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HEAVY QUARKS AND LEPTONS - San Juan, Puerto Rico, June 1-5, 2004

OPENING TALK FOR HEAVY QUARKS AND LEPTONS 2004

Helen R. Quinn
Stanford Linear Accelerator Center
2575 Sand Hill Road, Menlo Park, California 94025

ABSTRACT

Before preparing this talk I asked our host Angel Lopez what he wanted from an
opening talk—his response was that I should set the context for what follows,
to get the audience to think about the future of this subfield of physics, and
give some of my own opinions on this area of physics. So that is what this talk
does. It highlights a biased selection of topics; there is much more in the week
of lectures than I can cover in this introductory talk.

1 What are the deep questions in this field?

A few questions are mentioned often as the deep puzzles of flavor physics,

questions such as

e Why are there multiple generations?
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e Do the patterns of mass and mixing tell us anything?
e Can we understand the CP asymmetry of the Universe?

Let us begin by talking about these for a while.

My own reaction to the first question is to remark that in our science
we never actually answer the question “Why?” in the conventional sense. In
everyday situations any answer to that question is a description of a mechanism
that occurs at some smaller scale and explains the behavior seen at the scale
where the question was asked. Most of us think it is likely that quarks and
leptons have no smaller scale structure, because attempts to answer the above
questions via substructure for quarks and leptons have failed miserably. Once
we are dealing with elementary particles there can be no mechanism at a smaller
scale to provide reasons for an observed behavior or pattern. Thus all we can
do is find the underlying mathematical theory that describes what we observe
and can predict future results. We convert “why?” into questions like the
following;:

e What underlying symmetry or conservation law that forbids this process?

e What mathematical structures can be predictive about these features of
the physics?

The Standard Model describes the physics of flavor, though it must be
extended to encompass neutrino masses. The deep questions about flavor are
not addressed by its mathematical structures. It allows, but does not require,
multiple generations. The Yukawa couplings of the fermions to the Higgs field
give all the flavor structure we observe. We have a set of arbitrary parameter
choices, not an explanation in even the limited sense discussed above.

One might be tempted to argue that the observed CP violation in the
quark sector of the Standard Model requires three quark generations D), That is
not strictly true, one could equally well have violation with two generations and
two complex Higgs-type multiplets 2), We do not know yet whether nature uses
both of these possibilities for CP violation, or only one of them. The success
of the CKM picture shows that the weak-coupling phases are non-trivial and
dominate the CP violation so far observed. Even if this is the dominant source
of CP violation, we cannot call it an “explanation” for the existence of three

generations.
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Neutrinos have mass, even though they are not “heavy” in the traditional
sense of this conference series. Thus they are an important part of the physics of
flavor and should be a major part of this meeting’s agenda, as indeed they are.
(Perhaps the series title should change to “the Physics of Flavor”.) Neutrino
masses can be accommodated by extending the Standard Model a little, at
the price of a larger set of arbitrary Yukawa coupling parameters. In addition
we need an arbitrary large Majorana-type mass term to generate the small
neutrino masses via a see-saw mechanism.

Even when we extend the Standard Model to a grand unified theory,
or add supersymmetry we get no real answer to our questions about flavor
structure. Many such extensions do have the benefit of making the additional
neutrino states needed for a massive neutrino theory unavoidable, rather than
an arbitrary, and somewhat uncomfortable, addition to the theory. We also
gain relationships between quark and lepton parameters from the multiplet
structure of a Grand Unified theory. However, the predictions with a single
multiplet type do not fit the observed mass and mixing patterns, so different
in the quark sector and the neutrino sector. Grand unified theories with no
B-L violating terms predict similar patterns in the two sectors. I think it is
a fair statement of history to say that it was only after the data pointed the
way that the focus turned to theories that accommodate two very different
patterns. So these patterns were not a prediction, but they can be fit by some
choice of representation content and possibly some added U(1) symmetry that
distinguishes the generations 3).

Some attempts to explain mass and mixing patterns use an approach
known as “textures” where a particular pattern of zeros in the coupling matrix
is assumed. If this approach can give an acceptable set of physical parameters,
one then needs some deeper reason for the texture, coming from a symmetry
or an underlying theory. An added U(1) flavor-distinguishing symmetry such
as mentioned above can perhaps provide this. Then the apparently symmetry-
breaking mass terms can arise in an effective field theory as higher-dimensional
products of fields, with some powers of a gauge-group singlet field that carries
one unit of the flavor charge. Such terms are assumed to be suppressed by
denominator powers of a large mass.

One of the initial great hopes of string theory was that, in addition to
solving the problem of formulating a finite theory of quantum gravity, it would
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be predictive about the number of generations and the parameters of the flavor
sector. This does not seem to be the case. One can find ways to wrap branes
on the topological cycles of the extra six dimensional (Calabi-Yau) manifold so
that the resulting theory has three chiral generations 4). Other approaches use
different distributions of fermion states in the additional (extended) dimensions
to obtain a variety (;)f) coupling strengths to a Higgs field that exists on the 341

field theory to the way the various flavors of quarks populate the additional

dimensional brane ©/. In these approaches one relates the parameters of the
dimensions, or to the overlaps of the various branes. Any theory that gives the
Standard Model as its low energy realization is one option among many similar
possibilities. We choose the parameters of the string theory to get the right
parameters for the field theory. This would not “explain” the generation struc-
ture or the pattern of masses and mixings. Perhaps my second question gets
an answer here, in a strange reversed fashion—what the patterns of masses and
mixing may tell us is how we must choose the extra six-dimensional manifold
and what branes we need to wrap it up with to give us our observed world of
particles.

As for the matter-antimatter asymmetry of the Universe, 6) the Standard
Model alone seems to be inadequate to answer this question. However there
are many possible extensions of it which give the observed asymmetry starting
from CP-violating effects in either from the lepton sector (leptogenesis) ) or
the quark sector (baryogenesis) 8). No one scenario is, as yet, compelling.
Perhaps more data will rule out one or the other possibility; as long as both
remain viable it is difficult to choose between them.

The third possible answer to the question of mater-antimatter asymmetry
of the Universe is that it arises as an initial condition on the Universe. In this
regard, Pauli, writing to Heisenberg in 1933 (after the discovery of positrons),
said “I do not believe in the hole theory, since I would like to have the asymme-
try between positive and negative electricity in the laws of nature (it does not
satisfy me to shift the empirically established asymmetry to one of
the initial state)” 9). 1 have highlighted here Pauli’s parenthetical remark,
which I find remarkable. As far as I know, until the experimental discovery of
CP violation in 1964, Pauli was the only person to object to the fact that the
equations of nature appeared to be symmetric between matter and antimatter,
while the Universe does not, and to reject the idea that the observed imbalance
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arises from an initial condition.

I share Pauli’s prejudice against a finely-tuned initial condition. If you
give me one, why not many? Why not a young universe with initial conditions
tuned to create all the data that we interpret as evidence of its evolution and
its age? I think we all find that idea absurd. In addition to this philosophical
objection, there is a physical reason to doubt this answer. Initial conditions
cannot be maintained without a conservation law to protect them. Thermal
equilibrium between matter and antimatter would give equal populations, be-
cause of their CPT-required equal masses. If no conservation laws protect an
imbalance, it would be wiped out by the progression to thermal equilibrium.
We do not know that such a conservation law applies in the high-energy envi-
ronment of the early Universe.

In the Standard Model at high temperature there are processes that vi-
olate both lepton number and baryon number, although they preserve B-L.
Many extensions of the theory to a grand unified theory do not conserve that
quantity; indeed to get the different lepton and quark mass patterns it seems
one needs to distinguish quarks from leptons in ways that tend to break this
symmetry. It thus seems to me unlikely that the answer to the CP asymme-
try of the Universe lies in a conserved initial condition of matter-antimatter

imbalance.

2 Turning to the detailed questions

It seems we have no good answers to any of my “big” questions, nor much hope
of answering any of them soon. However the current Standard Model is almost
surely incomplete, even when we extend it to include neutrino masses. It gives
us no candidate particles to be the dark matter that we know pervades the
Universe; CP conservation of the strong interactions appears to be an accident
(or a fine-tuning); and the theory as it stands does not give a good scenario for
the generation of the matter-antimatter asymmetry of the Universe. Beyond
these obvious problems there are the problems of unification with gravity and
the existence of either dark energy or a cosmological constant. These are total
mysteries, problems that are not even addressable, in the Standard Model.
One might add the hierarchy problem, namely the fine-tuning required
to have the scale of physics where electroweak symmetry breaking occurs so
small compared to the scale of grand unified symmetry breaking. Solutions to
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this issue via supersymmetry suggest new particles and also new interactions of
the Standard Model particles. At least some evidence of these should appear
around the TeV scale. Very possibly there is more than one “new physics”
scale. No one new mechanism fixes all the problems listed above.

If there is physics beyond the Standard Model, perhaps we cannot answer
the big questions because we do not know enough as yet to be asking them.
Einstein failed in his quest for a Unified theory of matter and gravity. At
least in part, his failure was surely because he did not know enough about
the fundamental structure of matter. He was trying to unify gravity with the
wrong ideas about matter. He may have been asking the right question, but
so far ahead of its time that it was the wrong question. Perhaps we too are
making this mistake when we ask the above “deep” questions. Perhaps when
we know more about the physics beyond the Standard Model we will see why
these are simply the wrong questions.

The path to knowledge is thus the usual path of science, via experiment.
We need to test the predictions of our current theory in further detail, to hunt
for clues about physics beyond the Standard Model. One way to do this is to
search directly for new particles with new higher energy machines. A second
way, the way of flavor physics, is to search for those places where new physics
effects cause inconsistencies with precision predictions of the Standard Model.

Weak interactions can yield precision physics. Perturbative calculations of
weak decays in the Standard Model quark sector are governed by the the masses
of the W and Z mesons, the electromagnetic coupling constant, the Weinberg
angle, and the four parameters of the flavor sector, those that determine the

10), and the quark masses. The first four of these

CKM matrix of weak decays
are by now well measured. We can obtain multiple independent measurements
of the four CKM quantities (one of which is CP violating) and the heavy
quark masses, by exploring many different weak decay processes. New physics
effects may impact these measurements differently and thereby cause us to get
inconsistent results for the Standard Model parameters.

New physics can enter these decays through new heavy particles in inter-
mediate states. Tree diagrams with such particles are typically very suppressed
by the large mass of the new intermediate particles. The chief impact of such
particles thus comes from loop diagrams; with high momentum in the loop
the large mass is less of a suppressing factor. Even so loop diagrams do not
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give large effects. Thus the places where we are most likely to be sensitive
to these effects are those places where the Standard Model predicts a null re-
sult, or where the Standards Model process is itself rare, either because it is
a loop process or because it is suppressed by Standard Model approximate
symmetries.

The challenge in testing the Standard Model is not just for the experi-
ments to obtain precision data. In most cases there is also a theoretical chal-
lenge to obtain precision predictions. The relationships between measurements
and Standard Model parameters are seldom free of corrections to the quark-
level weak decay because what we observe are not quarks but hadrons. Hence
strong interaction physics plays a role. This complicates the situation. The
challenge to theorists is to determine the impact of strong interaction effects
and the residual uncertainties in the extraction of weak interaction parameters
that arise because of uncertainties in these effects. Before turning to my own
special interest of B physics, I want to make a few comments on how these
issues play out in some of the other areas of physics that will be discussed in
this meeting.

3 Rare Processes

One way that new physics could be obvious even in the face of order 1 uncer-
tainties from hadronic physics, is if a decay that is very rare in the Standard
Model is found at a level orders of magnitude above its prediction. Then we
do not need a precision calculation to see that new physics is playing a role.
This was the hope in, for example, the search for rare K decays, or for D — D’
mixing. Once these searches are close to the Standard Model level then the
question of Standard Model precision again becomes a challenge for the search
for new physics. Some particular channels such as K°v7 are cleanly predicted,
but very difficult to measure. Other channels have experimental limits still
well above Standard Model estimates and in these cases a detection that would
signal new physics is still a possibility.

Sometimes early optimism about a test for new physics is tempered by
more careful examination of the uncertainties in the Standard Model prediction.
In the case of DO~ D" mixing there is at present a very large theory uncertainty
in the Standard Model prediction. In the Standard Model, in the SU(3) limit,
the effect is expected to be tiny, partly because of an SU(3) cancellation (or GIM
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suppression) of the leading graphs. However the actual s and d quark masses
are quite different. Thus SU(3) breaking terms can significantly enhance the
effect. It has been argued that significant differences in the phase space for
multiparticle states which differ only in K and 7 content can give a substantial
the imaginary part of the D mixing amplitude (and by analyticity, this also

enhances the real part) 11, 12, 13)

. This gives an uncertainty in the Standard
Model prediction comparable to the magnitude of the current limits on the
effect, so it ceases to be a good place to search for new physics. One possible
exception is if the real part is found to be large compared to the imaginary
part. Thus the challenge to experiment is not just to measure this effect but
to untangle the real and imaginary parts.

In the case of neutrinos the challenges are still chiefly on the experimental
side, although there too theoretical uncertainties can plague certain measure-
ments. Since the next talk will cover this area I will not dwell on it further 14)
Neutrino masses also induce tiny Standard Model flavor violations in charged
lepton decays. Searches for these rare processes are another way to search for

new physics, which could possibly amplify these effects to an observable level.

4 Heavy Quark Spectroscopy

In the past year or so considerable excitement has been generated by obser-
vations of some states that, while not entirely unexpected, were not a good
match to predictions. Two classes of states have emerged, new charm-strange

15) » 16)

mesons and the so-called “pentaquarks . The first are probably more
solid experimentally; their interest stems from the fact that the potential mod-
els for heavy-light bound states did not predict the masses and widths that are
found 17). Since the charm quark is not so very heavy and the strange quark
is not so very light, perhaps this discrepancy should not be so surprising. Fur-
thermore, any potential model is at best an approximation to the full QCD
theory. We learn from these states something about what was missing in those
approximations.

The case of pentaquarks is even muddier, here there are apparently dis-
crepant experiments as well as a wealth of ideas as to how to describe the inner
working of the claimed states. Given the current mixed-bag of the data, we
can only wait and see what survives with higher statistics. We will hear some

16).

reports on the current status at this meeting From the theory side, my
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own attitude to these things is that none of them can tell us anything about
physics beyond the Standard Model. While weak decays have uncertainties
due to strong interaction corrections, spectroscopy is strong interactions from
the start. We calculate none of it from first principles. Hence when results
and calculations do not match we do not have to suspect our underlying QCD
theory, we only have to modify our approximations to it. We can learn how to
model the physics better, but I think it is very unlikely that the study of these
states can reveal any fundamental flaws in the underlying theory.

One thing further that puzzles me is the very classical “either it is this or it
is that” discussion which often occurs here. These states are quantum states,
there is no reason why a single static substructure configuration dominates.
Configurations of the constituents for a pentaquark state, such as two di-quarks
and an antiquark, rather than a state that is effectively (spatially) a baryon
plus a meson in a bound configuration, are suggested. The true states are likely
to be quantum superpositions of both these “pictures” and more. Perhaps the
various configurations can give us some insight as to why the state is narrow
(if indeed it is), but, in all probability, no one of them a full description of
the interacting quantum system of four quarks plus one antiquark of a distinct

flavor 18).

5 B Physics—Generalities

In B decays too, the search for new physics is most likely to succeed in cases
where the Standard Model contribution is suppressed or null. Alternatively we
look for multiple measurements of the same set of CKM parameters to see if new
physics effects give inconsistent values from the Standard Model interpretation.
There are now many papers in the literature about which modes are of interest
and why. The collection of analyzed data is now also growing at a formidable
rate.

To test the Standard Model in B physics one must first determine the
magnitudes of the CKM matrix elements V., Vi, and Viy which enter the
predictions (along with the better known Vi4, Veq and Vi) as the scales for
sides of the unitarity triangle that follows from the relationship

SV Vi =0. (1)

This relationship is one of several given by the requirement that the CKM
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matrix is unitary. It is perhaps the most interesting one because all three
terms in the sum are of comparable magnitude, so phase differences (weak
phases) between the sides of the triangle can be large, leading to large CP
violating effects.

I will not dwell here on the challenges of measuring the sides, later talks
in this conference will discuss that in detail. We now have numbers for all
three sides, and uncertainties in these numbers are gradually shrinking. In
addition the magnitude of the CP violation seen via the decay K; — =nm
gives a constraint on a combination of parameters. In all cases, except for the
ratio of Bs mixing to By mixing as a measure of V;4, the uncertainties are
now dominated by theory uncertainties. We will hear about recent work, both
theory and experiment, later in the week 19),

I now turn to measurement of the angles of the Unitarity triangle via CP
violation studies. The basics of the subject of B decays and the study of CP

violation is well described in some excellent text books 20)

. Here I will give
only a lightening review to define a bit of the jargon of this field. B decays to
two-body or quasi-two-body final states where these states are CP eigenstates
(or can be separated into CP odd and CP even fractions by angular analysis

t 21). The first situation occurs when

of the decay) are of particular interes
the final four valence quarks are CP self conjugate and at least one of the final
particles has zero spin. The second occurs when the quarks are self-conjugate
but both particles have non-zero spin. In that case the two particles can have
either odd or even relative angular momentum, and the angular analysis sorts
these two cases.

For general multiparticle decays, even if the quark content is CP-self-
conjugate, the final states are generally an unknown admixture of CP-odd and
CP-even states. Since the sign of the most readily interpreted asymmetry effect
depends on this CP quantum number, information about underlying CKM
parameters comes best from two body channels.

In the electron-positron B factories the BY and B’ are produced in a
coherent state that contains one of each particle until such time as one of
them decays. Then the other evolves, because it is a superposition of mass
eigenstates, until it too decays. We search for events where one B decays to
the final state under study and the other to a state that tells us its flavor. This
latter is called the tag decay. Any asymmetry between the rate for a B tag



H R. Quinn 13

and that for a B tag is a CP violation. In the B factories, because of the
coherent initial state, the most interesting CP violation effects vanish when
integrated over the time difference between the decay of interest and the tag
decay, so one must study the differences as a function of time.

In general there are three types of CP violation. The first, which can
occur for any decay, is a difference in rate between any process and its CP
conjugate process, |A/A| # 1. This is known as direct CP violation, though a
better name is CP violation in the decay amplitudes. (It has been observed for
the kaon system in the result €’ # 0.)

The two other types of CP violation occur only in the case of decays of
the neutral but flavored pairs of mesons P = K, D, B to final states that are
common to both members of the pair, and can be resolved into CP eigenstates.
We denote the mass eigenstates of these mesons by Py = pP? + qﬁo, where
the subscripts H and L refer to the heavier and lighter mass states. The second
type of CP violation is that which shows that these mass eigenstates cannot be
CP eigenstates, namely |¢/p| # 1. This is called CP violation in the mixing. It
is seen in the decay of the long-lived neutral kaon states (which would be the
CP-odd state if CP were a good quantum number) to the CP-even final states
of two pions.

The third type of CP violation can occur even if both of the first two
do not. The CP asymmetries in decays to CP-eigenstate final states f are all
governed by the ratios

_dAB ) @)

T pAB =)

The amplitude in the numerator is 7y = £1 times the CP conjugate of the
amplitude in the denominator, where 7 is the CP quantum number of the
state f. The third type of CP violation, which arises from interference between
decays with with and without mixing transitions, is signaled by ImA; # 0,
namely by a difference between the weak phase of the decay amplitude ratio
and the weak phase of the mixing parameter ¢/p. When both ratios are of unit
magnitude the quantity ImA; can be directly related to the phases of a product
of CK M matrix elements, that is to weak-coupling phase differences.

There is now a copious literature suggesting many channels for analysis.
First among these is the “golden mode” By — J/1¢Kg. This and the related
final states with other ¢ states (or a K1) have both [A/A| =1 and |¢/p| = 1
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to high accuracy. The SLAC and the KEK B factories now have collected large
samples and analyzed these modes in detail.
The CP-violating asymmetry that is measured is given by
—0
I(B(t) = f)) —T(B (t) = f)

a = 3
S Y0 B Wty A B )

L=
= cos(AMt)———— +sin(AM¢t
( )1+|Xj;| ( )

for |\l =1 — sin(AMt)ImA;

ZIm)\f
L4 [Af[?

Here BY(t) is time-dependent state that was (or will be) pure B at
time ¢ = 0. The time dependence is obvious if one recognizes that it is a
superposition of the two mass eigenstates, Bheavy and Biigns. The t in Eq.(3)
is the time between the decay of one B to a state that labels its flavor and
the decay of the other to the state f under study. (This can be either positive
or negative as either decay may be the first that occurs.) The term with the
cosine in time contributes if either of the first two types of CP violation are
present, while the sine term contributes only if the third type occurs, whether
or not the first two types are present. For the By system, |¢/p| = 1 to a good
approximation.(When we study Bs decays in hadronic B production facilities
we will not have this simple situation.)

One can write a generic B decay amplitude as a sum of two terms with dif-
ferent CKM structure. For the quark level decay, b — ¢1g,¢q3 two classes of dia-
grams can contribute, weak-interaction tree diagrams and weak-loop diagrams,
(commonly called penguin diagrams). The loop diagrams give a contribution
of the form

0123 Vi Vi, F'(my) = 0 (4)
where the sum over j runs over up-type quarks. The delta function denotes the
fact that such diagrams contribute only when a matching ¢g pair is produced.
The function F(m;) arises from the loop integral and depends on the mass of
the up-type quark in the loop. One of the three products of CKM coefficients
that appears here is the same as that for any tree-type diagram that contributes
to the same final state. (Indeed there is no meaningful distinction between a
tree diagram plus some final state rescattering and the long range part of a
penguin loop amplitude). One can use the unitarity relationship of Eq. (1) to
remove any one of the three CKM coefficients by rewriting it as the negative of
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the remaining two (thereby obtaining the two terms mentioned at the beginning
of this paragraph).

Amplitudes with significant contributions for two different weak phases
can lead to the first type of CP violation (if they also have two different strong
phases). To extract Standard Model parameters from such channels we would
need to calculate the relative size and relative strong phase of the two terms.
This brings in strong interaction physics, and in general leads to large uncer-

tainties.

6 B Physics —the “simple” modes

Cases where a single product of CKM matrix elements dominates are thus
of particular interest. Then |ﬁ—§| = 1. Remember that for B; decays the
approximation |¢/p| = 1 is also very accurate, so in these cases |[Af| =1 to a
good approximation. Then the quantity ImA; directly measures a CKM phase
difference.

A single term dominates the decay amplitude for the “golden mode” cases
of YK g and ¥ K, channels, where ¢ denotes any c¢ resonance. More generally,
we get a single dominant term proportional to Vi, V% for any b — c€s decay.
There are penguin graph terms with this coefficient as well as the dominant tree
graph. One can use unitarity to remove the term proportional to Vi, V. Then

the remaining penguin term is proportional to V,;V.*,, which is suppressed by

us?
two additional powers of A = V5. The dominant term is also enhanced because
it has the larger tree contribution as well as a penguin part, thus corrections
to |Ay/As| =1 are expected to be at most a few percent. !

The measured results from combining all such channels are 23)

Im); = sin(28) =0.741 4+ 0.067 +0.033 BaBar

= 0.
ImX\; = sin(25) =0.733+0.057 £ 0.028 Belle (5)
ImAy = sin(28) =0.736 £0.048 World average .

LA paper I wrote with Grossman, Ligeti and Nir 22) defined rigorous bounds
on this deviation from data on SU(3)-related channels. These bounds are much
larger that the few percent quoted above. This should not be interpreted as an
indication that the deviation is large, it merely shows that, at present and in
this case, the data-driven bound is not a strong one.
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These results give clear evidence for the third type of CP violation, furthermore
they give a relative phase, here called 3, of V};V.q and V;;Viq that agrees well
with that expected from the best-fit values of the lengths of the sides of the
Unitarity triangle, and the constraint from Kj — 77 decays, as can be seen in
Fig. 1. This is a spectacular success for the CKM picture of CP violation.

1,5,,,,,,,,{, — T T
1
0.5 1
e
R R B =
|Vuchb|
_0.5_
-1 =
| Winter 2004
A5l
-1 -0.5 0 0.5 1 1.5 2

P
Figure 1: Concordance of all measurements of Standard Model flavor param-
eters as shown by the unitarity triangle for B decays. This figure is taken

from the CKM Fitter website which also provides the details of the input data
24)
used .

For channels dominated by b — sSs the same two CKM coefficients as in
the c€s case occur, although here there is no tree graph contribution to further
enhance the dominant term. Thus, in the Standard Model, up to small and
relatively well-estimated corrections, these channels should have the same CP-
violating asymmetry as the golden mode channels. The experimental results
here are, at present, a puzzle. The numbers are
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Im\yres = 0.736 & 0.049
Im\grs = —0.9640.5070% Belle (6)
ImA\srcg = 0.47+0.341%2% BaBar .

Clearly, unless someone is making a mistake in their analysis, this situ-
ation can be expected to be resolved with more data. We will just have to
wait a few years to see if the tantalizing hint that there may be a new physics
contribution here survives.

Any channel with three distinct quark types produced in the b-decay has
only a tree-diagram contribution. For example b — cus (or cud) give modes
such as D°Kg or D70, where the D decays to a CP eigenstate . These modes
give ways to extract the CKM parameter - (modulo the complication of doubly
CKM suppressed corrections from b — ués (or cud)) 25) We do not yet have
enough data for these rare modes to make the asymmetry analysis accurate, so
I will not talk further about them. Eventually they will be very interesting to
study.

For b — wis (and b — dds channels, which cannot be experimentally
separated in B, decays), the uncertainty in the Standard Model correction is
larger, because the CKM-suppressed term is enhanced by having the larger tree
graph contribution, so these K7 channels do not provide a sensitive test for
new physics.

7 B Physics—modes with two competing terms in the amplitude

T, there are always two

In the case of b — ¢gd decays, such as B — 7
comparable magnitude CKM terms in the amplitude, however one of them is
somewhat enhanced by having the larger tree graph contribution in addition
to the penguin terms. Early papers used this argument to suggest that these
channels too could give clean extraction of CKM phases, but experience has
taught us that this argument is not reliable; the penguin contribution is larger
than early estimates suggested. Hence one needs to use additional theoretical
input to relate the measured CP asymmetries to CKM phases. In the rest of
this talk I discuss some ways in which this can be done.

In these cases the quantity ImA; depends on the relative magnitudes
and the strong phases of the two terms in the amplitude. These are hadronic
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physics effects. Uncertainties in the interpretation of the measurement arise
because we cannot readily calculate them. The theory effort is thus to find
ways to reduce our ignorance to a few quantities that enter into more than one
measurement, so that we can use multiple measurements to determine both
the uninteresting (for our purposes) hadronic physics quantities and the weak
interaction parameters that we are trying to measure.

There are two general directions to go. The first is to use strong interac-
tion symmetries, isospin or SU(3), to determine the necessary quantities using
other measurable rates. In a few cases this is all one needs. Theory uncertain-
ties then arise from the impact of symmetry breaking effects, since these are
not exact symmetries. However these uncertainties are typically smaller, and
better understood, than the uncertainties that would arise from using models
of hadrons to calculate the hadronic physics effects.

For example let us look at the decays B — ww. If we can measure all
such decays, including those for charged B’s, we can use isospin symmetry to
remove the unwanted complications and get a clean determination of the angle
a =m — 3 — at the apex of the unitarity triangle 26) We need the rates for
BY = 7970 and B® — 700 separately; as yet only their average is measured.
It will take over ten times the present data to get sufficiently accurate numbers
to give a well-constrained answer by this method.

The same method can be applied, together with angular analysis, for
B — pp. Here the two-neutrals channel is smaller (but easier to detect); thus
a method for using the combined B? and B decays to bound the correction to

27) gives the best determination of a at present. This analysis

too will be presented later in this conference 28).

the value of a

The second method uses all the tools. In addition to symmetries the main
theory tools are the Operator Product Expansion which allows us to expand
the effects of hard gluons in powers of a(my), plus the heavy quark expansion,
which organizes the calculation in powers of Agcp/Msp. A more recent addition
to the toolkit is a technique for grouping the effects of soft gluons and those
collinear to a hard quark (Soft Collinear Effective Theory). This gives an
expansion in /(Agep/E) where E is the energy of some final state particle,
and thus is typically something of order Mg /2. The coefficients of the expansion
contain a set of hadronic quantities, both operator matrix elements and quark
distribution functions for mesons. These functions are particle dependent, but
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process independent. The symmetries further reduce the number of unknown
quantities. They can relate one matrix element or quark distribution function
to others, up to some uncertainty due to symmetry breaking effects.

To make all these words a bit more concrete let me give you a couple
of examples of the application of these ideas. To extract the magnitude of
Vup from the rate of semileptonic B decays to any final state with no charm
particles we need to know the spectrum of such decays. Any method to remove
backgrounds from charm decays of b-quark will also remove some fraction of
the desired decays. We need the spectrum to determine what that fraction is.
The theory relates the spectrum in this decay to that seen in B — X+ where
X is any state with non-zero strangeness. So we can use the measurement in
the one case to reduce the uncertainty coming from the cut on the spectrum
in the other. This methodology, together with improvement in statistics of the
data, have considerably reduced the uncertainty on V,;. You will hear more
about this later in this conference 19).

The same matrix elements that determine this spectrum, also enter in
decays of a B meson to two light pseudoscalars. Furthermore the matrix ele-
ments and distribution functions that enter for decay to two pions and that to
a kaon plus a pion have SU(3) symmetry relationships. The calculation of the
impact of penguins in the two pion decay can be accomplished using all these
tools. Note that the CKM factors do not respect SU(3) symmetry, that applies
only to the hadronic part of the amplitude. The upshot is that the penguin
contribution that dominates the B — K7 decay can be used to determine the
similar penguin contribution in B — 77, up to SU(3) corrections. The residual
uncertainties are still significant, but they are smaller and better controlled
than was the case before all the tools were brought to bear 29),

Lattice QCD calculations are another important tool, used to determine
one-particle to one particle (or one to zero) matrix elements. Here too there
has been a steady advance in precision, with the biggest recent steps being the
move to “unquenched” calculations (including light quark loops), and better
extrapolations to the physical light-quark mass values using chiral calculations

30), An example where this

to guide the functional form of the extrapolation
work plays a role is the extraction of V;4 from the measurement of the By
mixing parameters.

All this theory discussion makes it clear that we need more than im-
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proved statistics to mine the physics out of the data. We also need ongoing
reductions of theoretical uncertainties. Theorists tend to tackle these hard
problems when theory uncertainties dominate over those from experiment in
extracting a parameter that they care about. The challenge is to keep every-
one honest about these uncertainties, which are often very difficult to quantify.
Experience shows that theorists often underestimate them. The temptation for
an experimental analysis is to use the particular theoretical input that gives
the smallest quoted uncertainty. This may be overly optimistic if other similar
theoretical approaches give different values for the result, or for its uncertainty.

8 Concluding remarks

I began this talk with some generalities, and I will end there too. We know
that Standard Model extensions are needed before we can begin to address
any of the deeper questions that remain. Heavy quark physics provides probes
that are sensitive to many of these extensions, and can possibly distinguish
between classes of ideas. The neutrino sector likewise may exhibit CP violation
and lepton flavor violation, and provides another possible answer the question
about the matter antimatter asymmetry of the Universe. Here there are more
parameters that are as yet undetermined, some of them perhaps reachable
in the next round of experiments some much harder to get at (perhaps even
beyond our wildest accelerator dreams). Of course direct searches for new
particles target some of same extensions of the theory. We need more data on
all three fronts to make further progress. I am sure that this conference will
present some interesting steps forward in this ongoing quest.
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ABSTRACT

The Neutrino Mass experiments at Mainz and Troitsk investigate the endpoint
region of tritium S decay spectrum very precisely to extract the mass of the
electron antineutrino. The measurements are performed with a MAC-E-Filter,
combining Magnetic Adiabatic Collimation and an Electrostatic high pass Fil-
ter. The next generation experiment KATRIN aimes for an improvement of a
factor of 10 in the mass limit.

1 The Neutrino Mass Experiments

The fingerprint of the neutrino is the shape of nuclear S—decay spectra. The
influence of the neutrino mass is restricted to the region close to the endpoint.
As the count rate is very low in the region of interest the spectrometer used

has to combine high resolution, high luminosity and a low background.
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NEW GUIDING MAGNETS NEW HIGH FIELD ELECTRODES
Figure 1: The setup of Mainz IT is shown schematically. The distance
between source and detector is about 6 m and the diameter of the vessel
15 1 m.

The groups in Mainz and Troitsk independently from each other developed a
new type of spectrometer to study the endpoint region of tritium g-decay. It
is based on the principle of the MAC-E-Filter [2], which [ulfils the requests
mentioned above. Its principle is given in figure 1. The source is placed in a
strong magnetic field guiding the decay electrons. The gradient force in the
fringing field of the source solenoid transforms the energy in the cyclotron mo-
tion around the magnetic field line into energy parallel to it. By this adiabatic
transformation a large parallel beam of clectrons is formed that can be anal-
ysed by the electrostatic filter formed by a set of cylindrical electrodes.

The resolution is given by the ratio of the maximum magnetic field B, to the
minimum magnetic field B,,;, reached in the analysing plane. The luminosity
can reach the full forward solid angle if the source is put into the field maximum
in real experiments it is limited to around 60% to reduce energy losses.

A combination of high luminosity and high resolution in general results
in a large setup. Comparing the MAC-E filters with the magnetic, momentum
analysing spectrometers of similar dimensions the MAC-E filters reach a much
better performance at lower demands on mechanical precision and less stringent
demands on the parameters of the electric and the magnetic fields. In addition
to optimising the signal the background has to be kept as low as possible. The
Mainz spectrometer is shown in figure 1:

Two super conducting solenoids create a magnetic guiding field. The
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A3 electrons, starting from the tritium source inside the left solenoid into the
forward hemisphere, are guided on a cyclotron motion around the magnetic
field lines into the spectrometer with an accepted solid angle of nearly 2=.
The magnetic field strength drops from the centre of the solenoid to the cen-
tre of the spectrometer by several orders of magnitude. In the centre of the
spectrometer; the analysing plane, the electron moments are almost perfectly
aligned in the direction of the magnetic field lines. The energy in this motion
E) is analysed energetically by applying an electrostatic potential formed by
a gsystem of cylindrical electrodes. All electrons with enough energy to pass
the retarding potential barrier are reaccelerated onto the detector (in the right
solenoid). Therefore the spectrometer works as an integrating high pass filter.
The relative energy resolution of the MAC-E-filter is given by the ratio of the
minimal magnetic field B,,;, in the analysing plane and the maximal magnetic
field B,,q: between source and spectrometer, in case of the Mainz setup we
obtain:

Brin 5.674T

B, = 18600 eV 18T

By changing the retarding potential the 3 spectrum can be scanned. The Mainz

AE = E ~ 58 eV (1)

set-up uses a solid state source realized by a film of molecular tritium quench-
condensed onto a graphite substrate (HOPG). Typical source parameters are:
diameter 17 mm, thickness 45 nm (measured by laser ellipsometry), activity 1
GBq.

2 The Mainz measurements

The Mainz IT setup has a source solenoid consisting of two coils. The first
coil houses the tritium film and the second one follows after a bend, so that
tritium molecules evaporating from the source are trapped on the LHe cold
tube. It eliminates source correlated background and allows to use a stronger
source. This one stage cryogenic trap is sufficient to suppress the flow of tritium
from the source into the spectrometer in case of the relatively stable quench
condensed source used in Mainz. For the windowless gaseous tritium sources
used in Troitsk and planned for KATRIN a highly complicated differential
pumping system is needed to circulate the tritium.

The endpoint region of the Mainz 1998, 1999 data in comparison with the
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Figure 2: Averaged count rate of the 98/99 data (filled squares) with
fit (line) and the 2001 data (open squares) in comparison with previous
Muainz data from 94 (open circles) as faction of retarding energy near
the endpoint Ey, and effective endpoint Ey cpp. The position of the latter
takes into account the width of the resolution function of the set-up.

former data from 1994 is shown in figure 2. The signal to noise ratio was
improved by a factor of 10. Also shown are the data of 2001, which have a
third of the statistic of the 98/99 data and even a lower background level.

This further improvement is due to very careful preparation of the whole
system. Especially all parts which need refreshment from time to time were
replaced. In particular: The graphite substrate for the tritium source, the oil
for the high voltage divider, baking of all vacuum systems and reactivation of
the non evaporable getter pumps. All these measures lead to the most stable
operation ever had. The background rate was about 12 mHz over the whole
period (2 month) without the necessity of high voltage conditioning during the
run.

The results for fit on m], of Mainz 2001 data as a function of the lower limit
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of fit interval are shown in figure 3. All values are in good agreement with
each other and with the physically allowed range. To extract a limit on the
neutrino mass the interval which leads to the smallest combined statistical and
systematical uncertainty (last 70 eV below endpoint) was chosen. This gives:

m2ct = +1.32£5.851ac£2.255 eV2X?/d.0f. = 42/36 for the first tritium film (2)

ic“ = —1.0£6.1ge = 1.7 eV2X2/d.o.f. =41/36 for the second tritium film
3)

Combining these measurements with the older measurements from 98/99 [3]:

m

m2ct = —1.6 £ 2.5, £ 2145 eV2x?/d.o.f. = 125/121 (4)

one gets:
m2ct = —1.2 £ 2.2 £ 215 eV2x? /d.o.f. = 208/193 (5)
. This value corresponds to an upper limit on the electron neutrino mass of:
m,c <2.2eV (95% C.L.,unif.appr.) (6)

In the final evaluation the neighbour exatation could be determined from
the data instead of taking them from a calculation by Kolos et al. [8] The fit
result is pushed up a bit the errors remain the same.

m2ct = —0.7 £ 2. 2550 £ 2,145 eV2x?/d.o.f. = 208/193 (7N

which is compatible with a zero neutrino mass. This value corresponds to an
upper limit on the electron neutrino mass of:

muc® <23 eV (95% C.L.,unif.appr.9]) (8)

3 The Troitsk measurements

The spectrometer in Troitsk is also a MAC-E-filter with slightly different dimen-
sions. The Troitsk experiment started data taking in 1994 about two years after
the Mainz experiment. The relevant parameters source strength, resolution and
background are rather similar. The main difference in the experimental set up
is the windowless gaseous tritium source used in Troitsk. This type of source
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Figure 3: Mainz fit results on m,/ (filled circles, left scale} as a

function of the lower limit of fit interval (the upper bound is fized
at 18.66 keV, well above Ey) for the two different tritium films of
2001. The error bars show the statistical uncertainties (inner bar) and
the total uncertainties (outer bar). The corresponding values for the
2 _ 2 . . . .

