di-lepton Drell-Yan production, is small in the TeV region, and even if it were
to be a factor of two-three larger than expected today (which is unlikely for
such a theoretically well-known process), it would still be negligible compared
to the signal. Finally, the signal will be indisputable, since it will appear as
a resonant peak on top of a smooth background, and not just as an overall
excess in the total number of events. These expectations are not based on
ultimate detector performance, since they hold also if the calorimeter response
is understood to a conservative level of a few percent.

6.2 Supersymmetry

Extracting a convincing signal of Supersymmetry in the early phases of the LHC
operation is not as straightforward as for the previous case, since good calibra-
tion of the detectors and detailed understanding of the numerous backgrounds
are required. As soon as these two pre-requisites are satisfied, observation of
a SUSY signal should be relatively easy and fast. This is because of the huge
production cross-sections, and hence event rates, even for squark and gluino
masses as large as ~1 TeV (see tab. 3), and the clear signature of such events
in most scenarios. Therefore, by looking for final states containing several
high-pr jets and large missing transverse energy (Ef***), which is the most
powerful and model-independent signature if R-parity is conserved, the LHC
experiments should be able to discover squarks and gluinos up to masses of
~1.5 TeV in only one month of data taking (after the two above pre-requisites
will have been satisfied) at L = 103 cm~2 s7!, as shown in the left panel of
fig. 6.

Although detailed measurements of the SUSY particle masses will likely
take several years, it should nevertheless be possible to obtain a first determi-
nation of the SUSY mass scale quickly after discovery. This is illustrated in
the right panel of fig. 6, which shows the striking SUSY signal on top of the
SM background, expected at a point in the minimal SUGRA parameter space
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Figure 6: Left: The CMS discovery potential 9) for squarks and gluinos in
mSUGRA models, parametrized in terms of the universal scalar mass mg and
universal gaugino mass my 2, as a function of integrated luminosity. Squark
and gluino mass isolines are shown as dot-dashed lines (masses are given in
GeV). Right: The expected distribution of the effective mass (see text) for the

SUSY signal at “Point 5” 6) of the mSUGRA parameter space (open circles),
as obtained from a simulation of the ATLAS detector. The histogram shows
the total SM background, which includes tt (solid circles), W +jets (triangles),
Z +jets (downward triangles), and QCD jets (squares).

where squark and gluino masses are about 700 GeV. The plotted variable, called
“effective mass” (M), is defined as the scalar sum of the event EZ'*$ and of
the transverse energies of the four highest pr jets, and thus reflects the “heav-
iness” of the particles produced in the final state. More precisely, the position
of the peak of the Mg signal distribution (see fig. 6) moves to larger/smaller
values with increasing/decreasing squark and gluino masses. Therefore a mea-
surement of the signal peak position should provide a first fast determination
of the mass scale of Supersymmetry. The expected precision is about 20% for
an integrated luminosity of 10 fb~!, at least in minimal models like mSUGRA.

A crucial detector performance issue for an early SUSY discovery is a
reliable reconstruction of the event missing transverse energy, which is a pri-
ori prone to contamination from several instrumental effects (calorimeter non-
linearities, cracks in the detector, etc.). Final states with non-genuine missing
transverse energy can be rejected by requiring the event primary vertex to be
located close to the interaction centre (which also helps to suppress the back-
ground from cosmic and beam-halo muons), no jets pointing to detector cracks,
and that the missing pp vector is not aligned with any jet. The calorimeter
response linearity can be understood to a large extent by using “calibration”
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Figure 7: Left: The expected signal significance for a SM Higgs boson in ATLAS
as a function of mass, for integrated luminosities of 10 fo= (dots) and 30 fbo—1
(squares). The vertical line shows the lower limit from searches at LEP. The
horizontal line indicates the minimum significance (50) needed for discovery.

Right: The expected H — ZZ — 4L signal in CMS 7) for a Higgs mass
of 200 GeV (dark-shaded histogram) on top of the background (light-shaded
histogram,), for an integrated luminosity of 10 fb=1.

samples like Z(— £€)+jet events (with £ = e, u), where the lepton pair and the
jet are back-to-back in the transverse plane, so that the well-measured pp of
the lepton pair can be used to calibrate the jet pr scale.

