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WELCOME ADDRESS

Before the meeting starts, let me welcome you to our laboratory and to the First
Workshop on Heavy Quarks at Fixed Target. For those of you visiting us for the first
time, I would like to give some information about our Laboratory tradition and present
and future activities.

The Workshop is taking place at a special time for the Laboratory. A month ago
the Adone storage ring was shut down after 25 years of operation. We must go back
to the beginning of the '60's, when our Laboratory housed the 1-Gev
electrosynchrotron, at that time the second most energetic machine in the world. The
construction of the electrosynchrotron was the motivating factor in the birth of the
Laboratory. Without a new idea and a new project, the great concentration of skill that
the electrosynchrotron had gathered would have been wasted. The new idea came from
Bruno Touschek, to make electrons and positrons collide.

This was the time when there were short delays between ideas, projects, and their
achievement. Actually, ADA, the first electron—positron accumulation ring (ADA is an
Italian acronym for "storage ring") was built in 1961. ADA first worked in Frascati,
then it was transported to Orsay. For the first time, beam—beam collisions were
obtained and studied at the energy of 250 MeV per beam.

After the success of ADA, at the beginning of 1961, INFN started the design for
the construction at LNF of an electron—positron storage ring with 1.5-GeV energy per
beam. The construction began in 1963 and the new machine was operational in 1969.

From 1969 to the 26" of April, 1993, when it was finally shut down, ADONE
provided beams for 7.5x10% hours. Three generations of physicists have worked at
ADONE in the fields of subnuclear physics, nuclear physics, and condensed matter.

During the seventies, physicists at ADONE obtained exciting results, among
which the discovery of multihadron production,whose ratio with two—muon production
provided the first experimental evidence of the color quantum number of hadrons; and
the discovery of the p' resonance, which was the first evidence of the existence of the
vector meson family.

Searches for narrow resonances were made at ADONE by many experimental
groups; unfortunately, the J/'¥ mass lay just few MeV's above the maximum allowed
energy of ADONE.

After a phone call by S. Ting, however, enthusiasm outweighed prudence: the
radiofrequency was pushed to its extreme and the physicists working at Adone



confirmed the J/¥ discovery. In the following years the community of physicists
working at ADONE contributed intensively to the study of the J/'¥' nature until 1979,
when the two—beam mode operation was stopped.

During the '80's Adone worked with only one beam circulating, and pursued the
use of the nuclear and synchrotron radiation machine facilities already established. Two
tagged—photon beams, one obtained via inverse Compton scattering of laser light off
ADONE electrons, the other from electron bremsstrahlung on a nitrogen jet target, have
allowed the study of photonuclear reactions over a wide energy domain. With the
ADONE synchrotron radiation facilities, fundamental studies on condensed matter were
performed, together with important applications like mammography and lithography.

In 1990 the two—beam operation was re—established to achieve the first
experimental determination of the neutron form factor. The name given (o this
experiment was FENICE, the mythological Phoenix rising from its own ashes. It is
obvious why the experiment was so baptized.

With the shutdown of ADONE now we are not at an end, but rather at a turning
point in our Laboratory's scientific history. A new machine, DAPNE — a high —
luminosity ¢—factory — will be assembled in the same building that housed ADONE.

DA®NE will be operational starting at beginning of '96. Two experiments have
been approved in the two intersection regions of the new machine: the KLOE detector
dedicated to the fundamental study of CP and CPT violation in the K meson system and
the FINUDA experiment which will study, with high-energy resolution, the physics of
hypernuclei.

To the milestones that mark the scientific history of our Laboratory from the
electrosynchrotron to ADA, ADONE and DA®NE, we must add the LEALE linear
accelerator, which provided electron and pion beams for nuclear studies, and the
Gravitational Wave Experiment NAUTILUS now operating, whose cryogenic antenna
has reached the lowest temperature in the world — 100 m°K.

Apart from the activities regarding the on-site machines, our Laboratory has
participated and is active in many other experiments at various institutions, at the
collider, in underground laboratories, in the sky, and, of course, at fixed target.

The idea of organizing a workshop on fixed target heavy—quarks physics was
proposed by some of us in Milan last January, during a meeting of the E687
collaboration. The workshop was defined and formalized in March. Nowadays, a
never—ending list of meetings, conferences, congresses, and workshops is offered each



year to us high-energy physicists. However, in this list are often lacking very
specialized meetings addressed to a relatively small but well qualified attendance. The
format of this meeting, as conceived by the Scientific Committee, is essentially based
on invited talks with only a few relevant communications condensed in a short time.

Unfortunately, the scientific aspects do not leave sufficient time for the touristic
necessities, as generally conceived nowadays in conference organization.

These are the reasons why this workshop, in spite of the short time available for
organizing and calling it, received a very positive response that encourages the idea of
making a fixed target meeting a periodical appointment for our community. INFN and
Fermilab have assured their sponsorship of the workshop series. The University of
Virginia has already presented its candidature for the organization in '94.

I am sure you will find it worthwhile participating in this first flxed target
workshop and T hope you will enjoy your stay with us in Frascati, even if it is so short.

Franco L. Fabbri
Director, LNF Research Division
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FIG.1 — The ADA electron—positron storage ring in operation at Frascati in 1961.



FIG. 2 — The ADONE electron—positron storage ring in the '80's.
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CHARMONIUM FORMATION AT FIXED TARGET

D. Bettoni
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for the E760 Collaboration!?

Abstract

In this paper we review recent results on charmonium spectroscopy
in proton-antiproton interactions.

1 Introduction

The charmonium system was discovered in 1974, when two experimental
groups at SLAC and Brookhaven announced almost simultaneously the ob-
servation of a new narrow resonance, called J/4 [1]. This was followed very
shortly by the discovery by the SLAC group of another narrow state, which
was called 9’ [2]. These two resonances were interpreted as bound states of
a new quark, called charm or ¢ quark, and its antiquark (), whose existence
had been predicted several years before to account for the non-existence of
strangeness changing neutral currents [3]. The high mass of the ¢ quark
(me ~ 1.5GeV/c?) makes it plausible to attempt a description of the dy-
namical properties of the (cc) system in terms of non-relativistic potential
models, in which the functional form of the potential is chosen to reproduce
the asymptotic properties of the strong interaction. The free parameters in
these models are determined from a comparison with the experimental data.
The study of the charmonium (and bottomonium) spectrum is thus thought
to be a powerful tool for the understanding of the strong interaction and this
is the reason why this system has often been called the hydrogen atom of
QCD.