Xieq=X"/d.0.f. is given on the right scale (open circles).

was pioneered by the Tos Alamos experiment [6] and it was also used in the
Lawrence Livermore experiment[7]. The claim is that the gaseous source has
less systematic effects as compared to the quench condensed source due to the
absence of solid state effects. Tt should however be mentioned that the tritium
in the source is not a neutral gas but a charge compensated plasma. The sys-
tematic effects introduced by this plasma are absent in the quench condensed
gource. The two sources are thug complementary in some of their systematic
effects. From their first measurement in 1994 on the Troitsk group reported
about a small, but significant anomaly, the so called *Troitsk anomaly” [4] in
their experimental spectrum.

To extract information on the neutrino mass from the Troitsk data the
step effect has to be eliminated as it corresponds to a positive offset interpreted
by the fit as a negative value for the parameter m2. The presently best value
from Troitsk was given by V.M. Lobashev at INPA 2002 conference in Hungary:

m2ct = —2.3 £ 2,54 & 2.05,5 eVZ £ 1.54, eV? (9)
This value corresponds to an upper limit on the electron neutrino mass of:

m,c® < 2.05 eV (95% C.L.,unif.appr.) (10)
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and not including the additional error caused by introducing the step effect. !

There is no indication of a step like anomaly in the Mainz data of 2000
and 2001 (nor in 98/99 data). To check this two more free parameters (position
below endpoint and amplitude) are introduced in the fit procedure. If this is
a better description of the measured spectrum one would expect a significant
improvement in y? by scanning it as function of the position below endpoint.
The Mainz data show no significant improvement in x?, supporting clearly the
assumption, that the Troitsk anomaly is caused by an unknown experimental
artefact. In comparing the two experiments in Mainz and Troitsk one should
use the statistical and systematic uncertainties and not the upper limit on
the neutrino mass which improves if the value for m2 is getting unphysically
negative. Both experiment are about equal in their sensitivity limit which they
have practically reached.

4 Summary of the experiments in Mainz and Troitsk

The precise measurement of the endpoint region of the 8 decay spectrum of To
by the Mainz Neutrino Mass Experiment lead to an upper limit for the electron
neutrino mass of 2.3 eV, final analysis. Troitsk claimes 2.05 eV based on a a
little more negative mean value. Especially the synchronous measurements at
Troitsk and Mainz show that the step like Troitsk anomaly is an experimental
artefact.

5 The KATRIN experiment

As the Mainz Experiment almost reached its sensitivity limit it was shut down
and the Mainz group focused its activities on KATRIN (KArlsruhe TRItium
Neutrino experiment) [5]. The Mainz spectrometer was converted into a test
facility for dedicated experiments to study background in the MAC-E filter.

The next generation tritum beta decay experiment KATRIN is presently
set up at Forschungszentrum Karlsruhe (FZK) by an international collabo-
ration. Its location inside FZK will be in the Tritiumlabor (TLK) as far as
the sources are concerned and in a new hall for the spectrometer etc. The

Tncluding the additional error caused by step effect this value leads to an
upper limit of 2.2 eV (95% C.L., unif. appr.).
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Figure 4: The setup of KATRIN is shown schematically.

main components of KATRIN are the sources, the differntial transport system,
the spectrometer and the detector. A schematical layout is given in figure 4.
KATRIN will have two alternative tritium sources, a windowless gaseous tri-
tium source (WGTS) and a quench condensed tritium source (QCTS). The
WGTS can be somewhat stronger than the QCTS as long as the charching
problem of solid tritium at low temperature is unsolved. Sensitivity limits
claimed below are therefore based on WGTS operation.

The WGTS consits of a 10 m tube of a diameter of 90 mm. Tritium is fed
into the center of the tube and freely streaming out at both ends. The source
activity is about 10! Bq, the flow out at each end of the source tube is about
10'% Bq. The main technical challanges are to provide the tritium and keep its
isotopical purity at a level of > 95% and to prevent tritium from migrating
into the spectrometer.

The isotopic purity is guaranteed by TLK. The differential pumping system of
KATRIN consists of three different sections: the active differential pumping
in the inner loop with 2 differential pumping stations, the active differential
pumping in the outer loop with 4 differential pumping stations and the cryo-
genic traps. The main difference is in the tritium handling and purification.
The tritium circulating in the inner loop passes through a palladium membran
back to the source tube. The gas from the outer loop is collected by the TLK
tritium system and isotopically enriched before going back to the source. The
tritium in the gryogenic traps is collecting for the period of a run, (typically
60 days) and then blown out into the TLK tritium system.

The differential pumping system is followed by the spectrometers. The pre-
spectrometer reduces the number of electrons entering the main spectrometer
to about 1079 of its original value thus eliminating a possible source of back-



J. Bonn 37

ground. The large diameter of the KATRIN main spectrometer of 10 m will
give an excellent magnetic shielding of the inner part used for data taking. At
Mainz e.g. only 10 cm can be used to separate the electrode and the observed
flux. The distance at Troitsk is a little wider, partly explaining the low back-
ground at a relatively bad vacuum.

Apart from electromagnetic shielding extremly good vacuum is a key to low
background. Scattering with residual gas can lead to background by two pro-
cesses. Electrons produced by inelastic scattering will be recorded as back-
ground if they are created on the detector side of the analysing plane. The
second process is related to elastic scattering of very low energy electrons (a
few eV). As this is almost isotropic it can lead to trapping of electrons. To re-
duce background the vacumm at the KATRIN spectrometers has a design value
below 10~ mbar. It has been demonstrated in a test setup that this value is
not unrealistic. The pumping system consists of cascaded turbo pumps, getter
strips and cooling the set up to about —20 °C' to reduce outgasing.

The KATRIN detector system will be a segmented silicon detector with high
resolution. Extreme care has to be taken to reach a detector background of
about 1 mHz. The detector will be separated from the main spectrometer
vacuum system by a differential pumping system.

6 Development and perspectives of the KATRIN projekt

To present Katrin to the international community two workshops were held at
Bad Liebenzell, a summary is presented on the KATRIN homepage. The topic
of first workshop on neutrino masses in the sub eV range in January 2001 was
to present the project and to discuss the scientific case in relation to alterna-
tiv experiments. On this workshop the letter of intend was presented.[5] The
second workshop on Extreme High Vacuum in April 2003 focused on vacuum
related topics.

Based on very careful simulations the cllaboration claimes that the sensitivity
of the KATRIN sct up will allow to sct a limit on the neutrino mass of

myc® <02 eV (95% C.L.,unif.appr.) (11)
and to detect a neutrino of

m,c? > 0.35 eV (12)
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Figure 5: Sensitivity of KARTRIN versus time. Left scale: wvarience
of m,c? including statistical and systematic uncertainties. Right scale:
upper limit on the neutrino mass. The figure shows the improvment due
to enlarging the set up, optimizing data taking and the infuence of a
10 mHz background compared to 1 mHz.

both numbers are based on 3 years of data taking. This sensitivty allows to
check the cosmologically relevant parameter space and to set the neutrino mass
scale.
Present status of KATRIN

Most of the main components of KATRIN are defined. The prespectrometer
is on site. The differential pumping system of the outer loop is ordered. Main
spectrometer and the WGTS system will be defined and ordered in 2004. The
construction of the spectrometer hall will also be finalized and construction
will start in 2004. The earliest date to start measurements with the complete
setup is 2007.
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ABSTRACT

After a short introduction on Double Beta Decay and its connections with neu-
trino properties, of paramount importance after the discovery of neutrino flavor
oscillation, this paper describes the most sensitive experimental approaches to
the search for this rare nuclear transition. An overview of the presently running
experiments is then given and the situation about the experimental determina-
tion of the Majorana neutrino mass is discussed. Finally, the more promising
future projects are briefly presented.

1 Introduction

Double Beta Decay (DBD) 1. 2. 3) j5 a rare nuclear transition proposed by

%)

Goppert-Mayer ~/ in the far 1935. In this process, a metastable isobar changes

into a more stable one by the simultaneous emission of two electrons. Such
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transition can take place in principle for 35 naturally occurring even-even nuclei,
whose ordinary Beta Decay is forbidden energetically or severely hindered by a
large change of the nuclear spin-parity state. DBD is a second-order process of
the weak interactions and has consequently a very low probability, which leads
to extraordinary long lifetimes for the candidate nuclides.

Two decay modes will be discussed here. The two-neutrino process (2v-
DBD), already observed in several nuclides, is described by

(A4, 7) = (A, Z+2) +ey +ey +71 4+ (1)

and is fully consistent with the standard model (SM) of electroweak theory.
The neutrinoless channel (0-DBD)

(A, Z2) = (A Z4+2)+e +e, (2)

violates lepton number conservation and, if observed, would definitely imply
new physics beyond the SM. The available phase space is quite larger for this
process than for the 2 channel.

1.1 Double Beta Decay and neutrino physics

In channel (2) neutrino does not appear explicitly but it is hidden as a virtual
particle joining the two electroweak vertices. This role can be played if and
only if at least one neutrino eigenstate has a non-zero mass and if neutrino is a
gelf-conjugated “Majorana” particle. Search for 0~-DBD is presently the only
viable experiment which can reveal the Majorana nature of neutrino. In the
so-called mass mechanism, the connection between the lifetime 7 of process (2)
and the neutrino masses is expressed by

2
L= oMo (M) (3)
T Me

where Gy, is a phase-space factor growing steeply with the Q-value of process
(2), |M%] (the “nuclear matrix element”) includes the nuclear physics involved
in the decay, and {m, ), sometimes defined “effective Majorana mass”, is a lin-
ear combination of the three neutrino physical masses. The coefficients of this
linear combination are connected to the neutrino mass matrix, and represent
therefore the bridge between flavor oscillations and Ov-DBD. 5: 6) In case of
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inverted hierarchy of the neutrino mass spectrum, {m,) > 50 meV is possible,
as suggested by the oscillation results. The experimental observation of Ov-
DBD could be therefore round the corner (see section 2). Present experimental
limits on (m, ) are of the order of ~ 0.5 eV, with a large systematics originated
by the difficult computation of |[M°”|. Mechanisms other than massive Ma-
jorana neutrino exchange can induce Ov-DBD, such as right-handed currents,
heavy right-handed neutrinos, leptoquark-Higgs couplings, compositeness, su-

1.2.3) However, the recent discovery that

persymmetric particle exchange.
neutrinos are massive focuses the attention of the physicists on the mass mech-
anism rather than on these more exotic processes. The present brief review
will therefore concentrate on the experimental search for 0v-DBD and on its

interpretation in terms of mass mechanism.

1.2 Experimental strategies

From the experimental point of view, the shape of the two electron sum energy
spectrum cnables to distinguish among the two discussed decay modes. In case
of 2v-DBD (process 1), this spectrum is expected to be a continuum between 0
and @ (the energy transition of the decay) with a maximum around 1/3-Q. For
0v-DBD (process 2), the spectrum is just a peak at the energy Q. enlarged only
by the finite energy resolution of the detector. Additional signatures are the
single electron energy distribution and the angular correlation between the two
cmitted clectrons. @ ranges from 2 to 3 McV for the most promising nuclides.

The experimental strategies pursued to investigate DBD can be divided
into two main classes. The indirect search consists in looking for the daughter
nuclei (A, Z + 2) in a sample containing a large amount of candidate nuclei
(A, 7) and left undisturbed for a long time. Radiochemical and geochemical
experiments belong to this class. This approach does not allow to distinguish
among the two different channels (1) and (2). Important 20-30 years ago, it
is no longer pursued nowadays. The direct search is based on the development
and of the use of a proper nuclear detector, with the purpose to reveal the two
emitted electrons in real time and to collect their sum energy spectrum as a
minimal information. Additional pieces of information can be provided in some
cases, like single electron energy and initial momentum. This nuclear detector
must exhibit high energy resolution, since a peak must be identified over an
almost flat background in case of 0v-DBD, and low background, which requires
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underground operation (to shield cosmic rays), very radiopure materials and
well designed passive and/or active shielding against local environmental ra-
dioactivity. Large sources are of course necessary, in order to monitor many
candidate nuclides. Present sources are of the order of 10-100 kg in the most
sensitive searches, while the next generation experiments aim at sources in the
ton scale. Event reconstruction method can be useful as well, in order to reject
background and to provide additional kinematical information on the emitted
electrons.

Normally, these features cannot be met simultaneously in a single detec-
tion method. Tt is up to the experimentalist to choose the philosophy of the
experiment and to select consequently the detector characteristics, having in
mind of course the final sensitivity of the set-up to half-life and to (m,).

The direct searches can be further classified into two main categories:
the so-called calorimetric technique, in which the source is embedded in the
detector itself, and the external-source approach, in W%ich source and detector

with various types of detectors, such as scintillators, bolometers, solid-state

are two separate systems. The calorimetric technique ‘/ has been implemented
devices and gaseous chambers. For the external-source approach many different
detection techniques have been experimented as well: scintillation, gaseous
TPCs, gaseous drift chambers, magnetic field for momentum and charge sign
measurement, time-of-flight. With this option, it is possible in principle to get
much information on the emitted electrons: not only sum energy, but also single
electron energy distribution and angular distribution. On the other hand, it is
difficult to achieve high energy resolution and high source mass, features which
generally characterizes the calorimetric searches.

In order to compare different experiments, it is useful to give an expression
providing the sengitivity of an experimental set-up to the Ov-DBD lifetime of
the investigated candidate, and hence to determine the sensitivity to {m,). The
first step involves only detector and set-up parameters, while for the second step
one needs reliable calculations of the nuclear matrix elements. The sensitivity
to lifetime F' can be defined as the lifetime corresponding to the minimum
detectable number of events over background at a 1 ¢ confidence level. For the
case of source embedded in the detector and non-zero background, it holds:

F:NA.E-n_<M-T)% i

A b-AE
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where N4 is the Avogadro number, M the detector mass, £ the detector effi-
ciency, 1 the ratio between the total mass of the candidate nuclides and the
detector mass, AFE the energy resolution, and b the specific background, e.g.
the number of spurious counts per mass, time and energy unit. From this for-
mula one can see that, in order to improve the performance of a given set-up,
one can use either brute force (e.g. increasing the exposition M - T') or bet-
ter technology, improving detector performance (AF ) and radio-cleanness (b).
Next generation experiments require to work on both fronts.

In order to derive the sensitivity to (m,), indicated as Fy, ), one must
combine equations 4 with equation 3, obtaining

1

1 b-AE\*
Frn . 5
(m,y G Ao (M-T) (5)

which shows how the nuclide choice is more relevant than the set-up parameters,
on which the sensitivity depends quite weakly.

2 State of the art

Several experiments give limits on (m, ) of about 1 eV, but now they are either
stopped or close to their final sensitivity. Only a couple of projects (CUORI-
CINO and NEMO3) have the potential to improve present limits. The main
results obtained on the neutrinoless process are reported in table 1.

In the last ten years, ét)he DBD scene was dominated by the Heidelberg-

enriched in the candidate isotope "5Ge at 86%, and operated underground (Lab-

Moscow (HM) experiment ©/. This search is based on a set of five Ge-diodes;
oratori Nazionali del Gran Sasso, Ttaly) with high energy resolution (typically,
3.5 keV FWHM). The total mass of the detectors is 10.9 kg, corresponding
to a source strength of 7.6x10%° 75Ge nuclei, the largest in DBD searches so
far. The raw background, impressively low, is 0.11 counts/(kev kg y) around @
(2039 keV). Tt can be reduced further by using Pulse Shape Analysis to reject
multi-site events. The limits on half-life and (m, ) are respectively 1.9x10%% y
and 0.3-2.5 eV (depending on the nuclear matrix elements chosen for the anal-
ysis). Similar results have been obtained by the IGEX collaboration, 9) with
an experiment based on the same approach.

A subset of the HM collaboration has however claimed the discovery of
0v-DBD in 2001, with a half life best value of 1.5x 10%% y (0.8-18.3 x 10%° y at
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Table 1: Summary of the most sensitive direct searches for Ov-DBD. Limits
are at 90% c.l.

Experiment Isotope  Half-life [y] (m,)[eV] *  Ref.
Experiments with (almost) saturated sensitivity
Heidelberg-Moscow (2001)  "Ge > 1.9 x 10% <035 8)
IGEX (2002) Ge >16x10% <033-135 9
Mi DBD (2002) 130Te 5 91%x102 <09-21 10
Bernabei et al. (2003) 136X  >12x10% <11-29 11
Dancvich et al. (2003) H6Cd > 1.7 x 102 <17 12)
Ejiri et al. (2001) 100Mo > 5.5 x 1022 <21 13)
New running experiments (preliminary results)
CUORICINO (2003) 130T > 75%x102%  <032-16 14
NEMO3 (2003) 000\ >6.0x102 <12-27 19)

* Ag quoted by the authors.

95% c.l.), corresponding to a best value for {(m,) of 0.39 eV (0.05-0.84 ¢V at
95% c.l. including nuclear matrix clement uncertainty). 16, 21) This claim is
based on the identification of tiny peaks in the region of 0v-DBD, one of which
occurs at the "%Ge Q value. However, this announcement raised skepticism in
the DBD community 17), including a part of the HM collaboration itself 18),
due to the fact that not all the claimed peaks could be identified and that the
statistical significance of the DBD peak looked weaker than the claimed 2.2 ¢

19, 20)

and dependent on the spectral window chosen for the analysis. A new

paper 21) published in 2004 however gives more convincing supports to the
claim. The quality of the data treatment has improved and the exposure has
also increased to 71.7 kg y. A 4.2 ¢ effect is claimed. Unfortunately, the HM
experiment is now over and the final word on this crucial result will be given
by other searches.

The top level of the external-source technique was reached nowadays by
the NEMOS3 experiment. 22) The NEMO3 detector, installed in the Modane
underground laboratory (France), is based on well established technologies in
experimental particle physics: the electrons emitted by the sources cross a
magnetized tracking volume instrumented with Geiger cells and deliver their
energy to a calorimeter based on plastic scintillators. Thanks to the division in

20 sectors of the set-up, many nuclides can be studied simultaneously, such as
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100Mo, 328e, 15ONd, 16Cd, 130Te, 96Zr, 48Ca. Presently, the strongest source is
100Mo with 4.1x10%% nuclei. A 2 kg #2Se source is planned for a second phase of
the experiment. The energy resolution ranges from 11% to 14.5%. Preliminary
results achieved with '°®Mo fix the half-life limit to 6x10%2 y, corresponding
to limits of 1.2-2.7 eV on {m,). 15) The final sensitivity to this parameter is
0.1-0.3 eV.

Bolometric detection of particles is a calorimetric technique particularly
suitable to Ov DBD search, providing high energy resolution and large flex-
ibility in the choice of the sensitive material. 23) 1n bolometers, the energy
deposited in the detector, kept at about 10 mK, by a nuclear event is mea-
sured by recording the temperature increase of the detector as a whole. The
choice has fallen on natural TeO4 (tellurite) that has reasonable mechanical and
thermal properties together with a very large (27% in mass) content of the 23-
candidate 130Te. Moreover, the reasonably high transition energy (2528.8 keV)
and the favorable nuclear matrix elements make this nuclide one of the best
candidate for 0 DBD search. A large international collaboration is presently
running an experiment, named CUORICINO, based on this approach and in-
stalled in the Gran Sasso underground laboratory (Ttaly). 14) CUORICINO
consists of a tower of 13 modules, containing 62 TeOq crystals for a total mass
of ~41 kg, corresponding to a source strength of 6.4x10%% *OTe nuclei. Pre-
liminary results of CUORICINO are quite encouraging: a very low background
(of 0.19 counts/(keV kg y)) was obtained in the DBD region, similar to the
one achieved in the HM set-up. The energy resolution is about 8 keV FWHM,
quite reproducible in all the crystals. The achieved limits on half-life and (m,)
are respectively 7.5x10%% y and 0.32-1.6 eV. 14) The latter is not far from that
obtained with Ge-diodes in ten years. The sensitivity to (m,) for three years
operation is 0.13-0.31 V. Therefore, CUORICINO has a good chance to see a
signal rather soon if the HM claim represents genuine observation of 0v-DBD.
However, it cannot disprove it due to the uncertainty on the nuclear matrix

elements.

3 The future

DBD search is so a hot topic in today particle physics that a big number of
projects have been proposed or are in the R&D phase, aiming at sensitivities in
the range 10-50 meV on (m, ). For lacking of space, we refer to them in table
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2, while we will give a short descriptions only of the most promising future

experiments. For all of them, a realistic time scale is several years. More

dctails can be found in recent reviews 3) and in the references therein.

Table 2: Summary of proposed future experiments for Ov-DBD search

Experiment Isotope Experimental approach
CAMEO 6Cq 1t CAWOy, crystals
CANDLES 48Ca Tons of CaF crystals in lig. scint.
COBRA 130 e, 116Cq CdTe semiconductors
CUORE 130T 750 kg TeO9 bolometers
DCBA 150Nd 20 kg Nd layers in tracking chamb.
EXO 136X e 1t Xe TPC (gas or liquid)
GEM T6Ge 1t Ge diodes in liquid N»
GENIUS 6Ge 1t Ge diodes in liquid N»
LNGS-Lol 35/04 Ge 1t Ge diodes in liquid N or Ar
GSO 160Gd 2 t GdsSi05:Ce in liquid scint.
MAJORANA T6Ge 500 kg segmented Ge diodes
MOON 1000 o Mo sheets in plastic or liq. scint.
SUPER-NEMO  #Se, 199Mo  Ext. sources with composite detectors
XE 136X e 1.56 t of Xe as liquid scintillator
XMASS 136X e 10 t of liquid Xe

A very appealing approach remains the study of “Ge with conventional
Ge spectrometers, either in a traditional set-up (MAJORANA project 24)) or
in a new configuration consisting of dipping Ge diodes in liquid nitrogen, acting
both as cryogen for detector operation and as highly pure passive shield. 25, 26)
The main drawback of these experiments consist in the low isotopic abundance
of ™Ge (7.8 %), which makes isotopic enrichment mandatory and economi-
cally prohibitive on such a large scale. Perhaps the best compromise between
cost and sensitivity is represented by the CUORE project, 27) 4 bolometric
experiment which extends CUORICINO by a factor ~ 25. The high isotopic
abundance of **°Te allows to approach a source strength of 10?7 nuclides with-
out enrichment. Other competitive projects are based either on revolutionary
techniques for background suppression (as for EXO, 28) that aims at the coinci-
dent detection of the emitted electrons and of the '*Ba®* ion) or on the use of
existing facilities conceived for other searches to shield efficiently the detectors
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(as for CAMEO 29) and GEM, 30) that could be housed in BOREXINO).
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ABSTRACT

Neutrino oscillations was discovered by studying atmospheric neutrinos.
The present data are consistent with pure 2 flavor 1, — v, oscillations. The
allowed v, — v, oscillation parameter region is gin 2055 > 0.92 and 1.5 <
Am3, < 3.4 x 107%eV? at 90%C.L. Recent data from an L/FE analysis found
that the v, disappearance probability obeys the sinusoidal function as predicted
by neutrino oscillations. Future atmospheric neutrino experiments are also
discussed emphasizing the measurement of #;3 and the sign of Am?.

1 Introduction

Recently, neutrino oscillations have been studied extensively, since studies of
neutrino masses and mixing angles are one of the few ways to explore physics
beyond the standard model of particle physics.
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Atmospheric neutrinos are produced by cosmic ray interactions in the
atmosphere. The atmospheric (v, + 7,)/(ve + V) flux ratio is accurately pre-
dicted to be about 2 in the GeV energy region. Also, the atmospheric neutrino
flux is predicted to be up-down symmetric for the neutrinos above a few GeV
where the gecomagnetic field effect on the incident primary cosmic ray parti-
cles can be neglected. Neutrino oscillations can be studied by comparing these
predictions and the experimental data. Atmospheric neutrinos in the 1 GeV
energy range arc typically observed as fully-contained (FC) events, which are
events occurring inside the fiducial volume of a detector and all the visible sec-
ondary particles stop inside the detector. v, interactions in the 10 GeV energy
range typically generate muons that pass through a detector. These events
are identified as partially-contained (PC) events. High energy (typically be-
tween 10 and 1000 GeV) v;s that interact in the rock surrounding the detector
are observed as upward going muons. Atmospheric neutrino experiments that
observed these events have been contributing to the study of neutrino oscilla-
tions. This article describes the past, present and future studies of atmospheric
neutrinos. Some results presented in this article have been updated after the
conference.

2 Past

An initial, serious hint for the atmospheric neutrino oscillation was reported
in 1988 when a smaller v, /v, flux ratio than expected in the 1 GeV energy
region was observed in Kamiokande 1) This observation was confirmed by
the IMB 2 and Soudan-2 3) experiments. This result together with the
gize of the earth and the typical neutrino energy indicated the lower bound on
Am?. In addition, these results indicated a large mixing angle. Subsequently, a
zenith-angle dependent deficit of v, events was observed 4) for neutrinos in the
multi-GeV energy range. The zenith angle dependence implied an upper limit
on Am?. However, the data statistics was not high enough to be conclusive.
Also, both v, — v, and v, — v, were allowed. Following these early studies,
in 1998, neutrino oscillation ( v, = v;) was discovered by Super-Kamiokande,
which showed statistically significant zenith angle and energy dependent v,
deficit ). Consistent results have been obtained from the other recent atmo-
sphreic neutrino experiments (see below).
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3 Present

As of this writing, there are three major atmospheric neutrino experiments;
Super-Kamiokande, Soudan-2 and MACRO. Two experiments have already
stopped taking data. However the (near) final results have been published only
recently. Thus results from these experiments are described.

Figure 1(top) shows the zenith angle distributions for various data sam-

6). The zenith angle and cnergy dependent

ples from Super-Kamiokande
deficit of p-like (mostly charged current »,) events is clearly seen. Consistent
results have been obtained from the analysis of the contained events in Soudan-

2 7) and the upward-going muons and PC events in MACRO 8), see Fig. 1.

Since there is no evidence for the oscillations involving v, (see Fig. 1),
v, — v, oscillation is assumed to fit the data. The allowed regions for the v, —
v, oscillation parameters are estimated from these zenith angle distributions
in Super-Kamiokande. In recent analyses in Soudan-2 7) and MACRO 8),
the data are plotted on the L/F axis and the oscillation analyses were carried
out. (However, due to the limited event statistics and due to the resolution
in L/E, the dip, which corresponds to the first maximum oscillation, in the
L/E plots have not been observed in these experiments.) There are various
sources of the systematic errors in the measurement. These errors are carefully
evaluated and are taken into account in the fitting. The allowed regions of
v, — v, oscillation parameters from these experiments are shown in Figure 2.
The allowed regions from various experiments are consistent. The 90% C.I..
allowed region from Super-Kamiokande is 1.5x1072 < Am? < 3.4 x 10 2eV?
and sin® 20 > 0.92. Also shown is the allowed parameter region from the K2K
long baseline experiment 9). The allowed regions from atmospheric and long
baseline experiments are consistent.

In addition, atmospheric neutrino data have been used to constrain vari-

11) 12)

ous alternative models such as v, = Vi 0scillations

3.1 L/F analysis

Although Fig. 1 shows a clear zenith angle and energy dependent deficit of v,
events, these plots do not show any direct evidence for sinusoidal v, survival
probability as predicted by neutrino oscillations. Indeed, other models, such as
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Figure 1: Zenith angle distributions for atmospheric neutrino events observed in
Super-Kamiokande (top), Soudan-2 (middle, (a)e-like, (b)u-like) and MACRO
(bottom, left: through-going muon flux, middle: wpward-going PC, right:
upward-going stopping muons + downward-going PC). Cos® =1(—1) means
down-going (up-going). The histograms show the prediction with and without
neutrino oscillations (v, — vy ).
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Figure 2: 90%C.L. allowed neutrino oscillation parameter regions for v, — vy

from atmospheric neutrino exrperiments 10) (Kamiokande, thin dashed line)

oudan-2, thick dotied line thick dashed line uper-
D) (Soudan-2, thick dotted line) ) (MACRO, thick dashed line) ) (Sup

Kamiokande, thick line). The allowed region from the L/E analysis in Super-
Kamiokande is shown by the thin line. The thin dotted line shows the allowed

region from K2K 9).

14) 15)

the observed atmospheric neutrino data. In order to really confirm neutrino

the neutrino decay or the decoherence models, rcasonably reproduce
"oscillation”, it is important to demonstrate that the v, survival probability
obeys a sinusoidal function.

Recently Super-Kamiokande has shown evidence that the v, survival
probability obeys the sinusoidal function 13). They have selected events
whose L/FE resolution is better than 70%. Figure 3 (left) shows data/(non-
oscillated MC) for p-like events as a function of L/FE together with predictions
by oscillation, decay and decoherence models. A dip was observed around
L/E = 500km/GeV as predicted by Monte Carlo with neutrino oscillations.
Clearly the oscillation prediction gives the best fit to the data. The x? values
for decay and decoherence models were 11.3 (3.4 standard deviations) and 14.5
(3.8 standard deviations) larger than that for oscillation, respectively. This
is the first evidence that the neutrino survival probability obeys a sinusoidal
function as predicted by neutrino oscillations. The neutrino oscillation pa-
rameters are determined by the L/E distribution. Figure 3 (right) shows the
allowed parameter region from the L/E analysis. Since the dip is observed in
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Figure 3: Left: (Number of u-like events)/(predicted number of u-like events
without oscillation) as a function of L/E from Super-Kamiokande. Only high
L/E resolution FC+PC events were used. The solid, dashed and dotted his-
tograms show the best-fit expectation for 2-flavor v, < v, oscillations, neutrino
decay and neutrino decoherence, respectively. Right: 68, 90 and 99% allowed
v, — vy oscillation parameter regions obtained by the L/E analysis.

the distribution, Am? value is determined accurately.

4 Future

The atmospheric neutrino experiments will continue to improve the determi-
nation of #sz and Am3; parameters with the increasing data statistics. In
addition, atmospheric neutrinos should be sensitive to other oscillation param-
eters. The sensitivities of future atmospheric neutrino detectors in the search
for non-zero 613 and the determination of the sign of Am3; are discussed.

41 63

#13 is a key parameter for the understanding of the neutrino mixing matrix.
Therefore, various reactor and long-baseline accelerator experiments are de-
signed to measure f13. Atmospheric neutrino experiments have sensitivities
in 613 as well. Assuming that the effect of Am%2 and 61 can be neglected
(a reasonable assumption for multi-GeV atmospheric neutrinos), for example,
v, — v, oscillation probabhility is written as;

Py, = ve) = gin? Bo5 sin® 26, 5 sin’ (

1.27Am2. L
723): (1)

E,
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Since v, is involved in the oscillation, the matter effect 16) 17) must be taken
into account. The effect of a non-zero 613 could be observed as an excess of
electron neutrinos in the upward-going direction through the matter resonance
effect in the high energy range. For Am? =2 to 3 x1073eV?, the resonance
could occur for neutrinos with their energies between 5 and 10 GeV. Figure 4
(left) shows the v, < v, oscillation probability as a function of the neutrino
energy and zenith angle. A clear resonance effect is seen for upward-going
neutrinos near 5 GeV. The present data, however, show no evidence for excess
e-like events in the upward-going direction (see Fig. 1), and therefore set a limit
on sin” 26,3 as shown in Fig. 4 (right).

P(ve=v)
0 Am*=0.002eV,5in’0,,=0.5,5in"0,;=0.05 -1
-0.1 \
0.2 <
-0.3 102
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1 10 sine,,
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Figure 4: Left: v. < v, oscillation probability for neutrinos passing through
the earth as a function of the neutrino energy and zenith angle for Am3; =
+2.0x 1073eV? (positive Am?), sin® foz = 0.50 and sin® @13 = 0.05. Right: 90
and 99% C.L. allowed regions on sin® 2015 and Am3, for positive Am3, from
Super-Kamiokande (1489 day data). Also shown is a 30% C.L. excluded region

from the CHOOZ reactor experiment 18),

Figure 5 shows the expected x? difference between the finite and null
sin® 05 assumptions for various gin® #13. sin® fs5 and Am%3 values in a large
water Cherenkov detector 23) Tt is cvident that the chance of observing finite
#13 increases for larger sin? o 19). Tt is also found that the sensitivity does
not depend strongly on Am3,. Because of the matter effect, the sensitivity
slowly changes above sin® 63 = 0.01. Tt scems that the improvement of the
data statistics by a factor of about 5 compared with the present statistics in
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Super-Kamiokande is very important to observe a non-zero 613.
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Figure 5: Erpected x> difference between. the finite and null sin® 815 for Am3,=
+2.0 (circle), 2.5 (square) and 3.0 x10~2eV?(triangle) (positive Am3,), and
sin® Baz= 0.35(left), 0.5 (center) and 0.65 (right). The detector exposure is
assumed to be 450 kton-yr.

The resonance effect occurs only for neutrinos for positive Am?, and
therefore only appears for the e= and = spectrum. This, in turn, suggests
that the sign of Am3; could be measured by atmospheric neutrino experiments
that are sensitive to the charge of the leptons. Large magnetized detectors
20) 21) could be sensitive to the sign of AmZ;. Tt is expected that these
detectors can determine the sign of Am3, if sin® 26,3 is larger than 0.1 (0.05)
for the detector exposure of 200(400) kton-yr 20),

Super-Kamiokande and other water Cherenkov detectors are unable to
distinguish v. and 7. interactions cvent-by-cvent bases. However, the cross
section and the y (= (E, — Ejepion)/ Ey) dependence of the cross section are
different between v and 7, and therefore it may be possible to distinguish the
positive and negative Am3,. Since the neutrino interactions produce more high-
y events (i.e., more multi-hadron events) than the anti-neutrino interactions, a
larger effect of the finite #;3 can be seen in multi-ring e-like events for positive
Am3; than for negative Am3,. Tt was concluded, based on a detailed MC study,
that it is possible to measure the sign of Am32, in water Cherenkov detectors, if
the sin” #5 and sin® f,3 values are near the present limit and >0.5, respectively,

provided that the detector exposure is about 1 Mton-yr or larger 23).

The present study does not include the oscillation terms that are related to
solar neutrinos (¢2 and AmZ,). It has been pointed out that the 8> and Am3,
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terms could play unique roles to the atmospheric neutrino oscillations, such as
the possible measurement of sin®#s3, (i.e., the discrimination of fa3 >45° and
<45%) 22) | These effects should be studied seriously taking various systematic
errors into account.

5 Summary

Neutrino oscillation was discovered by studies of the atmospheric v, /v, flux
ratio and the zenith angle dependence of the atmospheric neutrino flux. At-
mospheric neutrinos are still playing a major role in the study of neutrino
oscillations. The present data from various experiments are explained well by
v, —+ v- oscillations. The recent L/E analysis from Super-Kamiokande has
shown that the v, disappearance probability obeys the sinusoidal function as
predicted by neutrino oscillations, excluding various other explanations of the
data.

If the data statistics are high enough, future atmospheric neutrino ex-
periments could measure 13 and the sign of Am3,. It is likely that future
atmospheric neutrino experiments will continue to make unique contributions
to the study of neutrino oscillations.
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THE LSND SIGNAL: PAST, PRESENT AND FUTURE
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ABSTRACT

The MiniBooNE experiment at Fermilab has been designed to confirm or dis-
miss the LSND observation by looking for v, appearance in a v, beam. The
experiment began taking beam data in September 2002. Here we describe the
experiment, the first neutrino candidate events, and our expected sensitivity
to a neutrino oscillation signal.

1 Introduction

Neutrino oscillations appear to be a widely-accepted phenomenon which suc-
cessfully explains the solar electron neutrino deficit, as well as the atmospheric
muon neutrino deficit. Moreover, the same deficits have been observed in arti-
ficial neutrino sources, as reported by the KamLAND 2) and K2K 3) experi-

ments,; respectively. The mass squared differences involved in these phenomena
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are Am?, = 7x 107%eV?/c* and Am2,,, ~ 3 x 10723eV?/c!, while the corre-
sponding mixing angles appear to be nearly maximal. In addition, the LSND
cxperiment, which ran at the Los Alamos National Laboratory from August
1993 until December 1998, has also reported evidence for neutrino oscillations
in two channels: the decay-at-rest channel 7, — 7., and the decay-in-flight
channel v, = v.. The LSND final result 4); combining all the data, yielded an
excess of 87.9 + 22.4 £ 6.0 events after background subtraction, which corre-
sponds to an oscillation probability of (0.264 £+ 0.067 £+ 0.045)%. The allowed
values in the (sin® 26, Am?) parameter space corresponding to this result are
shown in Figure 1. Also shown are the 90% confidence level excluded regions
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Figure 1: LSND allowed regions in the (sin®20, Am?) parameter space and
MiniBooNE' expected oscillation sensitivity after 2 years of running.

for the Bugey 5) and KARMEN ©) experiments. Despite the fact that the
KARMEN data appears to exclude a significant fraction of the LSND-favoured
region, a combined analysis of the two data sets showed that practically this en-
tire region is compatible with both experiments at the 90% confidence level 7).

The Booster Neutrino Experiment (BooNE) at Fermilab is a natural
follow-up to the LSND experiment. and has been designed to confirm or dismiss
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the evidence for neutrino oscillations reported by the Los Alamos measurement.
The first phase of the project, a single detector known as MiniBooNE (E-898),
has become fully operational in September 2002. The experiment has two ini-
tial goals: (i) extend the sensitivity for v, — v, oscillations by one order of
magnitude in Am? over previous searches; (ii) obtain several hundreds of events
per vear if the LSND gignals are indeed due to neutrino oscillations. Moreover,
should neutrino oscillations be observed, MiniBooNE can test for CP violation
in the lepton sector by switching to an antineutrino (#,) beam, while the full
BooNE project would add a second detector, at a distance dictated by the data
themselves, and carefully parameterize the v, —+ v, and 7, — 7. mixings.