Concerning the physics backgrounds (e.g. Z(— v¥)+jets, t¢ production,
QCD multijet events), most of them can be measured by using control sam-
ples. For instance, Z(— £¢)+jets production provides a normalization of the
Z(— vv)+jets background. More difficult to handle is the residual background
from QCD multijet events with fake E*%¢ produced by the above-mentioned
instrumental effects. The technique used at the Tevatron consists of normal-
izing the Monte Carlo simulation to the data in the (signal-free) region at
low EFs and then use the Monte Carlo to predict the background in the
(potentially “signal-rich”) region at large Ef%s.

6.3 Standard Model Higgs boson

The possibility of discovering a SM Higgs boson at the LHC during the first
year(s) of operation depends very much on the Higgs mass, as shown in the
left panel of fig. 7. It can be seen that the most difficult case is the low-mass
region close to the LEP limit and at the overlap with the Tevatron reach. The
expected sensitivity for a Higgs mass of 115 GeV and for the first good (i.e.
collected with well-calibrated detectors) 10 fb~! is summarized in tab. 4. The
total significance of about 40 per experiment (41'??) o including the expected
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Table 4: For a Higgs boson mass of 115 GeV and an integrated luminosity of
10 fo=1, expected numbers of signal (S) and background (B) events after all cuts
and signal significances (S/v/B) in ATLAS for the three dominant channels.

| |H—wyfy|tfH—>tbe|qu—>quT—>€—|—X|

S 130 15 ~ 10
B 4300 45 ~ 10
S/VB 2.0 2.2 ~ 2.7

systematic uncertainties) is more or less equally shared among three channels:
H — ~~, ttH production with H — bb, and Higgs production in vector-boson
fusion followed by H — 77. A conservative approach has been adopted in
deriving these results. For instance, very simple cut-based analyses have been
used, and higher-order corrections to the Higgs production cross-sections (the
so-called K-factors), which are expected to increase for example the gg —
H — ~ rate by a factor of about two compared to leading order, have not
been included. Nevertheless, it will not be easy to extract a convincing signal
with only 10 fb~!, because the significances of the individual channels are
small, and because an excellent knowledge of the backgrounds and close-to-
optimal detector performances are required, as discussed below. Therefore,
the contribution of both experiments, and the observation of possibly all three
channels, will be crucial for an early discovery.

The channels listed in tab. 4 are complementary. They are characterized
by different Higgs production mechanisms and decay modes, and therefore by
different backgrounds and different detector requirements. Good uniformity of
the electromagnetic calorimeters is crucial for the H — 7y channel, as already
mentioned. Powerful b-tagging is the key performance issue for the t£H channel,
since there are four b-jets in the final state which all need to be tagged in order
to reduce the background. Efficient and precise jet reconstruction over ten
rapidity units (|n| < 5) is needed for the H — 77 channel, since tagging the
two forward jets accompanying the Higgs boson and vetoing additional jet
activity in the central region of the detector are necessary tools to defeat the
background. Finally, all three channels demand relatively low trigger thresholds
(at the level of 20-30 GeV on the lepton or photon pr), and a control of the
backgrounds to a few percent. These requirements are especially challenging
during the first year(s) of operation.

On the other hand, if the Higgs boson is heavier than 180 GeV early
discovery should be easier thanks to the gold-plated H — 4¢ channel. As shown
in the right panel of fig. 7, the expected number of events is small for 10 fb=!,
but these events are very pure since the background contamination is essentially
negligible, and should produce a narrow mass peak. Detector requirements are
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a lepton reconstruction efficiency close to 90% down to pr ~ 5-10 GeV, since
there are four leptons in the final state and the signal is tiny, and moderate-
to-good quality of the lepton energy measurement.

It should be noted that the H — WW — fvfv channel, which is expected
to yield a much larger number of events for a Higgs mass of ~ 180 GeV, is a
less convincing channel, detectable only as an overall excess of events compared
to the background expectation, since no Higgs mass peak can be reconstructed
due to the presence of neutrinos in the final state. Therefore it may not be a
good candidate process for an early discovery.