Experimentally a large amount of data on the charmonium spectrum
came originally from e*e~ experiments. In this kind of experiment only the
states with the quantum numbers of the photon, JPC = 177, namely the

J/% and the 9’, can be formed directly. The parameters of these resonances
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Figure 1: x; and X, data from R704 (points) and e*e™ (solid line)

(masses and widths) have been measured very accurately by the ete™ exper-
iments, because the initial state was known with good precision. All other
states have been studied by measuring the inclusive photon spectrum from
the radiative decay of the 9’ (e.g. ¥’ — x +7); in this case the measure-
ment of masses and widths is limited by the resolution of the detector and is
therefore far less accurate.

On the other hand, all (cc) states can be directly formed in pp annihi-
lations, through the coherent annihilation of the three quarks of the proton
and the three antiquarks of the antiproton. This makes the direct study of
the y. states and the search for previously unobserved states, such as the
ho(*Py), possible. This technique, proposed in 1979 [4], was first exploited
at the CERN ISR by experiment R704, which took data for a few months
before the ring was eventually shut down in 1984. The experiment used, the
p beam from the ISR and an internal gas jet target and identified the char-
monium states via their electromagnetic decays. As an example, we show in
fig. 1 a comparison between the x; and x, data from R704 (identified from
x — J/¢ + ) and from an e*e” experiment. The (low statistics) ISR data
yielded a measurement of the total width for these states far better than the
(high statistics) ete~ data [5]. In spite of the limited running time, R704

was very successful in proving the feasibility of the technique and in setting
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the stage for its successor, E760 at Fermilab, to which the remainder of this

review will be devoted.

2 The E760 Experiment

The resonant formation of charmonium states in Pp annihilations has been
studied at Fermilab by the E760 experiment, which has completed a five
month data taking period in January 1992. A high-luminosity, nearly point-
like annihilation source was obtained by intersecting the § beam circulating
in the Fermilab antiproton accumulator (up to 4 x 10! antiprotons) with
a hydrogen gas jet target. With this arrangement peak luminosities up to
8 x 10cm™?s~! have been reached. This experiment has represented a
substantial improvement over its predecessor in beam quality, luminosity

and detector equipment.

2.1 Experimental Method

The cross section for the process:
pp — (cc) — final state (1)

is given by the well known Breit-Wigner formula:

_2+1%  BinBaul}

S e v 7 N L @)

where E and k are the center of mass (c.m.) energy and momentum; J, Mp
and I'g are the resonance spin, mass and total width and B;, and B,,, are
the branching ratios into the initial (Pp) and final states. Due to the finite
energy spread of the beam, the measured cross section is a convolution of the
Breit-Wigner cross section eq.( 2) and the beam energy distribution function

F(E, AEg); the effective production rate v is given by:

o {e/dEf(E‘,AEB)a'BW(E) + a,,} (3)

where Lo is the instanteneous luminosity, € an overall efficiency x acceptance
factor and o}, a background term.

The parameters of a given resonance can be extracted by measuring the
formation rate for that resonance as a function of the c.m. energy E. In

the experimental arrangement of E760, where the P beam collides with an
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effectively stationary target, the c.m. energy depends only on the beam
energy Ep. An accurate determination of masses and widths depends then
crucially on the precise knowledge of the absolute energy scale and on the
beam energy spectrum.

The beam energy can be determined by measuring the p revolution fre-
quency in the accumulator and the orbit length. As the frequency can be
measured to a very good precision (1 part in 107), the error on the beam en-
ergy is dominated by the error on the orbit length. Conventional surveying
techniques do not yield the necessary precision to improve on the existing
mass measurements, thus it was decided to calibrate the beam energy by
performing an energy scan at the 9’, whose mass is known to +100 keV
from ete™ experiments [6]. This corresponds to an error in the orbit length
AL = 40.67mm, and this in turn translates into an error in the mass mea-
surements of +33keV at the J/1 and 80 keV at the x states.

The beam momentum spectrum was determined by E760 using a tech-
nique, called double scan, which gave a very precise measurement of the
beam energy spread, thus allowing the collaboration to obtain the first di-
rect measurement of the total width of the v’ and even the J/¢. A detailed
description of the double scan technique can be found in (7.

Essential to the success of the experiment is the stochastic cooling system,
which keeps the momentum spread of the beam at Ap/p ~ 2 x 107*, thus

allowing the measurement of resonance widths in the sub-MeV region.

2.2 The E760 Detector

At the formation energies of charmonium the pp total cross section is sev-
eral orders of magnitude larger than the formation cross sections of the cc
resonances, which makes it impractical to extract a signal searching for the
hadronic decay modes of the charmonium states. A much better signal to
noise ratio can be obtained by looking at electromagnetic decay modes such
as x12 — J/¥y — etey or x2 — 7. For this reason the E760 detector has
been designed to detect final states containing electrons and photons.

E760 is a non magnetic spectrometer with full azimuthal (¢) coverage
and polar angle acceptance 2° < 6 < 70°. The central detector (12° <
6 < 170°) has cylindrical symmetry around the beam axis and consists of

scintillator hodoscopes, wire chambers, a threshold Cerenkov counter for e/
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Figure 2: The E760 detector

separation and a very finely segmented lead-glass calorimeter. The forward
region (down to § = 2°) is instrumented with a scintillator hodoscope, a
straw-tube drift chamber and a calorimeter consisting of 144 lead /scintillator
sandwich towers. An absolute measurement of the luminosity is provided by a
silicon detector at 86.5° to the P beam direction, measuring the yield of elastic
recoil protons. A detailed description of the detector and its performance can
be found in (8, 9]

3 Charmonium decays to Jp+ X

3.1 Masses and widths of xy, x2, J/v and 7’

The technique described in the previous section has been used by E760 to

study the cc resonance parameters via the formation processes:

o J/p - ete” (4)
pp - — ete (5)
p—oY > Jp+X oete + X (6)
PPoxi2 o J/p+yoete 4y (7)

These processes are tagged by the decay of the J/} to ete” and are
characterized by a high-mass ete~ pair in the final state. Fig. 3 shows the
reconstructed invariant mass of identified ete~ pairs for data taken at the

formation energy of the /. The large peak centered on the J/1) mass is due
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Table 1: x1, X2, J/¥ and 9’ parameters

Mass (MeV)

Width (MeV)

BR to pp x 10*

,¢'I

3686.0(input)

0.88 +£0.11 4 0.08

0.306 + 0.036 £ 0.016

0.78 £0.10 £ 0.11

1 | 3510.53 4 0.04 4 0.12
x2 | 3556.15 £ 0.07 & 0.12 | 1.98 £ 0.17 £ 0.07 0.91 + 0.08 £ 0:14
& | 3096.87 £ 0.03 & 0.03 | 0.099 = 0.012 £ 0.006 | 18.275 £ 1.6 £ 0.6

2.6119:31 +0.17 £0.17

to events from reaction (6), whereas the smaller peak on the right, centered
on the 9’ mass, arises from the direct decay of the 9’ to ete™. The shaded
area in the histogram represents an estimation of the background, performed
by applying the same analysis to a sample of data taken off-resonance; it can
be seen that the background contamination is extremely low (less than 5%).