2 The Neutrino Beam

The MiniBooNE neutrino beam is initiated by a primary beam of 8 GeV pro-
tong from the Fermilab Booster accelerator incident on a 71-cm-long Be target
within a magnetic horn focusing system, followed by a 50-m-long pion decay
volume. The proton beam is delivered to the experiment at a rate of up to
5Hz and an intensity of approximately 5 x 10'% per spill. Each spill is made
up of 84 buckets of beam every 18.8ns for a total duration of 1.6 us — which
allows for a very low cosmic-ray background in the detector. The Booster can
reliably deliver protons for about two thirds of a calendar year, which allows
the experiment to receive up to 5 x 10?Y protons on target (POT) per year.

The magnetic horn focuses secondary pions and kaons from the primary
interactions. It operates at a current of 170kA for a pulse duration of 140 us,
producing a toroidal magnetic field that focuses 7+ and defocuses 7~ (or vice-
versa). Therefore, a fairly pure v, or 7, beam can be produced, depending on
the horn polarity. Figure 2 shows the shape of the expected neutrino fluxes at
the location of the detector.

The neutrino flux at the detector will be determined using a variety of
methods. Detailed simulations of the neutrino production processes have been
performed and are ongoing. These simulations have been tuned using existing
hadron production data, and will be complemented by data from the HARP
experiment 8) at CERN - which ran with the MiniBooNE Be target. A mea-
surement of the v, charged-current rate in the detector will check the v, flux,
as well as determine the energy distribution of the muons in the decay region
— which contribute to the intrinsic v. background via u* — etv.p,. The v,
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Figure 2: Calculated MiniBooNE neutrino fluzes at the location of the detector.

background from Kt — 7% 1, decays will be determined by measuring the
high-transverse-momentum muons from K+ — utv, decays.

3 The Detector

The MiniBooNE detector is located 500 meters from the neutrino source. It
consists of a spherical tank of radius 6.1 m, lined with 1280 8-inch photomul-
tiplier tubes (PMTs) supported on an inner structure of 5.75m radius. These
PMTs point inward and provide 10% photocathode surface coverage. The PMT
support structure also provides an optical barrier to create an outer veto re-
gion, viewed by 240 8-inch PMTs. The tank is filled with 800 tons of mineral
oil, which provides an inner fiducial region of about 500 tons.

The MiniBooNE mineral oil (Exxon/Mobil Marcol 7) has an attenuation
length of approximately 26 meters at 450 nm, a density of 0.836 g/ em® and an
index of refraction of 1.46. This oil produces some scintillation light, so both
prompt Cerenkov and delayed scintillation light will be produced for particles
with 8 > 0.68. The total amount of light provides a good energy measurement
for particles above and below the Cerenkov threshold.

A circular room located above the tank vault houses the electronics, data
acquisition (DAQ), oil circulation, and calibration systems. The entire struc-
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ture is covered with a mound of earth to provide some cosmic-ray shielding.
Each PMT is attached to one Teflon-jacketed cable which provides the high
voltage (HV) and returns the signal as well. The PMT cables are routed out
of the tank into the DAQ system, where the signal is picked off the HV cable,
amplified, and digitized. The DAQ hardware consists of custom-built cards
in 13 VME crates which are read out via MVME2304 single-board computers
(SBC). The data is zero suppressed by the SBCs and shipped via ethernet to a
single Intel-based computer running Linux. This computer assembles the data
and ships it to the Fermilab computer center where it is written to tape.

The trigger consists of an additional VME crate housing custom-built
cards that collect PMT multiplicity and beam information to form event trig-
gers. The primary trigger is a “beam-on-target” signal from the accelerator,
which initiates a data readout in a 20 us window around the 1.6 us beam spill
(regardless of PMT multiplicity). The DAQ hardware and software have suffi-
cient data buffering capabilities to create a virtually dead-time-free system.

Calibration for the detector is obtained through three different systems.
A pulsed laser provides light to four different light-scattering flasks hanging in
the inner region of the tank. This light is used to determine the time and gain
calibrations of each of the inner PMTs. An array of seven scintillator cubes
hanging in the main region of the tank are used to tag a sample of stopping
muons in the tank which allows energy calibration with muon tracks of known
length. A muon tracker system consisting of 2 horizontal planes of scintillator
is installed above the tank. The tracker allows muons of a well-known direction
to be tagged and studied for direction calibration. In addition to these sys-
tems, the ubiquitous cosmic-ray muons provide a constant source of data with
which to study and calibrate the detector. In particular, the stopped cosmic-
ray muons provide, through their subsequent decays, an invaluable source of
electrons as cross-checks of the Monte Carlo (MC) simulations, energy scale
measure, and energy resolution. Preliminary studies indicate an electron en-
ergy resolution of 14% at the Michel electron endpoint energy (52.8 MeV).

4 The MiniBoolNE Neutrino Oscillations Search

The v, — v, oscillation search will be conducted by measuring the event rate
for the v, induced reaction, v.C — e~ X, and comparing to the rate expected
from background processes. If the LSND result is indeed due to neutrino os-
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cillations, approximately 1000 v,-induced events are expected due to v, — v,
oscillations in two calendar years of running (10*' POT). The three main back-
grounds to this search are: the intrinsic v, background in the beam from pu
and K decay in the decay pipe, mis-identification of ;2 events (v,C — = X),
and mis-identification of 7% events (v,C — v,7°X). The number of events
for signal and backgrounds are listed in Table 1. These backgrounds will be

Table 1: Estimated number of neutrino oscillation signal and background events
after 2 years of data taking with neutrinos (1021 POT). Also shown are the
number of events from other neutrino reactions in MiniBooNE.

‘ Process |  Reaction | Number of events |

LSND-based v, —+ v, signal v.C —e X 1000
Intrinsic v, background v.C —e X 1500
Mis-ID g~ background 1, C—=p X 300
Mis-ID 7% background v,C = v,7°X 500

v, C charged-current scattering v, C— =X 500,000

v, C neutral-current 7° production | v,C — v, 7°X 50,000
v, e elastic scattering Ve = vue 100

measured. As described in Section 2, the number of events from intrinsic v,
that arc produced from gt decays in the target region will be determined from
v, charged-current scattering in the detector. Also, the number of intrinsic v,
from KT decays will be determined from the p detected with the off-axis LMC
spectrometer. The number of p~ and 7% events mis-identified as e~ cvents
will be measured via the large number of correctly identified v,C — =X and
v,C — v,7°X events, respectively.

5 Preliminary Data

The MiniBooNE detector and beam have been fully operational for over a year
and a half now, and data taking has been proceeding very smoothly. The
detector has been calibrated with laser calibration events, the energy scale
and resolution have been determined from cosmic-ray muons and Michel elec-
trons, and approximately 180,000 clean neutrino events have been recorded
with 2.7 x 10%° POT. Figure 3 below illustrates the simple selection criteria
which reduce the beam off backgrounds to a 1073 level: a veto shield multiplic-
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ity cut Nyeto < 6 eliminates the cosmic-ray muons, while a tank multiplicity
cut Nygnp > 200 eliminates the Michel electrons from the decay of the stopped
cosmic-ray muons. The beam pulse width of about 1.6 us is in clearly seen.
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Figure 3: MiniBooNFE event distribution in and around the beam window before
and after the simple selection criteria which reduce the beam off background.

The v, appearance search will be a blind analysis. Consequently, despite
the fact that MiniBooNE can clearly identify the beam-induced events, one is
allowed to either look at all information for some events or some information
for all events, but not all information for all events. Meanwhile, in parallel
to continuing understanding the detector response and tuning the MC simu-
lations, the experiment is concentrating on other physics analyses which are
not only interesting in their own right; but they are also necessary for the
v, — v, oscillations analysis: they will check the data/MC agreement, the reli-
ability of the reconstruction and particle-identification algorithms, and provide
understanding of the beam-induced backgrounds.

MiniBooNE is clearly identifying charged-current quasi-elastic v,C — puX
events. These events have a relatively high abundance (about 40%), a simple
topology, and can be identified with a relatively high efficiency and purity (of
approximately 30% and 90%, respectively). The muons are forward peaked
along the incident neutrino beam direction, as clearly seen in Fig. 4 below.
The predicted MC distribution is shown superimposed in the same figure, with
our current (conservative) estimates for the error bars; they include errors
in the neutrino fluxes, cross sections and optical parameters of the detector
medium. Both distributions have been normalized to unit area. The visible
energy distribution is also in good agreement with the MC expectations, as
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illustrated in the same figure.
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Figure 4: MiniBooNFE reconstructed event direction with respect to the incident
neutrino beam and wvisible (electron-equivalent) energy distributions for v,C
charged-current quasi-elastic events.

From a simple kinematic reconstruction one can use the reconstructed
muon energy and direction to calculate the incident neutrino energy and also
the momentum transfer. These quantities are shown in Fig. 5 below, along with
the MC predictions with a relative normalization. The lower-than-predicted
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Figure 5: MiniBooNE reconstructed incident neutrino energy and Q2 distribu-
tions for v,C charged-current quasi-elastic events.

data values at low Q2 are currently under investigation and can be influenced
by a variety of factors, such as nuclear effects, nuclear form factors, etc. This
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effect is also related to the lower-than-predicted number of events in the most
forward direction (first bin in the cosé,, distribution of Fig. 4).

MiniBooNE is also clearly identifying and reconstructing neutral current
70 events from either coherent production v,C — 1v,7°X, or resonant pro-
duction v, (p/n) — v, A and the subsequent A decay. These events have a
characteristic two ring topology (from the 7% — v+ decay), and the invariant
7Y is reconstructed from the reconstructed energies of the two photons, E; and
FE>, and their relative angle, 8,5: m,% = 2F| F>(1 — cosf2). The distribution
of the reconstructed invariant mass is shown in Fig. 6 below, which yields a
mass resolution of about 21 MeV. The events contributing to this sample have
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Figure 6: MiniBooNE reconstructed ©° mass distribution. The dashed curve
denotes the expected background from MC simulations, which is also peaked.

the standard Nyeto < 6 and Nignr > 200 selection criteria applied, the event
vertex must reconstruct at least 50 cm away from the surface of the PMTs, and
each ring must have al least an electron-equivalent energy of 40 MeV.

6 Conclusions

The MiniBooNE detector and beam line have been operating smoothly for over
a year and a half now and we are in the process of analyzing different physics
channels, while continuously improving our understanding of the detector re-
sponse and MC simulations. Despite the fact that the total number of protons
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on target is a factor of 2.5 below the original design intensity, we are convinced
that continuing modifications and improvements to the Fermilab Booster will
bring the neutrino beam to the required levels in the near future.

The current plan is to run in the v, mode until MiniBooNE collects
5 x 10%° protons on target, with the possibility of changing to the 7, mode
afterwards and also 25 m absorber running. The future MiniBooNE schedule is
dependent on the number of protons delivered per year to the experiment. First
oscillations results are expected by 2005, and if the LSND signal is confirmed,
an initial determination of the oscillation parameters can be made. A second
detector (BooNE) will then be built at a different distance in order to obtain
the highest precision measurement of the oscillation parameters. The neutrino
flux goes as 72 to very good approximation, so that a simple ratio of events
in the two detectors as a function of energy will cancel most of the systematic
uncertainties and will allow Am? to be measured to about £0.02eV?/c*.
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ABSTRACT

The solution of the long standing solar and atmospheric neutrino puzzles has
led to the unambiguous confirmation that neutrinos oscillate and hence are
massive. Several key experiments have contributed to clarify the experimental
scenario. A wide programme is being executed and is planned for the next
years, aimed at pinning down the oscillation parameters and at more sensi-
tive measurements of the elements of the Pontecorvo, Maki, Nakagawa, Sakata
(PMNS) mixing matrix. As far as accelerator neutrino experiments are con-
cerned, further technological advances will be required for both beam facilities
and detectors to realize the next generation of experiments that will address
the issues of CP violation in the leptonic sector and of mass hierarchy. In this
respect, we want to stress here the great potentialities of the LAr Time Projec-
tion Chamber (TPC) technology for future applications. The ICARUS R&D
programme has demonstrated that the technology is mature and that one can
built a large (~ 1 kton) LAr TPC with a fully industrial method. Nowadays
one can conceive and design a very large mass LAr TPC with a mass of 100
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kton by emploing a monolithic technology based on the use of industrial, large
volume cryogenic tankers. Such a detector would be an ideal match for a Super-
Beam, a Beta-Beam or a Neutrino Factory, allowing to execute, in addition to
a rich accelerator neutrino physics programme, experiments on atmospheric,
solar and supernova neutrinos, as well as sensitive searches for nucleon decay.

1 Introduction

We can schematically summarize our present knowledge on (massive) neutrinos
by stating that

e There is evidence for three light neutrinos in Nature; as an outcome of
the LEP experiments .

e Direct neutrino mass measurements have so far only yielded limits in the
range of 1 eV? or less. Very stringent limits have also recently come from
cosmological measurements 2) | This reinforces our common believe that
the nature and the characteristics of the fascinating neutrino are closely
linked to cosmological and astrophysical subjects.

e Neutrino oscillation experiment with solar and atmospheric neutrinos
have contributed to build up a solid evidence for neutrino oscillations,
hence confirming that neutrinos are massive: this must be considered as
the first compelling evidence for physics beyond the Standard Model of
particles and interactions.

e Neutrino mixing is described by the so called PMNS 3 x 3 matrix. Two
of the mixing angles are rather large (12 and #93) while the third is small
or even null. The two Am? experimental values confirm the smallness of
the neutrino masses (see e.g. 3))

More interesting and stimulating is the list of the "unknowns’. First is
the actual neutrino mass scale and even more the explanation of why neutrino
masses are small as compared to the masses of the other fermions. The second
question is why (two of) the mixing angles are large (differently from what
happens for the quark mixing) and why the third angle is apparently small or
equal to zero. Another issue is the neutrino mass hierarchy: is the tau-neutrino
the heaviest? Is AmZ, positive or negative? These important questions can
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Table 1: Global fit of oscillation data (from 3))

Parameter best fit value 3o
Am2, (107° eV?) 7.9 7.2-9.1
Am3; (1072 eV?) 2.3 1.4-3.3
sin20a 0.3 0.23-0.38
R 0.5 0.34-0.68
$in2014 0.002 <0.047

be addressed by studying so called matter effects (MSW), namely the effects
occurring to neutrinos oscillating through matter 5). Last but not least, there
is the subject of CP violation in the neutrino sector. The PMNS matrix has a
phase term that, if non zero, could cause CP violating effects; detectable e.g.
by comparing oscillation results obtained with neutrinos and antineutrinos.

The answer to the above outstanding questions will likely keep neutrino
physicists occupied for the next two decades, similarly to the time that has been
required to go from the first signals of anomaly in the solar neutrino fluxes to
the solid establishment of neutrino oscillations.

The present scenario is summarized in Table 1, where the results of a
global fit of all oscillation data are presented 3). Needless to say, we assume
that mixing occurs among three active neutrinos (two Am? and three mixing
angles) and that, therefore, we do not take into account the so called .SND
effect, that if real would naturally lead to the existence of a fourth (sterile)
neutrino. The Fermilab MiniBoone experiment will soon clarify this issue 4).

From what we mentioned above, it is rather obvious what the tasks of fu-
ture accelerator neutrino experiments will be, aimed at a deeper understanding

of the physics of massive neutrinos:
e to observe v, appearance: find the body after the murder;

e to know is there (some) room for a sterile neutrino: MiniBoone experi-

ment and v, disappearance;

e to measure the L/E dependence: atmospheric neutrinos and Wide Band
Beam accelerator experiments (fixed L);

e to accurately measure the two Am?2, @15 and a: is o3 exactly /47
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e to find the value of #12 from P(v, — v.): benchmark measurement;

e to show MSW matter effects (without CP violation effects): mass hier-
archy;

¢ to show CP violating effects (without matter effects): the ultimate goal?

e to be ready for the unexpected!: experiments may be running for long

time.

In order to review the above experimental programme, we can start by
briefly presenting the neutrino mixing matrix and some of its peculiar features.

The unitary mixing matrix, which can be parameterized as

U(912, 913, 923: 6) =

g N . —i8

€12€13 $12C13 s1ze”"
—S$12C23 — C12513523€" C12C23 — $12813523€" €13823 (1)
$12823 — C12813C23€" —C12823 — $12813C23€" €13C23

with s;; = sin#;; and ¢;; = cos;;, we get the freedom of the complex
phase (physical only if 813 # 0).

For the interesting case of v, — v, oscillations and under the empirical
assumptions (justified by the experimental results) that

>> Am?

. AmQ ol

atm

e [, is comparable to the atmospheric oscillation length (~ 1000 km);
e the angle #;3 is small,

the general three-neutrino oscillation formula can be developed as a sum

of terms

_ 2 .2 2 .2
P (v, — v.) = 4ciq873853 8in° Agy
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+4¢73870 [(10Ch3 + $19553515 — 2C12C23512893513 C08 8] sin 2A9;
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where Sij= sinHij, Cij= COSHl‘j, A]‘k = Am?kL/ﬁlE,, and

a=2V2GrN.E, = 1.54 x 1071V, p(g/cm?®) E,(GeV) (3)

with a is given in eVZ.

In the above formula the leading term is the first one. The third and
fourth terms give CP conserving (small) contributions. The second term in-
cludes the CP violating effects due to sind. The last term includes matter
effects, due to the passege of the oscillating neutrino through matter. One can
notice that the #13 angle is the ‘link’ between the atmospheric and the solar
term. As we will see later, this term has great importance for future studies: if
it is exactly zero there will be no CP violating effects and the global oscillation
phenomenology would certainly be poorer.

The above relation reduces to the following one if one restricts to vacuum
oscillations computed to leading order

Py, »v) = $in22013 % sin%Bsg x sin%Ags 4)

2 Present generation of accelerator-nutrino oscillation experiments

The K2K experiment in Japan can be considered as the’mother’ of all long
baseline (LBL) experiments 6); designed to be tuned to the atmospheric neu-
trino oscillation parameters. The Super-Kamiokande 7) detector is hit by the
low energy neutrinos (~ 1 GeV) from KEK after a travel of about 250 km.
The L/E of the experiment is such to provide sensitivity to the oscillation pa-
rameter of the atmospheric neutrino signal. Oscillation are searched for with
a v, disappearance experiment profiting of a series of near detectors used for
flux normalization and background estimates. A comparison of near/far event
rates and an analysis of the energy spectrum distortion are exploited to infer
the oscillation signal. The latest results confir the results obtained by Super-
Kamiokande exposed to atmospheric neutrinos, indicating 1.7 < Am? < 3.5
eV? and sin?20 = 1 at the 90% CI.. The oscillation hypothesis is confirmed at
nearly the 40 level.

The next LBL experiment to come on duly (2005) will be the MINOS
detector 8) in Minnesota in the NuMT neutrino beam from Fermilab, 730 km
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away. Also in this case, a v, disappearance search will be performed. The far
detector is made of magnetized iron disks and scintillator strips, for a total mass
of about 5400 ton. MINOS should collect 2500 v,, charged current events per
year. The main goal of the experiment will be the narrowing down of the errors
on sin’fyy and Auy, needed to determine sin®26,3, as shown in (4). Given its
ability in discriminating electrons from muons, MINOS will also provide some
sensitivity to v, — v. oscillations, and hence directly on sin?26;3. In four
years of running (by 2010) the existing limit of 0.14 from the CHOOZ reactor
experiment 9) should be improved to about 0.06 8).

By 2006 the CERN-to-LNGS CNGS neutrino beam will be commissioned.
In this case, we will deal with high energy neutrinos (10-20 GeV). This is
needed to be well above threshold for 7 production, as required to allow for
a v, — v, appearance search, following the indications from the atmospheric
neutrino measurements largely favoring this oscillation channel. Together with
the ICARUS experiment 10) (hat we will discuss later, the dedicated OPERA
experiment 11) jq being built at LNGS, exploiting a novel application of nuclear
emulsions for the direct detection of the short (less than 1 mm long) 7 track.
Although with small statistics (less than 20 events in 5 years of running), thanks
to the very low expected background (< 1 event) OPERA should be capable
to unambiguously confirm the v, — v, oscillation hypothesis.

3 The next goal: the measurement of 6,3

From what said in the Introduction, an important role in the neutrino oscil-
lation framework is played by the 613 angle. On the one hand, it is the link
between the atmospheric and the solar oscillation parameters, and on the other
hand, only if it is non zero, one could expect a non vanishing CP violating phase
in the mixing matrix.

A determination of #;3 can be accomplished by measuring v, — v, oscil-
lations according to (4). This measurement can be well performed with accel-
erator neutrino experiments, although the present best limit has been set by
the CHOOZ reactor experiment. The main experimental limitations are given
by the prompt v, contamination in the v, beams, by the my background ca-
pable to fake the production of electrons, and by the additional background of
low energy muons and pions that can be misidentified as electrons. Obviously,
the relevance of the above backgrounds strongly depends upon the parameters
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of the neutrino beam and on the adopted detection technique. It is worth to
mention that the use of the future Beta-Beams providing pure v, beams could
allow to perform v, — v, appcarance experiments, by far less demanding from
the detection point of view.

In any case, given the smallness of the effect (< 5%), the use of next
generation high-intensity beam facilities is a must. In particular, one usually
thinks of Super-Beams, namely conventional accelerator neutrino beams fed
by high-intensity proton accelerators able to increase by factors 10-100 the
presently achievable neutrino intensities.

Likely, the first Super-Beam to be operational by 2009 will be once more
in Japan, for the T2K experiment 12) | The far detector, at least in the first
phase of operation, will still be Super-Kamiokande, placed about 300 km away
from Tokay. A 0.8 MW, 50 GeV Proton Synchrotron will produce a high-
intensity, low-energy neutrino beam. About 3000 v, charge current events per
vear will be produced in Super-Kamiokande, namely one order of magnitude
increase with respect to K2K. The detector will be placed about 2 degrees off-
axis with repect to the proton beam direction, to allow for an increase of the
intensity around the neutrino energy optimizing the L/FE ratio, and in parallel
a suppression of the high energy tail of the spectrum, so that to reduce most
of the backgrounds. Great care will have to be devoted to the near detectors
and to the normalization procedure, since already in K2K the main system-
atic error is given by the differences in the near/far detector energy spectra.
The experiment will perform both dispappearance and appearance oscillation
measurements. The expected sensitivity in the v, appearance measurement
of sin%28;5 corresponds to a factor 20 improvement compared to the CHOOYZ
limit.

Other projects focusing on the key measurement of the #13 angle are
planned of being discussed. We can mention, for example; the Nowva experi-
ment that has been proposed to run off-axis in the NuMI beam, starting around
2010 13). The experimental technique is based on a low-density (particle board
and liquid scintillator), high-mass (50 kton) detector capable of a good electron
identification. The rather long distance from the neutrino source (about 800
km) makes matter effect detectable. After its firts phase of operation in the
existing NuMI beam, the experiment would certaily benefit from the envisoned
Fermilab Super-Beam, centered around a new proton driver. Under these cir-
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cumstances the experiment would seriously compete with the T2K project,
achieving a 3o sensitivity to sin?26;3 around 0.006.

4 More distant future: experiments on CP violation in the neutrino
sector

After the next round of experiments aiming at the measurement of sin?26,3, in
the fortunate hypotesis of success (non zero angle detected) the search for CP
violating effects in the neutrino sector will be opened. A sensible method to
pin down CP violating effects is the measurement of the so called asymmetry,
shown below for vacuum oscillations

Plve 2 0) = Plve = Vi) ~ S 012 X sind X sinAm%QL

A =
P P, > 0,)+ Plve > v,) | sinbrs 4E )

From this relation it first turns out that larger effects are expected for

larger values of Am%2 and sin%f1>. That seems to be the case, being the LMA
3)

that a small value of sinfly3 is preferable. However, this latter requirement is

solution the preferred one for solar neutrino oscillations One also sees
somehow in conflict with the fact that the oscillation probability increases with
5in?26,3, as indicated by Equation (4). This ’conflict’ has a clear impact on
the detector design: if #13 is small one is confronted with low statistics and
large asymmetry; if 613 is large onc has the opposite.

The above described measurements will be likely accomplished with a
further generation of beam facilities and detectors. As far as the beam are
concerned, we already mentioned Super-Beams, Beta-Beams and (for a more
distant future!) Neutrino Factories. Without entering in the details about these
facilities, we insist once more on the fact that given the expected smallness of
CP violating and matter effects high intensity facilities will be mandatory.

A global (physics driven) optimization of the neutrino beam parameters,
of the detector technology and of its location will be required. As an example,
we can mention two extreme approaches for the choice of L/E (Equation (6)):
one could match this quantity to the first (or second) oscillation maximum with
both a ‘long L-high E’ or a *short L-low E’ configuration.

The first case is well interpreted by the proposed projects at Fermilab and

14)

Brookhaven . In both cases, one envisages neutrino energies of a few GeV
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matching baselines of 1000 km or more. CP violating effects would then increase
with the long L (3/7/2 vs 7/2) and a second maximum location would also
increase the detectable asymmetry thanks to matter effects (Eraz2/FEmant)-
The second choice, e.g. as the one proposed for the discussed beam from CERN
to Frejus, has the advantage of using neutrinos with energies below most of the
competing background thresholds. However, for neutrino energies as low as
a few hundreds of MeV one has to deal with backgrounds from atmospheric
neutrinos and with the effect of Fermi momentum, limiting the resolution for
muon events. Low energy has also a dramatic effect on the duration of the
antineutrino runs (needed to asses the CP asymmetry), due to the smallness
of the corresponding cross section.

On the other hand, matter effects can well induce degeneracies in the
determination of the experimental results. For this reason one can anticipate
that experiments with different baselines/energies/detection techniques might
be required to fully exploit complementarity and disentangle the above degen-
eracies.

Concerning the apparatuses, a factor ten-twenty mass increase with re-
spect to Super-Kamiokande is usually considered as a benchmark detector
choice. Examples are given by the Hyper Kamiokande 15) o UNO 16)
detectors. We believe that the main reason for this is the long series of out-
standing results obtained with Super-Kamiokande, that successfully exploits
the water Cerenkov detection technique. Moreover, one can extrapolate the
cost to the larger mass detector with good confidence, that then appears to be
a sufficiently cost effective solution. The detection method works rather well
for low energy quasi-elastic (1-ring) neutrino events. The required electron/mg
rejection can be efficiently accomplished if the two gammas are well separated.
However, some confusion may arise in the muon/pion separation at low energy
and the detection threshold cannot be realistically reduced below 5 MeV for
the *working hypothesis’ of a 40% PMT coverage. In addition, alternative pho-
todetector devices might require quite a long R&D work. Last but not least,
the relatively low-density and, hence, large-volume of a 500-1000 kton detector
implies a huge cavern with a complex and costly excavation work.

For the above reasons, one is led to think about possible alternative or
complementary approaches. Among these; the liquid Argon TPC technique

is certainly a viable and realistic option for a next generation neutrino and
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astroparticle physics experiments 7).

5 Liquid Argon TPC detectors: a technique for future neutrino
experiments?

The technology of the Liquid Argon Time Projection Chamber (LAr TPC)
was conceived and proposed by C. Rubbia in 1977 18) as a tool for high
accuracy imaging of massive detector volumes. The operating principle of the
LAr TPC is based on the fact that in highly purified LAr ionization tracks
can be transported undistorted by a uniform electric field over distances of
the order of meters. Imaging is provided by wire planes placed at the end of
the drift path, continuously sensing and recording the signals induced by the
drifting electrons. The main technological challenges of the detection technique
are the liquid Argon purification, the operation of wire chambers in cryogenic
liquid without charge amplification, the very low-noise analog electronics, and
the continuous wave-form recording and digital signal processing.

The feasibility of the technology has been demonstrated by the extensive
ICARUS R&D programme, culminated with the realization and the surface
test with cosmic-rays of the 600 ton ICARUS T600 detector 19) The success
of the fully industrial construction of the T600 module motivated and justified
the idea of cloning the detector to reach the 3000 ton mass scale for exper-
iments at LNGS. Here, the T3000 modularity was not imposed by the LAr
TPC technique itsell but it was an implementation choice motivated by the
boundary conditions of the LNGS laboratory and by the requirement to build
the detector outside of the underground hall.

Having at disposal the mature technique developed in the context of the
ICARUS programme, physics is today calling for at least two applications at
two different mass scales 17) and with a high degree of interplay and synergy:
on the one hand, future precision studies of neutrino interactions and near
stations for long baseline beam experiments will need detectors in the range
of ~ 100 ton. On the other hand, ultimate nucleon decay searches and high
statistics astrophysical and accelerator neutrino experiments will require very
large masses, of the order of 100 kton, able to effectively compete with the
large mass water Cerenkov detectors mentioned in the previous Section.
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6 A 100 kton Liquid Argon TPC detector with charge imaging,
secintillation and Cerenkov light readout

The possibility to construct and operate a very large LAr TPC can be con-

sidered a complex technical task. A single LAr volume is the most attractive

solution from the point of view of construction, operation and cryogenics, and
is to be favored over the modular approach. The basic design features of the

detector can be summarized as follows 17)

1. Single 100 kton boiling cryogenic tanker at atmospheric pressure for a
stable and safe equilibrium condition (temperature is constant while Ar-
gon is boiling). The evaporation rate is small (less than 1073 of the
total volume per day given by the favorable area-to-volume ratio) and is
compensated by refilling of the evaporated Argon volume.

2. Charge imaging, scintillation and Cerenkov light readout for a redundant
event reconstruction. This is a clear advantage over alternative detectors
operating with only one of these readout modes.

3. Charge amplification to allow for very long drift paths. The detector
runs in bi-phase mode. In order to allow for drift lengths as long as
~ 20 m, which provides an economical way to increase the volume of
the detector with a constant number of channels, charge attenuation will
occur along the drift due to attachment to the remnant impurities present
in the LAr. This effect is compensated with charge amplification near the
anodes located in the gas phase.

4. Absence of magnetic field, although this possibility might be considered
at a later stage, e.g. in conjunction with a future Neutrino Factory.

The cryogenic features of the above design are based on the industrial
know-how in the storage of liquefied natural gases (LNG, T'~ 110 K at 1 bar),
which developed in the last decades driven by the petrochemical industry. The
technical problems associated to the design of large cryogenic tankers, their
construction and safe operation have already been addressed and engineering
problems have been solved by the petrochemical industry. The current state-
of-the-art contemplates cryogenic tankers of 200000 m® and their number in

the world is estimated to be ~ 300 with volumes larger than 30000 m®. LNG
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tankers are always of double-wall construction with efficient but non-vacuum
insulation between the walls. Large tankers are of low aspect ratio (height to
width) and cylindrical in design with a domed roof.

The detector discussed here is characterized by the large fiducial volume
of LAr included in a tanker with external dimensions of 40 m in height and 70
m in diameter. A cathode located at the bottom of the inner tanker volume
creates a drift electric field of the order of 1 kV/em over a distance of about
20 m. In this field configuration ionization electrons are moving upwards while
ions are going downward. The electric field is delimited on the sides of the
tanker by a series of ring electrodes (race-tracks) placed at the appropriate
potential by a voltage divider.

The tanker contains both liquid and gas Argon phascs at cquilibrium.
Since purity is a concern for very long drifts, we assume that the inner detector
could be operated in bi-phase mode: drift electrons produced in the liquid
phase are extracted from the liquid into the gas phase with the help of a suitable
electric field and then amplified near the anodes in proportional mode. In order
to amplify the extracted charge one can consider various options: amplification
near thin readout wires, GEM, or LEM 17) " Gain factors of 100-1000 are
achievable in pure Argon.

After a drift of 20 m at 1 kV/cm the electron cloud diffusion reaches
the size of 3 mm, corresponding to the envisaged wire readout pitch. If one
assumes that the reachable electron lifetime is at least 7 ~ 2 ms, as obtained
in ICARUS T600 detector, one then expects an attenuation of a factor ~ 150
over the distance of 20 m. We remind that this attenuation (compensated by
the amplification) will not introduce any detection inefficiency, given the value
of ~ 6000 ionization electrons/mm produced along a m.i.p. track in LAr.

In addition to charge readout, we envision to locate PMTs around the
inner surface of the tanker. Scintillation and Cerenkov light can be readout
independently. LAr is a very good scintillator with about 50000 v/MeV. How-
ever, this light is essentially distributed around a line at A = 128 nm and,
therefore, a PMT wavelength shifter (WLS) is required. Cerenkov light from
penetrating muon tracks has been successfully detected in a LAr TPC. Since
water and liquid Argon have very similar Cerenkov light emission properties
and also similar physical properties in terms of radiation length, interaction
length, etc.
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The potential of future LAr detectors anticipate a large physics pro-
gramme ranging from neutrino physics with artificial beams or astrophysical
neutrinos; to the search for nucleon decay. For more information we refer to 17)
and references therein.

The operation of a large 100 kton LAr apparatus in a neutrino Super-
Beam advantageously profits from the very good granularity provided by the
technique. In particular, the search for v, — v, events is very clean owing to
the excellent e/7Y separation. The imaging of the events and the high energy
resolution in the LAr TPC make the study of Beta-Beams very attractive, in
particular for the possibility to have separately pure v, and 7. beams. Good
p/7* discrimination is important in order to suppress the neutral current back-
ground with a charged leading #*. The combination of the information from
the imaging (tracking and energy) with the Cerenkov light could provide ade-
quate particle muon/pion separation.

In order to fully address the oscillation processes at a Neutrino Factory,
the ideal detector should be capable of identifying and measuring all three
charged lepton flavors produced in charged current interactions and of measur-
ing their charges to discriminate the incoming neutrino helicity. Embedding
the volume of Argon into a magnetic field would not alter the imaging proper-
ties of the detector and the measurement of the bending of charged hadrons or
penetrating muons would allow a precise determination of the momentum and
a determination of their charge. A field of 0.1 T will allow to discriminate with
> 30 the charge for tracks longer than 4 m. The ability to measure electron
and muon charges is the only way to address T-violation, since it implies the
comparigon between the appearance of v, (7,) and 7. (v.) in a beam of stored
uT (7)) decays as a function of the neutrino energy.

The astrophysical neutrino physics programme is naturally very rich for
a 100 kton T.Ar observatory. One expects about 10000 atmospheric neutrinos
per year and about 100 v charged current event per year from v, oscillations.
These events, given the excellent imaging capabilities of the LAr TPC, will
provide an unbiased sample of atmospheric neutrinos with unprecedented res-
olution. Solar neutrinos provide 320000 events per year with electron recoil
energy above ~5 MeV. This will give the possibility to make precigion mea-
surements of the solar neutrino flux and to study possible short and long term
variations. A galactic SN-IT explosion at 10 kpc yields about 20000 events.
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Sensitivity to extragalactic supernovae should also be possible as well as to
relic SN neutrino fluxes. A unique feature of the LAr TPC is the accessibility
to several independent detection channels which have different sensitivities to
different neutrino flavors.

Last but not least, direct evidence for GUT and baryon number viola-
tion represents one of the outstanding goals of particle physics. Nucleon decay
searches require a very good knowledge of the backgrounds induced by atmo-

0%* nucleons yields a sensitivity

spheric neutrinos. A target of 100 kton =6 x 1
for protons of 7,/Br > 103 years x T(yr)xe at the 90% C.L. in the absence
of background. This means that lifetimes in the range of 10%® years can be
reached within 10 years of operation. Channels like p — vK have been shown

to be indeed essentially background free.

7 Conclusions

The solution of the long standing solar and atmospheric neutrino problems has
led to the unambiguous confirmation that neutrinos oscillate and hence are
massive. Several key experiments have contributed so far to the building up of
the oscillation scenario. A wide programme is being executed and is planned
for the next years, aimed at more sensitive measurements of the elements of
the PMNS mixing matrix.

As far as accelerator neutrino experiments are concerned, further techno-
logical advances will be required for both the beam facilities and the detectors
to realize the next generation of experiments addressing the issues of CP vio-
lation in the leptonic sector and of mass hierarchy.

The LAr TPC technology, whose basic R&D work has been successfully
conducted by the ICARUS Collaboration, has great potentials for new gen-
eration neutrino experiments. In particular, a large, 100 kton device could
effectively compete with giant 500-1000 kton water Cerenkov detectors being
proposed for future precision studies of the neutrino mixing matrix and for
nucleon decay searches. This 100 kton LAr TPC would provide the widest out-
put for accelerator and astroparticle physics. Coupled to future Super-Beams,
Beta-Beams or Neutrino Factories it could greatly improve our understanding
of the mixing matrix in the lepton sector with the goal of measuring the CP
phase, and in parallel it would allow to conduct astroparticle experiments of
unprecedented sensitivity.
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THE CASE FOR A SUPER NEUTRINO BEAM

Milind V. Diwan
Brookhaven National Laboratory

ABSTRACT

In this paper I will discuss how an intense beam of high energy neutrinos pro-
duced with conventional technology could be used to further our understanding
of neutrino masses and mixings. I will describe the possibility of building such
a beam at existing U.S. laboratories. Such a project couples naturally to a
large (> 100 k'T) multipurpose detector in a new deep underground laboratory.
T will discuss the requirements for such a detector. Since the number of sites for
both an accelerator laboratory and a deep laboratory are limited, T will discuss
how the choice of baseline affects the physics sensitivities, the practical issues
of beam construction, and event rates.

1 Introduction

In D we argued that an intense broadband muon neutrino beam and a large
detector located more than 2000 km away from the source could be used to
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Figure 1: Nodes of oscillations for Am3, = 0.0025¢V? in neutrino energy
versus baseline (left). Possible baselines from Brookhaven National Laboratory
(BNL) and Fermi National Laboratory (FNAL) to the Homestake underground
site are indicated. They correspond to distances of ~ 2540 km and ~ 1290 km,
respectively. Right hand side shows the wide band neutrino spectrum from 28
GeV protons at a distance of 1 km from the target. The anti-neutrino spectrum
looks similar, but has contamination from neutrinos.

perform precision measurements of neutrino properties such as the mass dif-
ferences, the mass hierarchy, the mixing parameters, and CP violation in the
neutrino sector. Using the currently deduced neutrino mass differences and
mixing parameters 2) and the same formalism as 1) we formulated several
simple rules for such an experiment:

For precise measurements of AmZ,and sin® 26,3, it is desirable to observe
a pattern of multiple nodes in the energy spectrum of muon neutrinos. Since the
cross section, Fermi motion, and nuclear effects limit the resolution of muon
neutrino interactions below ~ 1 GeV, we need to utilize a wide band muon
ncutrino beam with energy range of 1-6 GeV and a distance of ~2000km to
observe 3 or more oscillation nodes. See Fig. 1.