7 Conclusions

The LHC offers the potential for very interesting physics and major discoveries
right from the beginning. We note that for some standard physics processes, a
single day of data taking at L = 1033 cm~2 s~! corresponds, in terms of event
statistics, to ten years of operation at previous machines. Supersymmetry
may be discovered quickly, a light Higgs boson will be much more difficult to
observe, unexpected scenarios and surprises may well be round the corner at
an unprecedented collider exploring a completely new territory.

The machine luminosity performance will be the crucial issue at the be-
ginning. Hopefully, an instantaneous luminosity of up to L ~ 1033 ecm=2 s~1,
and an integrated luminosity of up to 10 fb~! per experiment, can be achieved
by the end of 2008, as estimated by the accelerator team.

Concerning the experiments, a lot of emphasis has been given to quality
checks in the various phases of the construction and to tests with beams. The
results indicate that the detectors “as built” should give a good starting-point
performance already on “day 17.

However, a lot of data and time will be needed to commission the detec-
tors, the triggers and the software in situ, to reach the performance required to
address serious physics studies, to understand standard physics and the Monte
Carlo tools at v/s=14 TeV, and to measure the backgrounds to possible new
physics processes.

The next challenge is therefore an efficient and timely detector commis-
sioning, from cosmics runs to first collisions, where the experiments try to learn
and fix as much as possible as early as possible. In parallel, efforts to improve
and tune the Monte Carlo generators, based on theoretical developments as
well as on comparisons with data from past and present experiments, should
be pursued with vigor. Indeed, these two preparation activities will be crucial
to reach quickly the discovery phase, and to extract a convincing signal from
new physics in the first year(s) of operation.
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Abstract

The main advantage of fusion power is in the energy available in relatively
small amounts of fuel and the almost limitless worldwide resources. A suc-
cessful development of fusion energy will provide a safe mean for producing
electricity with low level radioactive waste and no atmospheric pollution. Sig-
nificant progress has been made in fusion energy research and 22 MJ of fu-
sion energy with 4.5 MW of steady state fusion power were produced in JET
(1997) deuterium-tritium experiments. The next step fusion device, ITER,
will provide provide plasmas with significant self heating and will test essential
technologies in reactor-relevant conditions. The research and development car-
ried out by ITER and other complementary devices will lead to demonstration
fusion reactors and power plant prototypes.
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1 World energy requirements and fusion energy

At present, the average world power consumption per capita is around 1.6 tons
of oil equivalent per year (2kW), corresponding to a total energy demand of the

order of 10 billion tons of oil equivalent per year (1 TOE= 42 Billion Joules) )
However, countries like India and China, which contain a large fraction of the
world population (2 Billion), are developing rapidly. This will imply a substan-
tial increase in energy consumption as the worldwide living standards approach
the western levels 2 3). An American citizen uses on average 5-6 times more
energy than a resident of developing countries. As the worldwide living stan-
dards approach western levels, the global energy consumption is expected to

increase significantly 4) n addition, the world population is increasing and
may increase by up to 100% from the current value of 6 billion to 8-12 billion,

5),

in 50 years Assuming that the world population stabilises at around 10

Billion 6) and an average energy consumption per capita of 2/3 of the current
Unites States rate, the world energy demand will approach 50 billions tons of
oil equivalent per year (approximately 350 billion barrels of oil equivalent per

year) 7). These levels of energy demand cannot be met by present sources
of energy in the longer term. Conventional o0il resources will be exhausted on

the time scale of 40-50 years while coal 8,9, 10, 11) 4ng gas will run out in

12)

around 100-200 years The same is true for conventional fission plants,

as Uranium natural resources are also limited 13). Longer term use of nu-
clear fission also requires a new generation of reactors that make use of more

advanced and complex fuel cycles 14). Renewable energy sources 15), such
as wind and solar power are important alternatives means of producing en-
ergy, but their use is insufficient to meet the worldwide demands at a global
scale. Currently more than 80% of the energy consumption is met by burn-