Fig. 4 shows the measured formation cross section as a function of the
center-of-mass energy for the x; and x» states. By fitting this data to the
convolution of a Breit-Wigner with a Gaussian (representing the beam en-
ergy spectrum, see eq. (3)) one can extract, for each resonance, the value of
the mass, total width and product of branching ratios into the initial and
final states. The results obtained by E760 [7, 8, 9] are reported in table 1.
The values of the branching ratios to pp have been determined by using the

10
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Figure 4: Measured cross section for x; (a) and x» (b) resonance formation

published values of the branching ratios into the final states [6]. All these
measurements represent substantial improvements over previous world aver-
ages; in some cases (x; total width and decay rate to p) only upper limits
existed before the E760 results became available. It should also be noted
that the very good determination of the beam shape has allowed E760 to
produce the first determination, based on line shape analysis, of the total
width for the narrow states J/v and 9’ [7].

3.2 Angular distributions in the radiative decay of the x,

The angular distributions for the process:
PPox2 o I/ +y—ete +y (8)

are sensitive to the helicity amplitudes in the formation process, to the prop-
erties of the ¢ bound state and to the multipole structure of the radiative
decay. The angular distributions for reaction (8) are determined by three
independent parameters, which are conventionally chosen to be: B2, the he-
licity zero amplitude in the formation process, a; and ag, the quadrupole and
octupole amplitudes for the decay channel.

Using a sample of ~ 2000 x; decays E760 has carried out an angular
distribution analysis-for process (8). The angular distribution is a function
of three angles: 6, the polar angle of the J/1 with respect to antiproton in
the c.m. system; 6’ and ¢', the polar and azimuthal angles of the positron in

the J/4 rest frame. Fig. 5 shows the E760 data on one-dimensional plots in
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cos ), cos ' and ¢', together with the best fit (solid line).
The E760 results for B2, a, and ag are:

ag = —0.14+3:53 (9)
az = 0.001008 (10)
B2 =0.051314 (11)

These measurements significantly improve the experimental knowledge of
the angular distribution parameters. The statistical errors on a, and aj
are reduced by a factor of 5 with respect to previous measurements. The
result for B2 is strong evidence that the contribution of helicity zero in the
formation process is small. The measured value of a; is consistent with a

vanishing anomalous magnetic moment of the ¢ quark.

3.3 . The ! P, state of charmonium

The P, state of charmonium (h.) is of particular importance, because a
comparison of its mass with the mass of the x states is a measurement of
the deviation of the vector part of the cC interaction from pure one gluon
ezchange. The ' P, has quantum numbers JPC = 1*-; its mass is predicted

to be within a few MeV of the center of gravity of the x states defined as:

s, oL Sm(;") +9m(X2) _ (350507 4 0.12)MeV  (12)
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Figure 6: e*e™ invariant mass distribution (!P; scan)

Its width is expected to be small (< 1MeV'). E760 has searched for this state

in the following channels:

Py~ m Hbi oyt (13)
P Jp+7° > ete” +7° (14)
P> J/Yp+7mm — ete” +ow (15)

The dominant decay mode is expected to be 7. + 7, but the small branching
ratio 7. — 7 strongly suppresses the 37 final state and makes its rate
comparable to (14) and (15). The branching ratios for the decays (14)
and (15) are expected to be small, because (14) does not conserve isospin
and (15) is suppressed by phase space and angular momentum barrier effects.
E760 confined its search for the ! P, to the immediate vicinity of the x states
center of gravity and took data in small energy steps to allow observation of
a narrow resonance.

The data analysis relative to the 7.y decay mode is still in progress, so
we will limit our discussion to the decays (14) and (15). The e*e™ invariant
mass distribution for all data taken during the ! P; scan is shown in fig. 6, in
which the peak due to events of the type pp — J/1 + X is clear. The shaded

areas in the histogram represent events which could be kinematically fitted to

13
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Figure 7: Measured cross section vs cm energy for the ! P, scan

J/¢ + 7° (black solid), J/4 + v (cross hatched) and ete~ (vertical stripes).
The residual events in the J/1 region are compatible with the expected
background. No events were found which could be fitted to reaction (15).
The J/v + v events were attributed to the tails of the nearby x; and x,
states, and the e*e™ events were used to measure the proton electromagnetic
form factor in the time-like region [12].

The results for the J/1 + n° channel are shown in fig. 7. The uniform
level below m,, is consistent with a prediction for the continuum production
pp — J/ + w° [13]. The data above m,,, show a consistently higher cross
section and could be fitted to the convolution of a Breit-Wigner resonance
shape with the known beam energy distribution function (with a constant
background term added). These data represent the first evidence of the ! P,
state of charmonium, with a mass of 3526 4 0.15 £ 0.2MeV. Because of the
low statistics, E760 could only set an upper limit on the resonance width of
I'r < 1.1MeV at the 90 % confidence level [11].

4 Charmonium decays to vy

A detector like E760, with excellent calorimetry, is ideally suited for the study
of the decays of the C-even charmonium states to two photons through the
process:

pp — (Cc) = 77 (16)
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Figure 8: Measured 7+ cross section

It should be pointed out that the study of these reactions is difficult, because
the decay rates to vy are small and the backgrounds from the hadronic
production of 7° and 7 are very large. The measured v+ cross section for all
data taken at /s > 3.5 GeV is shown in fig. 8. The only high point in this
figure corresponds to the formation of the x; state and its subsequent decay
to 4y. From these data the E760 collaboration has extracted the value of
the partial decay width [14]:

I(x2 = vy) =321+ 78 £ 54 eV (17)

This result, which, is in agreement with the upper limit of 1 keV reported
by the CLEO collaboration [15], represents the most precise measurement of
this quantity to date.

ET760 has also carried out a preliminary scan in the 7. region. Background
rejection is a severe problem at these lower energies. The results of a prelim-
inary analysis of the E760 data are shown in fig. 9. When completed, this
analysis will yield a ~ 30 % measurement of the branching fraction 7. — vy
and an even less precise measurement of the total width.