The appearance spectrum of electron neutrinos from the conversion v, —
v, contains information about sin® 2643, dcp. Am3, and the ordering of ncu-
trino masses through the matter effect (i.e. (m1 < ma < mg) versus (mz <

mi < mo)). We showed that the effects of the various parameters can be
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separated using the broad-band 1-6 GeV beam and the ~2000km distance.
The matter effect causes the conversion probability to rise with energy and is
mostly confined to energies > 3 GeV whereas the effects of §op fall as 1/E.
We showed that this energy dependence can be used to measure the value of
dcp and sin® 20,5 without taking data with anti-neutrinos.

The additional contribution to the appearance event rate due to
3-generation CP violation in the neutrino sector is approximately proportional
to: sindcp sin 26013 X (Am3, L/4E,). This contribution increases linearly with
distance while the total flux falls as 1/L? for a detector of a given size. The
statistical sensitivity for the additional CP contribution; however, remains ap-
proximately independent of distance. It is therefore advantageous to perform
the experiment with a very long (> 2000 km) baseline because then we can
relax the requirements on systematic errors on the flux, the cross sections, the
other oscillation parameters, and the calculation of the matter effect.

Because of the electron neutrino contamination background in a conven-
tional accelerator neutrino beam the sensitivity to dop will be limited to the
parameter region sin® 26,3 > 0.01. The main CP-conserving contribution to
the v, — v, signal is proportional to sin® 205 in this region. The CP-violating
term, on the other hand, is linear in sin 26;3. Therefore the fractional con-
tribution due to the CP-violating term increases for small sin 26,3, although
the total appearance signal decreases. The statistical sensitivity to the CP-
violating term remains approximately independent of the value of sin® 265 as
long as backgrounds do not dominate the observed spectrum 3). When sin 26,3
is very small (< 0.002) this rule no longer holds because the signal is no longer
dominated by the sin® 2615 term in the 3-generation formalism 4).

Current generation of accelerator experiments such as K2K 5), MINOS
6), or CNGS 7 focus on obtaining a definitive signature of muon neutrino
oscillations at the first node (Am3,L/4E ~ 7/2) for the atmospheric mass
scale. Other recent proposed projects (JPARC-to-SK, NUMI-offaxis) 8, 9)
also focus mainly on the first node, but propose to use an off-axis narrow
band beam to lower the background in the search of v, — v, caused by a
non-zero f13. The narrow band beam and limited statistics, however, do not
allow measurement of the parameters in a definitive way. Proposed reactor
disappearance searches, also at the first node for the atmospheric mass scale,

are only sensitive to sin® 2614 4).
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Thus, current and near term accelerator based experiments are focussed
on the atmospheric mass scale. Experiments using astrophysical sources such as
solar neutrinos or atmospheric neutrinos are sensitive to either the solar or the
atmospheric mass scale. The parameters are now known well enough (Am3, ~
0.0025¢V2 and Am2, ~ 8x 10512 ) 10. 11, 12) that it is possible to design
a qualitatively different experiment that will have good sensitivity to both mass
scales. The CP contribution is dependent on both atmospheric and solar Am?;
it is also likely that such an experiment is necessary to uncover any new physics
in neutrino mixing or interactions with matter. A next generation accelerator
experiment with well understood, pure beams; sufficiently long baseline, and
low energy wide band beam (1-5 GeV) could fill this role.

In this paper we will discuss different options for the baseline. In 1Y)
we demonstrated that for 3-generation mixing the CP parameters could be
measured using neutrino data alone. Any additional information from anti-
neutrino running therefore could make the measurements more precise as well
as constrain contributions from new physics, in particular, new interactions in
matter or new sources of CP violation in the neutrino sector. We will calculate
the significance with which the neutrino mass and mixing parameters can be
measured using both neutrino and anti-neutrino data and the implications for
the determination of the mass hierarchy and demonstration of CP violation.

2 Accelerator and Detector Requirements

Previously we described the BNL Alternating Gradient Synchrotron (AGS)
operating at 28 GeV upgraded to provide total proton beam power of 1 MW
13) and a 500 kTon detector placed at the proposed national underground lab-
oratory (NUSEL) 14) in the Homestake mine in South Dakota. The main
components of the accelerator upgrade at BNL are a new 1.2 GeV Supercon-
ducting LINAC to provide protons to the existing AGS, and new magnet power
supplies to increase the ramp rate of the AGS magnetic field from about 0.5
Hz of today to 2.5 Hz. For 1 MW operation the protons from the accelerator
will be delivered in pulses of 9 x 10 protons at 2.5 Hz. We have determined
that 2 MW operation of the AGS is also possible by further upgrading the syn-
chrotron to 5 Hz repetition rate and with further modifications to the T.INAC
and the RF systems. The neutrino beam will be built with conventional horn
focussed technology and a 200 m long pion decay tunnel.
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High energy multi-MW proton beams are also under consideration at
FNAL. The most ambitious plans 15) call for a 8 GeV superconducting LINAC
that can provide 1.5 x 10" H~ ions at 10 Hz corresponding to 2 MW of total
beam power. Some of these & GeV ionsg could be injected into the main injector
(MI) to provide 2 MW proton beam power at any energy between 40 and 120
GeV; for example, 40 GeV at 2 Hz or 120 GeV at 0.67 Hz. Such a plan
allows much flexibility in the choice of proton energy for neutrino production.
As Figure 1 shows for observing multiple oscillation nodes in muon neutrino
oscillations it is necessary to have a wide band beam with energies from 1 to
5 GeV. Protons above ~ 20 GeV are needed to provide such a flux, clearly
possible at either BNL or FNAL. For the purposes of the analysis in this paper
we will assume that the spectrum from either the BNL or the FNAL beam
will be the same. This will allow us a proper comparison of the physics issues
regarding the baselines.

If a large detector facility (as a part of NUSEL) 16, 17, 18) ig Jocated
at Homestake (HS) the beam from BNL (FNAL) will have to traverse 2540km
(1290km) through the earth. At BNL the beam would have to be built at
an incline angle of aboul 11.3°. Current design for such a beam calls for the
construction of a hill with a height of about 50 m 13) . Such a hill will have
the proton target at the top of the hill and a 200 m long decay tunnel on
the downslope. At FNAL the inclination will be about 5.7°. There is already
experience at FNAL in building the NUMI beam 6); this experience could be
extended to build a new beam to HS. In either case, it is adequate to have a
short decay tunnel (200 m) compared to the NUMI tunnel (750 m) to achieve
the needed flux. The option of running with a narrow band beam using the off-
axis technique 19) could be preserved if the decay tunnel is made sufficiently
wide. For example, a 4 m diameter tunnel could allow one to move and rotate
the target and horn assembly so that a 19 off-axis beam could be sent to the
far detector.

With 1 MW of beam, a baseline of 2540 km, and a 500kT detector we
calculate that we would obtain ~60000 muon charged current and ~20000
neutral current events for 5 x 107sec of running in the neutrino mode in the
absence of oscillations. For the same running conditions in the anti-neutrino
mode (with the horn current reversed) we calculate a total of ~19000 anti-
muon charged current and ~7000 neutral current events; approximately 20%
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of the event rate in the anti-neutrino beam will be due to wrong-sign neutrino
interactions. For the shorter baseline of 1290 km from FNAL to HS, the event
rates will be higher by a factor of (2540/1290). For both neutrino and anti-
neutrino running approximately ~0.7% of the charged current rate will be from
electron charged current events which form a background to the v, — v, search.
It will be desirable to obtain similar numbers of events in the anti-neutrino and
the neutrino beam. Therefore, for the calculations in this paper we assume 1
MW operation for 5 x 107sec in the neutrino mode and 2 MW operation for
5 x 107sec in the anti-neutrino mode.

A large detector facility at NUSEL will most likely be used for a broad
range of physics goals. Important considerations for such a detector are the
fiducial mass, energy threshold, energy resolution, muon/electron discrimina-
tion, pattern recognition capability, time resolution, depth of the location, and
the cost. Two classes of detectors are under consideration: water Cherenkov
detector instrumented with photo-multiplier tubes and a liquid Argon based
time projection chamber.

A water Cherenkov detector built in the same manner as the super-
Kamiokande experiment (with 20 inch photo-multipliers placego())n the inside
)

the 300 kT mass. This could be done by simply scaling the super-Kamiokande

detector surface covering approximately 40% of the total area can achieve
detector to larger size or by building several detector modules 16, 17)  such
a detector placed underground at NUSEL could have a low energy thresh-
old (< 10 MeV), good energy resolution (< 10%) for single particles, good
muon/electron separation (< 1%), and time resolution (< few ns). For the
experiment we propose here it is important to obtain good energy resolution
on the neutrino energy. This can be achieved in a water Cherenkov detector by
separating quasi-elastic scattering events with well identified leptons in the final
state from the rest of the charged current events. The fraction of quasi-elastics
in the total charged current rate with the spectrum used in this paper is about
23% for the neutrino beam and 39% for the anti-neutrino beam. Separation of
quasi-elastic events from the charged current background is being used by the
K2K experiment 5). Further work is needed to make this event reconstruction
work at higher energies. The reconstruction algorithm could be enhanced by
the addition of ring imaging techniques to the detector 21)

A number of proponents have argued that a liquid Argon time projection
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chamber (LARTPC) could be built with total mass approaching 100 kT 18),
A fine grained detector such as this has much better resolution for separating
tracks. Tt is possible therefore to use a large fraction of the charged current
cross section (rather than only the quasi-elastic events) for determining the
neutrino energy spectrum. The LARTPC will also have much better particle
identification capability. Therefore, a LARTPC with a smaller total fiducial
mass of ~100 kT than the 500 kT assumed for the water Cherenkov tank is
expected to have similar performance for the physics.

For the purposes of this paper we will assume the same detector perfor-
mance as described in 1), For the physics sensitivity calculated in this paper
we will assume 1 MW operation for 5 x 107sec in the neutrino mode and 2
MW operation for 5 x 107sec in the anti-ncutrino mode. In both cases we
will assume a detector fiducial mass of 500 kT. With the running times, the
accelerator power level, and the detector mass fixed, we will consider two base-
lincs: 1290 km (for FNAL to Homestake) and 2540 km (for BNL to Homestake)
assuming that the detector is located at Homestake.

Lastly, we note that for this analysis the far detector could be at several
comparable sites in the western US, notably WIPP or the Henderson mine in
Colorado. While the detailed calculations change, the qualitative results are
easily deduced from this work for other locations.

3 v, disappearance

We propose to use clean single muon events 1) and calculate the neutrino
energy from the energy and angle of these muons assuming they are all from
quasi-elastic interactions. The expected spectrum is shown in Figure 2; the sim-
ulation includes effects of Fermi motion, detector resolution, and backgrounds
from non-quasielastic events.

A great advantage of the very long baseline and multiple oscillation pat-
tern in the spectrum is that the effect of systematic errors from flux normaliza-
tion, background subtraction, and spectrum distortion due to nuclear effects or
detector calibration can be small. Nevertheless, since the statistics and the size
of the expected distortion of the spectrum are both large in the disappearance
measurement, the final error on the precise determination of the parameters will
most likely have significant contribution from systematic errors. In Figure 3
we show the 1 sigma resolutions that could be achieved on Am3, and sin® 262z.
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Figure 2: Simulated spectrum of detected muon neutrinos for 1 MW beam and
500 kT detector exposed for 5 x 107 sec. Left side is for baseline of 2540 km,
right side for baseline of 1290 km. The oscillation parameters assumed are

shown in the figure. Only clean single muon events are assumed to be used for
this measurement (see tewt).

The black lines (labeled (1)) show the resolutions for purely statistical errors.
For the red lines (labeled (2)) we have included a 5% bin-to-bin systematic un-
certainty in the spectrum shape and a 5% systemalic uncertainty in the overall
normalization. These uncertainties could include modeling of cross sections or
knowledge of the background spectra. For the Am3, resolutions we also show
the expected resolution for an additional systematic error of 1% on the global
energy scale (blue line labeled (3)). This uncertainty for the Super Kamioka
water Cherenkov detector is estimated to be 2.5% in the multi-GeV region 20).

Although the resolution on Am2, will be dominated by systematic errors
for the proposed experimental arrangement, a measurement approaching 1—2%
precision can clearly be made. On the other hand, the resolution on sin® 26,3
is dominated by the statistical power at the first node. This results in a factor
of ~2 better resolution with 1290 km than with 2540 km using the same sized
detector.

Running in the anti-neutrino mode with 2 MW of beam power will yield
approximately the same spectra and resolutions on Am3, and sin® 2653. By
comparing the measurements with the results from neutrino running a test
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Figure 3: 1 sigma resolutions on Am3, (left) and sin® 2043 (right) expected
after analysis of the oscillation spectra from Figure 2. The solid curves are
for BNL-HS 2540 km baseline, and the dashed are for FNAL-HS 1290 km
baseline. The curves labeled 1 and 2 correspond to statistics only and statistics
and systematics, respectively (similarly for dashed curves of the same color).
The curve labeled (8) on the left has an additional contribution of 1% systematic
error on the global energy scale.

of CPT is possible. In such a comparison many systematic errors, such as the
global energy scale, common to the neutrino and anti-neutrino data sets should
cancel yielding a comparison with errors less than 1%.

Finally, we remark that it is important to make precision measurements
of both Am3, and sin? 2653 not only because they are fundamental parameters,
but also because they are needed for interpreting the appearance (v, — v.)
result. Knowledge of both Am3, and Am3, are essential in fitting the shape of
the appearance signal to extract other parameters. In addition, it will be very
important to definitively understand if sin® 2645 is cloge to 1.0 or is < 1.0. If
gin% 2055 < 1.0 then there will be an ambiguity in a3 — 7/2 — fa3. As we will
describe below this ambiguity will affect the interpretation of the appearance
spectrum.
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Figure 4: Simulation of detected electron neutrino (top plots) and anti-neutrino
(bottom plots) spectrum (left for BNL-HS 2540km, right for FNAL-HS 1290
km) for 8 values of the CP parameter dcp, 135°, 45°, and —45°, including
background contamination. Obuviously, the dependence of event rate on the CP

phase has the opposite order for neutrinos and anti-neutrinos.

The hatched

histogram shows the total background. The v, beam background is also shown.
The other assumed mizring parameters and running conditions are shown in the
figure. These spectra are for the regular mass hierarchy (RO).
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Figure 5: Expected limit on sin® 2043 as a function of 6cp for BNL-HS neutrino
running only (top left), FNAL-HS neutrino running only (top right), BNL-HS
anti-neutrino running only (bottom left), FNAL-HS anti-neutrino running only
(bottom right).
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4 v, appearance

Assuming a constant matter density, the oscillation of v, — v, in the Earth

for 3-generation mixing is described approximately by the following equation
22)

. in% 26 .
Py, >v.) ~ sin® 923?;_71;’ sin2((A — 1)A)
sin 8¢ p cos B3 sin 2815 sin 26,3 sin 2043
+a —~ — X

A1 - A)
sin(A) sin(AA)sin((1 — A)A)
N cosdcp cos b3 sAin 2912Asin 2613 sin 2653
A1 - 4)
cos(A) sin(AA)sin((1 — A)A)
o2 cos? fog sin? 265

Az

sin?(AA)
(1)
where @ = Am3,/Am3,, A = Am3,L/AE, A = 2VE/Am3,, V =
V2Gpn.. n. is the density of electrons in the Earth. Recall that Am3; =
Am3, + Am3,. Also notice that AA = LGpn./v/2 is sensitive to the sign of

Am2,. For anti-neutrinos, the second term in Equation 1 has the opposite sign.
It is proportional to the following CP violating quantity.

Jop = sin B9 sin fos sin B3 cos 15 cos Bag cos® B3 sin 6 p (2)

Equation 1 is an expansion in powers of a. The approximation becomes
inaccurate for Am3,L/4E > 7/2 as well as a ~ 1. For the actual results we
have used the exact numerical calculation, accurate to all orders. Nevertheless,
the approximate formula is useful for understanding important features of the
appearance probability: 1) the first 3 terms in the equation control the matter
induced enhancement for regular mass ordering (RO) (m; < ma < mg) or
suppression for the unnatural or reversed mass ordering (UO) (mz < my < my)
of the oscillation probability above 3 GeV; 2) the sccond and third terms control
the sensitivity to CP in the intermediate 1 to 3 GeV range; and 3) the last term
controls the sensitivity to Am3, at low energies.

The v, signal will consist of clean, single electron events (single showering
rings in a water Cherenkov detector) that result mostly from the quasi-elastic



M.V. Diwan 101

Resolution ¢, vs Sin®26,, Resolution d¢,, vs Sin®26,,

. Running Only . Running Only

50 (@ 0.%.C.L. 50 (@ 0.%.C.L.
\Q 3 cntrs: STAT only 3 cntrs: STAT only
STAT+10% SYST

STAT+10% SYST

é@

0 STAT#207% SYST 0 STAT#207% SYST

-50 -50

-100 -100
BNL-HS 2540 km FNAL-HS 1290 km
sin®20, (12,23,13) = 0.86/1.0/0,08, 5.,=45° sin?20, (12,23,13) = 0.86/1.0/0,04, 5,,=45°

e 30y 2 30.E/5 ca.q aV2 B 3oV — =2 20 Ei5 a3 a2

-150 m;2(21,32) = 7: 5e-3€ -150 Am;2(21,32) = 7: .5e-3-

1 MW, 0.5 MT, 5¢7 sec 1MW, 0.5 MT, 5e7 sec
0 002 004 006 008 0.1 0.12 0 002 004 006 008 0.1 0.12
Sin®20,, Sin®20,,

Figure 6: 90% confidence level error contours in sin® 2013 versus dcp for sta-
tistical and systematic errors with neutrino data alone. Left is for BNL-HS
and right is for FNAL-HS. The test point used here is sin® 2613 = 0.04 and
Sop = 45°. Am3, = 0.0025 eV?, and Am3, = 7.3 x 1075 e V2. The values of
sin? 2615 and sin® 205 are set to 0.86, 1.0, respectively.

reaction . + n — e~ + p. The main backgrounds will be from the electron
neutrino contamination in the beam and reactions that have a 7% in the final
statc. The 7% background will depend on how well the detector can distinguish
events with single electron induced and two photon induced electromagnetic
showers. Assuming the same detector performance as in 1) we calculate the
expected electron neutrino and anti-neutrino spectra shown in Figure 4. These
spectra were calculated for the parameters indicated in the figures for the regu-
lar mass ordering (RO). For the reversed mass ordering (UO) the anti-neutrino
(neutrino) spectrum will (not) have the large matter enhancement at higher
energies. The dependence of the total event rate on the CP phase parameter

is the same for RO and UO in either running mode.

4.1 #43 and d¢op phase

If there is no excess of electron events observed then we can set a limit on the
value of sin® 20,5 as a function of 6cp. Such 95 and 99% C.L. sensitivity limits
are shown in Figure 5. These set of plots illustrate various considerations that
must be evaluated for the very long baseline project. After running initially
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Figure 7: 90% confidence level error contours in sin’ 26,5 versus d¢cp for statis-
tical and systematic errors for 32 test points. This simulation is for combining
both neutrino and anti-neutrino data. Left is for BNL-HS and right is for
FNAL-HS. We assume 10% systematic errors for this plot.

in the neutrino mode with 1 MW of beam power, if an excess signal is found
then a measurement of o p versus sin® 2613 can be made as shown in Figure
6, at the same time the mass hierarchy is determined from the strength of
the signal in the higher energy region. If there is no signal in the neutrino
mode then either 613 is too small for the regular mass hierarchy (RO) or the
mass hierarchy is reversed (UQ) and parameters are in the “unlucky” region
(—140° < dcp < 30°). For the shorter baseline of 1290 km, the #13 sensitivity
for the reversed hierarchy is not reduced as much as for 2540 km because both
the CP-sensitivity and the matter effect are weaker. Although this yields a
better limit for sin” 26,5 in the absence of signal, it affects the precision on é¢p
and the determination of the mass hierarchy.

If there is no signal in the neutrino mode, we will run in the anti-neutrino
mode to cover the “unlucky” parameter space for the appearance signal. A
combination of neutrino and anti-neutrino running will yield a stringent limit
approaching ginZ 26,5 ~ 0.003 independent of the value of §cp. The simulation
results shown here include wrong sign contamination in both the background
and signal for anti-neutrinos. Interestingly, since more than 20% of the event

rate in the anti-neutrino case actually arises from the neutrino contamination,
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the gin® 2645 limit in the anti-neutrino case exhibits less dependence on 6 p
and the mass hierarchy. If there is a signal in the neutrino mode, we will
get the first measurement of o p from neutrino data alone in the 3-generation
model, but it will still be important to run in the anti-neutrino mode for better
precision, over-constraints on the 3-generation model, and search for possible
new physics either in the mixing or in the interactions of neutrinos.

In Figure 6 we show the 90% confidence level interval in the dop versus
sin® 265 plane from neutrino running alone for the two baselines. We have
chosen the point §op = 45° and sin® 26,3 = 0.04 as an example. At this test
point for the regular mass hierarchy, the resolution on écp is ~ £20°. The
mass hierarchy is also resolved at > 5 sigma because of the large enhancement
of the spectrum at higher energies. As we pointed out in the introduction, the
resolution on the CP phase is approximately independent of the baseline. The
major difference between the 1290 and 2540 km baselines is that the shorter
baseline has higher correlation between the parameters; dcp and sin? 2613, has
better resolution on sin” 263, and has worse sensitivity to systematic errors on
the background and the spectrum shape. If the systematic errors exceed 10%,
the shorter baseline will most likely have worse performance for measuring the
CP parameter.

The sensitivity to systematic errors and the dependence on the mass hi-
erarchy can be relieved by using data from both neutrino and anti-neutrino
running. Figure 7 shows the 90% confidence level interval for 32 test points
in the dop and sin® 2645 plane after both neutrino and anti-neutrino data. A
number of observations can be made: Figure 7 is for the regular mass hicrarchy.
The plot for the reversed mass hierarchy is similar. After both neutrino and
anti-neutrino data the hierarchy will be resolved to more than 10 sigma (some-
what less significance for the shorter bascline) for gin® 2615 as small as 0.01.
The resolution on dcp is seen to be approximately independent of sin® 263
for in® 20453 > 0.01. When sin? 26,3 is so small that the background becomes
dominant, the d¢p resolution beecomes poor. The resolution on d¢rp is scen to
be approximately the same for 2540 and 1290 km, except for small sin® 26,5
where large statistics at 1290 km are seen to overcome the background. The
resolution on sin? 26,4 is, however, better for the shorter baseline because the
sensitivity comes from the first node of oscillations which has much higher
statistics at the shorter baseline.



104 M.V. Diwan

4.2 Correlations with other parameters

The measurement of d¢p using a wide band beam and multiple oscillation
23). The 5CP — T — 5CP
ambiguity is resolved by the detection of multiple nodes including the effects

nodes is largely free of ambiguitics and correlations

of the cosdcp term. The mass hierarchy is resolved because it has a strong
energy dependence obvious in the shape of the spectrum.

The remaining main sources of correlations are the uncertainty on Am3;
and sin® 2053. The CP terms in Equation 1 are linear in Am3,, therefore the
systematic uncertainty on the event rate at the second oscillation maximum
will be < 10%, which is the uncertainty on Am3, from solar neutrino and
KAMLAND experiments. As discussed above, this level of uncertainty will not
affect the CP measurement for the longer baseline of 2540 km, but could be
important for the shorter baseline of 1290 km.

An examination of Equation 1 shows that the knowledge of 83 affects the
first (Am3, dominated) and the last (Am3; dominated) terms as sin” Aoz and
cos? Bo3, respectively. The first term is responsible for the matter enhanced
(or suppressed) appearance at high energies and the last term is responsible
for appearance at low energies. Current knowledge of #23 from atmospheric
neutrinos  10) is rather poor: 35 < fa3 < 55°. A precise determination of
sin® 2055 using the muon disappearance spectrum is, therefore, essential for
proper interpretation of the appearance signal. A 1% determination of sin® 26,3
(Figure 3) leads to an uncertainty of ~ 10% on the appearance event rates if
B3 ~ 45° and ~ 2% if B3 ~ 35°. If Bo3 ~ 35° then there is also the additional
ambiguity of fs5 — 7/2 — fa3. Because of the strong energy dependence at
low and high energies the ambiguity as well as the uncertainty should not
affect the interpretation of the neutrino data in the case of the longer 2540km
baseline. Uncertainties on both Am3, and 63 affect the neutrino and anti-
neutrino appearance spectra in the same manner, therefore after both data
sets are acquired these systematic errors are expected to have little effect on
establishing CP violation in neutrinos, but may affect the determination of
parameters in the case of the shorter baseline.

It is important to understand the physics case for the super-beam if
sin® 263 is s0 small that the background prevents us from detecting a signal. In
this case, both the mass hierarchy through the matter effect and the CP phase

measurement are not accessible for any baseline. However, the v, — v, conver-
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Figure 8: Expected spectrum of electron neutrinos (left) for 613 = 0 and other
assumed parameters indicated in the figure. The right hand side shows the reso-
lution of the 8oz — /2 —0s3 ambiguity using the measurement of sin” 20ss from.
disappearance and assuming a 10% measurement of AmZ, from KAMLAND.
The area between the curves is allowed by the appearance spectrum (left) for
O23 = 35°.

sion signature still could be accessible for the longer baseline of 2540 km because
of the last term in Equation 1. This term depends on the “solar” Am3; as well
as sin® 2615 and cos? @s5. For the current value of the solar parameters ~ 100
events could be expected over a similar background. This is shown in Figure 8
where we have used a 1 degree off-axis neutrino spectrum to reduce the back-
ground level at low energies. For this calculation we have used sin® 2625 = 1.0
and sin® 26,3 = 0.88 as test points. We assume that sin® 26,3 will be measured
with ~1.5% precision in disappearance. In the case of sin? 2653 = 0.88, we are
lead to an ambiguity in f23 of 35°£0.6° — 55°£0.6°. This ambiguity is clearly
distinguished at several sigma in the case of the 2540 km baseline as shown in
the right hand side of Figure 8. The ambiguity resolution is accomplished by
comparing the result of appearance with the result of 7. disappearance from
solar and KAMLAND measurements. For Figure 8 we assume that Am3, will
be determined to ~ 10%. This comparison of appearance and disappearance
experiment could also be important for uncovering new physics in this sector.

5 Conclusion

We have studied various possible measurements using a powerful neutrino
beam, using a MW-class proton source located either at BNL or FNAL, to
a large capable detector with fiducial mass in excess of 100kT over a distance
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~ 2000km. For our study here, we chose the distances of 1290 and 2540km
because they correspond to the distances from FNAL and BNL to Homestake
in South Dakota, one of the possible sites for a large detector. Nevertheless,
our results are applicable to any other site in the U.S. at a comparable dis-
tance from an accelerator laboratory. Qualitatively, this project is motivated
by the need to perform an experiment that is sensitive to both the atmospheric
(Am3, ~ 0.0025¢V? ) and the solar (Am3; ~ 8 x 107°eV? ) oscillation scales
and to obtain an oscillatory pattern in the energy spectrum of muon neutrinos.
The detector requirements for such an experiment — both in size and perfor-
mance — are well-matched to other important goals in particles physics, such as
detection of proton decay and astrophysical neutrinos. Therefore the potential
physics impact is very broad for particle and astrophysics.

In this paper we have shown that very precise measurements of AmZ,
and sin® 2653 can be made using the observation of the oscillatory spectrum of
muon neutrinos at either 1290 or 2540 km. For these precise measurements the
shorter baseline has an advantage because of the increased statistical power,
however it is very likely that the measurements will be systematics dominated
to about 1% for either distance. We have also shown that very good bounds on
sin% 26,3 can be obtained from both baselines using the appearance of electron
neutrinos. The electron event rate at shorter baseline has smaller matter effect
and smaller dependence on the CP phase. Therefore, the #13 bound using the
neutrino data alone from the shorter baseline will have less dependence on the
CP phase and the mass hierarchy. When both neutrino and anti-neutrino data
are combined the dcp and mass hierarchy dependence is eliminated for both
baselines, and the #,3 bound from either baseline will likely be dominated by the
knowledge of backgrounds. The limit on sin® 263 could reach ~ 0.003 if total
number of background events can be controlled to about twice the expectation
from the electron neutrino contamination in the beam (~ 0.7%).

If a signal is found for electron appearance then the value of the CP phase
can be determined from the shape of the spectrum using neutrino data alone
for either baseline. A more precise measurement of the CP phase and further
constraint on the 3-generation model can be made by additional running in the
anti-neutrino mode. There are some advantages for having the longer 2540 km
baseline for the CP measurement. The matter effect is much larger and there-
fore the mass hierarchy can be resolved with greater confidence. The effect of
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dcp on the spectrum is also much larger for the longer baseline. This allows
extraction of the parameter d¢p without relying on very precise determination
of the spectrum shape. The systematics of the spectrum shape are dependent
not only on the knowledge of the beam, but also on other neutrino parame-
ters such as AmZ,, o3, Am3,, and 612. These parameters must be obtained
from solar and reactor experiments, and from the muon neutrino disappearance
analysis. A 10% systematic uncertainty on the backgrounds and the shape of
the spectrum is tolerable for the 2540 km baseline, whereas the uncertainty
needs to be smaller for the shorter baseline experiment. In addition, the longer
baseline allows detection of the appearance of electron neutrinos even if 843 is
too small, through the effect of Am3, alone. This observation can also help
separate the foz — 7/2 — G553 ambiguity if needed.

Despite the small, but significant differences between the two possible
baselines, we conclude that an experiment using a beam from either FNAL
or BNL to a large next generation multipurpose detector is very important
for particle physics and could lead to major advances in our understanding of
neutrino phenomena. It is important to recognize that the detector meant for
such an experiment needs to be highly capable in terms of pattern recognition
and energy regolution. If such a detector is located in a deep low background
environment, it has broad applications in searching for nucleon decay and as-
trophysical neutrino sources. There are many advantages if both beams can
be built and sent to the same detector. The correlation between parameters
and the size of the matter effect are different for the two baselines. It is pos-
sible that by combining the results from the two baselines all dependence on
external parameters could be eliminated, and the neutrino sector much better
constrained. The requirement on total running time could also be reduced.

This work was supported by DOE grant DE-AC02-98CH10886. I also
want to thank the Aspen Center for Physics where much of the writing of this
paper took place.
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ABSTRACT

We present measurements related to the CKM angle 8 from the BABAR
experiment based on 82 or 113 fb~! data samples collected at the PEP-II ete™
asymmetric B Factory collider. Updated CP measurements in the penguin
dominated modes B® — ¢K° B® — f3(980)KY, BY — 7°K2, and B° —
K™K~ K are presented. In addition, a new method that allows to determine
the sign of cos 23 with the decay mode B® — J/¢K*0 is described.

1 Introduction

CP violation has been a primary objective of particle physics since its dis-

D). In the three-generation Cabibbo-

covery in 1964 in the K% mesons decay
Kobayashi-Maskawa (CKM) quark mixing matrix 2) the CP-violation effect is
accounted for as a complex phase that breaks the CP symmetry of the flavor-

changing transitions.
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In general, CP-violating asymmetries arises from the interference between am-
plitudes with a weak phase difference. As an example, an initially produced
state BY (ﬁ) can decay to a final CP eigenstate fop either directly with am-
plitude Af., (4f,,), or it can first oscillate into a B® (B°) state and then
decay to fop with amplitude 4., (A.,)- In the Standard Model (SM), the
phase difference between the amplitudes Ay, and Ay, is equal to twice the
angle

B=¢1=arg(—VeaVay/ViaVi) - 1
of the Unitarity Triangle 3). The measurement of the CP-violating asymme-
try in theoretically and experimentally clean decays such as B® — J/¢ K%
established the presence of CP violation in B meson decays from the direct
determination of sin 23, and thus providing a crucial test for the SM 4),
The SM can be further challenged by measuring sin 23 in penguin dominated
channels, since new physics (NP) may enter the loop appearing in the dia-
gram of these decays. A large departure from the sin 23 value measured in
the B® = J/¢¥KY% mode will be a clear signature of NP. Here, we present the
recent results of BABAR CP measurements in the penguin dominated modes:
B — ¢K°, B® — f4(980)K2, B® —» r°KY, and B® - KTK K.
In addition, the high precision measurement of the CP violating parameter
sin 2/ is determined up to a four—fold ambiguity on the angle g itsclf. This can
be reduced to a two—fold ambiguity when measuring the sign of cos23. In the
SM cos 28 is expected to be positive. The cos 23 parameter can be measured
with events B® — J/yK*%; K*0 — Kon®. However, also this decay contains a
sign ambiguity, arising from a two—fold ambiguity in the determination of the
strong phases involved in the decay. Here, we present a new method to break
this strong phases ambiguity based on the analysis of the K7 phase variation
with mass. This will allow a first ambiguity-free measurement of cos20 and a
direct test of the SM.

2 CP measurements with penguin dominated modes

The penguin dominated modes are considered “windows” to NP. In the SM,
contributions beyond the leading penguin are affected by estimation uncer-
tainty which depends on the channel. The “effective sin 245” measured in each
channel may then differ from sin 23 by different amounts 5).

The proper-time distribution of a reconstracted B meson (Bye.) which decays
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to fop. can be expressed in terms of a complex parameter A 6), which depends
on both the B® — BY oscillation amplitude as well as the decay amplitudes
At and Ag, .. The decay rate f1.(f_) when the other B meson (Bag) decays
as a B (BO) is given by

e~ At /TR0 2Tm \ 1— AP
fL(At) = in (AmgA AmgAt)|,
+(At) pr— 1_‘_‘/\Psm( My t)$1+|/\|2cos( mqAt) |,
e—|At|/TBo ]
= —— |1+ Ssin (AmgAt) T Ccos (AmgAt) |, (2)
4TBO

where At = t,oc — tia, is the difference between the proper decay times of Byec
and Biag, Tgo is the B lifetime, and Am, is the B® — BO oscillation frequency.
The decay width difference AT between the B® mass eigenstates is assumed
to be zero. The sine term is due to the interference between direct decay and
decay after a net B® — BO oscillation. A non-zero cosine term arises from the
interference between decay amplitudes with different weak and strong phases
(direct CP violation) or CP violation in B — B mixing.

In the SM, CP violation in mixing is negligible, as is direct CP violation. With
these assumptions, A = 7jre~2%, where 7¢ is the CP eigenvalue of the final
state fop. Thus, the measured time-dependent CP agymmetry is

£, —f

AcrlAt) =

= —ny -sin 28 - sin (Amgy At). (3)

2.1 Decay modes B® — ¢K2 and B® — ¢K?

The decay BY — ¢KY is a b — s5s quark level decay. In the SM, the expected
CP asymmetry is very close to ~ sin 23. The BABAR measurement is reported
in Table 1 and decay rates are shown in Figure 1. The measurement is in
agreement with the SM expectation.

2.2 Decay mode B® — £,(980)Ks, fo(980) — wm—

The structure of the scalar meson f,(980) is not well known, but recent studies
favor an usual ¢g interpretation 11), with fu = cos ¢,s5 + sin ¢, (uﬂ + dE) / V2
and ¢s = (=48 £6)°. The decay B® — f,(980)K s should then be dominated
by the b — s8s penguin, since the s§ component is sizeable and the b — uus
tree is doubly Cabbibo suppressed compared to the leading penguin. The
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Figure 1: Top left: Mass distribution of B® — ¢K 2 events, with 70 £ 9 candi-
dates found out of a 108/6~' sample. Bottom left: Difference of measured and
expected energy of B® — ¢K? candidates: only the K, direction is known and
the B mass constraint is used to estimate the B energy. 52 £+ 16 candidates
are found. Right: At distributions and asymmetry for B® — ¢K2 (a,b,c) and
B = 6K (d,e,f).

BY — f3(980)K 5 CP asymmetry expected in the SM is ~ —sin28. A quasi
two-body analysis is performed, and a cut in the 7K Dalitz plot is made
to reduce the contributions from the pg and the fq(1370). This is the first
observation of the B® — f3(980)K s decay (see Fig. 2). The signal is checked
with a fit to the 777~ mass spectrum with a relativistic Breit-Wigner, leading
to a mass and a width compatible with the PDG values for the fy. The CP
fit result is shown in Table 1, and the decay rates distributions are shown in
Figure 2.

2.3 Decay mode B° — 79K

This a b — sdd quark level decay. The SM expectation for this decay mode is
~ +sin2f8. An experimental issue with this decay is the determination of the
BY vertex: no charged particles emerge from the B vertex. The reconstructed
B direction is constrained to the beam spot in a plane transverse to the beam
direction. This is used to estimate the B vertex position. The vertex deter-
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Figure 2: Left: Top: Mass distribution of B® — fo(980)Ks candidates. 94 &
14 £ 6 out of a 111fb~" sample are found. Bottom: ®T7~ invariant mass,
fitted with a relativistic Breit-Wigner function. Right: At distributions and
asymmetry.

mination technique is checked with B® — J/1¥/Kg and BT — 7t Kg decays,
ignoring the J/4 or the #+. An additional check makes use of the measured
BO lifetime. The CP asymmetry measurements are shown in Table 1 and decay
rates plots are shown in Figure 3.