ing fossil fuels 16) n addition to the limited resources, this energy source
poses additional problems. Their localised supply causes political tension and
this finite resource could be used in equally important chemical applications
rather than just providing energy. But, more importantly, burning fossil fuels
is causing important environmental damage by polluting the atmosphere with
increasing amounts of Carbon dioxide. The overall concentration of Carbon
dioxide in the atmosphere has increased by 40% in the last 100 years and it is
predicted to at least double within the next 50 years. One of the biggest con-
cerns related to atmospheric pollution is the possibility of significant climate

change 17, 18) 5 global warming of the planet has been observed in the last
100 years and there is growing evidence that part of the temperature increase
is due to the increase concentration of Carbon dioxide in the atmosphere via

the greenhouse effect 19) The potential sources of energy for the XXI century
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are very restricted and they are mainly: nuclear fission, fossil fuels such as oil,

gas and coal, renewable sources such as wind, solar power 20) and Nuclear
Fusion. These alternatives have some advantages, but some of them have im-
portant drawbacks that can not be discards lightly. Nuclear fission poses long
term environmental concerns due to the very long lived (10000 years) high level
radioactive waste. Fossil fuels such as oil, gas and coal cause, as said, signifi-
cant atmospheric pollution via the emission of greenhouse gases and significant
atmospheric pollution can lead to climate change. Renewable energy sources
such as wind and solar power are characterised by small (around 3 — 10W/m?)
power densities and intermittent availability. Solar and wind power plants pro-
ducing significant amounts of power (10GW) require the use of very large areas
(1000 — 3000km?) and also need energy storage at a large scale. On the other
hand, nuclear fusion provides a safe way of producing large quantities of energy
with low level radioactive waste and no atmospheric pollution. The main ad-
vantages of Nuclear Fusion are the fuel abundance and availability worldwide
with almost limitless resources. The Lithium used to produce Tritium is avail-
able for thousands of years and the Deuterium for millions of years. The fuel
cycle is generated inside the reactor and there is no need for transportation
of activated materials. The short term radioactivity is associated mainly with
plant activation which could be in principle mitigated by developing appro-
priate materials. Significant progress has been made regarding fusion energy
research and 22 MJ of fusion energy with 4.5 MW of steady state fusion power
(16 MW Fusion peak power) have been obtained. Fusion offers a great poten-
tial for future electricity production at a large scale, however, this technology
has still to be demonstrated.

2 Fusion basics and magnetic plasma confinement

The most promising fusion reaction for large scale energy production is the
one between heavy Hydrogen isotopes (Deuterium and Tritium) producing an
Alpha particle, which carries 20% of the output energy and a Neutron with the
remaining 80% of the energy. The Alpha particle is confined by the magnetic
field and provides the plasma self heating. On the other hand, the Neutron es-
caping the magnetic field, provides the energy output and produces the Tritium
by reacting with a Lithium blanket surrounding the plasma. Two main plasma
magnetic confinement alternatives were explored in the early days of fusion
research, with open and closed magnetic field line configurations as shown in
figure 1. Since charged particles move freely along the magnetic field lines, open
configurations require the pinching of the magnetic field lines at the end in order
to mirror reflect the charged particles. Closed configurations lead to the de-
velopment of toroidal magnetic field configurations, but a pure toroidal field is
insufficient to achieve plasma confinement. Following these concepts, the Toka-



622 D. Borba

Figure 1: Open and closed magnetic field line configurations explored in the
early days of fusion research. Closed configurations lead to the development of
toroidal magnetic field configurations and the development of the Tokamak,
from Russian toroidalnaya kamera, magnitnaya katushka meaning toroidal
chamber.

mak device was devoleped and named from the Russian acronym TOroidalnaya
KAmera, M Agnitnaya Katushka meaning toroidal chamber, where a toroidal
current complements the toroidal magnetic field, resulting in a helical mag-
netic field configuration. In a tokamak, external coils provide the toroidal
magnetic field, a transformer with an external primary winding produces the
toroidal current in the secondary plasma loop. This current generates a poloidal
magnetic field which makes the toroidal field lines twist, thus leading to the
desired helical magnetic configuration. The plasma current, which yields the
required confinement properties, also provides the basic Ohmic plasma heat-

ing 21, 22, 23), However, Ohmic heating alone is insufficient to provide the
high temperatures (300 millions Kelvin) required for a fusion burning plasma.
Auxiliary heating schemes, such as the injection of high energy neutral parti-
cles and radio frequency waves, have been developed and are currently used in
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present Tokamaks to approach thermonuclear fusion reactor regimes.