E760 also performed a limited search for the 7/ resonance in the interval
/s = 3595 — 3621MeV. The data, shown in fig. 8, present no evidence of a
signal. Based on this negative result and assuming a total width of 5 MeV
one can set upper limits [16] on the product BR(7. — pp) X BR(n. — 77)
of 8 x 107® for 3588 < /s < 3598 and 3608 < /s < 3623, and of 3 x 1078
for 3592 < /s < 3596. A previous claim for the 7/ resonance [17] remains
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Figure 9: Measured cross section in the 7, region. Preliminary

thus unconfirmed. This negative result, however, is of limited statistical

significance, because the scan has not been completed.

5 Conclusions

The use of pp annihilations has led to a significant progress in the knowledge
of the charmonium system. This has been shown by R704 at the CERN ISR,
which pioneered the technique, and by E760 at Fermilab, which has produced
a wealth of new and exciting measurements, including the observation of the
! Py, which had so far escaped detection. Despite this progress there is still a
lot to be done, and for this reason the E760 detector is being upgraded and
will take data as experiment E835 during the next Fermilab fixed target run,
which at present is expected to start in late 1995. The plan is to increase
the instantenous luminosity by a factor of about five and to collect data for
~ 200pb~". The physics program of E835 includes a high statistics study of
the ' Py, a new scan of the 7, (adding the ¢¢ decay mode to the vy channel),
a search for the 7, a scan at the xo and a search for the D states [18].
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Abstract

Twenty years after the observation of charmonium production in
proton-nucleus interactions, a consistent picture of the mechanism for
the formation of a ¢ bound state is still missing. Recent results
from Fermilab experiment E-705 address such a question and also
provide some evidence for the possible observation of new states of
charmonium.

1 Models of J/9 production.

The, now historical, observation!) of a sharp resonance, at a mass of 3.1
GeV/c?, in both e*e~ annihilations and proton-nucleus interactions, shortly
after interpreted?) as the formation of a bound charm-anticharm quark pair,
led to a considerable amount of speculation about the exact mechanism re-
sponsible for the hadronic production of ”charmonium”. A quick overview?)

*L.Antoniazzi,M.Arenton,Z.Cao,T.Chen,S.Conetti,G.Corti,B.Cox,S.Delchamps,
L.Fortney,K.Guffey,M.Haire,P.Ioannou,C.M.Jenkins,D.Judd,C.Kourkoumelis, '
A.Manousakis,J. Kuzminski,T.LeCompte,A.Marchionni,M.He,P.O.Mazur,C.T.Murphy,
P.Pramantiotis,R.Rameika,L.K.Resvanis,M.Rosati,J.Rosen,C.Shen,Q.Shen, A .Simard,
R.P.Smith,L.Spiegel,D.G.Stairs,Y.Tan,R.Tesarek, T.Turkington,L.Turnbull,F.Turkot,
S.Tzamarias,G.Voulgaris,D.E.Wagoner,C.Wang,W.Yang,N.Yao,N.Zhang,X.Zhang,
G.Zioulas,B.Zou Athens-Duke-Fermilab-McGill-Nanjing-Northwestern-Prairie View-
Shandong-Virginia. !
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Figure 1: Parton diagrams of charmonium production mechanisms

of the theoretical developments is contained in Fig.1, where various postu-
lated mechanisms for the production of J/1 and other charmonium states
are presented in the form of QCD parton diagrams. Starting from Fig. la,
the early hypothesis seeing the J/v as produced by a Drell-Yan-like pro-
cess was soon discarded, since many of its predictions (unequal production
by =t vs. =, shape of the angular distribution, etc.) were disproved by
the experimental results. Another suggestion is shown in Fig. 1b, where
the charmonium is being produced by the ¢ quarks from the sea. Such a
model, introduced in part to explain the relatively copious J/3 production
in proton-nucleon reactions, where no valence antiquarks are present, was
soon abandoned since it predicted that charmonium should be produced in
conjunction with a further DD pair, a fact not borne out by experimental
observation.

The process of Fig. 1c, the direct annihilation of a g pair, could obviously
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Figure 2: o x BR for J/¢ — pp , proton and antiproton beams.

be expected to be relevant, but its relative importance can be assessed by
comparing the cross-section for J/¢ production by protons vs. antiprotons.
The most recent results for such a comparison are from Fermilab E-705%,
which took data with 300 Gev/c 7%, p and 7 on a "Li target. The results
are shown in Fig. 2a,b® as a function of energy (or, more specifically, of the
scaling variable /7 = My/4/s). It can be seen that, while at lower energies
the J/4 production is in fact smaller for protons than for antiprotons, as the
energy increases the difference between the two decreases, indicating that
processes other than gg annihilation become dominant.

After these first unsuccesful attempts at describing J/4 hadroproduction,
it became clear, in line with the refining of QCD, that gluons should play
a major part in the process of charmonium production. The introduction
of gluons nevertheless opened a whole new set of questions. Fig. 1d shows
what would be the lowest order process of J/1) production via gluon fusion,
but it was recognized very early that such a process is forbidden because of
charge-conjugation (which is negative for the J/1 and positive for a two gluon
system). Moreover, a theorem attributed to Yang® disallows the transition
from a symmetric state of two spin 1 particles to an odd-spin state. Such a
realization led to the formation of two major schools of thought describing
the process of charmonium creation: on the one side, it was recognized”)?)
that the above selection rules do not apply to different states of charmonium
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(e.g. the x P-wave states) and the hypothesis was made that most of the
observed J /v were in fact a product of x creation, followed by decay of the x
into J/%. In such model, which went under the name of colour singlet since
it required that the cc pair is created at the onset as a bound, colour singlet
physical particle, it is possible to make fairly concrete predictions about the
relative levels of production of different charmonium states; in particular,
when valence anti-quarks are not present, as in proton-nucleon interactions,
x2 production, allowed in the lower order two gluon diagram, should occur
more copiously than x; or J/4, the former being suppressed at the lower order
by Yang’s theorem and the latter by both charge conjugation and Yang’s
theorem. In a different approach®?), the c¢ was believed to be created in
an unbound, non colour singlet, state, the bound state being reached via
emission of a (soft) gluon, responsible for readjusting the quantum number
balance (and so producing a colourless physical particle, hence the name
of "colour bleaching” or "colour evaporation” for such a class of models).
In this approach, all charmonium states could be thought as occurring at
comparable levels (or possibly in the ratio of their 2J+1 states, suggesting
e.g. a 1:3:5 production ratio for the three x states).