2.4 Decay modes B® - KtK~ K¢ and B* - K¥KsKs¢

The CP asymmetry of the quark level decay b — s3s can also be measured with
the inclusive B® — K+ K~ Kg decay (excluding ¢ — KK ~) and benefits from
larger statistics than the B® — ¢K2 mode. In contrast, the CP content is not
known a priori and it can be determined from B — K K K branching ratios of
charged and neutral B mesons 10): Jeven = 2I(Bt - KTKsKs)/TB® - KTK~Kg
BABAR measured the following branching ratios:

Br(BT - KtKeKs) = (10.7+£12£1.0)x 1079 (4)
Br(B® - KtTK Kg) (23.8+£2.0+1.6) x 1079, (5)

obtaining feyen, = 0.98 £ 0.15 £ 0.04, which is compatible with a pure CP
even state. In the SM the expected CP asymmetry for this channel is then
~ —sin23. The measured CP asymmetry parameters S and C are shown in
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Table 1 and the decay rates are shown in Figure 4. The first measurement of
the CP-violating charge asymmetry in the BY — K*K¢Kg decay resulted in
Acp(Bt - KtKsKs) = —0.042 £ 0.114(stat) £ 0.02(syst).
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Figure 4: Left: Mass distribution of a) B® - KtK~Ks and b) B* —
K*KsKs candidates. 201 + 16 and 122 + 14 candidates are found respectively
out of a 111fb~1 sample. Right: At distributions and asymmetry.
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Table 1: S and C CP parameters (Fq. 2) measured for various B decay modes.
The (approximative) SM expectation for S is given in the second column. For
S and C, the first uncertainty is statistical, the second one systematical. The
“foven” uncertainty for S of KY K~ Kg comes from the uncertainty on feuen
itself. Details for each mode are given in the text.

B decay SM exp. S c

KO +sin23 +0.47 £ 0.347005 +0.10 £ 0.33 £ 0.1(
K+K-Ks | —sin28 | —0.56 %+ 0.25 = 0.041Y | (fopen) | —0.10%0.19 = 0.0¢
™ Kg +sin 28 +0.4810-%2 £ 0.11 +0.4010-37 £ 0.10
F980)Ks | —sin2p —1.62703 £ 0.10 +0.27 = 0.36 £ 0.1

3 Measurement of the cos 23 sign with B® — J/¢K*° events

The CP content of the decay B® — J/¢pK*(892); K*0(892) — K" is both
even an odd. The cos2f parameter appears through CP—even and CP—odd
interferences in the time and angular dependant distribution in the observ-

ables 7).

cos(d) —61)-cos23, cos(6 — do) - cos2p, (6)
where dg,d) and d, are the strong phases of the decay amplitudes Ag =
|Agle®, A = |A)|e®r, which are CP—even, and A, = |A)e®+, which is

CP—odd. These strong phases are measured on a large sample of neutral and
charged B — J/¥K* decays (see Table 2), up to the two-fold mathematical
ambiguity: (6 — 0,01 — do) ¢ (—(0) — do), ™ — (81 — dq)). For the moduli of
the decay abplitudes we obtain:

|40]> = 0.566+0.012+0.005 (7)
|47 = 0.204+0.015 % 0.005 (8)
A1) = 0.230=£0.015+0.004 9)

Under this transformation, cos(d) — ¢, ) and cos(d, — do) change of sign,
impling that the two set of parameters () — 09,01 — 6o, cos283) < (—(o) —
d), ™ — (81 — do), —cos2) are mathematically equivalent 7). Up to this point
we considered the P-wave K*(892) only. In fact, it is known that a K= S—
wave lies in the K*(892) region 8) and the resulting interference with the main
Kn P—wave K*(892) can be exploited to break the strong phases ambiguity.
Taking into account a B — J/¥(K7)s_wave amplitude, in addition to the three
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Table 2: Values of the strong phases corresponding to the two possible solu-
tions. The strong phases measured by an angular analysis on a sample of
B — J/p(KTa )0, Bt — J/p(Kent)*T, BT — J/p(KT70)*T, and re-
lated charged conjugate decays. The integrated luminosity is S2fb~1. The
yields corresponding to the three above channels are 2376 + 51, 670 + 27 and
791 + 33, respectively. Note that we observe a 7.6 o significant strong phase:
Oy — 41 =0.597 £ 0.077 = 0.017.

Solution I Solution IT
O —do | 2.729£0.101 £ 0.052 | 3.554 £ 0.101 £+ 0.052
61 —6g | 0.184 +0.070 4+ 0.046 | 2.958 £ 0.070 = 0.046

B — J/¢(K7T)p_wave ones (Ao, A), A1), introduces the relative strength of the
P and S contributions and a new relative phase v = g — dg. The ambiguity

(&) = 0.1 — do.v) > (= () — do). 7™ — (81 — do). —7). (10)

still remains, but the ambiguity on v can be solved. According the Wigner’s
9)

increasing mass. In the K*(892) region, the (K7)s_wave phase moves slow,

causality principle ¢/, the phase of a resonance rotates counterclockwise with
while the (K7)p_wave phase moves rapidly. The phase v = g — dp must then
rotates clockwise in the K*(892) region. Figure 5 shows the P and S wave
intensities as function of the K7 mass, as well as « for both “Solution I” and
“Solution IT*. The physical variation of 7 is observed for “Solution IT”. As a
cross-check of the phase evolution with mass, the v phase evolution is compared
in Figure 5 with the evolution observed in the Kp — Kx(n) high statistics

8). The agreement with the LASS experiment is remarkable.

)*O

LASS experiment
We perform a time and angular dependant analysis of the B® — .J /(K g7°
sample (104 events), fixing the angular structure of the decay using above
amplitude moduli and strong phases “Solution II” (tab. 2). With sin28 and
cos 2/ free in the fit, we obtain 7) sin 23 = —0.10£ 0.57(stat) = 0.14(syst) and
cos 23 = +3.3210- T8 (stat) £ 0.27(syst). Using the world average sin 23 = 0.731

value, we obtain
cos2f = +2.72+0-50 (stat) £ 0.27(syst). (11

We thus measure a positive cos 2/3 value, in agreement with the SM expectation.
The fit result for cos28 can be illustrated by determining the moment of the
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Figure 5: Left plots: Top and middle panel are the P and S wave intensity
as function of the Km mass (K*tnT channel only). A fit with a Breit-Wigner
lineshape including centrifugal effect is performed for the P wave intensity.
Bottom: v = dg — 8o as function of the Km mass, where the open points
are obtained with strong phases “Solution I” (Tab. 2) and the full points with
“Solution II” (Tab. 2). Right plots: Top: Comparison of the v = dg — do phase
with the Km mass with the LASS data (diamond markers). The LASS data
correspond to the isospin 1/2 contribution, i.e., the one existing in the B —
J/p(Kr) decay. A global w offset was added to the LASS data, which obviously
does not change the slope. Bottom: Moment of the angular function weighting
the cos 23 contribution in the time and angular dependant distribution. The full
line corresponds to cos 23 = +3.32, the dashed line to cos23 = /1 —0.7312 =
+0.68.

angular term weighting cos 23 in the time and angular dependent distribution,
as shown in Figure 5. Assuming sin 24 and cos 2 measure the same angle 23,
we estimate on Monte Carlo that we exclude the negative cos28 solution at
89% CL. This is a preliminary estimate.
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4

Conclusion

Measurements of CP asymmetries in the penguin dominated modes B® — ¢K°,
BY — f5(980)K S, B® — n°K Y, and B® -+ KTK~ K2 are all found compatible
with SM expectations. A novel method to resolve the ambiguity of the strong
phases in the B — J/¢)K* has been used to measure the sign of cos23 with
B® — J/¢pK*%; K*® — Kgr® free from the strong phases ambiguity. This sign
is found positive, in agreement with SM expectation.
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ABSTRACT

The primary objective of the BABAR Experiment is to test the Standard Model
explanation of CP violation in weak decays by over-constraining the CKM
Unitarity Triangle. This includes the measurement of all three angles of the
triangle. Although precise measurements of the angle 8 have been obtained
using B decays to charmonium states, the remaining angles, « and -, pose
greater experimental challenges. In this paper, the latest measurements of
modes which will constrain o and « will be presented, including B® — ptp~
for o and a measurement of sin(28 + +) from the B® — D*)*1F gystem.

1 (P Violation

In the Standard Model, the imbalance between matter and anti-matter in the
universe can be quantified by measuring the amount of CP Violation present in
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Figure 1: The triangular representation of V,}; Vua + Vi Vea + V3 Via = 0, which
describes CP violation in the Standard Model for the B meson system.

weak interactions. CP violation is described by a single phase () in the quark
mixing matrix for three generations, the Cabibbo-Kobayashi-Maskawa (CKM)
matrix. The CKM matrix:

Vud Vus Vub
Voekm =\ Vea Ves Ve (1)
Vie Vie Vi

is the Standard Model description of CP violation, and can be rewritten in the
1)

Wolfenstein parameterization +/, as:
1—A2/2 A AN (p —in)
Voerm = —A 1—2A%/2 AN? +0Y (2
AN (1—p—in) —AN 1

The unitarity of the CKM matrix yields several interesting relationships for its
components, including V.5 Viq + Vi Vea + V; Vig = 0 (Figure 1) which describes
Standard Model CP violation in the B meson system. Measuring the two
sides (the base is set to unit value) and all three angles of this triangle in many
different processes tests whether this theory of CP violation is a full description
of the processes which occur in the B meson system. The three angles (a, 5
and 7) can be written in terms of the couplings between quarks:

_ ViaVi, _ VeV _ VudV)y
o = arg [ VoV | B = arg VeV | v = arg VoV (3)
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The measurements of these angles can be made in the CP asymmetries of
decay modes of the B meson. This paper describes recent analyses which aim
to measure & and ~ from the BABAR experiment.

2 The BABAR Experiment

The BABAR experiment is situated at the PEP-II 2) asymmetric ete™ collider
at the Stanford Linear Accelerator Center, U.S.A. As the BABAR detector is
described completely elsewhere 3), only a brief description is included here.
A Silicon Vertex Tracker (SVT) surrounds the beam-pipe, providing excellent
tracking of charged particles close to interaction point. Surrounding the SVT
is a drift chamber (DCH), which provides some particle identification (duc to
its measurements of the energy loss of charged particles) and precise measure-
ments of track momenta inside the 1.5T magnetic field applied to the detector
using a superconducting coil. The detector of internally reflected Cherenkov
radiation (DIRC) provides charged hadron identification, whilst the CsI(TI)
electromagnetic calorimeter (EMC), is used to reconstruct neutral hadrons,
detect photons and provide electron identification. Situated next is the mag-
net, followed by the instrumented flux return (IFR), which is used for the

identification of muons and long-lived neutral hadrons.

3 Measurements of o

Neutral B mesons decay to 777~ and pTp~ primarily via a b — uud tree di-
agram, with additional contributions from penguin diagrams. The amplitudes
of the B® (A) and the B® (4) decay can be represented as a combination of
the tree (T) and penguin (P) amplitudes:

A=et™TLe P | A=e T +tPP 4)

whosc coefficients give the sensitivity to . The CP asymmetry between the
B° and the BO decays is given by the equation:
, N(BO(t) = hh™) — N(B°(¢t) = h*h")
Acp(t) = — (5)
N(BO(t) —» h*h=) + N(B°t) » h*h™)
= Sppsin (AmgAt) — Cpp cos (AmgAt) (6)
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where the measurable coefficients Cpj, and Sy are defined as:

2Tm(Anp’ 1= A P
L m( hh)Q: g, = | Awn |2 )

L+ Apn | L+ Ann |

and App is given by:
X P _—io
q A 2ic 1- Te 2icx,

A = —— = —_— = A e eff 8
hh pA 1 _ %64_1& | | ( )

g and p are the B mixing coefficients and h can be a © or a p meson. a.g is the
experimentally measurable quantity, which is shifted from « by an unknown
amount due to penguin pollution.

31 B—pp

Measurements of B — 77 4 and B pT 5) have so far failed to yield a tight
bound on the value of «, but B — pp provides an alternative.

On 113fb™! of data, a measurement of the longitudinal polarisation frac-
tion, fr = 1.00+ 0.02, confirmed that this decay is overwhelmingly dominated
by the helicity zero state, making an angular analysis unnecessary. A fil to
extract the time dependent CP parameters S and C for the longitudinal decay
yields 314 + 34 signal events and:

Clong =—023+£024£0.14 , Spppy = —0.19£0.33£0.11 (9)

where the first error is statistical and the second is systematic in both cases,
and Cirane and Sgrene were fixed to zero in the fit.

A theoretical bound on the shift between o and s is described by the
Grossman-Quinn bound 6), which for B — pp is written:
B(B® — p%p°)

BB = p¥p) 1o

| o — ey |=
It provides a reasonably tight theoretical constraint on the value of | @ — e |
of 15.9° (13°) at 90% (68.3%) confidence level.

Mecasurements of Clong and Siong relate to a up to a four-fold ambigu-
ity 7), and the solution closest to the CKM best fit &) gives a = (95 10+ 4)°,
where the first error is statistical and the second is systematic. There is an ad-
ditional theoretical error from the Grossman-Quinn bound (< 13°) to account
for the shift between o and .



K.E. Ford 129

colors indicate confidence level

12 SU(2) analysis of niz, pp systems (Pg,, included) 1
- B L o T
I B—=pp B — pp (oS, C)=0)

; [ Virer2o56 Bt —— CKM fit (w/o nix, pp)

-0.5 =

Confidence level

_

. / 1 ; B— pp SU(2) analysis
40 60 80 100 120 140 160 180 .1.5 L K
1.

-1 -0.5 0 0.5 1

a  (deg)

P

Figure 2: The B — pp analysis constrains the possible values of a. The left-
hand plot shows the o plane constrained by the B — nw and B — pp (with
and without experimental errors) analyses. These are overlaid with the global
CKM fit without these two analyses included. The right-hand plot shows the
constraint on the p — n plane due to the B — pp analysis, which is shown

overlaid by the Standard CKM fit 9.

An isospin analysis provides a complementary measurement of «. Using
Clong and Sjopng. together with the branching fractions and f;, measurements
for Bt — ptp°, BY — p0%p° 10) and BO - ptp 11) 4 inputs, and choosing
the result nearest the CKM best fit 8), gives a = (96 = 10 £ 4 £ 13)° which is
consistent with the result from the time dependent fit and is shown in Figure 2.

4 Measurements of vy

v meagurements can be made in modes which have both b — ¢ and b — u tree
diagrams, which interfere. The magnitude of the interference is determined by
the ratio of the two methods of decay.

41 B® o DGtg-

B® — D)tz ig sensitive to sin (23 + v + 8). The 23 term is due to B® — BO
mixing and the § represents the strong phase difference between the two decay
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trees. The time-evolution of the decay is described by:
Ppo(DFnt) o« Ne V121 4+ C cos(AmgAt) + ST sin(AmgAt)) (11)
Pro(DTr®) o« Ne U121 7 € cos(AmgAt) — ST sin(AmgAt)) (12)

and similar equations for D*m, where

1— 2
" and ST =

C =
1+7r2 1472

gin(28 + v+ 4) (13)

and the ratio between the suppressed (b — u) and dominant (b — ¢) amplitudes
is described as r = |V Vea/Ves VY| =~ 0.02. As r is small, CP asymmetry is
also expected to be small in this mode.

BABAR has undertaken two different analysis techniques for this mode,
based on partial reconstruction and full reconstruction of the B meson.

The fully reconstructed method has the benefit of having an extremely
pure sample, but has a very low efficiency. On 82fb™1, 5207 + 87 events are
fitted in the B® — D*7n~ sample and 4746 + 78 events in the B® — D*tx~

sample. The results of the CP measurements were 12).
2rpsr 8in(28 + v) cos(6p+») = —0.068 £0.038 +0.021 (14)
2rpeg 8in(28 + y)sin(dp+,) = 0.031 £0.070 £ 0.035 (15)
2rpgsin(28 + ) cos(@pr) = —0.022 £0.038 £ 0.021 (16)
2rprsin(28 + ¥)sin(dp,) = 0.025 £0.068 +0.035 (17)

The partially reconstructed method is used only for the mode B® —
D*ExF . A useful feature of this decay is the presence of a “fast” = from the B
meson decay and a “slow” 7 from the D** decay. These pions, together with
beam constraints, allow the missing mass of the decay to be reconstructed.
This mass distribution peaks at the D® mass. This method finds 6406 + 129
events in the lepton tagged 13) sample and 25157 £ 323 in the kaon tagged
13) sample in 82fb ! of data. When a time-dependent simultaneous fit is done

to the kaon- and lepton-tagged events, the CP measurement is 14),

2rsin(28 + ) cos(§) = —0.063 £ 0.024 = 0.014 (18)
The combined results for the two methods gives limits of:

[sin (28+7)| > 058 (95% Confidence Level) (19)
|sin (28+7)| > 0.87 (68% Confidence Level) (20)
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Figure 3: The comparison between the partially reconstructed limits (solid line)
and the combined results of the partially and fully reconstructed fits (dashed
line).

and the difference between the combined limit and the partial measurement
can be seen in Figure 3.

4.2 Bt = DVK*

One method of extracting v from the mode BT — DK™ is by studying the
decay of the D° to CP even eigenstates, KTK~ and #t7n~. These decays
are described by Repy and can be compared to the flavor eigenstate decays
(D* - K—nt,K—7r7% and K—7F7~ 7T and the charged conjugate decays)
which are described by R:

ZB+7B—F(B — D((]CPi)K)

Ricps (21)
(CPL) Sp+p-T(B = DYpy )

R
C;;i 1+ 75, + 2rpK coS7y cosd (22)

where rpx is the ratio of the suppressed amplitude to the dominant amplitude,
which is expected to be of the order 0.1 - 0.2 for this mode. A charge asymmetry
is also expected in this decay, which can be written as:

L(B~ = DgpyK™) —T(BT = Dgp  K¥)
(B~ — DYy, K~) + I(B¥ = D%, K¥)
+2rpy sinysin é

_ 24
Ropt 4

Acpr = (23)
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where 8 is the relative strong phase between B~ — DOK~ and B~ — D°K .
Measuring R, Rop+ and Ao ps makes it possible to extract rpg, 6 and .

Using datasets of 56 fb ! for the measurement of R, and 82fb ! for Ropa
and Acpy BABAR finds 19):

R = (8314035+0200% (25)
Roptr = (8840.35+0.200% (26)
Acpy = 0.07£0.1740.06 (27)
which gives
Rop+/R=1.06=+0.194 0.06. (28)

No v measurement is yet available.
5 BT - [KFrt]pKT

When combined with other modes in the Atwood, Dunietz and Soni method 16),
it ig possible to cleanly extract v using this mode. CP violation could manifest
itself as a large difference between the ratios of suppressed (b — u) to dominant
tree (b — ¢) diagrams for BY and B~ — DKT,D — K¥r%, where D is a D°
or a D°. When D mixing is ignored, the ratio can be expressed as:

(K Fr%]pK?)
+ .2 2
Ry, T(RErF ], K7) rp +1p + 2rprecos (£y + 6) (29)
_ |A(B~ —» D°K™)
BT AB S DOK)‘ (30)
AD® - K+717)
rD ‘A(DO SR 0.060 + 0.003 (31)
& = ép+ép (32)

where § is the strong phase difference between the B and D decay amplitudes,
rp is the ratio of the suppressed B decay to the dominant B decay (whose size
determines the size of the interference), and rp is the ratio of the suppressed
D decay to the dominant D decay.

However, due to insufficient statistics at this time, the Bt and B~ sam-
ples are combined for this analysis (109fb™"), giving:
(B~ = [K*n |pK )+ T(BT = [K nT]pK™)
(B~ - [K—#nt|]pK—)+ (BT - [Kta~|pKT)

R, = (33)
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Figure 4: The left-hand plot shows the Bayesian model of the likelihood used to
extract the Upper Limit for Ry, in B¥ — [K¥nt]|pK¥. The right-hand plot
describes the dependence of Ry, on rp using 0° < v, § < 180° (hashed
area) and the range of v from CKM fits (48° < ~v < 73°).

=% + 1% + 2rprp cosy cosd (34)

Using a Bayesian model to determine the Confidence Level, as shown in the
left-hand plot of Figure 4, a value of Rk, < 0.026 was found at 90% Confidence
Level. Therefore, the b — u contribution to the amplitude is very small, making
it difficult to measure vy in this mode. To calculate rg, the least restrictive limit
is used, computed using maximal destructive interference (right-hand plot of
Figure 4). The limit is: rp < 0.22 at a Confidence Level of 90% 17).

6 Conclusion

The BABAR Experiment has conducted several analyses with the aim of extract-
ing a and . Tn the B® — ptp~ system, o = (96 & 10 & 4 4 13)° has been
measured using an isospin analysis. In B® — D™ +7~ a limit on sin (28 + )
> 0.58
at 95% Confidence Level. Other methods of extracting both angles are under

from two different analysis methods was found to be | sin (28 + v) |

investigation, and tighter constraints on their values will be measured once
larger data sets become available.
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ABSTRACT

The KTeV (E799-1T) experiment at Fermilab analyzed the entire data set of
K; — mtr~ete™ decays. Based on a sample of 5241 candidates with esti-
mated background of 185 + 14 events we measured direct emission form fac-
tor parameters gmi = (1.11 £ 01244 + 0.075y5) and aq/as = (—0.744 £
0.0224514¢ & 0.0324,5¢)GeV? | a “charge radius” amplitude |gog| = (0.163 &
0.0175¢r £ 0.023,,5¢), an upper limit on CP-violating E1 direct emission am-
plitude |gg1|/|ga] < 0.04 (90%CL), and CP-violating asymmetry in the dis-
tribution of an angle between 7t7~ and ete™ planes in kaon center of mass
integrated over entire phase space Ay = (13.7 £ 1.440s £ 1.55y5:)%. Using
measured |gogr| value we obtained the K¢ charge radius value of (R%) =
(—0.077 £ 0.014) fm?
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1 Introduction

Rare decay Ky — mTr eTe™ presents an interesting opportunity for obser-
vation of CP violation. There are several contributions to this decay, both
CP-violating and CP-conserving; all of them proceed trough underlying Ky, —
7T " decay followed by internal conversion v* — ete~. First amplitude is
an initial CP-violaing decay of K into #T7~ with one of the pions radiating
a virtual bremssrahlung photon. Another amplitude is an emission of a virtual
photon directly from 7+ 7~ decay vertex. The most dominant direct emission
process is associated with CP-conserving magnetic dipole transition (M1). A
small contribution of CP-violating electric dipole (E1) direct emission also is
possible. Ky — mtr~ete™ decay can also proceed via initial K; — Kgy*
transition with internal decay of K¢ to #t7—. This CP-conserving amplitude
is associated with K° radius process.

The interference between CP-even and CP-odd amplitudes produces po-
larization of a virtual photon that results in asymmetry of the distribution of
the anlge ¢ between the 7t 7~ and the eTe™ planes in the kaon center of mass.
The CP-odd and T-odd variable singcoseg is given by

singcos$ = (ﬁee X ﬁ‘ﬂ'ﬂ') : 2(ﬁee : ﬁﬂ'ﬂ') (1)

where fi.. and fir, are unit normals to ete™ and 77~ planes respectively and
% is the unit vector of 77~ direction in kaon center of mass. A CP-violating
asymmetry in decay rate is defined as

Ay = Lsing cos 60 — Using cos ¢<0 D)
I‘tot
A non-zero value of Ay is a signature of CP-violation. The theoretical
prediction for this asymmetry is about 14% 1: 2),

The KTeV E779-1T experiment from FNAL reported the first observation
of K — ntn ete  decay 3) and the first measurement of the CP-violating
asymmetry Ay 4) based on 1856 candidates, a fraction of the accumulated
data. More recently, the NA48 experiment from CERN measured the value of
Ay using their entire sample of 1162 candidates 5)
Ki — wtrete  data set accumulated by KTeV E799-I1 experiment are

. The results from entire

presented in this report.
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2 KTeV Experiment

KTeV is a fixed target experiment at Fermilab. It was designed to measure
direct CP violation in neutral kaon decays (E832) and to study rare K de-
cays (E799-1T). Tt took data in 1997 and 1999. Figure 1 shows the schematics
of the spectromenter. Neutral kaons were produced by 800GeV protons from
Tevatron in berillium oxide target at 7 = Om and entered decay region at
Z = 90m—160m. The decay volume was under vacuum and was separated from
the rest of the spectrometer by a thin kevlar window positioned at Z = 160m.
Decay products, in this case two pions and two electrons, entered the KTeV
spectrometer that consisted of dipole magnet with horizontal pg-kick and pair
of drift chamers on both upstream and downstream sides of the magnet. An
electromagnetic calorimeter was an array of 3100 pure Csl crystals. It was
positioned at Z = 186m with a trigger hodoscope in from of it. Behind the
calorimeter was muon detector consisted of three scintillator hodoscopes sepa-
rated by muon filter walls. An array of photon veto detectors was positioned
around the decay volume and the spectrometer to register particles escaping
the fiducial volume of the KTeV detector. A special 4TRK on-line trigger se-
lected events with a signature of three or more tracks in trigger hodoscope and
drift chambers, with a good vertex in decay region, with a signature of two
electrons in the calorimeter. The triger also required no signals in muon de-
tector and veto system. There were about 400 million 4TRK triggers recorded
during 1997 and 1999 data taking for off-line analysis.

3  Analysis

During off-line analysis K — mtx~ete™ candidates were selected as events
with four tracks forming a vertex in the decay region. Tracks with E/p in
0.95 — 1.05 range were identified as et where E is energy deposited in EM
calorimeter and p is momentum measured by the spectrometer. The major
background was K — nt7~ 7% with 7% — etc™y where photon was not
registered by the detector. It was significantly reduced by requiring variable
P2, to be negative, where

(MZ — M2, — M2,)% — 4M2, M2, — 4(P2).r M2
Mz + (PP)ar)

Pgo = (3)
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Figure 1: KTeV Detector.

Backgrounds from of overlapping Ke3 decays and 2% — And, with A —
pr~ had much smaller rate and were reduced by requiring total transverse mo-
mentum of the decay products with respect to kaon line of flight to be small.
Additionally, the overlaping decays were suppressed by vertex quality criteria.
K — mFn ™~ decays with a photon conversions in the material of the detec-
tor were reduced by requiring invariant mass of ete™ pair to be greater than
2MeV/c?. Background from Kg — wtrn ete™ was negligible after requiring
the total energy of the decay product to be less than 200GeV/c?

The distribution of M, .. for events that pass all selection criteria is
shown in Figure 2. Events with opposite sign of singcos¢ are shown sepa-
rately. There are 5241 events with M. in (0.492 — 0.504)GeV/c? range with
estimated background 185 £ 14 events. This sample clearly exhibit CP violat-
ing asymmetry at kaon mass. The background events outside of the kaon mass
window do not exhibit asymmetry. Corrections for detector acceptance are
required to measure average CP-violating asymmetry over entire phase space
and to compare this measurement with theoretical predictions.

Monte Carlo simulations used to study KTeV spectrometer acceptance
has the following features. Neutral kaons are generated at the target and prop-
agated along the beam line to the decay point. A kaon decays into appropriate
final state inside the vacuum decay region accodring to choosen matrix ele-



A. Ledovskoy 145

O sin(¢p)cos(9)>0

B sin(¢)cos(¢)<0
10

@
2
E | ﬁ;‘%
L
L

0.49 0.5 0.51 0.52
x*we*e | NVARI ANT MASS [ GeVyc

Figure 2: KTeV sample of Kr — 7T~ eTe™ events.

ment. We used PHOTOS package to simulate radiative corrections. Decay
products were traced through the detector using GEANT parameterization of
scattering, secondary particle generation and showering. Detector responce was
simulated including digitization of the detector signals. To simulate acciden-
tal activity in the detector we overlayed MC event on top of the real random
snapshots of the detector signals. We used a clean data sample of about 20
million Ky, — 77~ 7Y, decays to verify the accuracy of MC simulations of the
detector acceptance.

The matix element of Kr — nT7r~eTe™ decay used in simulations in-
cluded four amplitudes: the inner bremsstrahlung contribution, M1 and E1
direct emission amplitudes and “charge radius” amplitude with the following
couplings respectively:

9BR = ng_|e ML) (4)
gv = ilgan e M) (5)
gl iy (6)

g1 = —1 gmie
|9‘M1|



146 A. Ledovskoy

gor = |gopr|e?®o M=) (7N

where §y and §, are phases of 77 scattering in 7 = 0 s-wave and 7 = 1 p-wave

states respectively. A form factor for direct emission coupling was introduced:

~ a1/a2
— Y9m 1 8
g1 = Gma |1+ (M2 + MZ) + 2My Ez (8)

where M, = 77T0MeV /2.
Parameters gm1, a1 /az, ||§A’”“;11||

ple of 5241 Ky — wtn ete™ candidates with a large sample of Monte Carlo

and go g were measured by fitting our sam-

events using likelihood function

s dU(8y, ) /dB
C qT(B;, ) /dB

Jj=

A dr(ﬂl CE)

Inf(c) = ZlnT — Nyln (9)

where Ny and N,,. are the number of events in data and Monte Carlo sam-
ples respectively, dT'(3,a)/df3 is differencial decay rate at phase space loca-
||5]le|| L JOR}-
The fit used Monte Carlo sample of 1.4 million events generated at ag =
{1.2,-0.73,0.0,0.16}.

Maximum of the likelihood function and it’s statistical uncertainty is
found at F1 = (1.11 £ 0.12), a1/as = (—0.744 £ 0.022)GeV?2, ﬂ"%lll < 0.028,

g
lgcr| = (0.163£0.017). With newly measured parameters of theoretical model

tion B which also depends on a set of parameters a={gm1, a1/a2,

for K — ntr~ete™ decay we generated a Monte Carlo sample of signal events
for acceptance calculations. Figure 3 shows a comparison of data and MC signal
events in distribution of angle ¢

The average asymmetry integrated over entire phase space is obtained
by correcting the observed distribution of ¢ angle with model dependent ac-
ceptance determined with Monte Carlo simulations. The asymmetry and it’s
statistical uncertainty is 44 = (13.7£1.4)%

We evaluated the following sources of systematics for the fit results and
asymmetry: various DATA /MC disagreements revealed during cut variations;
effects of background presence; uncertainty on parameters used in our model.
Additional sources of systematics to the fit results are the numerical error in
likelihood function calculation due to limited statistics of Monte Carlo sample;
the choice of parameter values for Monte Carlo sample used in likelihood func-
tion and implementation of radiative corrections. Table 1 summarises these
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Figure 3: Distribution of ¢ angle for data and MC events.

contributions to the systematics. The total systematic error was estimated to
be 0.023 for |gcr|, 0.02 for 12211 0.032 for a1 /as, 0.07 for g1, and 1.46% for

lgnr1]

asymmetry.

4 Conclusions

KTeV have analyzed it’s entire data sample of K; — atn~eTe™ decays. We
have selected 5241 candidates with estimated background 185+14 events. Tt is
the world’s largest sample of Ky — ntn ete™ decays.

The measured parameters of form factor for direct emission amplitude
are gm1 = (1.11 £ 01240 £ 0.075,5) and a3/as = (—0.744 £ 0.0224,; +
0.032,5¢:)GeV? and found to be highly correlated. These values are in good
agreement with previosly published results 4, 6, 5)

The first attempt to measure CP-violating E1 direct emission amplitude
resulted in upper limit |gg1|/|gar1| < 0.04 (90%CL)

The measured coupling for “charge radius” amplitude is |gog| = (0.163 £
0.0174¢4¢ £ 0.0234y5¢). This parameters is proportional to K° charge radius,
lgcr| = —4(R%)M% which is most sensitive to the difference of s and d
quarks masses. The extracted value for K° charge radius is (R%) = (—0.077+
0.014) fm?. Tt is the most precise estimation of this parameter to date and it
is in good agreement with previously published results 7. 5)

The model dependent acceptance was calculated and CP-violating asym-

metry integrated over entire phase space is measured to be A4 = (13.7
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Table 1: Systematic uncertanties of fit results and asymmetry

Source lgcrl | lgpil/lgmn| | a1/as [GeVZ] | gmi | Ag[%]
Radiative Corr. 0.0 0.0 0.0 0.0

Choice of agq 0.001 0.001 0.005 0.02

MC statistics 0.001 0.001 0.002 0.001
DATA/MC disagr. | 0.021 0.018 0.022 0.041 | 0.71
Background 0.01 0.008 0.022 0.05 |03
|n4+—| uncertainty | 0.002 | 0.0002 0.0001 0.01 | 0.16
&, _ uncertainty 0.0002 | 0.0005 0.0003 0.002 | 0.11
do,1 uncertainty 0.001 | 0.0003 0.001 0.004 | 0.33
|9E1| uncertainty 0.33
|9cr| uncertainty 0.34
Jm1. a1/as crrors 0.34
Total Syst. Error 0.023 0.020 0.032 0.07 1.46

1dggor + 1.5,5,5)%
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ABSTRACT

Searches for CP violation in the charm sector from the E791, FOCUS, CLEO,
BABAR and BELLE experiments are presented. Most analyses consider CP vi-
olation in two-body or quasi-two-body decays. Preliminary results from CLEO
and FOCUS using Dalitz-plot analyses are also presented.

1 Introduction

The violation of charge-parity (CP) in charm decay requires two amplitudes
with different strong and weak phases that interfere to produce CP violating
effects. There are three distinct types of CP violation. (1) CP violation from
a non-vanishing relative phase between the mass and width components of the
mixing matrix usually called “indirect”; (2) Direct CP violation due to the two
decay amplitudes having different weak phases; (3) Interference between decays
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Figure 1: Dt = KxT, KYKT mass plots.

with and without mixing. The CP conserving phase shift is usually generated
by QCD final state interactions (FSI). In the Standard Model, the relative
weak phase is typically between tree level and penguin amplitudes. Extensions
to the Standard Model introduce additional amplitudes with weak phases that
can contribute to CP violation. In the Standard Model, CP violation in the
charm scctor is small and D°—D° mixing is highly suppressed, so at current
experimental sensitivities searches for CP violation in charm is for physics
beyond the Standard Model. Most CP violation results are from the FNAL
fixed target experiments E791 1) and FOCUS 2), and the CLEO 3) experiment
and search for direct CP violation. The CP violation asymmetry is defined as
Acp = LP2D DD A fow results from CLEO, BABAR %) and BELLE )

. D@=HHCD—=H C T
experiments congider CP violation in mixing,.

2 Direct CP Violation
2.1 Two-body decays

FOCUS has published results 6) using the two-body decay modes DT — K%nt,
where Cabibbo favored and doubly-Cabibbo suppressed amplitudes can inter-
fere, and D¥ — KJK T which is singly Cabibbo suppressed where interference
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Table 1: Branching ratios (BR) and Acp of DT — K2rT, K2K™T.

B FOCUSBR®)  PDG Average BR Acp 0)
F(FKL;’LZL) (30.60£0.46+0.58)%  (32.0+£4.0)% (—=1.6+=1.5+0.9)%
KoK+
% (6.04+0.35+0.35)% (7.7+2.2)% (6.94+6.0+£1.8)%
F;(%f:; (19.96+1.20£1.06)%  (26.3+3.5)% (7.1£6.1+1.4)%

between tree and penguin may occur. The production mechanism in fixed tar-
get experiments yields different number of D and D and so must normalize
relative to another copious decay mode which is unlikely to exhibit CP viola-
tion, in this case DT — K #txt. These decay modes will also manifest CP
violation in K¢ —K* mixing. The results tabulated in Table 1 show no evi-
dence for CP violation. This is consistent with Standard Model expectations
O(~107%).

2.2 Three-body decays

Direct CP violation searches in analyses of charm decays to three-body fi-
nal states are more complicated than two-body decays. Three methods have
been used to search for CP asymmetries. (1) Integrate over phase space and
construct Acp as in two-body decays; (2) Examine CP asymmetry in the
quasi-tlwo-body resonances; (3) Perform a full Dali;z—;s);ot analysis for D and
sitivity to C'P violation by probing decay amplitudes rather than the decay
rate. Both E791 9) and FOCUS have analyzed DT — KT K~n7 using method
(1). E791 has also analyzed D — K~ K*#* using method (2). These results

D separately. The Dalitz-plot analysis procedure allows increased sen-

Table 2: CP asymmetry in three-body decays.

E791 9) Focus 10)
Aop(K Ktnt) (C14Z29)% (06E11Z05)%
Acp(¢rt) (28 +3.6)% Dalitz-plot analyses
Acp(K*K) (—1.0 = 5.0)% in

Aop(rtr—7nt)  (-1.7+£42)% progress
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Figure 2: FOCUS Dalitz-plot analysis of DT — KtK ¢+t 10). Projection of
data (points) and fit (contour) for left: m3, . and right: m3 .

are shown in Table 2. FOCUS has a Dalitz-plot analysis in progress 10) The
Dt — KTK~xt Dalitz plot is well described by eight quasi-two-body decay
channels. A signature of CP violation in charm Dalitz-plot analyses is differ-
ent amplitudes and phases for D and D samples. The amplitudes and phases
for DY - KTKr*, D~ - K K*r~ and the combined sample are shown
graphically in Fig. 2. No evidence for CP violation is observed.

The decay D** — DY enables the discrimination between D and D°.
The CLEO collaboration has scarched for CP violation integrated across the
Dalitz plot in D® — KFr*r0, K%rtr~ and ntr n° decays. The integrated
C P violation across the Dalitz plot is determined by

Mpo|? = M= |?
p= :/\/IDU2 :MDU|2dm3bdmgc//dm3bdmfc. (1)
po|” + P

The CLEO results for integrated CP asymmetry in D° decays are reported in
Table 3. No evidence of C'P viclation has been observed.

CLEO has considered CP violation more generally in a simultaneous fit
to the D° = K2xt7~ and 7’ = K2rt7~ Dalitz plots, shown in Fig. 4. In
the isobar model 7), each resonance, j, has its own amplitude, a;, and phase,
d;. A second process, not necessarily of Standard Model origin, is allowed
to contribute to each j-th resonance. In general, the amplitudes to the j-th
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Figure 3: FOCUS results for DT — KTK—nt 10), Amplitudes(top) and
phases(bottom) of resonant substructure for D (left), D (center), D™ (right).

quasi-two-body state can be expressed as

(ajei((;j:td)j):tbjei(éjj:(bj))Aj :ajei((;j:td)j)(l:t%)Aj: 2)

&)
with ‘+* for D® and ‘" for D° and A; = A;(m2,¢,m2,) is the spin-dependent
Breit-Wigner amplitude for resonance j as described in Ref. 7). Thus a; and
d; are explicitly CP conserving amplitude and phase, b; is an explicity CP
violating amplitude normalized by the CP conserving amplitude a;, and ¢; is
an explicitly CP violating phase. In the absence of C'P violation b; and ¢;

Table 3: Integrated CP asymmetry in Dalitz-plot analysis.