3 Present status: JET and the bridge to ITER

Controlled fusion research has made significant progress since the 1950s, going
going from first small experiments to the construction of large scale exper-

imental devices in the 1970s. The triple fusion product 24) of density (n),
temperature (T) and energy confinement time (7g) has increased by 5 orders
of magnitude from the early 1970s to the late 1990s, culminating in the demon-
stration of significant fusion power production from fusion in 1994 in the TFTR

experiment (10 MW of fusion power) 25) and in 1997 in JET (16MW of fusion

power) 26), This rate of progress can be compared with the increase in the
accelerators energy for particle physics research (energy doubles every 3 years)
and the Moores Law with the numbers of transistors in an integrated circuit

doubling every 2 years. The fusion Lawson criteria (n7g) 24) expressed as a
function of temperature can be seen in figure 2. Ignition is achieved (yellow
region n 75 > f(T')) when the fusion reaction can be sustained by the self
Alpha heating without any external power. The breakeven condition is de-
fined by n 7g > f(T,Q = 1) where Q represents the fraction of fusion power
to the external power required to sustain the plasma. A reduced form of the
Lawson criterion for ignition n 75 T > 10*!(m~3s KeV) is obtained by taking
into account the temperature dependence near its minimum, i.e. the opti-
mal temperature regarding the deuterium-tritium (D-T) fusion cross section.
The fusion deuterium-tritium performance obtained by the various fusion de-
vices in equivalent deuterium plasmas is shown in green in figure 2, while the
deuterium-tritium experiments carried out in JET and TFTR are shown in red.
In this figure 2, the progress in fusion research is clearly illustrated by showing
the equivalent parameters from early experiments such as the T3 tokamak (left
bottom corner) up to large scale devices operating with tritium such as TFTR
and JET, which are close to breakeven conditions. The operation of a large
number of fusion devices has increased the understanding of plasma confine-

ment properties 27), leading to a simplified expression for the confinement time
(tg) in terms of main plasma dimensionless parameters 28, 29)
werp = (7066 )=2:8,,-0.09, (1)

where w, is the cyclotron frequency, p. the ion gyro radius normalised to the
plasma minor radius, v, particle collisionality and 3 the plasma pressure nor-
malised to the magnetic pressure. This global confinement scaling law leads
to a confident prediction of the plasma parameters required for the next step
fusion devices in terms of temperature, density and energy confinement time,
based on the world wide database from 13 devices with different engineering
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Figure 2: The fusion Lawson criteria (n Tg) expressed as a function of tem-
perature. The fusion deuterium-tritium performance obtained by the various
fusion devices in equivalent deuterium plasmas is shown in green in figure 2,
while the deuterium-tritium experiments carried out in JET and TFTR are
shown in red.

parameters
T = 0.0228 [0-86 g0-21 R1.31,0.40,—0.99 0.84 5 r0.08 p—0.65 (2)

where 7g is in seconds, I is the plasma current in MegaAmperes (MA), B the
magnetic field in Tesla, R the plasma major radius in meters, n the plasma
density in 102°m =3, a the plasma minor radius in meters, M the isotopic mass
and P the power loss in MW 29, 30), Among these devices, currently in oper-
ation around the world, JET 31) is the largest fusion machine built with the
capability of plasma currents of up to 5 MA, D-T operation and Beryllium
in vessel components. JET is also the only Tokamak equipped with a remote
handling system for non manned in vessel intervention as required in the acti-
vate environment of a fusion reactor. With the plasma current capability of up

to 3 MA the JT60-U device 32) is in operation in Naka, Japan, while several
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Figure 3: The electron plasma temperature as a function of different levels of
Alpha particle power, generated in similar plasma conditions by different D-T

fuel plasma mixtures, demonstrating efficient plasma heating from the fusion
Alphas.