In spite of the outstanding lack of knowledge of the production mech-
anism(s), it has been customary to analyze the J/¢ xp differential cross
sections to extract the gluon structure function in a model dependent way
(typically under the simplifying assumption that J/1 production is domi-
nated by two gluon fusion). As an example, a recent study®) was performed
by Fermilab E-789, a high rate experiment that measured J/+ production
by 800 Gev/c protons for very large values of . Fig. 3 shows the data to-
gether with the estimated contributions due to gluon fusion (seemingly not
enough to reproduce the highest 5 data points) as well as the contributions
of ¢qq annihilation, the antiquark being originated from the sea. In the same
spirit of trying to disentangle glue-glue vs. quark-antiquark contributions,
Fig. 4a,b show the E-705 comparison of do/dzp for #* vs. m~ or = vs.
proton respectively. As it should be, the ratio of #*/m~ is consistent with
unity over the whole measured range (E-705 was run with positive and neg-
ative beams over a "Li target, a quasi-isoscalar), while the pion over proton
comparison shows a relative increase in the pion cross-section at large zr, a
possible indication of contributions from ¢g annihilations.
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2 Production of y states

As mentioned earlier, there are good reasons to believe that a detailed study
of x vs. J/% production might be helpful in identifying the correct mechanism
of charmonium production. The first question one could ask is whether a
substantial fraction of J/4) is in fact due to primary x production. Although
some data has existed for some time, better results have become available
from E-705'%), especially for what concerns production by protons, where
the data should be of easier interpretation since annihilation processes can
be neglected. The situation is summarized in Fig. 5, showing the fraction of
J /4 measured to be originating from original x production: as Fig. 5 shows,
no more than 30-40% of the J/1 are indirectly produced , leaving room for a
large contribution due to direct production. Even more to the point, E-705
estimated the actual cross-section for direct J/9 production (i.e. removing
contributions due to x as well as to 3’ decays) with the results:'®)
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Figure 6: J/v — v mass spectrum from E673 proton data

o(mt N — J/¢ + z) = 97. & 14.nb/nucleon

o(r™N — J/ + z) = 102. £ 14.nb/nucleon
a(pN — J/¢ + z) = 89. + 12.nb/nucleon,

to be compared with cross sections for x; and x, productions of 131.4:23.
and 188.4:36. nb/nucleon respectively. In other words, direct J/1 produc-
tion, even in the absence of annihilation processes, takes place at roughly
the same level as y production, favouring the interpretation suggested by
the colour evaporation model. As a consequence, one would be led to expect
that x; production by proton should follow the same trend. Unluckily the
existing data, albeit limited in statistics, seem to contradict such a simple
deduction. An early experiment'!) had hinted at a lack of x; production by
proton (Fig.6) and recent results from E-705'2) seem to confirm such an ob-
servation. Fig. 7 shows the, statistically resolved, x; and x signals for pion
and proton production respectively: while the two states seem to be produced
in comparable amounts by pions, only x» production seem to be present for
the proton beam. While waiting for a confirmation', the present -esult
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Figure 7: J/4 — v mass spectrum from E705, pion and proton beams

taken at face value raises the intriguing question of what is the mechanism
that allows relatively copious J/1 production by protons, while suppressing
the production of x;.

3 Production of other charmonium states

Another new result from the E-705 experiment is the tentative observation
of some new levels of charmonium'¥). Such signals were observed in the mass
spectrum of the J/% plus one or two pions. In Fig. 8 the J/¢n° spectrum
shows an enhancement at a mass of 3.527 GeV/c?, which appears to con-
firm the recent observation of the 'P; state recently reported by Fermilab
E-760'®). Another enhancement, corresponding to a heretofore unobserved
state, is seen in the J /9wt 7~ spectrum (Fig. 9). Together with the expected
signal from the 9’, known to decay into J/¢w*m~ with a branching ratio of
16.2%, another peak appears at a mass of 3.836 GeV/c?. A likely interpreta-
tion for such a signal would be a charmonium 3D, level (JF¢ = 27 ), which is
above the open charm threshold, but is forbidden from decaying into DD. A
confirmation of such observations carrying a stronger statistical significance
would be the welcome outcome of new experiments!?).
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ABSTRACT

We briefly review the main properties of CP-violation in the Kaon system and
illustrate its origin in the Standard Model through the Cabibbo-Kobayashi-Maskawa
matrix. Forthcoming experiments at DA®NE, the Frascati ¢-factory, are reviewed.
A short discussion of the top system is presented.

1 — Introduction

CP-Violation has been observed in hadronic systems through decay and oscillations
between states corresponding to different CP-eigenvalues. The best studied case
is that of oscillations between K° and K, through the observation of Kaon decay
modes into the 27 and 37 systems. If CP were conserved, the physical states in the
CP-invariant limit would be

K1=M with CP =1 and I(zz—lfg;i0 with CP = —1

V2 V2
with dominant hadronic decays into 27 and 3w respectively. The observation in 1964
1) of the 2 (CP-even) decay mode of K,, showed the existence of a CP-violating
interaction.

These violations are allowed in the Standard Model, where the Cabibbo-
Kobayashi- Maskawa (CKM) matrix provides for intergeneration mixing2) . Typ-
ically this takes place via box diagrams like the ones shown in Fig. 1, where the
quark pair ¢;g; of meson M°, with ¢ and j being flavour indices, can make a tran-
sition to the pair g;g; of meson M°. For the K° and K° system, this transition is
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Figure 1: Typical electroweak loop diagram for the transition K° — K°

S —<

characterized by a change of strangeness of two units, i.e. it is a AS = 2 transition.
Let us first examine the Standard Model mechanism through which there arise mass
differences and CP-violation effects. In the Standard Model, the mass difference
between K° and K° can be obtained from the real part of the amplitude for the

graphs shown in Fig. 1. The weak matrix element is written as

o= () 000 (50 5 =)

i
((i " (I$+ 2)'7 s ) (dL7U-—(]$+ 2)7‘1.5[)
P’ P?

where V;; are the elements of the Cabibbo-Kobayashi-Maskawa matrix and all three
flavours of the up-quark type contribute. In the large W-limit, the contribution of
individual graphs is divergent, but cancellations3) occur between uu,cc type contri-
butions and the interference terms, of the uc and cu type. The final result can be
written as

Am = VEVim

, G% -
M TerE (dyu(1 = 75)s) (dr*(1 = 75)s)
Evaluating the above between the physical hadronic states for < K°| and |K° >

and saturating with all possible intermediate states, one obtains the expression

6?
Amis = mo —my & 4mf;05 ST(KT — ptv)
which contains the K-decay constant fx defined through
8
D(K* = u*v) = Smic i B

and By is a quantity containing all the uncertainties due to the confinement scale.