Decay Mode Acp(%)
CLEO 7D  D® & K ntz0 _31+86
CLEO 1) Do gtp—z0 gt+22

CLEO ®) D — KOntr— —0.009+0.02170:910r0.012
CLEO 12) DO s ptp—70 172 £9
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Figure 4 CLEO ILV: D° = KOr+n— and D’ — K%+ r— Dalitz plots 5).

Table 4: CLEO II.V: CP asymmetry in D° — Kortr— 8.

Component Amplitude Ratio (b;/a;)
K*(892)*n, K*(802)% — K°r+ =012 5555 7515 To0s
K p° 0.001 + 0.022 T304 +0-002
T 014419 404 s
K*(892) 1+, K*(892)" — Kom~  -0.002 + 0.012 +0:008 +0.002
R £5(980), £5(980) — rt+r— -0.04 + 0.06 313 +0.09
K’ [,(1270). f5(1270) — mFm- 0.16 £§35 342 *014
K’ [o(1370), o(1370) — w7 0.08 *858 1831 1353
Kg(1430)~n+, K3 (1430)~ — Kz~ -0.02 £ 0.06 $3:04 +0.00
K3(1430) 7+, K3(1430)" — Kom~  -0.05 & 0.12 70.04 +0.04
K*(1680)~ 7+, K*(1680)~ — K x~  -0.20 7028 +0.05 +0.02

would be zero. The results of the fit to the D% and D° — K2nt7~ Dalitz plots
are consistent with each other and with no CP violation. The fractional C'P

violating amplitude and C'P violating phase, b;/a; and ¢; are given in Table 4
and 5.
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Table 5: CLEO IL.V: CP asymmetry in D° — Kont7n— 8)

Component Phase (¢9)

5;(892)+7r—,K*(892)+ — KO+ 655 The TF
K p° S Ny
Fow,w — ata~ g TS, +20
K*(892)~nt, K*(802)~ — K m—  -3+l6+8 421
R £0(980), fo(980) — wtm— g +16 +10 +20
K £2(1270), f(1270) — 77— 22 +10 +12 420
K £o(1370), fo(1370) — mtr— g F15 +10 +20
K3(1430)~ 7+, K3 (1430)~ — Kop— 3117 +18 423
K5(1430) 7+, K5(1430)" — K on— 317110421
K*(1680) 7", K*(1680) — K m~ -3 718 420427

2.3 Four-body decays

FOCUS has searched for T-violation using the four-body decay modes D% —
KtK-ntn— 22). A T-odd correlation can be formed wit the momenta,
Cr = (Pg+.(Pr+t X Fr=)). Under time-reversal, Ct — —Cr, however Cr # 0
does not establish T-violation. Since time reversal is implemented by an anti-
unitary operator, Ct # 0, can be induced by FSI 23). This ambiguity can
be resolved by measuring Cr = (Fg+.(Frt X Pp-)) in D’ - K+K ntn;
Cr # Cr establishes T violation. FOCUS reports a preliminary asymmetry
A7 =0.075£0.064 from a sample of ~ 400 decays. The mass distributions for
DY and ﬁo for Cp and Cp greater than and less than zero are shown in Fig. 5.

3 CP Violation in D°~D° Mixing

E791, FOCUS and CLEO have all searched for CP violation in the Cabibbo
suppressed decays to CP eigenstates, D —+ KK~ and D® — nt7~. These
measurements, tabulated in Table 6, are approaching the 1% level, where non-
Standard Model physics may appear.
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Figure 5: Top (Bottom): D" (EO) My~ K+n—n+ Jor Left (Right): Cr < 0(>0).

Table 6: CP asymmetry in D° - KTK~ ntr—.

Expt Acp(KK) (%) Acp(rr) (%)
E791 13) —1.0+49+12 —49+78+30
FOCUS 4 _01+22+15 48+39+25
CLEO 16) 00+£22+08 1.9+32+0.8
Expt Mode(s) S(x) (%)
BELLE 21) K+K~ —0.20+ 0.63 £ 0.30
BABARZ0)  K+K—.7tr~  —08£0.6=£02

Time dependent A¢p measurements performed by BABAR and BELLE
can distinguish direct and indirect CP violation. Since mixing is small the decay

time to CP cigenstates can be fit with a single exponential exp [-T'(1 + y F S(z))

The signature of CP violation is D” and D~ having different decay rates,
S(x) # 0, to CP eigenstates. The results are tabulated in Table 6 and are

consistent with the absence of CP violation.
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4 Summary and Future Outlook

Searches for CP violation in charm decay at fixed target and ete facilities

are summarized in Table 7 and 8, respectively, including additional results not

discussed in the text.

Table 7: Fized target experiments: CP wiolation searches in charm.

Acp mode E791(%) FOCUS(%)
DO KK+ | —1.0+49+1213) _p1+292+1514)
DO —rrt —4.9+78+3013)  48+39+2514)
D+— KOr+ ~1.6%1.5+0.96)
D+ KoK+ 6.946.0+=1.86)
DY K Ktnt| —14+299) 0.6=1.1+0.5 10)
Dt gnt —28+369)

Dt K*K+ ~1.0+509

Dtosantrt —1.7+4.2 9)

Table &: ete™ experiments: CP violation searches in charm.

Acp mode CLEO BABAR(%) BELLE(%)
DO s Ktr~ 2+19 15) 9.5+10.3 19

DV Kt 70 9;%3 11)

DY KK+ | 00+22+0816)  _08+0620) 0.2+0.72D
DOt 1943220816 —08+0620

DO 7070 0.1+4.8 17)

D°— KK 2319 17)

DO K970 0.1£1.317)

DO Krtr | —3.97468)

DO K% 2.8+9.4 18)

DO K nta® | —31x867)

D= ntr—m® -1 12)

FOCUS and CLEO continue work on studying CP violation using Dalitz-
plot analyses, D — K*K nt,ntr 7T and D® — KYr°r°, respectively.
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BABAR and BELLE have each accumulated twenty-five times the statistics of
CLEO I1.V, approaching sensitivity to CP violation in Kaon mixing, in modes
like D — K2r. Presently CLEO-c 24) i taking data at the (3770) with the
goal of accumulating 18 million DT events and attain sensitivity comparable
to 1 ab™! of B-factory data. In addition, CLEO-c will exploit the CP coherent
DD system to probe CP violation. Beginning in 2009 the BTeV experiment 29)
will start to accumulate ~1000x the charm statistics of FOCUS opening up a
new regime in charm CP and T violation studies.
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REVIEW OF CHARM MIXING

Kevin Flood
University of Wisconsin, Madison, WI 53706, USA

ABSTRACT

The current theoretical and experimental status of mixing in the neutral D
meson system is reviewed.

1 Introduction

The study of mixing in the neutral K, D and B meson systems allows sensitive
searches to be made for possible new physics beyond the SM. In particular,
because DD’ mixing typically proceeds via loop diagrams involving inter-
mediate down-type quarks, it can provide information inaccessible to analyses
of K or B mixing, which are both mediated by up-type quarks with a strongly
predominant contribution from the top quark. The current experimental lim-
its on charm mixing are already at a level that can provide useful constraints
on new physics models. However, since Standard Model (SM) predictions for

charm mixing run over several orders of magnitude, only the observation of
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a CP-violating mixing signal would indicate the presence of new physics —
CP violation in charm decays is discussed by David Asner elsewhere in these
Proceedings. Recent experimental results and theoretical predictions of charm

mixing are discussed below.

2 Charm Mixing Formalism

The time evolution of the neutral D meson system 1)2) i given by the solutions

to the time-dependent Schrodinger equation,

S5 -eB(F)

where M and I" are Hermitian matrices representing the observable masses and
decay widths, and M1 = My = M and I'y; = 'y =T from CPT invariance.
The mass eigenstates of the neutral D system can be written,

D) =p[D°) +4[D"), D) =p[D%) —q|D’): P +lalP=1 @

where p and ¢ are complex mixing parameters which represent the flavor eigen-
state components in the mass eigenstates. Solving Eq. 1 gives the time evolution

of the physical states,

|D;(t)) = e7MA=2 T | Dy(1 = 0)), (3)
where,
N T2 ;Lo :
Fl)g = I'+2& M12 727 M12 9 s (4)
1
I T5\12
M, = M;%KMH—Z 5 ><M12 2”)} . (5)

. —0
The proper time dependence of a pure D® or D that results from a strong

interaction at time t=0 is thus,
IDO(t)) = g.(t)|D°) + g ®|D"), (6)

Lo_(t) 1D°>+g+(t> D),

]
o
S
~
=
=
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where,

g_(t) = exp (t {ZM + gD isin (% [AM - ’ATFD , (1)

r t AT
= —t |iM + = ~AM - =
g+(t) eXp( t|:z + 2:|>COS <2 |: 2 :|>’
AM = M,— M, AT =T, —T.

The amplitudes for D or D’ decays to a final state f, or its CP-conjugate
state f, where f (f) is intended to represent a mixed final state which can be

reached by a process other than mixing, can be defined as
A= (f|H|D, Zz<7|H‘E°>. (8)
The amplitudes for Cabbibo-favored (CF) decays can also be similarly defined,
B=(/|H[D"), B=(F|H|D"), 9)
and the mixed amplitudes can then be expressed as

(FIH |D°) = B (s (1) +9-(1)), (7| H[D") = BY (Rg: (1) +9-(1)) . (10)

A=—— A

. (11)

()

w
hSEIS
Sl

It is experimentally known that AM < T', AT < T" and || < 1, and so the
expression for the decay rates of mixed decays can be approximated by

2

efl‘t 9
L (D) = f) = - 1B 2] x

q

p
2 2 AF2 2

410"+ | AM +T t* 4+ 2R (A\) ATt + 43 (N AMt|,  (12)

and,

2
X

r (50 —7) - [5°

4

p
—2 , A%\ , - -

AN+ (AM +— )¢ +2R (A) ATt +43 (A) AMt| . (13)
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3 Experimental Results

Three different mixed decay time distributions can be distinguished depending
on the type of neutral D final state: (a) semileptonic final states, (b) non-CP
hadronic final states, and (c¢) CP-even/odd hadronic final states. Regardless
of which final states are used, the kinematically self-tagging decay D*t+ —
7+t DY%(— X) (4c.c., +h.c.) is generally used to reconstruct neutral D decays
in mixing analyses. The correlation of the charge sign of the D** pion daughter
with the neutral D decay products provides a production flavor tag with very
low mistag rates. It is common in the charm mixing literature to scale AM

and AT into two dimensionless mixing parameters,

AM AT

T Y= (14)

. o’

and these reduced mixing parameters will be used hereinafter. Also, as noted
above, CP violation in charm decays is discussed elsewhere in these Proceedings
and is, with one exception, not considered further in this article.

3.1 Semileptonic Final States

Because only one SM neutral D decay channel can produce semileptonic final
states consistent with a mixed event, there are no amplitudes present of the
type represented by Eq. 8 and the decay time distribution of mixed events
going to semileptonic final states is particularly simple. Integrating over all
times and normalizing to the unmixed rate, the rate of mixed events going to
semileptonic final states is

$2+ 2
ke = — v (15)

The use of semileptonic final states provides no sensitivity to the individual

mixing parameters because Eq. 15 contains only their sum in quadrature. The
only published semileptonic charm mixing analysis is from E791 and sets an
upper limit of 7, < 0.005 (90% CL) using both semi-electronic and semi-
muonic decays. 3) Two other results have been shown at conference during the
past two years but have not been published to date — a CLEO analysis sets
an upper limit of rp,;,; < 0.0086 (95% CL) using the K*Te~ 7. mode, 4) while
a FOCUS analysis using semi-muonic decays sets a much more stringent limit
of Fmiz < 0.0013 (95% CL). ®)
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Year | Experiment y (95% CL) x'/2 (95% CL)
2003 | Babar 0) 5.6 <y <3.9% <0.11%
2001 | FOCUST) | —124 < ¢/ < —05% | < 0.076%
2000 | CLEO®) | —58<y <1.0% < 0.041%

Table 1: Charm mixing results from non-CP hadronic decays.

3.2 Non-CP Hadronic Final States

Unlike their semileptonic counterparts, mixed neutral D decays to non-CP
hadronic final states (e.g., KT7~) have Doubly Cabibbo Suppressed (DCS)
final-state contributions of the type represented by Eq. 8. In addition, these
decays also contain an unknown strong phase J between the DCS and CF
amplitudes. Ignoring the possibility of CP violation, the mixed decay time
distribution is

I/Q +y/2
Pmia(t) = e (TDCS +y'tyrpos + Tt2> ; (16)
' =xcosd + ysind, Yy =1ycosé — xsind. (17

Although hadronic analyses incorporating time-dependence are sensitive to
both 4’ and 2’2, the presence of the strong phase represents an unknown ro-
tation in the z, y-plane and an independent determination of the strong phase
must be made to obtain the individual contributions to mixing. CLEO-C
should be able to make this determination by exploiting the coherent nature
of their charmed hadron production.

Several time-dependent analyses using the K7~ final state have been
performed over the past few years and the resulting upper limits on the indi-
vidual charm mixing components are shown in Table 1.

3.3 CP Eigenstate Final States

There is no distinction between the final states, f and f, when a neutral D
meson decays to a CP-even or CP-odd eigenstate, and the two amplitudes
shown in Eq. 8 are identical, with A = A. Explicitly incorporating CP violation
in this instance, the time-dependence of CP-even final states, such as KT K~

and 77, can be written,
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Year | Experiment y (%)

2003 | Babar 9) 0.8 404702
2003 | Belle 10) | 1.1540.69 4 0.38
2001 | CLEO D) | —11+25+14
2001 | Belle 12) 0.5+ 1.0%97
2000 | FOCUS 13) | 34+14+07
1999 | E791 14) 08+29+1.0

Table 2: Lifetime ratio charm mixing results.

D’ — KtK )~ e [1—7,} (ycosd+ xsing) Tt], (19)
b= q U1H|D%) (20)
P (s H|D)

In the limit of no CP violation, the ratio of non-CP (e.g., K~7T) to CP-even
rates becomes
r(D° — K—n™) r(D° — K—nt)

= —— ~1l+y 21
(D — K-K*) 1D’ K-K+) 21

The same relationship holds for 777~ and other CP-even final states. A similar
relation can be derived for CP-odd final states, in which case the ratio is equal
to 1 — y. Several recent charm mixing results using the lifetime ratio method
are shown in Table 2. The Babar and CLEO results used both K+K~ and

77~ modes — all other results are for K+ K~ only.

3.4 Summary of Experimental Results

Figure 1 graphically summarizes the above discussion of recent experimental

results in charm mixing.

4 Charm Mixing Predictions

Charm mixing in the SM is expected to proceed through short-distance AC' = 2

16) with potential enhancements from long-distance AC = 1

box diagrams
effects. Some recent papers examining the magnitude of possible SM contri-

butions have concluded that the SM can naturally accommodate rates near
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Figure 1: Current experimental limits on charm mixing shown in the z,y-
plane. 15) The solid vertical lines indicate a “typical” standard-model predic-

tion for z. The dashed vertical lines indicate the upper range of non-standard-
model predictions for . The horizontal band is the world average 95% CL
limit in y. The circle with horizontal shading is the 95% CL limit in (z,y).
The strong-phase shift §x between the Cabibbo-favored and doubly Cabibbo-
suppressed decays is assumed to be zero in plotting the D° — K+7~ results,
where in each case C'P conservation is assumed. For the CLEO and FOCUS
measurements, the statistical error is included; for the BaBar measurement,
both the statistical and systematic errors are included. The strong phase shift
is expected to be close to zero, but until it is actually measured, the allowed
region from the D° — K7~ measurements must be expanded to include the
area swept out by rotating these regions about the origin. The three circles
(small radius dashed, dot-dashed, and large radius dashed) are 27 rotations
of the BABAR, CLEO, and FOCUS regions, respectively. This figure and the

caption text are reproduced from reference 15).
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the current experimental limits. In addition, new physics contributions to the
mixing rate can arise from a variety of sources — however, because of the pos-
sibly large SM contributions, the presence of new physics in charm mixing will
necessarily involve searches for CP-violating effects, which are not expected at
all in the SM. Various SM and new physics mixing predictions are discussed
below.

4.1 Standard Model Contributions

In the SM, short-distance AC = 2 transitions occur through box diagrams with

an amplitude that can be written 16)

A = ViaViVuaVus [A(d, s) + A(s, d) — A(d, d) — A(s, s)] + (d — b) + (s = b)

(22)
where the A(i,j) represent amplitudes for the internal quarks ¢ and j apart
from the CKM matrix elements, V,,,. It can be seen that the b-quark con-
tribution to mixing is suppressed by the small V,,;, CKM matrix element,
Vs Vi | / Vs Vi ]? ~ ©(107), and that mixing in the DD’ system there-
fore substantially involves only the first two quark generations. This implies
that CP violation, which arises from the addition of a third quark generation
to the CKM matrix, is a feature not expected in SM charm mixing.

The leading contribution to charm mixing is from the strange quark and

the effective AC' = 2 Hamiltonian governing mixing can be written 15) 16)
_ G2 (m2. — m2) (m2 — m2)
AC=2 __ F * 12 s d s d /
Heff - ? |‘/;d‘/;s| mg m{2/V (O +20 ) (23)
where,
O = wy,(1—9)ay"(1—y)c
O = a(l+7vy)cu(l+75)c

and the matrix elements due to these operators can be parameterized as

—=0 5 mp
D > = 3 <E> mQDf%B/D
(24)

It is clear from Equation 23 that mixing disappears in the limit that flavor is a

(2’jo[p%) = SmpspBn (D)0

good symmetry and that, in any event, there are substantial heavy quark and
GIM suppressions in the mixing rate.
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Taking typical values for fp and ms, 2) and noting that Bp = B, ~ 1 in
the vacuum-insertion approximation, the box diagrams’ contribution to AM
iS Tpoz ~ O (107° — 1076). There are additional contributions from y 15) and

17) roughly at or slightly below this rate, and the total

dipenguin diagrams
mixing rate due to SM diagrams is quite small, 7,5, ~ 10710,
As shown above, charm mixing manifestly involves the breaking of flavor

symmetry and can be shown to occur only as a second-order effect 18)

x, y ~ sin? 0o x [SU(3) b1reaking]2 (25)

There are a number of possible sources for this SU(3) violation and two general
methods are used to estimate possible contributions: heavy quark effective the-
ory 19) and approaches involving summations over families of two-, three- and
higher multi-body decays. Long-distance contributions to charm mixing can-
not be precisely characterized in the SM at present as these types of transitions
involve inherently non-perturbative calculations. Two recent papers by Falk et
al. use HQET to estimate the level of SU(3)-breaking involving phase-space
effects only and find natural possible enhancements of both x 20) and Y 18) 44
~ 1%, near the current experimental limits.

A large number of theoretical predictions of # and y, ranging over several
orders of magnitude and based on a variety of SM mechanisms, have recently

21)

been compiled by Petrov and are shown in Figure 2 — the current experi-

mental limits are beginning to exclude the upper region of this figure.

4.2 New Physics Predictions

There have been numerous charm mixing predictions based on a variety of
models made over the last two decades and Figure 3 shows some of the predic-
tions for 2. 21) As with Figure 2, the current experimental limits are beginning
to exclude the upper region of Figure 3. Predictions using new physics mod-
els generally proceed by calculating the possible contributions of new particles
running through the box diagram loop or by positing new tree-level AC = 2
decays (such as might be mediated by a neutral Higgs). If massive particles,
such as Higgs candidates, fourth generation down-type quarks, leptoquarks or
supersymmetric partners, are allowed in the box diagram loop, then the rate
reductions due to light flavor symmetry, GIM mechanism and small CKM ma-

trix elements are no longer pertinent, and enhancements to the charm mixing
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Standard Model mixing predictions
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Figure 2: SM predictions for |z| (triangles) and |y| (squares) — the horizontal
axis is roughly ordered in chronological order from left (earliest) to right (most
recent) for each of the |z| and |y| figure regions. This plot is taken from
reference 21) — the reference index numbers along the horizontal axis refer
to the table in this source in which citations for particular SM predictions are
listed.

New Physics mixing predictions
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Figure 3: New physics predictions for || — the horizontal axis is roughly
ordered in chronological order from left (earliest) to right (most recent). This
plot is taken from reference 21) _ the reference index numbers along the
horizontal axis refer to the table in this source in which citations for particular
new physics predictions are listed.
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rate may occur.

As in the SM, the range of predictions for new physics charm mixing

runs over several orders of magnitude and, therefore, it will be difficult for

an observation of charm mixing alone to signal the presence of new physics.

However, continuing to reduce the upper limit will provide a useful constraint

for new theoretical models and, perhaps, eliminate some already existing new

physics scenarios.
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ABSTRACT

Is there a theory or good experimental evidence? Bj’s question: Pentaquark
is created by ete™. 2¢+ q — Baryon ; 2q + ¢ — Triquark; 2¢+Triquark
—Pentaquark Does it live long onough to be observable? Basic physics of
constituent quarks and flavor antisymmetry. Report of ©% violating flavor an-
tisymmetry indicates need for two-cluster model.. Ball in Experimental Court
- Some experiments see ©F; others don’t. Possible production mechanisms
present in some experiments, absent in others; e.g. via N*(2.3 GeV) — 1 +K?

1 QCD Guide to the search for exotics
1.1 Words of Guidance from Eugene Wigner’s Wisdom

With a few free parameters I can fit an elephant.
With a few more I can make him wiggle his trunk
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Wigner’s response to questions about a particular theory he did not like
was:

“I think this theory is wrong. But the old Bohr - Sommerfeld quantum theory
was also wrong.. Could we have reached the right theory without it?

1.2 BJ’s question in 1986

In ete™ annihilation a created qg fragments into hadrons. ¢ + § — meson;
2q + g — baryon. But 2¢q + ¢ — Triquark and 2¢+Triquark — Pentaquark..
BJ asked whether quark model says such state.is bound or lives long enough
to be observable as hadron resonance. Listening to BJ usually pays off.

1.3 Crucial role of color-magnetic interaction

1. QCD motivated models 1) show same color-electric interaction for large
multiquark states and separated hadrons and no binding. Only short-
range color-magnetic interaction produces binding.

9. Jaffe 2) extended DGG model 1) with one-gluon-exchange color factor
to multiquark sector in a single cluster or bag model, defined (gq)s and
(gq)e¢ interactions and explained why lowlying exotics not observed

3. Hyperfine ineraction suggested search for H dibaryon 2) wuddss and an-
ticharmed strange pentaquark 3) (Cuuds) (1987)

1.4 Flavor antisymmetry principle - removes leading exotics

The Pauli principle requires flavor-symmetric quark pairs to be antisymmetric
in color and spin at short distances. Thus the short-range color-magnetic in-
teraction is always repulsive between flavor-symmetric pairs. Best candidates

for multiquark binding have minimum number of same-flavor pairs

1. Nucleon has only one same-flavor pair; AT* (uuu) has three.
2. Extra two same-flavor pairs costs 300 Mev .

3. Deuteron separates six same-flavor pairs into two nucleons

Only two same-flavor pairs feel short range repulsion.

4. H(uuddss) has three same-flavor pairs. Optimum for light quark dibaryon
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5. The (uudsé) pentaquark has only one same-flavor pair

6. ©F (uudds) has two same-flavor pairs, more than (uudsc).

Quark model calculations told experimenters ”Look for ¢(uuds) not ©F.
Ashery’s E791 search for cuuds found events 4); not convincing enough.
Better searches for this pentaquark are needed; e.g. searches with good

vertex detectors and good particle ID 3)...

Any proton emitted from secondary vertex is interesting. One gold-plated

event not a known baryon is enough; No statistical analysis needed.

2 The 1966 basic physics of hadron spectroscopy - Sakharov-Zeldovich,
Nambu and beyond

2.1 Sakharov-Zeldovich (1966)

Sakharov and Zeldovich noted that the A and ¥ are made of same quarks and
asked why their masses are different. Their answer was that a unified two-body
hyperfine interaction not only answers this question but led to a unified mass
formula for both meson and baryon ground states mesons and baryon masses
and showed that all are made of same quarks 5)

—

M=3 mit 3o v 0
i i>j ot

Using (1) Sakharov and Zeldovich noted that both the mass difference
ms — M, between strange and nonstrange quarks and the flavor dependence of
their hyperfine splittings (later related 1) to the mass ratio ms/my,) have the

same values when calculated from baryon masses and meson masses 5), along
with the comment that the masses are of course effective masses 6):
<ms - mu)Bar - MA - MN = 177 MeV
3(Mpgx — M, Mg — M,
<ms - mu>mes = ( K p31+ s = 180 MeV (2)
Mpy + Ma Mp — My
s — My Bar = . —1) =190MeV
(ms —mu) s 6 (ME*—MZ ) ¢

_ 3M, + M, ( M, — M,

~1) =178 MeV
8 My — My > 8MeV,  (3)

<ms - mu)mes
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The same value +3% for m, — m, is obtained from four independent
calculations. The same approach for m, — m, gives

(mp — me) Bar = M(Ap) — M(A.) = 3341 MeV

3(Mpe — Mpe) + Mp — M
(1 — ehmes = B D4)+ BZMD _3339MeV (4)

The same value £2.5% for the ratio :ZS is obtained from meson and

baryon masses.

ms\ _ Ma—My _ o M,— M,
m _ME*—MZ_ ' _MK*—MK

—1.61 (5)

DeRujula, Georgi and Glashow 1) in 1975 used QCD arguments to relate
hyperfine splittings to quark masses and baryon magnetic moments. This led
to remarkable agreement with experiment including three magnetic moment

predictions with no free parameters

o Mu _ pp My = My

- 0.6lnm =12 - — 0.61n.m.
pa e 3 m, 3 Ma — My i
M, 2M,
L =0.88nm. = 2 = P —0.865n.m.
Hp t 1 = gy~ My + Ma L
3
4=t - 2 (6)
Hn 2

2.2 Two Hadron Spectrum puzzles -Why qqq and qg ?

1. The Meson-Baryon Puzzle - The gq and gg forces must be peculiarly
related to bind both mesons and baryons. It cannot be a vector interac-
tion giving equal and opposite forces, nor a scalar or tensor giving equal
attractions for both.

2. Exotics Puzzle - No low-lying hadrons with exotic quantum numbers have

been observed; e.g. no 77t or KT N bound states.

7)

freedom and a two-body interaction from a non-abelian gauge theory with the

Nambu solved both puzzles !/ in 1966 by introducing the color degree of

color-factor of one-gluon exchange. This both related mesons and baryons and

eliminated exotics.
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A unified treatment of ¢g and g interactions binds both mesons and
baryons with the same forces. Only qqq and gq are stable in any single-cluster
model with color space factorization. Any color singlet cluster that can break
up into two color singlet clusters loses no color electric energy and gains ki-
netic energy. The Nambu color factor does not imply dynamics of one-gluon
exchange. Higher order diagrams can have same color factor

Looking beyond bag or single-cluster models for possible molecular bound
states Lipkin(1972) showed that the color-electric potential energy could be
lowered in potential models by introducing color-space correlations; e,g, qGqq
at corners of a square, but not enough to compensate for the kinetic energy

2.3 Important systematics in the experimental spectrum

A large spin-dependent interaction ~ 300 MeV but a very weak interaction ~
2 MeV binding normal hadrons.

M(A) — M(N) = 300MeV > M(n) + M(p) — M(d) =~ 2MeV  (7)

2.4 Conclusions from basics

The low-lying hadron spectrum is described by a linear effective mass term and
a hyperfine interaction with a one-gluon exchange color factor.

The (gq) and (gqq) states behave like neutral atoms with a strong color
electric field inside hadrons and none outside. No molecular bound states
arise in the simplest cases. A strong spin-dependent interaction is crucial to
understanding the spectrum

Only color singlet and 3* color factors arise in (gg) and (¢qq). The low-
lying hadron spectrum provides no direct experimental information on (Gq)s
and (qq)¢ interactions needed for multiquark exotic configurations.

2.5 What can QED teach us about QCD?

QCD is a Great Theory, but nobody knows how to connect it with experiment
or which approximations are good. We need to construct instructive simplified
models. I often recall the response by Yoshio Yamaguchi at a seminar at
the Weizmann Institute in 1960 when asked if there had been any thought at
CERN about a possible breakdown of QED at small distances: “No. . Many
calculations. No thought.”
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What can we learn from QED; a Great Theory that everyone knows how
to connect with experiment? We know how isolated free electrons behave and
carry currents. But nobody could explain the fractional Hall effect.until Robert
Laughlin told us the Hall Current is not carried by single electrons! It is carried
by quasiparticles related to electrons by a complicated transformation.

Nobody has ever seen an isolated free quark. Current quark fields appear
in the Standard Model Lagrangian. But experiments tell us that baryons are
qqq and mesons are ¢q and these are not the quarks that appear in the QCD
Lagrangian.

Nobody knows what these quarks are. Are they complicated quasipar-
ticles related to current quarks by a complicated transformation?. Is Hadron
Spectroscopy Waiting for Laughlin? Does QCD need another Laughlin to tell

us what constituent quarks are?

3 The ©F was reported! A Two-cluster Model?

3.1 Following Wigner’s Guidance to Understand QCD and the Pentaquark

One good wrong model that stays away from free parameters and may teach us
something: a two-cluster P-wave (ud) diquark-(uds) triquark model 9, 10) for
the ©F that separates uu and dd pairs and eliminates their short range repulsive
interaction... Its hidden-strangeness N* partner keeps the same triquark with
the (us) and (ds) SU(3) partners of the (ud) diquark. Its mass is roughly 11)

M[N*(1775)] ~ M(®+)+M(A)—M(N)+%[M(2)—M(A)} ~ 1775 MeV (8)

3.2 The skyrmion model

Experimental search motivated by another wrong model. Skyrmion model has
no simple connection with quarks except by another wrong model. The 1/N,
expansion invented 12) pre-QCD to explain absence of free quarks.

The binding Energy of ¢ pairs into mesons Ejs =~ g?N.,.

At large N, the cross section for meson-meson scattering breaking up a

meson into its constituent quarks is

Ey

a[MM—>M+q+cj]:eg2W

~0 9)

But

o~ = 55 3 ~ 1 This is NOT A SMALL PARAMETER!

N, N,
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4 Experimental contradictions about the ©F

Some experiments 13, 14, 15, 16) see the ©7; others 17, 18) definitely do not
Further analysis is needed to check presence of specific production mechanisms
in experiments that see it and their absence in those that do not 19) N

20)

theoretical model addresses this question. Comprehensive review analyze:

different models..

4.1 Production via decay of a cryptoexotic N*(2400)

The reported 14 21, 22, 23) N*(2400) can be the D-wave excitation of the
N*(1775).with a (ds) diquark in a D-wave with the same uds triquark. It:
dominant decays would be N*(2400) — K~ O via the diquark transitior
ds — ud + K~ .and N*(2400) — 7~ N*(1775)" — 7~ AK™ viads — us + 7.

Decays like AKand XK would be suppressed by the centrifugal barrie:
forbidding a quark in the triquark from joining the diquark.

Some experimental checks of this mechanism are:

1. Experiments which see the © and have sufficient energy for producing
the N*(2400) should look for an accompanying K~ or K, and examin
the mass spectrum of the K~ 0% and K,0% systems.

2. Experiments should look for N*(2400) — 7~ N*(1775)" — 7~ AK™ .

3. Experiments searching for the ©F should check possible production o
a K01 or K,0% resonance in the 2.4 GeV region. B-decay mode:

24, 25)

suggested for pentaquark searches would not produce this 2.

GeV N*. Similar considerations should be applied to searches in ete”

and v+ like those proposed in Ref. 26)

4. The other N*(2400) decay modes.; e.g. KA, KX, KX* ¢N, are sup
pressed by the centrifugal barrier in the D-wave diquark-triquark mode
but may be appreciable.. Finding them would would give further evidence
for this model for pentaquark production. The relative branching ratio
would also provide information about the structure of th N*(2400).
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4.2

Angular distribution tests for production mechanisms

1. The angular distribution of the kaon emitted with the ©% in vp — K°©+

4.3

. The more complicated angular distributions in vp — 7t K~ K'n

27)

carries interesting information. Production from a cryptoexotic N*,
gives no forward-backward kaon asymmetry. Meson exchange gives for-
ward peaking. Baryon exchange gives backward peaking, produces the
©% equally by photons on protons and neutrons. and the same baryon
exchange should be seen 28) i yn— K~OT..

14)
may still carry interesting information.

All the above discussion for yp — K°O1 applies to the angular distribu-
tion of a K*.in yp — K*°0%T — 7T K~0%. Models 28) with a suppressed
NKO coupling relative to NK*©T predict stronger ©F production with
a backward K* than with a backward kaon.. Inyp — 7t N* — 7t TK~

14), the pion goes forward and everything else is in the target fragmen-

tation region. 21)

Other experimenal considerations

. Search for exotic positive-strangeness baryon exchange in normal nonex-

otic reactions. The baryon exchange diagram 27) for ©F photoproduc-
tion with an outgoing kaon is simply related to backward K~ p charge-
exchange 28). The lower K NO1 vertices are the same; the upper vertex
is also KNOT for K~ p charge-exchange but y©TO©™ for ©T photopro-
duction. If this diagram contributes appreciably to ©1 photoproduction,
the contribution of the K NOT vertex is appreciable and should also con-
tribute appreciably to backward K ~p charge-exchange. Some previously
ignored backward K ~p charge-exchange data may be available.

The baryon and 5 constituents of the ©F are already initially present
in low-energy photoproduction experiments in the target baryon and the
5 component of the photon. In experiments where baryon number and
strangeness must be created from gluons, the cost of baryon antibaryon
and ss production by gluons must be used to normalize the production
cross section in comparison with the photoproduction cross sections; e.g.
from baryon-antibaryon production and s5 production data in the same
experiment that does not see the OF.
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ABSTRACT

Recent experimental results suggesting exotic 5-quark baryons (pentaguarks)
have been presented at international conferences and published in refereed sci-
entific journals. These data are claimed to herald a new chapter in hadron
spectroscopy. Taken collectively, the data paint a compelling picture; however,
valid criticism regarding the analysis methods and the statistical significance
of individual experiments cannot be ignored. The experimental evidence from
gearches at intermediate energies for pentaquark states is reviewed.

1 Introduction

Since the 1960°s when Gell-Mann introduced quarks and Nambu introduced
color, baryons and mesons have been considered as three quark and quark-
antiquark color singlets. This classification of known particles is largely un-
changed today as searches for particles consisting of more than three quarks
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have not been successful. 1) Nevertheless, recent theoretical predictions for
new baryon states - based on the chiral soliton and quark cluster models - have
reinvigorated the search for exotic hadrons. 2. 3. 4) One member of a new
anti-decuplet, the ®1, is an S=1 baryon composed of uudds and is predicted
to have a mass of 1540 MeV and a width of 15 MeV. 2) The state is exotic due
to its strangeness and enigmatic due to its predicted narrow width.

An early discussion by Gao and Ma of pentaquark search possibilities at
Jefferson Lab generated little activity. 5) However, since the announcement at
PANIC 2002 by the LEPS group for a pentaquark signal in photoproduction
data 6), there has been a renewed effort by the medium energy community to
analyze existing data for signals of exotic baryons. Understanding the proper-
ties of the putative pentaquark has become a focus of the hadron spectroscopy
community. This paper will discuss pentaquark searches at intermediate ener-
gies and summarize the status as of this conference.

2 Experimental Data

There are now more than a dozen reports of possible pentaquark signals (see
Figure 1) with reported masses clustering around 1530 and 1540 MeV. These
claims for a new S=1 state come from a structure in the invariant mass dis-
tributions that are constructed from the detected particles of the decay @+ —
n+ Kt or ®F — p+ K°. This amount of evidence would seem enough to
ensure the discovery is accepted by the scientific community. However, in addi-
tion to these positive results, there are an almost equal number of null results
that have been reported ;’; various conferences, though only a few are posted

lrd
nel is argued to come from reflections of normal meson production. 7) Thus,

on the pre-print archive. ©/ Moreover the reported structure in the S=1 chan-
given the marginal statistical significance of all the positive results, the ex-
perimental situation regarding the existence of pentaquark baryons is open to
interpretation.

The first publication of a pentaquark signal came from the LEPS collab-
oration. 9) Using a photon beam (1.8 < E, < 2.4 GeV) the group analyzed
KT K~ pairs created in a scintillator start counter. After accounting for Fermi
motion, the missing mass spectrum from the K~ shows an excess of counts at
the mass of 1540 MeV. The width is consistent with the detector resolution.
The comparison with A*(1520) production from hydrogen (dotted line) demon-
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Figure 1: Mass of the ©% as seen by different experiments.

strates the experimental technique and gives a good account of the background,
but there are only 19 events in the peak above the background.

Following the LEPS publication came results from DTANA 10), CLAS 11),
and SAPHIR !2). The DIANA data is from a 750 McV/e Kt beam inci-
dent on a Xe bubble chamber. Events with a proton and two charged pi-
ons that reconstruct to a neutral kaon are analyzed. An excess of events at
m(pK®) = 1.54 GeV/c? is attributed to the ©F. The result relics on kinematic
cuts to suppress final state interactions.