machines exist around the world able to operate at plasma currents between
1 MA and 2 MA, such as ASDEX-Upgrade (Germany) 33), FTU (Italy) 34),
MAST (United Kingdom) 35), TORE-SUPRA (France) 30) and NSTX 37),
DIII-D 38), C-MOD 39) in the United States of America. New super conduct-
ing tokamaks are in construction in china (EAST, SUNIST) 40) and South
Korea (KSTAR) 41) in addition to the super conducting tokamak 42) cur-
rently in operation in the south of France (TORE-SUPRA). One of the key
areas of controlled fusion research is the ability to sustain the plasma burn via

the heating deposited by the confined charged fusion products (Alpha parti-
cles). In 1997, Alpha particle heating was demonstrated for the first time on

JET 43) during experiments with a D-T fuel mix 44) Figure 3 shows the
electron plasma temperature as a function of different levels of Alpha particle
power, generated in similar plasma conditions by different D-T fuel plasma
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mixtures. The highest electron temperature under these conditions is obtained
with a near optimum D-T fuel mixture, demonstrating efficient plasma heating
from the fusion Alphas, as expect from classic slowing down theory. More re-
cently, in 2003 and 2004 the first direct measurements of Alpha particle slowing
down was obtained using gamma-rays spectroscopy from Alpha particle react-

ing with Beryllium impurities 45) This very powerful technique was used in
most plasma configurations at JET, including those foreseen for the operation

of the next step device (ITER) 46), to study particle slowing down. Detailed
tomography imaging of the Alpha particle distribution was obtained using both
the vertical and horizontal gamma-ray cameras installed at JET. Fast parti-
cles have a strong impact on the plasma stability and these measurements in
combination with plasma turbulence studies carried out uisng magnetic and
microwave diagnostics, gave a also significant contribution in this field.

4 Burning Plasma Physics: a new scientific frontier with ITER

As it was mentioned in the previous section, one of the key areas of controlled
fusion research is the ability to sustain the plasma burn via the heating de-
posited by the confined charged fusion products (Alpha particles). The new
generation of fusion devices aim to demonstrate fusion plasma operation with
a dominant fraction of the plasma heating being provided by the Alpha parti-

cles. The planned International Tokamak Experimental Reactor (ITER) 47),
next experimental step towards the demonstration of fusion as a potential
energy source, aims to operate with a power amplification @ > 10; corre-

sponding to a fraction of plasma self-heating by fusion born alpha-particles of
fa = % > 0.65 48 49) . This will represent a significant qualitative step,
when compared with present machines operating space such as JET, as shown
in figure 4. In addition, ITER will test nuclear components and other essen-
tial technologies in reactor-relevant conditions, such as high heat and neutron
flux, and will demonstrate the safety and environmental acceptability of fusion.
For this purpose, ITER has been designed with a major radius of 6.2 m and
a minor radius of 2 m. Toroidal plasma currents of up to 17 MA and pulses
of 2000 s duration are foreseen in ITER, leading to a predicted fusion power
output of approximately 500 MW in steady state operation. The mock-ups
of the main components of ITER, central solenoid, super conducting magnets,
remote handling and heat load bearing divertor modules have been constructed

and tested to the required specifications. The large super-conducting magnets

prototypes 50) have been constructed and successfully tested using both Nb3Sn
and NbTi coils. The Central Solenoid Demo Coil set a new super conducting
magnet world record in terms of combined magnetic field and operating cur-

rent 51), The Vertical Target Medium-Scale Prototype 52) was constructed
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Figure 4: The ITER operation point aiming at a power amplification ¢ > 10;
corresponding to a fraction of plasma self-heating by fusion born alpha-particles
of fo = ﬁ?) > 0.65 . This will represent a significant qualitative step, when
compared with present machines operating space such as JET.

and tested successfully both with the Tungsten macrobrush at 15 MW/m? x
1000 cycles and with CFC monoblock tested at 20 MW /m? x 2000 cycles. An
ITER remote handling test facility has been constructed in Italy, which includes
the central cassette carrier, divertor port, dummy cassette and plug handling
vehicle.

5 Fusion Reactor and Power plants

A number of specialist fusion devices are being currently operated around the
world with specific tasks, as it was mentioned in section III. It is expected that
concept improvement devices will operate in parallel with ITER in the next
decades. In addition, further technology improvements and optimisations will
also be carried out in parallel, including a dedicated material testing facility.