One now defines as physical states the two linear combinations
|Ky > +€|K; >

Ky >=
K V14 e

~ |K2 > +E|K1 B
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and
|Ky > +€e| Ky >

V14 e

where € is a small (~ 107®) quantity, and the dominant decay modes of K, and K3

IKS >= %‘Kl >+6|K2>

are into 3 and 2 pions respectively.
The question which one may ask is if the observed CP-violation is due to a

4)

direct K5 — K, transition, as in the so called superweak interaction™, or if there is
some other mechanism which contributes the observed CP-violation, and how could
one distinguish it from standard model effects. Let us suppose the existence of a
direct K, — K, transition, for which one can define a CP-violating parameter egyy

such that
A(K, —» 7)) < Ki|Hsw|K> >

A(K, — 7r) T mi—m? +imgm

Esw =
Assuming CPT invariance, one then has

< KD|H5W|KO otk KD|H5u'|K0 >
(2mk)(2Am + 1v,)

where v, ~ 74, ~ I['(Ks — ww) and Am = my — mg is the mass difference for

€Sy ~

the physical states. For the Kaon-system, the mass difference is exceedingly small
(thus enhancing CP-violating effects), and very close to the decay width ~,. In fact,
Am =3.5107% eV = 0.535 10'° sec™! and 7, = 0.89 1071 sec, so that one has

2Am = v, (1)

Then, writing ;
. ,_eiq)sw%< KO|H5W|KO> 1
sw = Rem DI

we see that relation (1) implies for the superweak phase

™~ 45°
vs

Py = tan™!

Thus the parameter € which is a measure of CP-violations must have a non-zero
phase, in fact close to 45°.
Another observed®) effect which violates CP-invariance, is the charge asym-
metry in the semileptonic decay of Ky, i.e.
= f‘(KL — 77 lty) —T(Kp — ntl7 D)
I(Kp —» mltv) + T'(KL — 7t~ p)
Thus both the Superweak hypothesis, which corresponds to no CP-violation in de-

~ 2Re

cays, but only in the transition matrix element, and the CKM model are compatible
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with the observed value of the CP-violating parameter €. But, is it possible to dis-
criminate further ? The available tests can be divided into three cathegories :

(a) CP-asymmetries in K- or B-decays which are accompanied by final state rescat-
tering as in the case of K° decays or charmless B-decays

(b) Direct CP-violation in rare decays so as to avoid the AT = 1/2 rule (see later),
as in the case of leptonic and semileptonic decays. A case at hand is the branching
ratio for K, — m%Te~ for which estimates for direct and indirect CP-violation
mechanisms®) may differ by as much as one order of magnitude (with the indirect
smaller than the direct one, contrary to what happens with K, — =r).

(c) non-zero dipole moments for elementary particles like the electron, the neutron,

the 7 and the Z. Unfortunately, so far, there is no evidence for such effects.

2 — CP-Violation in the Standard Model

If CPT holds, then CP-violation implies T-violation, and we can examine some of
the consequences of T-violation as possible signals of CP-violation. In quantum

mechanics, a c-number transforms under Time Reversal as
Tl l=c*

For a T-violating interaction, one then needs complex numbers. In the Standard
Model, complex numbers appear through the Yukawa coupling of the quark fields to
the Higgs scalars. Through these couplings, which are then resposible for generating
the masses, one constructs the quark mass matrices M*“?, which in the most general
way, can be written as the product of a unitary matrix V*?) times a hermitian matrix

H"4), There are then two possible ways to get a non-zero phase :

e from the Unitary matrices, through a chiral transformation, one can rotate
away all but one of the phases7). This remaining non-zero phase is called
Ostrong- Strong CP-violation brings around a modification of the effective la-
grangian, such that there appear new interactions of the type nmr, KK, ...,
whose strength in the Lagrangian is proportional to y,ong. As an example, we
show in Fig. 2 two diagrams where the CP-violating contribution to K — 77
decay arises i) from an allowed AS = 1 transition K° — 7 followed by the
decay 1 — w7 proportional to the parameter fyong, or ii) from the 8405y in-
duced decay K° — K followed by the allowed AS = 1 K — 7 conversion.
Howevers), this leads to a purely real CP-violating parameter € and thus cannot
be the sole origin of the observed violations. There still remains the possibility

to study these effects in the dipole moments.
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Figure 2: K — nr decays induced by strong CP-violation . Empty circle indicates
AS =1 transitions, black dot is for new interactions proportional to the parameter

astron_g“

o from the Hermitian matrices H*?, one can see that with three quark gen-
erations, it is not possible to write a transformation matrix with purely real
elements. Let us call this remaining phase §. We shall discuss this contribution

in the following section.

3 — The CKM Matrix

In the Standard Model, CP-violation appears naturally in the Cabibbo-Kobayashi-
Maskawa matrix which allows for mixing of the quark flavours in the charged weak

vector current. In terms of of the general mixing matrix, these currents read

Vad Vus Vb d
Jltu:(ﬁ’at_)[,'yu Ved s Vead - Ve S

Vi Vie Vo b/,

V is a 3x3 unitary matrix, i.e. VV = V1V = 1, which can be specified in general
by 9 independent parameters, since the 18 complex numbers are reduced to 9 by
the unitarity constraints JEVB., = 4. Of the remaining 9 parameters, one has
the freedom to absorb a phase into each left handed field, so that 6 phases could
be absorbed by the spinors, except that, since V is unchanged by a common phase
transformation of all the g;,, one phase cannot be rotated away. Thus one remains
with 4 independent parameters and the matrix can be parametrized in terms of
three real numbers and one phase. Two complementary parametrizations have been

proposed, one due to Maiani et al.9)
cacy cB8¢ s;;e“"s
—cy80 — spcps4et ey — spsp5,€et®  cas,

A - )

1 6
8489 — 8pCHCHE —84Cg — S38¢9CH€ CaCy
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with eg and sg respectively cos 8,7 and sin3,7. 6 is the Cabibbo angle and ¢ is

the remaining phase. The other parametrization is due to Wolfenstein 10), ie.
2 . 2
—’\7 A AN [p~z7](l—’\7)]
“AL4idg) 12 APt AN(1 +ip)?)
AN (1 —p—1n) —AN? 1

in which real and imaginary parts have been expanded O(A*) and O(\®) respectively.
The parameter A is close to 1 and A = sinf ~ 0.22.