The CLAS result is the first exclusive result from photoproduction on
deuterium. The pKTK~ final state was detected and the neutron was iden-
tified via missing mass. With the final state completely determined, Fermi
motion corrections were not necessary; and a peak in the m(nK ™) spectrum at
1540M eV was published. But detecting an energetic proton required a com-
plicated production mechanism including FSI and questions remain as to the
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Figure 2: Missing mass of LEPS event sample (solid line). The dotted line is
from LH2 target. 9)

significance of the published peak. Similar problems plague the SAPHIR re-
sult. Initially the group predicted a very large cross section for @1 production.
A reanalysis of the data suggest a much smaller cross section and is still under
study. 13)

In 2004, the publication of data mining efforts continues. The efforts
include data from a variety of probes. The CLAS 14) and HERMES 1)
groups usc photo- and clectro-production. The ZEUS 20), COSY-TOF 17),
SVD-2 18), and Dubna 19) groups analyzed data {rom hadronic beams, and
the TTEP 16) and Nomad 21) results are from neutrino beam experiments.
The appearance of a structure in results with different probes rules out any
systematic effect from choice of beam. Of these experiments, though, only the
CLAS and COSY results detected two strange particles to ensure S=1 for the
mass spectrum analyzed for pentaquark evidence.
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Figure 3: The nK™T invariant mass spectrum. (left) with cos(85,.) < 0.6 and

cos(0%.) > 0.8 where the angles are with respect to the photon beam. in the

center of mass system. 14)

The second CLAS data set was acquired using a proton beam of energy
3.0 < E, < 5.5 GeV incident on a liquid hydrogen target, with a KT .K~,
and 7t detected while the neutron was reconstructed via missing mass. 14)
The results are shown in Figure 3. The m(nK ™) invariant mass distribution is
shown with the cuts: cos(#},.) < 0.6 and cos(¢7,) > 0.8 where the angles are
with respect to the photon beam in the center of mass system. A peak at 1555
MeV is observed. The solid line is a background shape derived from Monte
Carlo simulation. The inset shows the same distribution but only requires
cos(0%,) > 0.8. While the signal is strong, the peak position is much higher
that all other signals and has a large error (£10MeV).

Figure 4 is the m(n K+ K ™) invariant mass for events that are in the ©F
peak. While the statistics are quite low, there seems to be an excess of events at
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Figure 4: The nK YK — invariant mass spectrum (right) for events in the ©F
peak. Inset is for all other events. 14

2.4 GeV compared to the simulation (solid line). The inset shows the n K+ K~
invariant mass for all other events. This may be the first clue for a production
mechanism thus it is critical for other experiments to reproduce or refute this
result.

In addition to the analyses of existing individual data sets, cross section
databases have been examined for evidence of a KTN resonance. From ar-
guments based on experimetnal cross sections, Nussinov established an upper
bound for the ©+ width of 6 MeV. 22) This finding was reinforced and lowered
to about 1 MeV by a reanalysis of the SAID database 23) and a comparison of
the DIANA result with K+d and Kt Xe scattering cross sections. 24) A fur-
ther analysis of K+d scattering data that includes K+ double scattering and
neutron Fermi motion corrections claims a measurable effect of the @+, 25) A
slight enhancement of the cross section at beam momenta between 0.450 and
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0.500 GeV/c is attributed to a narrow S=1 resonance with a mass of 1.55 GeV.

3 Conclusion

At the present time the existence of the ©7 is still a matter of debate. Positive
signals from the analysis of individual data sets are marginal, and while there
are null results reported, they do not completely rule the possibility of an
S=1 resonance. Moreover, the re-examination of existing KN data is similarly
inconclusive. The effect on the total cross section is slight, leading to a very
narrow width (1MeV), yet at least one analysis claims a positive signal. While
5 quark states can be accommodated by the existing models, the narrow width
is difficult to explain theoretically.

Two years ago, pentaquark search were rather obscure. Now many groups
around the world are performing dedicated searches. Two new experiments at
CLAS, one on deuterium and the other on hydrogen are expected to improve
statistics by an order of magnitude over previously publish data. The LEPS
group is analyzing a new data set using a deuterium target. HERMES has a
dedicated pentaquark trigger and the COSY-TOF group has a new run begin-
ning in the fall of 2004. These experiments will hopefully provide quality data
sets that can be used to address the question of the existence of the exotic @1
pentaquark and its production mechanism. Additionally, if these experiments
provide positive results, to put the pentaquark on solid ground, an effort must
be made to understand the lack of a signal from the searches reporting null
results.
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ABSTRACT

This paper reviews recent progress of lattice gauge theory determinations of
semileptonic B and D decay form factors. These determinations are important
in extracting the remaining CKM matrix elements.

1 Introduction

A large scale experimental and theoretical effort is underway to overconstrain
the CKM matrix and uncover any internal inconsistencies revealing new physics.
Uncertainties in determinations of the CKM elements arise not only from ex-
periment but also, in no small part, from the theoretical calculations needed to
account for hadronic QCD effects. Within the next few years the theoretical
uncertainties must be reduced to the few percent level in order not to dominate

uncertainties from experiment.
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B decay and mixing processes are most suitable for extracting |Vys|, |Vesl,
|Vid|: and |Vig|; a large fraction of the CKM matrix. The QCD coupling at the
relevant hadronic scales is large and thus a non perturbative method is needed.
Lattice QCD holds the most promise in being able to provide the required
hadronic factors with the required accuracy. Recent lattice QCD results give
confidence that the required precision calculations are now possible.

This paper reviews the current status of lattice QCD calculations for
the semileptonic decays of the B mesons needed to determine Vi, and V.
Additionally, semileptonic D meson decay calculations, suitable as rigorous
checks of latlice methods, are discussed.

2 Lattice QCD

Lattice QCD (see, e.g. 1)) involves the use of a mathematical ‘trick’ where
spacetime is discretized into a finite lattice. Quarks live on the lattice points
and gluons live on the links between the points. This formalism regularizes
QCD by providing a momentum cut-off: no momenta greater than 7/a can
propagate where a, typically ~ 0.1fm, is the lattice spacing. The Feynman
path integral becomes an ordinary integral over a finite number of degrees
of freedom, and can be computed numerically on a computer. Continuum
QCD results can be obtained by taking the lattice spacing to zero, provided
that the matching factors, or differences between the continuum and lattice
renormalization schemes, have been taken into account. In heavy-light physics
these matching factors are usually determined by comparing a perturbative
continuum calculation with the corresponding perturbative calculation on the
lattice.

Unfortunately, the numerical integrations corresponding to the Feynman
path integral are extremely computationally expensive. Even with the use of
efficient Monte Carlo methods approximations must be done in order to obtain
results with the computational technology of today. A dramatic saving can be
made by ignoring closed quark loops in the vacuum, and the vast majority of
lattice calculations have been done in this so called quenched approximation.
The use of this incorrect theory, however, leads to systematical errors at the
10-20% level. Unquenched calculations must be done in order to achieve the
above precision results.

In unquenched calculations, when vacuum or dynamical quarks are in-
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cluded, the expense of the simulation increases dramatically with decreasing
dynamical quark mass, meaning that in practice the light dynamical quarks are
included with masses greater than their physical masses. If light enough, how-
ever, extrapolations can be done to the correct physical masses with the help
of ‘chiral perturbation theory’ (see, e.g. 2)): an effective theory involving ex-
pansions around the massless limit. Up until recently, unquenched simulations
have not been able to reach this ‘chiral regime’.

Now for the first time, simulations have been done with dynamical quarks
light enough to allow the agreement at the 3% level of theory with experiment
for a variely of (simply calculable) quantities 3). These simulations have been
possible due to the combination of ever increasing computing power and the
emergence of a better understanding about the properties of quarks on the
lattlice, which has lead to the use of the so called improved staggered formulation.
This was used by the MILC collaboration (see 4. 5) and references therein) to
create ensembles of ‘configurations’ (snapshots of the QCD vacuum on the
lattice) which are then used to ‘measure’ required physical quantities such as
those above.

3 Heavy Quarks on the Lattice

Naive discretization of heavy quark fields leads to large O(amg) discretization
errors due to large heavy quark mass mq. However, one can use effective theo-
ries which take advantage of the fact that the heavy quarks typically have low
velocities within the hadron, and are therefore somewhat non-relativistic. This
also often results in simplifications reducing simulation time and allowing high
statistics. The calculations reviewed in this paper incorporate two alternative
heavy quark methods.

Non Relativistic QCD (NRQCD) 6) involves an expansion of the QCD
Lagrangian in powers of 1/mg. This is very useful for b quarks but not so
appropriate for ¢ quarks.

The Fermilab method 7) (although more complicated than NRQCD) is
very appropriate for ¢ quarks as it incorporates smooth transitions from rela-
tivistic light quarks to non relativistic heavy quarks.
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4 Semileptonic Decays

Recently the first fully unquenched results for the semileptonic decay form
factors have appeared and, although preliminary, are very promising.

The matrix element for the decay of a heavy B or D meson to a pion is
given by

M? _ m?
wEol VA Hpm) = [+(0) [P+ ph = = 5"

M?% —m?
+f0(q2)%q”

= V2mpy (f”(F),T)’U” +fL(E7r)pli) (1)

where v = pk, /My and p = p# — E,v* become (1,0) and (0, p;) respectively
in the heavy meson rest frame.

The alternative f||(Er) and [ (Ey) form factors have been introduced
because they are more appropriate for lattice calculations and the associated
chiral perturbation theory formulae are usually given in terms of F ., the pion
energy in the heavy meson rest frame. It is straightforward to interchange
between these two conventions.

Unfortunately, experimental results are limited to the small ¢ region
whereas, for B mesons, lattice calculations are most reliable for small recoil
(large ¢?). This is because lattice calculations currently work in the B meson
rest frame and large recoil would give the pion large momenta introducing large
O(a?p?) discretization errors and large statistical errors. However, the lattice
community is excited about the development of Moving NRQCD 8) which
allows the momentum to be shared between the B and the n. This will allow
calculations over the full ¢? range providing excellent overlap with experiment
and should be ready to implement within the next year.

In the mean time it is necessary to use a model in order to extrapolate the
lattice results to the low ¢° region. It will, however, be seen that results using
the Becirevic Kaidalov (BK) parameterization 9 are encouraging. The BK
parameterization satisfies Heavy Quark Effective Theory scaling laws, the fact
that fi must have a pole at ¢> = M3. and the necessary condition f1(0) =

fo(0).
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Figure 1: Chiral extrapolations for fP=™ with Fermilab heavy quarks 10)

Solid: linear; dashed: chiral perturbation theory without staggered effects; dot-
ted: full staggered chiral perturbation theory.

5 Semileptonic D Decay Results

The CKM elements |V.s| and |V,4| are known more accurately than |V,;| and

1), Semileptonic

the CLEO-c program aims to further improve this accuracy
D decays are thus very suitable processes for testing lattice calculations.

Using the MILC ensembles and Fermilab heavy quarks, Okamoto et al 10)
have calculated the D — 7 (and similarly D — K) form factors. Lattice
determinations of the matrix element Eq. 1 were done for several ¢ and
light quark mass m,. For each m,, the BK parameterization was used to
interpolate to common F, values. Then, for each F,, chiral extrapolations were
done to obtain results at the physical light quark masses. Chiral perturbation
theory is used to give the appropriate extrapolation function, dependent on
the lattice action used. Figure 1 shows chiral extrapolations for f;. The
correct (full staggered) chiral extrapolation is shown along with linear and non-
staggered functions. p, is a matching factor between the lattice and continuum
renormalization schemes which is 1 at tree-level.

Figure 2 shows results for linearly! chirally extrapolated form factors as

!The analysis for the full staggered chirally extrapolated form factors is
underway.
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Figure 2: D — 7 and D — K form factors with Fermilab heavy quarks 10)

a function of g2 for both D — 7 and D — K. In both cases good agreement
with experiment at ¢> = 0 is seen, although the CLEO-c results will provide a
more stringent test over the full ¢® range.

There exists one set of MILC ensembles with a relatively large lattice
spacing (the ‘coarse’ set) and there similarly exists a “fine’ set. This work has
so far only been done on the coarse ensembles and must be repeated on the
fine ensembles to check for lattice spacing dependence.

6 B — wlv Results

The MILC coarse ensembles were again used for B — 7#lvr calculations. Both
NRQCD and Fermilab heavy quarks have been used.

In similar fashion to the D decay analysis, the form factor results were
interpolated to common E, values and chiral extrapolations were performed,
but only linearly so far. Figure 3 shows these extrapolations for fj; and fi
for the NRQCD case 12) | The full staggered chiral function has recently been
determined and must now be incorporated into this analysis. The BK param-
eterization was then used to extrapolate to the low ¢ region, as can be seen
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Figure 3: Linear chiral extrapolations for f&=7 and fP=™ with NRQCD heavy

Il
quarks 12) .

on the left hand side of figure 4. The data fits the model excellently with f
exhibiting the expected pole at ¢ = M3. and with f, consistent with the soft
pion relation fo(M%) = fg/fx. Although fo is not nceded for the decay rate,
it has relatively small statistical errors and its inclusion in the fit is very useful
in constraining fi. These results include one-loop matching but O(1/amy)
currents have still to be included, and again this work must be repeated on the
fine ensembles. This plot includes old quenched results for comparison, some
of which have had their errors removed for clarity.

An equivalent plot of results with Fermilab quarks 10) ig shown on the
right hand side of figure 4, again comparing with old quenched results. In this
case again only the coarse ensembles have been used, only tree level matching
has been done, and my is not tuned well. These issues are being addressed.

From their NRQCD form factor results, Shigemitsu et al. 12) have esti-
mated a result for |Vy| by integrating

1 dr G%
Vs |2 d_q2 = 2471:3 1773r |f+((12)|2 (2)

where the CLEO branching fraction 13) was used to get T'. The preliminary
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Figure 4: BK parameterization fits to ff%’T and fE=™ with NRQCD heavy
quarks 12) (left), where the burst shows the soft pion result, and with Fermilab
heavy quarks 10) (right). Both plots include old quenched results.

results from both the full and high ¢? ranges are

3.86(35)(62) x 102 0<¢* € 2,00
|Vub| = (3)
3.52(70)(42) x 1073 16GeV? < ¢?

where the errors are experimental and lattice respectively, and are both ten-
tative. It is encouraging that these results agree with each other, and are
consistent with the current inclusive B decay determinations 14,

It is hoped that the lattice errors for this quantity will be at around the
10-13% level when this analysis is complete. The main sources of error are
uncertainties in chiral extrapolations, continuum extrapolations and matching.
Estimates have been made as to how the magnitude of the overall error will
reduce with future calculations 1%). The next generation of machines, being
built just now, should allow simulations where a® or m; is halved, shrinking the
error to the 5.5-6.5% level, assuming that 2-loop matching has been performed.
Looking further ahead, if both a? and m; could be halved it is hoped that 4-5%
precision will be possible, again assuming 2-loop matching. The timescale for
this, however, is not known.
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7 B — D*lv Results
The differential B — D*[r decay width is given by
dr’
7 & Vel Fpope (@) (4)
where w = v’.v and v and v" are the B and D four-velocities respectively. Tn
order to extract |Vu|, the form factor at zero recoil F(1) must be determined.
Since B and D mesons can both be considered heavy, heavy quark symmetry
can be exploited. The errors then scale with 1 — (1) instead of F(1) because
in the infinitely heavy quark limit F(1) =1 16).

The best lattice determination thus far, which is in the quenched approx-

imation and uses Fermilab heavy quarks, is given by 17)

Fr-p+(1) = 091375577 + 0.016¥5671 5016 6,014 ©)

where the errors are from statistics, matching, lattice spacing dependence, chi-
ral extrapolation, and quenching respectively.

With reference to the previous section, it is hoped that this total error
will be reduced from 4% to around the 2% level with the next generation of
machines and then to as low as 1% with the next again generation. At this
level, it will be important to compute the slope and curvature of F(w), and
Moving NRQCD will again be of great help in achieving this.

8 Conclusions

Unquenched lattice gauge theory calculations are appearing, and have already
made an impact. The lattice community is confident that such calculations
can now be done to obtain the quantities important for extracting the CKM
elements, including the semileptonic B decay form factors. Comparison of D
semileptonic decay lattice results with precise CLEO-c data should enhance
this confidence.

The calculations are still at a preliminary stage, but good understanding
exists on, and plans are in place to address, all sources of error. Precision
results are likely to appear within the next few years.
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REVIEW OF CHARM SEMILEPTONIC DECAYS

Jim Wiss
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ABSTRACT

I will review some recent results on charm semileptonic decays. Because of
time constraints I will concentrate on the exclusive decays of charmed mesons.
I begin with a discussion to motivate the importance of this physics before
turning to a discussion of the pseudoscalar £ decays and vector £v decays.

1 Motivation

The semileptonic decay processes considered here can be computed by tree
level diagrams apart from ¢ dependent form factors that describe the cou-
pling of various helicity states of the virtual W state to the current carried
by the charm parent and daughter meson. Measurements of the form fac-
tors can potentially provide unique, incisive tests of tests of non-perturbative
QCD. The decay rate is proportional to the squared modulus of the CKM



210 J. Wiss

element factor ( |V,,|? ) describing the coupling of virtual W+ to the charm
and light quark current. In the future, when the semileptonic form factors can
be reliably computed to great accuracy, charm semileptonic decays can supply
additional information on the CKM matrix that can be used to refine tests
of CKM matrix unitarity. Perhaps a stronger motivation concerns the role of
charm semileptonic processes in ”calibrating” the techniques used to compute
hadronic corrections to many of the critical CKM measurement processes ac-
cessible through beauty decay. Such ”calibrations” are particularly timely in
light of the ability of LQCD (lattice QCD) to make unquenched and ¢* depen-
dent form factor calculations thus reducing the present substantial (=~ 15%)
systematic errors.

2 D — pseudoscalar /v decay

Eq. 1 gives the expression for the decay rate differential in ¢% — the square of the
neutrino and charged lepton invariant mass up to the corrections proportional
the square of the charged lepton mass.

dU  G% |V|* P}

i B {1f+(d®) +mi ( )} (1)

The rate is proportional to the square of the relevant CKM matrix element .
the cube of the pseudoscalar daughter momentum as measured in the charm
parent rest frame, and the squared modulus of the fy(¢?) form factor.! Eq. 1
implies that measurement of dT'/dg® in D — pseudoscalar £v decay provides
information on the product V., x f1(¢?) that can be viewed as either a mea-
surement of CKM matrix elements or a test of LQCD predictions for the scale
of the form factor and its ¢* dependence. The P2 factor plays a critical deter-
mining the decay kinematics. The daughter momentum (Pp)depends on the
rest masses of the parent and daughter hadron and ¢®>. As ¢® increases, the
daughter momentum decreases implying that the maximum rate is zero at the
maximum ¢ and grows dramatically as ¢° — 0. Older experimental results
were plagued by both a lack of statistics and the inability to accurately mea-
sure ¢° due to the missing neutrino. As a result, experimentalists in the past
needed to rely on one of two common f(¢?) parameterizations reported and

! An additional form factor (f_(¢?)) is present as well but its square as well
as its interference with the f1(¢?) piece are multiplied by m? in Eq. 1.
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their results at the point of maximum rate or fy(¢®> = 0). The older LQCD
predictions computed fy(g?) at one point — the maximum ¢2. This led to an
important disconnect between theory and experiment.

2.1 CLEO measurements of D® — K¢ty and D° —» 7= ¢Tv

This analysis 1) concentrates on both a measurement of the

T(D° —» 7 £+v)/T(D° — K~ £Tv) as well as a study of f1(¢?) for both of these
processes. The neutral D mesons used in this analysis were from electron-
positron annihilation running near the Y(4S) resonance. The charged lep-
ton was primarily an electron rather than a muon. The neutrino was re-
constructed using energy-momentum balance along with the constraint that
the mass of hadron-lepton-neutrino formed the mass of a D°. The recon-
structed neutrino was combined with the well-measured lepton and hadron
momentum to form the 4-vector of the D and combined with an appropriate
charged pion to reconstruct the decay D*t — D°zxt. The D° -« K {tv
and D° — 77 ¢ty yields are estimated by fitting the D * —D mass differ-
ence to a combination of the expected signal line shape, a peaking back-
ground due to D%z T where the D° does not decay according to the targeted
modes, and a non-peaking background. CLEO obtains the branching ratio
T(D° — 7 £+v)/T(D° — K £*v) = 0.082 £ 0.006 & 0.005. Using Eq. 1, this
branching ratio implies:

|FTO)? [Veal /I FE(O))? [ Vis|? = 0.038F0006+000% or using the known values
for the CKM elements: |fF(0)2/|fF(0)|?> = 0.86 £ 0.072355 = 0.01 where the
third error is from the CKM matrix elements. This value is consistent with

the expected degree of SU(3) symmetry breaking in the form factors and is
compared to previous measurements in Table 1. All three values are consistent
(CL = 68 %) with my weighted averageof T(D° — 7 £+u)/T(D° - K {tv) =
0.085 = 0.007. The new CLEO number represents a significant improvement
over previous measurements.

CLEO 1) also reports new information on the ¢®> dependence of the f,
form factor for D® — K¢ty and D° — 7 ¢Tv. Separate D * —D mass
difference plots were made in three ¢? bins, and deconvolved to take into ac-
count the ¢? smearing due to the missing neutrino. The resulting corrected
¢? distributions were then fit to both the ISGW2 ( 2)) form as well as the
pole form (f1(¢*) < 1./(1 = ¢*/m,.)). The higher statistics D° — K~ £tv
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Table 1: Measurements of T(D° — 7= £tv)/T(D® — K £tv). The older val-

ues of the pole mass are referenced in Reference 3).
| group | value |
CLEO (95) 0.103 + 0.039 £+ 0.013
E687 (96) 0.101 £+ 0.02 £ 0.003
CLEO (04) D | 0.082 £ 0.006 + 0.005
Average 0.085 £ 0.007

Table 2: Measurements of the pole mass. The older values of the pole mass are

referenced in Reference 3).
| group | value (GeV/c®) ]

MK3 1.8705 £ 0.25
E691 21793 +£0.2
CLEO 91 2.10013-300 + 0.250
CLEO 93 2.0001015 £0.18
E687 tag 1.97+04% + 0.07
E687 inc 1.8710 08 =0.07
CLEO 04 V) | 1.89 + 0.005 = 0.035
Average 1.901 £ 0.051

sample was inconsistent with the ISGW2 form by about 4.2 ¢. The pole mass
they obtained is compared to previous measurements in Table 2 along with my
weighted average. The new CLEO measurement is a significant advance over
previous values and all the measurements are very consistent with a pole mass
of 1.9 £ 0.051, which is ~ 4.2 o below the D% spectroscopic pole mass.

3 Vector {Tv charm meson decays

In this section we describe several new results on D¢, D and D7 semileptonic
decays into a vector meson featuring recent results from Focus and CLEO. We
begin with several new results on D™ — K~ 7ty v from Focus. Five kinematic
variables describe this four-body decay process. These are the K ~#T invariant
mass (M) . the square of the yr mass (¢%), and the three decay angles
illustrated in Figure 1: the angle between the 7© and the D direction in the
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Figure 1: Definition of kinematic variables.

K~z rest frame (fv), the angle between the v and the D direction in the uv
rest frame (#;), and the acoplanarity angle between the two decay planes (x).

3.1 s-wave interference

Dt — K rxtutv decay is known to be strongly dominated by the DT —
F*O/ﬁy process, but in 2002 Focus 4) obtained evidence for a small, s-wave,
interfering amplitude that creates an ~ —15% forward-backward asymmetry
in the cosfv projection. The pure DT — F*Uuﬂ/ process has an angular dis-
tribution proportional to 14+ a cos® #y. The interference of the s-wave K —7+
and p-wave K ~rt from the K produces a term proportional to cosfy. The
product of a nearly constant s-wave amplitude and the more rapidly varying
Breit-Wigner p-wave amplitude of the K*° produces a cosfy asymmetry with
a characteristic dependence on mpg, that can be used to accurately determine
both the phase and amplitude of the s-wave piece relative to the K™ am-
plitude. The Focus data had a s-wave amplitude that was about 7% of the
F*OBreit—Wigner amplitude? with the same phase relative to the K™ that was
obtained by the LASS Collaboration 5) for Lhe isodoublet, p-wave K phase
shift relative to the s-wave K phase shift near my, = 0.896 GeV/c?. The

latter observation suggests that there is no re-phasing of the s-wave amplitude

2The s-wave amplitude only interferes with the D+ — K 1T v piece where
the virtual W7 has zero helicity. The 7% is relative to the zero helicity piece

—#0
evaluated at the K pole mass.



214 J. Wiss

relative to p-wave due to final state interactions as expected for a semileptonic

decay process. Given the strength of the s-wave contribution, one sees at most

a very mild distortion of the overall mg, line-shape from that expected for
—=*0

pure DT = K putw.

3.2 Dt = K%ty form factors

The Focus s-wave amplitude was discovered during their measurement of the
Dt — F*Oﬁ‘w form factors. In the zero mass charged lepton limit, the D1 —
f*oﬁ*‘yg amplitude is described by three form factors that essentially describe
the amplitude for finding the virtual W to exist in each of its three allowed
helicity states. The three helicity basis form factors, are generally written as
combinations of two axial form factors (4(¢?), A2(¢?)) and one vector form
factor (V(¢?)) that are parameterized in terms of spectroscopic pole forms.?

Given their large (=~ 30,000 events) and relatively clean Dt — K~ ntutw
sample they were unable to get a satisfactory fit to the expected joint angular
distribution for D+ — K v decay. Prior discovering the s-wave amplitude,
typical fits had a x? of 325 for 79 degrees of freedom. Ultimately Focus was
able to obtain a good quality (CL = 11%) fit with a x? of 95 for 79 degrees
of freedom by including the s-wave amplitude, correcting for the influence of
charm backgrounds, and eliminating events with ¢ < 0.2 GeV? /3.

Figure 2 compares the cosé, projection for events with ¢% < 0.2 G8V2/02
to those with ¢% > 0.2 GeV?/¢?. The pronounced deviation from the expected
cosd, distribution in the low ¢® sample might imply a problem with the vec-
tor form factor V(g?) at low ¢? since this form factor controls the level of
forward-backward asymmetry in cosé; although Focus cannot rule out alter-
native explanations for this interesting discrepancy.

Table 3 gives a summary of measured and predicted r, and 7o values
for DT — F*Ogﬂ% I have divided rows into experimental measurements,
followed by quark model estimates, and finally followed by LQCD estimates.
My weighted average of all experimental values is r, = 1.618 £ 0.055 and

3The vector and axial pole masses are generally taken to be 2.1 GeV/c? and
2.5 GeV/ctcorresponding to the D}t and the D}* respectively. The role of the
two axial form factors is distinguished since they are multiplied by different g2
dependent kinematic factors in the linear combinations that form the helicity
basis form factors.
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Figure 2: cos @, distributions obtained by Focus in their study of DT — F*O,u'i'y
form factors. The points with error bars are the data. The upper histogram
is expected "best fit” distribution. The lower (dashed) histogram is the ex-
pected cosBy distribution for charm backgrounds. (a) cos8; distribution for
q> < 02GeV?/c2. (b) cosb, distribution for ¢ > 0.2GeV?/c?

ro = 0.830 £ 0.054. The experimental data and LQCD predictions are fairly
consistent in both 7, and r2. The quark model predictions seem to be somewhat
higher than the experimental average for ry. The latest experimental numbers
from Focus and r, LQCD prediction from SPQR represent a significant im-
provement in experimental and theoretical precision. The Focus r, number is
about 2 ¢ lower in r, to the next highest statistics number from E791.

3.3 Anomalies in D — ¢ €4 form factor ratios.

There is new data on a long standing anomaly between the DF — ¢ £ty form
factor ratios and those measured for D — K £+, By SU(3) symmetry and
explicit calculation, the 7, and rs form factor ratios for these two decays are
expected to lie within &~ 10% of each other. But previous to the very recent
measurement by the Focus experiment 6), the 7o cross section measured for
DF — ¢ p*v was roughly twice as high as that measured for DT — F*Oﬁ'yg,
although the r, form factors were consistent. r%he most precise of these previous
discrepancy at about the 3 ¢ level. The latest number from Focus 6) has
Ty = 1.549 £ 0.250 £ 0.145 and ro = 0.713 & 0.202 & 0.266 for D} — ¢ £+v,
which is in excellent agreement with their own as well the present world average

measurements from the E791 Collaboration !/, quoted the significance of this

values for Dt — K4ty quoted in Table 3. Perhaps this surprising anomaly
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Lo ——*0
Table 3: Measurements and predictions of DT — K £*v, form factors.

Other references appear in Reference

9)

| group | Ty | | T2
Focus ) | 1.504+0.057+0.039 | | 0.875 4 0.049 + 0.064
BEAT 1.45 +0.23 £ 0.07 140.15+0.03
E791 1.87 +0.08 £ 0.07 0.73 £+ 0.06 =+ 0.08
E687 1.74 4+ 0.27 £ 0.28 0.78+£0.18 £ 0.1
E653 2+40.3340.16 0.82+0.22 + 0.1
E691 240.6+0.3 0+0.5+0.2
Ave 1.618 £0.055 0.830 £0.054
ISGW2 2 1.3
ISGW 1.4 1
WSB 1.4 1.3
KS 1 1
AW/GS 2 0.8
Stech 1.55 1.06
BKS 1.00£0.22 £ 0.33 07+016+017
LMMS 1.6+0.2 0.4+ 0.4
LANL 1.75 4 0.09 0.87 + 0.21
ECL 1.3+0.2 0.6+ 0.3
APE 1.6+0.3 0.7+0.4
UKQCD 1.4+0.35 0.9+ 0.2
BBD 2.240.2 1.2+0.2
SPQR 10) 1.48 +0.12 0.6+0.3

values for D+ — K" t+u, quoted in Table 3. Perhaps this surprising anomaly

is starting to fade away with better data.

3.4 The semileptonic vector to pseudoscalar ratio

An old problem in semileptonic charm decay concerns the ratio of
R =T(D+ — K t+1,)/T(D* — K (*+v;). The early quark models predicted
R to be approximately unity , whereas experimentally the ratio was roughly

1/2. Three relatively new results from Focus and CLEO bear on this problem.
In 2002, CLEO 8) published a new measurement of

D(D+ — K 0+u,)/T(D° — K-rtnt) = 0.74 £ 0.04 £ 0.05
that was somewhat higher than the previous world average of about 0.6 thus
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Table 4: Measurements and predictions of DT — ¢ £*v, form factors.

(Full references appear in Reference 6))

| group | T | ] o |

Focus 1.549 4+ 0.250 £ 0.145 0.713 £ 0.202 4+ 0.266
791 2.27+0.35 +0.22 1.570 £ 0.250 £ 0.190
CLEO 0.9+0.6+0.3 1.400 £ 0.500 £ 0.300
E653 1.3£14+04 2.100 = 0.550 4 0.200
E687 1.84+0.9+0.2 1.100 £ 0.800 £+ 0.100
Ave 1.679 £ 0.213 1.310 £ 0.197

BKS 24+0.19£0.22 0.780 £ 0.080 4+ 0.150
LMMS 1.65+0.21 0.330 £ 0.330
ISGW2 2.1 1.300

obtaining a value of R more in line with the old quark model predictions.
Shortly thereafter, Focus 11) published a new value for

ot — f*ofrw)/l“(Do — K~nT7rt) =0.602 £+ .01 £+ 0.021

that was very consistent with the previous world average.

Recently Focus 12) produced a direct measurement of the ratio R =
I(D+ — K utv)/T(D+ — K utv) using a technique designed to signif-
icantly reduce systematic errors. In this analysis the K - K7t and
K - K¢ — 7T~ resulting in a final state consisting of three charged par-
ticles (a muon and two hadrons) for the numerator and denominator sample
of R. In order that vertex characteristics of the three charged particle final
state are very similar, only upstream K¢ — 7wt7~ decays are used which
decay prior to the end of the Focus microstrip system. The upstream require-
ment reduces the denominator sample by about a factor of 10 but dramati-
cally reduces potential systematic error. Table 5 summarizes measurements of
R. The Focus measurement represents a significant improvement over existing
measurements and is a direct measurement that is not inferred from separate
measurement of the numerator and denominator. This newest result is very
consistent with the older values of R ~ 0.6, which, as discussed in Reference
12), is also very consistent with the more recent theoretical estimates. The re-
cent CLEO(02) measurement in Table 5 is large R = 0.99 £ 0.06 £ 0.07 £ 0.06*

compared to most of the data and the new Focus result. This partially re-

4An additional uncertainty of 40.12 should be included in addition to the
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flects the fact that CLEO measured a somewhat higher than average value
for T(Dt — F*OWVQ)/F(DO — K~7T7") and normalized to their value for
B (D+ — Eoe"'y). As discussed in Reference 12), B (D+ — ?Oe"'l/) is prob-
ably anomalously low. Had CLEO(02) used B (D° — K~ p*v) and isospin
symmetry for their quoted R value, this value for R would be much more in

line with the weighted average value in Table 5.

Table 5: Measurements R = ['(D* — Kt v)/T(DT — K utv)

(Full references appear in 12))

Experiment Quantity Result
CLEO(91) [P KT 0.51 =+ 0.18 + 0.06
CLEO(93)  [D=i—cv 0.60 = 0.09 = 0.07
CLEO(93) Fp(([;%m 0.65 £ 0.09 £ 0.10
B691(89) MO —KTew) 0.55 +0.14
E687(93) %ﬁjim 0.59 4+ 0.10 = 0.13
E687(95) %ﬁjim 0.62 £ 0.07 = 0.09

CLEO(02)8)  LI=Ec'v) 994 006+ 0.07+0.06

[(D+—K etv)

)
FOCUS(04) 12) DR =K w'v) g 504 4 0.043 + 0.030
N(D+t—K ptv)
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ABSTRACT

In this talk T review the status of our ability to extract the CKM matrix el-
ements |Vyp| and |Vgs| from inclusive semileptonic decays. T focus on model
independent determinations of these parameters and discuss the expected the-
oretical uncertainties.

1 Introduction

The magnitudes of the Cabbibo, Kobayashi, Maskawa (CKM) matrix clements
Vs and V, are two of the parameters of the standard model which can be de-
termined at current experimental facilities producing B mesons. Semileptonic
decays of B mesons mediated by the weak decay of a b quark to cither an up or
a charm quark are an ideal way to perform these measurements, since the part



222 C.W. Bauer

of the process involving the leptonic final states can be calculated perturpa-
tively. The theoretical calculations required can be split into two parts. First,
the decay rate of the b quark to either an up or a charm quark is required, and
second the hadronic effects which bind these quarks into the observed hadrons
in the experiment have to be dealt with.

The perturbative expressions for the b — ufr decay is known to order
a? 1), while the b — ¢fi decay rate is currently known to order oo 2), where
Bo is the one loop coefficient of the QCD beta function. The hadronization
effects can not be calculated perturbatively and is governed by long distance
physics. There are two distinct ways to extract the CKM [rom decays of B
mesons. One can use exclusive decays to a well defined hadronic final state, such
as D or D" mesons for b — ¢ transitions, or 7 or p mesons for the measurement
of |Vius|. All non-perturbative physics is then encoded in the hadronic form
factors. For D and D* mesons heavy quark effective theory (HQET) 3) can be
used to obtain the form factor at leading order in an expansion in 1/my . at the
zero recoil point 4), and because of Luke’s theorem ) corrections are absent
at order 1/my .. For the decay to an up quark HQET is not applicable, and
the relevant form factors have to be determined using other non-perturbative
methods, such as lattice QCD 6) or QCD sumrules 7). Recently there has
also been progress using the soft collinear effective theory 8) to determine the
required form factors from experiment.

An alternative approach is to use decays to inclusive final states, which
include all final states containing either an up or a charm quark. Decays to
such inclusive final states can be calculated using the operator product expan-
sion (OPE), which states that at leading order in 1/m; the inclusive decay is
identical to the perturbatively calculable parton level decay. Corrections are
given by matrix elements of local operators, which are suppressed by powers in
1/mys. By determining enough of these matrix elements the CKM parameters
Vs and Vg can be determined with high accuracy. 1 review the recent progress
on inclusive determinations of V,,; and V., in this talk.

2 Inclusive determination of Vj,

The inclusive decay rate B — X, £7 is directly proportional to |Vu1,|2 and can
be calculated reliably and with small uncertainties using the operator product
expansion (OPE). Unfortunately, the ~100 times background from B — X £
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makes the measurement of the totally inclusive rate an almost impossible task.
Several cuts have been proposed in order to reject the b — ¢ background,
however care has to be taken to ensure that the decay rate in the restricted
region of phase space can still be predicted reliably theoretically. The proposed
cuts are

1. Cut on the lepton energy Fy > (m% —m%)/(2ms)

2. Cut on the hadronic invariant mass mx < mp 9)

3. Cut on the leptonic invariant mass ¢ > (mp — mp)? 10)

4. Cut on light cone component of the hadronic momentum Py < m3%,/mp 11

5. Combined lepton-hadron invariant mass cut 12)

While the cut on the energy of the charged lepton is easiest to implement
experimentally, it has the largest theoretical uncertainties. Thig ig due to the
fact that only ~ 10% of the b — u events survive this cut, amplifying any higher
order, uncalculated terms drastically. Thus, it is not useful for a precision
determination of |V,;|, although it can be used as a check for consistency.

The remaining four cuts each have their advantages and disadvantages,
and it remains to be seen which will yield the individually smallest uncertainty
on |V ultimately. To illustrate the effect of these four phase space cuts, we
show the allowed phase space of the B — X, £7 transition, in terms of two light

cone projections of the hadronic four-momentum,
P, = n-P=E—|P|
P. = n-P=E+|P|. (1)

The projections satisfy Py P = P? and thus it is obvious that the boundaries
of phase space are

m2/P_ < Py <P_<mp (2)

The resulting phase space diagram is shown in Fig. 1. Also displayed in a
rough distribution of the events obtained from a toy Monte Carlo simulation.
While this distribution should not be viewed as a sound theoretical prediction,
it qualitatively helps to understand the phase space betier. The region of
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phase space occupied by the b — ¢ background is given by Py P_ > m%, and is
indicated by the gray area.

The region satisfying P, < P_, denoted by the ellipse in Fig. 1, is called
the shape function region. The decay rate in the presence of cuts which in-
clude this region contain higher dimensional operators contributing at order
(PyAqen/P?)". This fraction becomes order unity and all these terms have
to be iga;ummed to all orders into an unknown function, called the shape func-

measured in other B decays, such as the radiative decay B — X4v. Note that

tion . This function is a universal property of the B meson, and can be
it is not simply related to the b quark mass and the kinetic energy of the b
quark as is often assumed 4) 1 fact, at , leading order in both «; and
Aqen/mg, the shape of the photon energy spectrum is precisely given by this
light cone distribution function. At order 1/m; several new subleading shape
functions enter 15), which are at present completely unknown. Thus, even with
perfect knowledge of the photon energy spectrum in B — X,y the uncertain-
ties in regions of phase space which include the shape function region of order
AQCD/mb.