The proposed International Fusion Material Irradiation Facility (IFMIF) 53)



628 D. Borba

jointly planned by Japan, the European Union, the United States andthe Rus-
sian Federation under the direction of the IEA (International Energy Agency),
is an accelerator-based deuteron-lithium (d-Li) neutron source for producing
an intense beam of high energy neutrons. The main objective of this facil-
ity is to enable realistic testing of candidate materials and components to be
used in fusion reactors up to full lifetime of their anticipated use. This will
require sufficient irradiation volume > 0.5L at the equivalent fusion reactor
conditions 10 neutrons/(s cm?). IFMIF will be composed by two deuteron
beam 175 MHz accelerators, with 125 mA and 40 MeV each. Acceleration
is achieved by Radio Frequency Quadrupoles (RFQ) and Drift Tube Linacs
(DTL). The research and development carried out by ITER, IFMIF and other
complementary devices will lead to demonstration fusion reactors and power

plant prototypes 54) The layout of a conceptual fusion power plant is similar
to other conventional plants such as oil, coal or nuclear power plants, but with
different fuel and furnace. The heat exchanger, steam generator, turbines and
electricity generator are similar to those used in conventional power plants.
Therefore, plant auxiliaries such as water cooling systems will be used in fu-
sion power plants. Therefore, fusion plants are expected to be similar in size
to conventional power plants. The main difference is that the heat is generated
by a fusion device such as the tokamak.

6 Discussion

The main advantage of fusion power is in the energy available in relatively
small amounts of fuel. One hundred milligram of Deuterium, reacting with the
in situ produced Tritium can yield the same amount of energy as obtained by
burning one ton of gasoline. Once the power of fusion is controlled and used to
produce electricity relatively small amount of fuel is required to produce sig-
nificant amounts of energy. The Deuterium contained in 45 liters of water and
the Lithium contained in an averaged laptop computer battery can produce
200,000 kWh of energy, sufficient for the electricity requirements of an average
European citizen for 30 years. The other main advantage of fusion energy is the
radioactive impact, which is much smaller than convention fission plants and is
associated only with plant activation. In the long term the activation resulting
from the operation of a fusion plant can be compared with the activation as-
sociated with coal power plants, due to the presence of the radioactive isotope
Carbon-14. On the other hand, controlled fusion conditions are very difficult to
achieve. Fusion reactions occur only at very large temperatures, which require
very complex and relatively expensive devices. These two leading factors will
be ultimately reflected in the final price of the electricity produced using fusion
power plants. Since, the fuel price is negligible, most of the cost is associated
with plant construction, maintenance and decommissioning. Recent studies,
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suggest that the expect cost of fusion energy 55) will be comparable with that
of other sources, such as wind power and much less than solar power from
present technology photovoltaic cells.

7 Conclusions

Few options exist for large scale energy production in the second half of the
XXI century. They are: nuclear fission, fossil fuels such as oil, gas and coal
and renewable energy sources such as solar and wind power. Both nuclear
fission and fossil fuels pose serious environmental problems such as long term
storage of high level radioactive waste and green house gas emissions possibly
leading to climate change. Since, renewable energies cannot provide a solution
for the global energy problem due to their low energy density and intermittent
availability, further options need to be explored. A successful development of
Fusion energy will provide a safe, with low level radioactive waste and no at-
mospheric pollution, mean for producing electricity. Significant progress has
been made regarding fusion energy research and 22 MJ of fusion energy with
4.5 MW of steady state fusion power (16 MW Fusion peak power) was achieved
in JET deuterium-tritium experiments in 1997, demonstrating alpha particle
heating. The next step fusion device, ITER would provide access to plasmas
with adequate self heating (f, > 2/3 burning fusion plasma) and test essen-
tial technologies in reactor-relevant conditions. The main ITER components
have been successfully tested such as the super-conducting magnets, heat load
bearing divertor modules and remote handling test facility and ITER is ready
to be built. In parallel, the IFMIF neutron source for producing an intense
beam of high energy neutrons will enable realistic testing of candidate materi-
als and components to be used in fusion reactors. The research and develop-
ment carried out by ITER, IFMIF and other complementary devices will lead
to demonstration fusion reactors and power plant prototypes.
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