Until now CP-violation has been well established in the K° — K° system.
The B — B system is the next candidate!!) in which one can test CP-violation,
the validity of the CKM description and also the search for other non standard
CKM effects. A graphical representation of such effects and the CKM matrix is
obtained through the so-called unitarity triangle, which follows from satisfaction of

the unitarity relation

Vo Vg + Ve Vg + Ve Vg =0

The above is just one out of six such relations, which can be represented by a triangle
in the complex plane. Thus one can relate specific measurements to each side of the
triangle and the satisfaction of the unitarity relation can be tested. In particular,
for the b-quark case, b — u transitions are related to the first term of the above
equation, the second term, proportional to —AV/, is related to B-meson lifetime and
B° — B%mixing to the third term. In addition, one also introduces three angles,
which can be measured through observation of CP-asymmetries in various B-decays.
Since the Standard Model for the CKM matrix predicts a non-degeneraté triangle,
one can see that any difference with planar geometry can be considered a measure
of non-Standard Model physics.

Using the Wolfenstein parametrization, the unitarity triangle can be rep-
resented in the complex plane, as in Fig.3, where p and 7 are respectively real and
imaginary part of the position of the vertex A. The CKM phase is the angle with

the real axes. One has the relation

§ o b

Then a number of constraints can be placed on the triangle. From charmless semilep-

tonic B-decays, one obtains I‘T}L: 2~ 0.1 from whence the relation

pr4+n? =02
follows. Further contraints come from the CP-violating parameter ¢ and B} — B
mixing12)’ related to the ratio (AT"‘)B . This quantity, calculable through graphs
d
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S it
3

Figure 3: Rescaled unitarity triangle in the p — 7 plane

like the ones in Fig.1, is proportional to |V;;Vi4|?. These are the same graphs, which
contribute to the parameter ¢ when the quark b is substituted by an s-type quark.
In the latter case, the contribution is related to the imaginary part of |V :V,4|?. In
addition to the dependence from the CKM matrix elements, there is an additional
dependence upon the top quark mass.

From the K — K° transitions, the AS = 2 contribution shows that one
14)

can write
e oc m; fie Bi(1 = p)n

where fx and Bji have already been mentioned in the introduction. We then
see that, since p and 7 must have modulus less then one, 7 must be positive.
An additional constraint comes from the value of the top mass. Choosing m; =
14OGeV/0213) and By > 0, one obtains two possible solutions to all the constraints,
one with positive and the other with negative p values. One has thus two possible
triangles, one with the vertex in the second quadrant and the angle §5%,, ~ 87/9
and the other with the vertex in the first quadrant and the angle is acute and close
to w/4. To further determine the triangle, and establish as to whether p is positive
or negative, one can use B} — B mixing . The mixing parameter z, is proportional
to m2fEBp [(1 — p)? + n%]. While, in principle, this relation should allow for a de-
termination of the sign of p, together with all the other constraints, in practice this
is not sosince fp is not as well known as fx. As for Bg there are two different ways
to evaluate it, one through lattice calculations and the other through a naive scaling
approach from D-mesons. Unfortunately, this ambiguity is not yet solved16), due
to the large hadronic uncertainties : lattice calculations indicate a positive value,
while naive scaling a negative one. It must be noticed that a positive p value would
be very interesting since it implies large CP-asymmetries in the B-system. In fact,
if 3 is the angle from the Maiani representation of the CKM matrix, one can see

that there is the following relation between this angle and the time asymmetry in
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B-decays : ~
(B —2 ¢K5)¢1 = (B =2 ¢K5)51
(B — $Ks)y + (B — $Ks),

~ sin(2f)sin(Amt,)

17)

and the two different results, lattice and scaling, would imply respectively a

difference of a factor 3 in sin(2f3), i.e. an increase of the statistic by a factor 10.

4 — TFurther tests of CP-Violation in the Standard CKM Model

Possible additional tests of the modality of CP-violation come from measuring the
two ratios

B A(K — 7F7r7)

Ry A(Ks — wFr~)

A(K — m°7°)
A(Kg — mom°)

=e+€ ;7m0 = =e—2¢

According to the Superweak hypothesis, CP-violations arise from the direct Ky —
K, transition and thus one should have €, = 0. Therefore a measurement of the
quantities € and € (four real numbers) can in principle lead to a discrimination
among models. On the other hand, the situation is far from being this simple, since
one can see that the magnitude of ¢ could be small for reasons which have nothing

to do with CP-violation. In fact, from the Standard Model, one has

)y LS A2 irp2-504)
V2 Ao
where Ao and A, are the transition amplitudes < K|Hyy|rm > for I = 0,2 values

and §’s are the relative phaseshifts. It is well known that in strong interactions there

€

is an empirical, but well observed, selection rule, which favours transition between
states with A7 = 1/2 and thus suppresses the transition K — I = 2 relative to
K — I = 0. We can therefore remain uncertain as to whether ¢ = 0 because of

some superweak interaction or simply because of the AT = 1/2 rule.
Published results of measurements by NA31 18) and E731 19 Collabora-

tions yield the following values:
e (NA31) 8?‘—6’ = [33 + (statistical)7 + (systematic)8] x 10~

o (ET31) 92‘(—' = [7.4 + (statistical)5.2 + (systematic)2.9] x 107*

5 — CP-Asymmetries

Observations of the time evolution of Kaon and B-meson systems have led to mea-
surements of asymmetries in the particle decays due to CP-violation, as well as to

the observation of oscillations between the different CP-states. If one introduces
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the decay widths I' o< |[A|* and T o |A|? relative to the two CP-conjugate processes

K° - 7w and K° — 7 , the quantity
T-T

AT = =——
r+r

can measure CP-violations, with AT # 0. Let the above amplitudes be written as
AK® » 7tn7) = A + Ayee
/I(I_(O —atnT) = AIei“‘ + A;ei“Y
where a; and a, are CP-conserving phases, we have
AT o« (41 45)sin(og — as)

then, in order to observe a CP-asymmetry, one needs the following conditions to be

fulfilled :
o relative CP-violating phases from the CKM matrix;
o relative dynamical CP-conserving phases.

Of possible effects to be observed, there are oscillations of unstable neutral pseu-
doscalar mesons provided there is mass difference Am o a; — ay, final state inter-

action (FSI) effects in different decay channels and time dependent decays.

5.1 Time evolution of the K° — K° System
Let us consider the time dependent asymmetry

AT (1) = T(K® - 7ta~) = T(K° — nt77)
mEL T(K° — 7tn~) + T(K° — mtx-)

For the physical states Kg, K, the time evolution can be written as
Ks(t) = e™ste™ 7 K g(0)
Ki(t) = e"™tte= LK (0)

One can distinguish between three different time periods :

o very large observation times such that ¢ >> 75: only the K; component will

survive and one has

AT(t >> 75) =~ 2R(e)
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e t < 1075 : both Kg and K|, are present at the same time and the time asym-

metry can be written as
AT(t < 1075) ~ —2e~ ¥ [R(e + €) cos (Amt) + S(e + €') sin (Amt)] + 2Re

and we see that
()AT(t = 0) = —2R¢
(ii) AL(t = 377s) ~ 2e7 S(e+ €¢)

Thus, a measurement of the complete time evolution could in principle allow for a
determination of all the four quantities : Re¢' near t = 0, S(e + €') and R(e +¢) in
intermediate times and R(e€) at large times. The observation of CP-asymmetries for
the Kaon system has been done by the CP-LEAR experimentzo), through the time
evolution of the oscillation between K° and K°, in one single given final state decay.
Of course, due to limited statistics, only the small time region was well studied, but

improvements are expected.

6 — CP-Violation at DAPNE

In this section we shall briefly discuss plans to measure CP-violation at a symmetric
¢-factory like the one under construction at Frascati, DA®NE. Observation of ¢-
decays into a KK pair at ete™ colliders selects a special state, odd under charge
conjugation, because of the photon quantum numbers. Thus one of the reactions

ander scrutiny is

KsK; — KL Ks s

\/i — T 7r_,1r01r0

efe” - ¢ — K°K° -

ind what one can study is

e (i) time evolution of K°K°

e (i) time asymmetries in the decays #*n~ and n%n°

e (iii) magnitude of the double ratio

(K, — ntr~) (K[ — 7°x°)
I'Ks - wtr~) I['(Ks — w°70)

!
=1+6RS
(]

e (iv) Branching ratios for different charge configurations
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21), the quantities € and €

In one particular set up, described by Patera and Pugliese
are measured through the distance travelled by K-mesons decaying into the neutral

and charged pair. Let us define

d,. = distance travelled by K before decaying into n* 7~

do = distance travelled by K before decaying into 7%x°

and d = d, — do. Then for a given K — K pair, the number of events corresponding
to a given {d,,do} pair will be a function of [n;_|?,|noo|*, and of the interference
between the amplitudes, i.e. ?R% and %‘—; Integration over the symmetric variable
d; + dy defines the quantity

N(d) = [ N(dy, do)d(ds + do)

from whence one can obtain the time asymmetry

/

N(ld) = N(=ld) _ , g 4,6

A = N(ay T N (1)

with the functions Ar(d) and A;(d) such that at large d/d, values, with d, the
distance covered by the decaying Kg during one life time, only the first terms of
the above right hand side survives, allowing for a determination of §R%' Both the
real and the imaginary parts of ‘:’ can in principle be measured through a precise
determination of the function N(d) for a set of values of the distance d. If the space
resolution is good enough, one can measure the expected dip in this function at d=0
and the asymmetrical behaviour at large positive d-values relative to the negative
ones. The study in 21) indicates that an estimated accuracy o = d5mm could allow
for a determination of 92‘—: with a precision of ~ 10™* and of %%’ with a precision of
~ 1073,

22

At present, the KLOE experiment under preparation ) is geared to mea-

sure % with the double ratio method and to obtain a 10~* precision for ?R%I :

7 — A Digression on the top-quark systems

CP-Violation and other CKM-allowed effects are observed in the hadronic systems
formed by the 5 different quark flavours experimentally discovered. How about
the top quark ? Concerning the top system, the present lower limits on the top
mass established by CDF and recently also by the D0 Collaboration23), exclude
the possibility of T- meson formation and almost but all exclude the formation of
toponium bound states. This can be understood in a rather simple and intuitive
way, by comparing the revolution time of the bound state with the top quark decay
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probability. The limits on the top mass, in fact have established that the top can
openly decay into a real W and a b-quark. This decay probability is a rapidly
varying function of the top mass and, for sufficiently large values, it can be written
as
t~ (w67 or
246 GeV /) 167
showing that the decay width increases like the cubic power of the quark mass. This
width is close to hundred Mev for a 100 GeV top, i.e. it is comparable and even
larger that the hadronic widths. Thus the life-time of T-hadrons, toponium type or
other, are dominated by single quark decay. For a bound state on the other hand,
the typical formation time of a hadron is characterized by a revolution time dictated
by strong interactions. Clearly no bound state can exist if the revolution time is
longer than the life time of the rotating quark524). A physical criterion can be
used25), which states that formation of a hadron can take place only if the bound
state spectrum is such that the splitting between the lowest lying levels is larger
than the natural width of the state. Using a hydrogenic model, with a Coulombic
potential
frin _é 0‘8("'3 )
3iir
with a, evaluated at the Bohr radius, rg & 0.02 fm for a 100 GeV top quark, one

can write for the splitting 2S-1S

1
AEys_15 = gaf‘mt

where we have used the reduced mass p,cq = m¢/2. We show in Fig.4 a comparison
of the width T'ioponium ~ 2I'y with AEys_15, as a function of the top quark mass,
where we have used the one loop expression for ay, Ny = 5 and A = 0.2 GeV. One
can see that for top quark masses around 130-150 GeV the splitting will become
smaller than the decay width and therefore toponium bound states become more
and more unlikely.

One may apply a similar criterion for the case of a T-meson, i.e. a meson
formed with one light and one top quark. In this case, the decay width of the
state is the single quark decay width I';, which we may compare with a splitting
proportional to the reduced mass of the light-heavy quark system,

2
AFE = Easzmlight

where now &, is the effective coupling strength between the top and the light quark
of mass mygn,. For an estimate, we can consider that for very light quarks, u,d and

8, ds(miigne) cannot be larger than 1 and thus %d,zmugh, ~ Zlgyﬂ < 100 MeV,
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1S—2S Splitting and Toponium Width
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Figure 4: Comparison between toponium width and 15-25 level splitting from a
hydrogen-like bound state model with Coulombic potential.

while for the b-quark case, dy ~ 0.3 and %dszmb ~ 0.06m; < 300 MeV. This value
equals the top width for a top mass of 120 GeV. For larger values, the splitting is
smaller than the width and no light-heavy quark states are possible. Thus, we see
that a'top quark of mass > 120 < 130 GeV will be too heavy, and its decay width
too large, to allow for hadronic bound states and thus for CP- violating effects of
the type discussed in the previous sections.

These are rather imprecise estimates, but sufficient for the present illustra-
tive purpose. Notice however that this analysis is based on a Born approximation
to the top width and on a Coulombic potential with a one-loop expression for a,.
Using the two loop expression, AE will be smaller and the critical mass for topo-
nium formation will be ~ 130 GeV rather than 150. Including also other higher
order QCD effects will non substantially change the picture, but non-perturbative

effects can obviously modify part of this scenario26),
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