The regions of phase space surviving the four cuts are also illustrated
in Fig. 1. On the left we show the mx < mp and Py < mQD/mB cuts,
which both include the shape function region, while on the right we show
the ¢> > (mp — mp)? and the combined hadron-lepton invariant mass cut,
which do not include the shape function region. It is clear that the cut on

9) is optimal in the sense that it

the hadronic invariant mass mx < mp
keeps all events which are not accessible by b — ¢ transitions. It has been
estimated that ~ 80% of the b — u events survive this cut. Uncertainties from
subleading shape functions are of order Aqen /my., however they have recently
been estimated to be at the few percent level 16) | Precise knowledge of the
shape function is however still required to achieve an uncertainty on |V,,;| below
the 10% level.

The situation is similar for the cut on the light cone momentum P,
which also includes the shape function region. While this cut includes slightly
less phase space, it has been argued that the relationship between the shape
function and the differential rate of B — X, is slightly simpler for this cut

11)

than for the mx cut described above . The resulting uncertainties on |V,,|

are expected to be at the same order as for the mx cut.
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Figurc 1: The dalitz plot in the ¢*/suy and ¢*/E; plane. In both plots the
gray area denotes the area contaminated by b — ¢ events. The left plot shows
the mx < mp and Py < M%,/mB cuts, while the right hand plot shows the
¢® > (mp — mp)? and the combined ¢* — mx cut. Also shown in both plots is
the shape function region.

The situation is qualitatively different for the remaining two cuts, which
involve a cut on the leptonic invariant mass. Since a lepton invariant mass cut
removes the shape function region, the decay rate in the presence of these cuts
can be calculated using the standard OPE in an expansion in local operators,
but the expansion is in powers of 1/m, rather than 1/my 7). For the pure
¢? cut, where ¢°> > (mp — mp)?, the fraction of events surviving the cut is
estimated to be about (17 £3)% 10) . This gives an uncertainty on |V,;| at the
10% level.

The final cut discussed here is a combined cut on both the hadronic and
the leptonic invariant mass. The idea here is to use the cut on mx to remove
the charm background, and the cut on ¢° to keep the sensitivity on the shape
small. The ideal combination of cuts remains to be determined in a detailed
experimental study, but using the combined cuts mx < mp GeV, ¢% > 6 GeV?
one finds the fraction of surviving events to be (45 + 5)% 12) Since the decay
rate is proportional to |V,;|?, this allows for a determination of |V,;| with
uncertainties well below the 10% level.

To summarize, there are currently five types of cuts to eliminate the charm
background proposed in the literature. While a cut on the lepton energy is eas-
iest to measure, it has by far the largest theoretical problems. A cut on the
leptonic invariant mass alone also leads to relatively large theoretical uncer-
tainties and will probably not yield a measurement of |V,| with uncertainties
below the 10% level. The remaining three cuts all can yield a determination of
this CKM matrix element with uncertainties considerably below the 10% level,
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and all of them should be used together for a precision measurement of |V|-

3 Inclusive determination of V

Inclusive semileptonic B decays can be calculated using an operator product
expansion (OPE). This leads to a simultaneous expansion in powers of the
strong coupling constant as(m;s) and inverse powers of the heavy b quark mass.
At leading order in this expansion this reproduces the parton model result

_ G|V |[*m,

To= &7t T (g 3412071 .
0 905 (1=8p+80"—p p*logp) . (3)

where p = mZ/m?, and nonperturbative corrections are suppressed by at least
two powers of m;. The state of the art is to use theoretical predictions to order
28, 2) in the perturbative expansion, to order Aden/mi 18) in the non-
perturbative power expansion and to order a;Agep/my in the mixed terms.
Here fo is the one loop coefficient of the QCD beta function Sy = 25/3 for
ny = 4 light quark flavors. There are no non-perturbative contributions at
order 1/my and thus the inclusive rate can be written schematically as

e = it (3] o] <o 3]

A3 s A , A4 A?
my T My my my

The coefficients A — E' depend on the quark masses m(.z). At order A3, /mj
there are two matrix elements (A; ») parametrizing the non-perturbative physics,
while at order A3QCD /mg there are six additional matrix elements (p1 2, T1_4).

The total inclusive branching fraction for B decays is currently measured
with uncertainties around 2%. To predict this branching ratio with comparable
precision requires detailed knowledge of the value of the matrix elements A »
and even some rough knowledge of the matrix elements at order A3QCD Jms.
The best way to determine these parameters is to use the semileptonic data
itself. Many differential decay spectra have been measured, and moments of
thege gpectra have been calculated to the same accuracy as the total branching
ratio itself 19). A global fit to all experimental data is able to test how well

the OPE is able to describe the inclusive observables 20).
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The mass of the b-quark which naturally appears in the OPE calculations
is the pole masse. Tt has been long known that using these pole masses gives
rise to a poorly behaved perturbative expansion, due to the presence of a renor-
malon. There are several threshold mass definitions, which do not contain a
renormalon, called 1.5 mass 21) PS mass 22) , and kinetic mass 23)

The ¢ quark can be treated as a heavy quark. This allows one to compute
the D) meson masses as an expansion in powers of Aqep/m.. The observed
B— D mass splitting can be used to determine my—m,. Since the computations
are peformed to Adp,/m3, this introduces errors of fractional order A¢ycp, /m}
in m., which gives fractional errors of order A,/ (mjm?) in the inclusive B
decay rates, since charm mass effects first enter at order m?2/mj. This is the

£ 200 An alternative approach is to avoid using the

o 24)

procedure used in Re
1/m, expansion for the charm quar . In this case heavy quark effective
theory (HQET) can no longer be used for the ¢ quark system, and there are no
constraints on m. from the D and D* meson masses. At the same time, it is
not necessary to expand heavy meson states in an expansion in 1/m ¢, so that
the time-ordered products 71 _4 can be dropped. The number of parameters is
the same whether or not one expands in 1/m...

Currently, there are 75 pieces of data available combining moments of
the hadronic invariant mass spectrum and the lepton energy spectrum of in-
clusive mecasured of semileptonic decays and he photon energy spectrum in
B — X,y by BABAR 26), BELLE 27), cDF 28), CLEO 29) and DELPHI 30)
together with moments of the photon energy spectrum in B — Xy measured
by BABAR, BELLE and CLEO. These observables can all be predicted using
the same OPE and have been calculated in all of the mass schemes discussed
above and depend on 7 parameters. A global fit to all these 75 observables
was performed in 25) This allowed to extract the value of |Vep| simultane-
ously with the non-perturbative parameters of the OPE. It was shown that all
schemes give consistent values for [V, m; and the matrix elements appearing
at order 1/mj. In Table 1 we show the results of the fits in the 1S and the
kinetic scheme. One can see that the two schemes give consistent results, with
the uncertainties in the 15 scheme being slightly smaller than the ones in the

kinetic scheme.
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Table 1: Fit results for |Ves|, ms and Ay in the 1S and kin schemes, where m.
is obtained from the B — D mass splitting.

Scheme || |Vi| x 10° | mi% [GeV] | A1 [GeV?]

1Sexp 421+ 0.6 4.68+0.04 —0.23 £ 0.06
kiney, 422+04+04 | 467+0.04£0.02 | —0.17£0.06 =+ 0.06

4 Conclusions

In this talk I reviewed the current status of determining the magnitude of
the CKM matrix elements |V,,5| and |V4| from inclusive semileptonic B meson
decays. For B — X v, the operator product expansion has been calculated to
order 1/m3, with a total of 6 parameters in addition to |V,,| appearing at that
order. These 6 parameters can be determined in a fit to precision measurements
of inclusive decay spectra and one finds |Vo| = (42.1 £ 0.6) x 1073, Also
obtained in the fit is the value of the b-quark mass and the parameter Ay,
which are shown in Table 1.

To measure |Vyi| from the inclusive decay B — X, £7 one has to deal
with the large background from b — ¢ transitions. Imposing kinematic cuts to
suppress thig background tends to destroy the convergence of the OPE. Several
cuts have been presented which allow to suppress this background experimen-
tally, and in the future it should be possible to determine the value of |V,;]
with uncertainties well below the 10% level.
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ABSTRACT

Measurements of the CKM matrix element |V;| are performed using semilep-
tonic B decays recorded with the BaBar detector. These decays are primarily
identified by the presence of a high momentum lepton. Several measurements of
the hadronic mass and lepton energy moments are then performed as a function
of the minimum allowed lepton energy FE¢.+. Combining these measurements
into the HQE kinetic-mass scheme allows for the simultaneous determination
of the inclusive semileptonic branching ratio B(B — X £v), |V|, the b- and
c-quark masses, and the HQE parameters.

1 Introduction

The element |V ;| of the CKM matrix is a fundamental parameter of the Stan-
dard Model and, as such, a precise measurement of |V| is important. The
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weak decay rate for B — X v may be calculated accurately at the parton
level; it is proportional to |V|? and also depends on the charm and bottom
quark masses. In order to extract |V.;| from the measurements of the semilep-
tonic B-meson decay rate, corrections to the parton-level calculations must be
applied to encompass the effects of strong interactions. Heavy-Quark Expan-
sions (HQEs) D have become a us;)ful tool for calculating perturbative and

non-perturbative QCD corrections ¢/, and for estimating their uncertainties.

For instance, in the kinetic-mass scheme 3), expansions in terms of 1/m; and
as(my) to order O(1/m3) contain six parameters: the running kinetic masses of
the b- and c-quarks, my() and m.(u), and four non-perturbative parameters.
These parameters may be determined simultaneously from a fit to the moments
of the hadronic-mass and electron-energy distributions from semileptonic B de-
cays to charm particles. Thig fit yields significantly improved measurements of
the inclusive branching fraction B — X £v and of |V 4) Tt also allows to test
the consistency of the data with the HQEs employed and to check for the pos-
sible impact of higher-order contributions. In my %r)esentation, I limited myself

low. New models 6 7> 8) have recently become available and are currently

to the results obtained by the BaBar experiment ?/, and summarize these be-

under study.

2 Moments and fitting technique
9. 10)

These moments were derived from the inclusive hadronic-mass (Mx ) and electro:
energy (F¢) distributions in B — X_.fv decays produced at the Y(4S5) reso-

The results I presented were based on moment measurements described in

nance, and averaged over charged and neutral B. In the case of energy mo-
ments, only electrons were used, whereas muons were also used for the mass
moments.

The electron-energy distribution was measured in events tagged by a high-
momentum electron from the second B meson. To differentiate between pri-
mary and secondary decay electrons, the data were divided into unlike- and
like-sign samples, Q(etag) = FQ(esig), respectively. Primary signal electrons
made up most of the unlike-sign sample. Background electrons originating
from the same B meson as the tagged electron usually have opposite charge
and direction; they were suppressed by applying a cut on the opening angle
between the two electrons. Further backgrounds from J/¥ — ete™ were re-
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moved by applying a veto on the invariant mass M., of the tagged electron
for the interval 2.9 < M. < 3.15 GeV/c?. Like-sign electrons are mostly
produced in secondary decays. Energy spectra for electrons produced via pho-
ton conversion and Dalitz decays were extracted from data studies, whereas
spectra for cascade b — erv and b — cés electrons were estimated from Monte
Carlo simulations. Continuum backgrounds, which contribute to both like- and
unlike-sign samples, were subtracted out by scaling the off-resonance yields to
on-resonance luminosity and energy.

The hadronic-mass distribution was measured in events tagged by the
fully reconstructed hadronic decay of the second B meson, which allowed for a
knowledge of the B flavour and momentum pg. The kinematic consistency of
the Byeco candidates was checked by computing the beam-energy-substituted
mass mgg = \/m. Combinatorial backgrounds were subtracted out

from a fit to the mpgg distribution using an emperical function 11)

describing
the combinatorial background from both continuum and BB events and a nar-
row signal function 12) peaked at the B-meson mass. Further requirements
were applied on the recoil B: the lepton charge needed to be consistent with
the Bieconl flavour, and the measured missing energy and momentum had to
be consistent with a neutrino. The extracted hadronic mass of the meson was
then corrected for detector resolution and efficiency losses on a event-by-event
basis using the linear relationships observed between the measured and gen-
erated Mx values in Monte Carlo simulations. To verify this procedure, the
calibration was applied to measured masses for exclusive final states in simu-
lated B — X v decays and the resulting calibrated mass was compared to the
true one. No significant mass bias was observed after calibration for the full
mass range. The procedure was also validated on a data sample of partially
reconstructed D*t — D%z T decays.

All moments were measured as functions of E.;, a lower limit on the
13).
Charmless contributions were subtracted out based on the branching fraction
B — X, fvr=(022 £ 0.05)% 14) " The first electron energy moment, defined
as M{(Ecyt) = (E¢)g,>E.,,. and the sccond and third moments, defined as
MY Eow) = ((Be = M Eewt))" B, >E.,, With n =23, were measured. In ad-
dition, the partial branching fraction M§(Eey) = [ 56 " (dBeew [AEy) dE; was
also obtained. The hadronic-mass moments MX (Eeut) = (m%) g, >E.,, were

lepton energy, and were corrected for detector cffects and QED radiation
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Figure 1: The measured hadronic-mass (a-d) and electron-energy (e-h) mo-
ments as a function of the cut-off energy, Eou:, compared with the result of
the simultaneous fit (line), with the theoretical uncertainties 16) jndicated as
shaded bands. The solid data points mark the measurements included in the fit.
The vertical bars indicate the experimental errors. Moment measurements for
different E.y; are highly correlated.

measured for n =1,2.3,4. The measured electron-energy and hadronic-mass
moments as a function of ., are shown in Fig. 1.
In the kinetic-mass scheme the HQE to O(1/m}) for the rate of B — X {v

decays can be expressed as 15)
T = fg““;f Vio|2(1 + Aewy) Apere (r, 1) X
[ZO(T) <1 — b — u%;,;;%i)
b
Wz % rb 4
—2(1—17) T —}—d(r)m—2 —i—O(l/mb)]. (1)

The leading non-perturbative effects arise at O(1/mj) and are parameterized
by pZ(w) and p(u), the expectation values of the kinetic and chromomag-
netic dimension-five operators. At O(1/m3), two additional parameters enter,
ph(w) and p? (1), the expectation values of the Darwin (D) and spin-orbit
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(LS) dimension-six operators. These parameters depend on the scale u! that
separates short-distance from long-distance QCD effects. Electroweak correc-
tions arc 1+ A.,, ~ 1.014, and perturbative QCD corrections arc cstimated to
be Apers(r, 1) = 0.91+0.01 15) . Linearized expressions for the HQEs 16) were
then substitued into equation 1.

HQEs in terms of the same heavy-quark parameters are available for the
hadronic-mass and electron-energy moments. The dependence on the heavy-
quark parameters was again linearized using the same a priori estimates of the
parameters 15, 16) The differences between the linearized expressions and the
full theoretical calculation were shown to be small in all cases. These linear
equations allowed for the determination of the unknown heavy-quark parame-
ters, the total branching fraction B(B — X.£v), and |V,| from a simultaneous
x? fit to the measured moments and the partial branching fraction, all as a
function of the cut-off lepton energy, F.y.

In total, four hadronic-mass moments for each of seven different values of
E.yt, ranging from 0.9 to 1.5 GeV, and three electron-energy moments plus the
partial branching fraction at five values of E.,;, ranging from 0.6 to 1.5 GeV,
were available 9: 10). Many of these individual moments were highly correlated
such that a set of moments for which the correlation coefficients do not exceed
95% was chosen. As a result, only half of the 28 mass moments and 13 of the
20 energy moments were kept for the fit.

3 Results

The global fit took into account the statistical and systematic errors and cor-
relations of the individual measurements. as well as the uncertainties of the

16), the uncertainty of

expressions for the individual moments. As suggested in
the calculated moments was assesed by varying in the linearized expressions the
a priori estimates for u2 and p% by £20% and for p3 ¢ and p3, by +£30%. For a
given moment, these changes were assumed to be fully correlated for all values
of F.u. but uncorrelated for different moments. The resulting fit, shown in
fig. 1, describes the data well with y? = 15.0 for 20 degrees of freedom. Table 1
lists the fitted parameters and their errors. Note that for the mass difference,

BaBar obtained my — m. = (3.436 £ 0.025,,, £ 0.018 yor £ 0.010,,) GeV.

! Calculations are performed for g =1 GeV 3),
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Table 1: Fit results and error contributions from the moment measurements,
approzximations to the HQFEs, and additional theoretical uncertainties from o
terms and other perturbative and non-perturbative terms contributing to Tesy.

| Paramcter | Result | desp | dmge | 60, | Or ]
Voo (10 9) 41300 | 0.437 | 0.398 | 0.150 | 0.620
ms { GeV) 4611 | 0.052 | 0.041 | 0.015
m.( GeV) 1.175 | 0.072 | 0.056 | 0.015
12 (GeV?) 0.447 | 0.035 | 0.038 | 0.010
P (GeV?) 0.195 | 0.023 | 0.018 | 0.004
12 (Gev?) 0.267 | 0.055 | 0.033 | 0.018
7o ((GeV?) -0.085 | 0.038 | 0.072 | 0.010
B(B = X.tv) (%) | 10.611 | 0.163 | 0.063 | 0.000

Beyond the uncertainties that are included in the fit, the limited knowl-
edge of the expression for the decay rate, including various perturbative cor-
rections and higher-order non-perturbative corrections, introduces an error in
|V.s|, assessed to be 1.5% 15) . On the other hand; the uncertainty in « is
estimated to have a relatively small effect.

The fit results are fully compatible with independent estimates 16) o
1&=(0.35+0.07) GeV?, based on the B*— B mass splitting, and of P3 s=(—0.15+
0.10) GeV?, from heavy-quark sum rules 17), Figure 2 shows the Ay? =1 el-
lipses for |V.4| versus my and p2, for a fit to all moments and separate fits to
the electron-energy moments and the hadronic-mass moments, but including
the partial branching fractions in both. The lepton-energy and hadronic-mass
moments have slightly different sensitivity to the fit parameters, but the results
for the separate fits are fully compatible with each other and with the global fit
to all moments. Since the expansions for the two sets of moments are sensitive
to different theoretical uncertainties and assumptions, in particular the differ-
ences in the treatment of the perturbative corrections, the observed consistency
of the separate fits indicates that such differences are small compared with the

experimental and assumed theoretical uncertainties.
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Figure 2: Fit results (crosses) with contours corresponding to Ax? = 1 for two
pairs of the eight free parameters a) my and b) u> versus |Vyp|, separately for
fits using the hadronic-mass, the electron-energy, and all moments.

4 Conclusion

BaBar extracted |V.;|, the semileptonic branching fraction, and the heavy-
quark masses,

[Ves| = (414404, + 04508 £ 0.64,) x 1072,
Beew = (10.61%0.16.,, +0.06m05)%,
mp(1 GeV) = (4.61% 0.05.4, + 0.04505 + 0.02) GeV,
me(1 GeV) = (1.18 = 0.07.,, + 0.06mor = 0.024) GeV,

as well as the non-perturbative parameters in the kinetic-mass scheme up to
order (1/m3).

Based on a large set of hadronic-mass and electron-energy moments and
a consistent set of HQE calculations, uncertainties in the O(1/m}) terms were
The
fitted vzxélu(—;'lsS;)f the parameters appear to be consistent with theoretical esti-

than those of previous measurements 18), Finally, the result on |Vg| is in

determined from the data without constraints to any a priori values.
matces . and the uncertainties on the quark masses are much smaller

agreement with previous measurements using HQEs, either for a different mass
scheme and with fixed terms of O(1/m3) 7), or for the kinctic-mass scheme,
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but with external constraints on almost all HQE parameters 8), as well as
with an analysis combining both of these measurements 6),
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ABSTRACT

We present a preliminary measurement of the branching ratios for the two
charge modes of the decay Kg — wer performed using the KLOE detector.
Kg-mesons are produced in the reaction ete™ — ¢ = KgKp, at the DA®NE
collider. In a sample of ~ 1.5 x 10® Kg-tagged events we find 22700 + 200
semileptonic Kg decays. Normalizing to the Kg—nTn~ count in the same
data sample, we obtain BR(Ks — 7 etv) = (3.54 & 0.05tat = 0.055y5t) X 1074
and BR(Ks — 7Te™ ) =(3.542£0.05¢tat =0.045ys¢ ) X 10~*. The total branching
ratio is BR(Ks — mev) = (7.09 & 0.07¢tat = 0.08syt) x 1074, Each BR is
inclusive of radiative photons in the final state. The V4 value extracted from
the measurement of the Kg — wev branching ratio and lifetime is Vs =
0.2245 £ 0.0026. We measure for the first time the charge asymmetry Ag =
(—2 + 9Sfaf + Gsysf) X 1073.

1 Introduction

The measurement of the kaon semileptonic decay widths allow us to test many
fundamental aspects of the Standard Model.

The most precise test of unitarity of the CKM matrix comes from its
first row: 1 — A = |Via|?> + |Vas|?. Using |Vaa| as extracted from nuclear beta
decays, and |Vye| as extracted from the semileptonic decay width of the Ky, a
precision test on A with a precision of few parts per mil can be performed. We
are able to test if A is zero with a comparable precision, extracting Vs from
the measurement of K g semileptonic decay width. Finally, discrete symmetries
are tested through the measurement of the charge asymmetries for K and Kg
decays, Ay, s, defined as

A . T (KL,S — 7r_e+1/) -T (KL,S — 71'+(3,_l7)
DS T T(Kis—»m etv)+ T (Krg - nte D)

If CPT symmetry is agssumed, each of the two charge asymmetries are expected
to be equal to 2 X Re(e) ~ 3 x 1073, where ¢ is the parameter describing CP
violation in the K® — K° mass matrix. A difference between Ag and Ay, signals
C PT violation either in the mass matrix, or in the decay amplitudes. The value
of Ay is known at present with a precision of 107 L, 2), while Ag has never
yet been measured. At present, the most precise test of CPT conservation in

S. Veneziano, A. Ventura, R. Versaci, 1. Villella, G. Xu.
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the mixing has been performed using interferometry technique at the CPLEAR
experiment 3) and has a precision of 3 x 1074

2 Measurement method

We measure Kg branching ratios using kaons from ¢ — Kg¢Kj decays, col-
lected at the KLOE experiment operating at the DA®NE ete™ collider 4)
¢-mesons are produced in small angle (25 mrad) collisions of equal energy elec-
trons and positrons, giving the ¢ a small transverse momentum component in
the horizontal plane, pg ~ 13MeV/c. ¢-mesons decay ~ 34% of the time into
neutral kaons. Produced Ki’s and Kg’s decay with mean paths A, ~ 340cm
and Ag~0.6cm, respectively.

The main advantage of studying kaons at a ¢—factory is that Kp’s and
Kg’s are produced nearly back-to-back in the laboratory so that detection of
a long-lived kaon tags the production of a Kg-meson and gives its direction
and momentum. The contamination from Ky Ky~ and KgKgy final states is
negligible for our measurement 5: 6) Since tl71)e branching ratio for K¢ —

ratio is evaluated by normalizing the number of signal events, separately for

#T7~ is known with an accuracy of ~ 0.4% , the Ks — mev branching
each charge state, to the number of Kg — xt7x~ events in the same data
get. This allows cancellation of the uncertainties arising from the integrated
luminosity, the ¢ production cross section, and the tagging efficiency. The
measurement is based on an integrated luminosity of 410pb~" at the ¢ peak
collected during two distinct data-taking periods in the years 2001 and 2002,
corresponding to ~1.2 x 109 ¢-mesons produced. Since the machine conditions
were different during the two periods. we have measured the branching ratios
separately for each data set. Our final results are based on the averages of

these measurements.

3 Selection criteria

About half of the Kr-mesons reach the calorimeter, where most interact. A K,
interaction is called a K-crash in the following. A Kp-crash is identified as a
local energy deposit with energy above 100 MeV and a time of flight indicating
low velocity: 8~ 0.218. The coordinates of the energy deposit determine the
Kr’s direction to ~20mrad and its momentum py,, which is weakly dependent
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on the K direction because of the motion of the ¢-meson. A Kp-crash thus
tags the production of a Kg of momentum pg = py — pr. Kg-mesons are
tagged with an overall efficiency of ~30%. Both Ks — mev and Kg — ata™
decays are selected from this tagged sample. Event selection consists of fiducial
cuts, particle identification by time of flight, and kinematic closure.

Identification of K¢ — w7~ decays requires two tracks of opposite cur-
vature. Tracks must extrapolate to the interaction point (IP) within few cen-
timeters. The reconstructed momenta and polar angles must lie in the intervals
120 MeV /e < p<300MeV/c and 30° <€ <150°. A cut in (p1,py) selects non-
spiralling tracks. The numbers of Ks — 777~ events found in each data set
are shown in table 3. Contamination due to Ks decays other than K — 77~
is well below the per-mil level and is ignored.

Tdentification of K¢ — mer events also beging with the requirement of
two tracks of opposite curvature. Tracks must extrapolate and form a vertex
close to the IP. The invariant mass M, of the pair calculated assuming both
tracks are pions must be smaller than 490MeV. This rejects ~95% of the 7+7 ™~
decays.

Electrons and pions are discriminated by time of flight (TOF). Tracks
are therefore required to be associated with calorimeter energy clusters. For
each track, we compute the difference §;(m) =t — L/cf(m) using the cluster
time t, and the track length L. The velocity g8 is computed from the track
momentum for cach mass hypothesis, m =m,. and m =m,. In order to avoid
uncertainties due to the determination of Ty (the time of the bunch crossing
producing the event), we make cuts on the two-track difference

dbt.ap = 0:(mg)1 — de(my)a,

where the mass hypothesis m, ;) is used for the track 1(2). This difference is
zero for the correct mass assignments. An additional fraction of Kg — n¥n~
events is rejected by requiring |dé: r-| > 1.7ns. The differences dés . and
dd; or are calculated for events surviving the previous cut. The scatter plot of
the two variables is shown in Fig. 1 for Monte Carlo events. The cuts applied
on these time differences for the selection of Ks — wer events are illustrated in
the figure: |dd¢ re| < 1.41ns, déser > 3.2n8; 0r |d8s er| < 1.4108, dd¢ ze > 3.2ns.
After the TOF requirements, particle types and charges for signal events can
be assigned very precisely: the probability of misidentifying a a¥e~ v (r~etv)
event as a 7 eTv (rTe ) is negligible.
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Figure 1: Scatter plot of the time differences dé¢ e vs ddten for em and me
mass assignments for Monte Carlo events, from all Ks decays (left) and from
Kgs — wev decays (right).

Finally, for events passing all of the above criteria, we compute the missing
energy and momentum Fi,iss. Prmiss- FOT 71':‘:6:':17(1/) decays, these variables are
the neutrino energy and momentum, and satisfy Eiiss = CPmiss- 1The distribution
of Eiiss — CPmiss 18 shown in Fig. 2 after the time-of-flight cuts are imposed for
7Te~ v (left panel) and for 7~e*w (right panel) candidate events. A clear peak
at Fmiss — CPmiss = 0 18 evident and corresponds to a clean signal for Kg — wev.
Events with Epigs — CPmiss > 10MeV are mostly due to Ks — 777~ decays in
which a pion decays to a muon before reaching the tracking volume or in which
onc of the two pion tracks is badly reconstructed.

The solid line in the graph on the right is a fit of the data to the sum
of the signal and background spectra simulated using the Monte Carlo (MC).
The MC simulation of Kg — wev decays includes an infra-red-finite treatment
of radiative corrections. The kinematics of the decay K¢ — wer has been
sampled from a four-body differential decay width which includes a photon in
the final state &).

The free fit parameters are the signal and background normalizations.
Three independent fits are performed: one for each charge state and one in
which we do not distinguish by charge. The estimated numbers of signal events
are shown in table 3. The quoted errors includes the contributions from fluctu-
ations in the signal statistics, from the background subtraction, and from the
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Figure 2: Fpiss — CPmiss spectrum for n~ et v (left panel) and for x¥e™ v (right
panel) candidate events. Filled dots represent data from year-2001 data set; the
solid line is the result of a fit varying the normalization of MC distributions for
stgnal and background.

finite statistics of the MC spectra, which amount to ~ 74%, ~ 24, and ~ 59%,
respectively.

4 Efficiency estimates

For both K¢ — wtx~ (normalization) and Kg — wer (signal) events, con-

tributions to the tagging and selection inefficiencies due to purely geometrical

effects have been estimated using MC simulation, while data have been used to

estimate the corrections for tracking and trigger inefficiencies. For K¢ — wev

events, the corrections for vertex reconstruction and time-of-flight 7-e identi-

fication inefficiencies have also been evaluated using a data control sample of

K — mev prompt decays.

The methods used for estimating selection efficiency are described in detail
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K5 decay mode Selection efficiency
Year 2001 Year 2002
T~ (%) 0.6123 £ 0.0006g¢a¢ & 0.0025gygt  0.6273 == 0.0002g45¢ = 0.0025gyg¢
ety 0.2277 £ 0.0013g¢a¢ &+ 0.0017gygt  0.2358 & 0.0010g¢5¢ =+ 0.0024gygt
rte o 0.2324 £ 0.0013g¢5¢ &+ 0.0012gyt  0.2378 & 0.0012g45¢ =+ 0.0015gyg¢
Tev 0.2297 + 0.00095¢5¢ + 0.0016g5y5¢  0.2361 + 0.0008g5¢ + 0.00185y4¢
K g decay mode Ratio of tagging efficiencies
T ety 0.9924 + 0.0020gt5¢ & 0.0020gyqt
TTe 0.9912 + 0.0020gt5¢ & 0.0020gyqt
mev 0.9918 =+ 0.00155¢4¢ + 0.0015gyg¢

Table 1: Selection efficiencies.

9. 10. 11) For Kgs — mer decays, three efficiencies are estimated:

elsewhere
one for each charge state and one for events in which we do not distinguish
by charge. We summarize the results for the total efficiencies, given the tag
requirement, in Tab. 1. The uncertainty in the trigger efficiency is the dominant
contribution to systematic errors. The difference between efficiencies for the two
semileptonic charge states arises from the different response of the calorimeter
to «t and 7, influencing both the trigger and the TOF efficiencies.

In principle, the K-crash identification efficiency cancels out in the ratio
of the number of selected K¢ — mev and Kg — w17~ events. In practice, since
the event Tg is obtained from the Kg and the K is recognized by its time of
flight, there is a small dependence of the Kp-crash identification efficiency on
the Kg decay mode. A correction for this effect is obtained by studying the
accuracy of the Ty determination in each case 9, 10, 11). The ratio Riag of
the tagging efficiencies for K — mev and Kg — n+t7~ is found to differ from
unity by ~1% (see Tab. 1).

5 Preliminary results

The value for BR(Ks — wer) is obtained by normalizing the number of signal
events to the number of Ks — 7F7~ events in the same data set, correcting
for the total selection efficiencies and the ratio Riag of tagging efficiencies, and

using the present experimental value for BR(Ks — 77 77) 7).

N(rev)  efn

BR(KS — 71'61/) = W ey
! tot

X Riag X BR(Kgs — 77 7).
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Averaging the results obtained for each data set, we obtain the following

branching ratios:

(3.54 £ 0.05gta1 = 0.03y51) x 1074,
(3.54 £ 0.05g0a; = 0.04gy5) x 1074,
(7.09 £ 0.07stat = 0.08¢yst) x 1072,

BR(Ks — n7etw)
BR(Ks — e 1)
BR(Ks — mteTo(v))

The charge asymmetry is also obtained as follows

__ N(z~etw)/et — N(zte w)/e™
- N(z—etv)/et + N(rte—v)/e~’

As

Ag=(—2 % 9ytat = 6syet) x 1072

This result is compatible with that for K semileptonic decays and with the
expectation obtained assuming CPT symmetry, As = 2Re(e).

5.0.1 Vs determination

The most precise constraints on the size of CKM matrix elements is provided
by the determinations of |V,5| and |V,4|. The V¢ value can be extracted from
the measurement of the K¢ — mer branching ratio and lifetime measurements
using 12),

r 1/2 1
N Sew Ii (A1 20, 0) 1+ 5221)2 + %AIi(/\+, Ao)

Vas - S57(0) =

with N
G My,

19273

N =

where ff °7" is the vector form factor at zero momentum transfer, I;(A+, Ag,0)
is the result of the phase space integration after factoring out ff U’T_, both are
evaluated in absence of radiative corrections. The radiative corrections for the
form factor and the phase space integral are included by 622p2 and Al; (A4, Ao)
respectively. A4 and Ag are the parameters that describe the transfer momen-
tum dependence of the vector and scalar form factor.

Using Ay = 0.0291 £+ 0.0018 from PDG we obtain:

KO Ve = 0.2157£0.0018  from Kg — mev
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In Fig. 3 our value of ff O -Vus 18 shown and compared with the one obtained
using PDG averages for kaon branching ratios and with the most recent resgult
from E865 13) experiment. Our preliminary result agrees better with the latest
K7 data, while showing a deviation from the old K° — 7er data.

0.23
E865
0.22 } KL}OE
0.21 [PDG av { [
0.2
K * K, ’ Kp3 v K,ﬂ ’

Figure 3: ffO’F -Vus obtained by KLOE compared with the ones obtained using
PDG@G averages for kaon branching ratios and with the most recent result from
E865 experiment.

Several theoretical calculations have been performed to evaluate ff o
Using f—{—KG’T_ = 0.961 &+ 0.008 from 14), that is in agreement with a recent
lattice calculation 15) we obtain Vs = 0.2245 + 0.0026.
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ABSTRACT

We present a new measurement of the branching ratio of the decay K; —
m+eTv relative to all charged K7, decays based on data taken with the NA48
detector at the CERN SPS. We measure R = 0.4981 4+ 0.0035 . From this
we derive the K3 branching fraction and the weak coupling parameter V,, in
the CKM matrix. We obtain |V,,|f+(0) = 0.2148 £ 0.0016, where f4(0) is the
vector form factor in the K .3 decay.

1 Introduction

The unitary condition for the first row of the CKM quark mixing matrix is
at present fulfilled only at the 10% C. L. 1) This has renewed interest in
the measurement of the coupling constant V5 for strangeness-changing weak
transitions. The most precise information on V.. comes from the decay Ky, —
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wev, which is a vector transition, and therefore is protected from SU(3) breaking
effects by the Ademollo-Gatto theorem. We present here a new measurement

with improved experimental precision.

2 Apparatus

The experiment was performed using the NA48 detector in a beam of long-lived
ncutral kaons derived from the 450 GeV proton synchrotron SPS at CERN. This
experiment was originally designed and used for the precision measurement of

2). The main elements of the detector

direct CP violation in Kaon decays
rclevant for this exposure are the following:
The magnetic spectrometer is designed to measure the momentum of the

charged particles with a high precision - the momentum resolution is given by
o(p)/p=048% & 0.009 - p % (1)

where p is in GeV/ec.

The hodoscope is placed downstream of the last drift chamber. Tt con-
sists of two planes of scintillators segmented in horizontal and vertical strips
and arranged in four quadrants. The signals are used for a fast coincidence of
two charged particles in the trigger. The time resolution from the hodoscope
is 200 ps per track.

The electromagnetic calorimeter (Lkr) is a quasi-homogeneous calorime-
ter based on liquid krypton, with tower read out. The 13248 read-out cells
have cross sections of 2 x 2cm?. The energy resolution is:

o(E)/E =32%/VE©9.0%/E & 0.42% (2)

where F is in GeV, and the time resolution for one shower with energy
between 3GeV and 100GeV is 500 ps.

A more detailed description of the NA48 setup can be found elsewhere

2].
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3 Data taking and data processing

3.1 Trigger and data taking

The experiment was performed in a Ky, beam in september 1999.

Charged decays were triggered with a two-level trigger system. The trigger
requirements were two charged particles in the scintillator hodoscope or in the
drift chambers, coming from a vertex in the decay region.

The data volume consists of about 1.6 TB of data from 80 million triggers.

3.2 Analysis strategy and event selection

The basic quantity measured in this experiment is the ratio R of decay rates of
K3 decays relative to all decays with two charged particles in the final state,
mainly mev, muv, 77~ 7%, 7~ and 7%7%eey. Since the neutral decay modes
to 37°, 270 and 7y are well measured, the sum of branching ratios of all charged
modes B(2T) is experimentally known

I['(K, — all neutral)

B@2T)y=1- 3
27) (K — all) ®)
=1- B(3r% — B(27°%) — B(yy) + B(3r%) = 1.0061 — B(37°). (4)
Using this number, the branching ratio of K.3 can be obtained:
(K. (K. :
B(e3) = (Kea) (Kea) x B(2T). (5)

[(Kr —all) T(Ky — all charged)

In this experiment, we therefore measure the ratio of K .3 events to all
2-track cvents Nop both divided by their aceeptances a. or aop respectively:

R N./a.

~ Nopfagy ©)

Both numbers, N. and Nop are extracted from the same sample of about
80 million recorded two-track events. These were reconstructed and subjected
to off-line filtering.
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The basic selection criteria were the following: Two tracks belonging to
particles with opposite charges and one vertex in the decay region were re-
quired. The closest distance of approach between these tracks had to be less
than 3cm to form a vertex. The decay region was defined by requirements
that the vertex had to be between 8 m and 33m from the last collimator and
that the distance between the vertex and the beam axis had to be less than 3 cm.

Events in which the time difference between the tracks was more than
6 ns were rejected. Only events with both tracks inside the detector acceptance
were used. Particles with a momentum of less than 10 GeV/¢ (Pyqpn) or above
120GeV /¢ (Pyar) were rejected. In order to allow a clear separation of pion
and electron showers, we required the distance between the entry points of the
two tracks at the front face of the electromagnetic calorimeter to be larger than
25 cm.

For the denominator Nor in the R ratio, no identification of the individ-
ual decay mode is done but all two track events are treated in the same way.
As an incomplete but well-deflined measure of the kaon momentum, the sum of
the two moduli of the two momenta P = P; + P> is used. As a result 12.592
million events with P > 60GeV/c remained.

For the numerator N, in the ratio R, however, the K.z signal is selected
by identification of clectrons. We use the ratio of the measured cluster energy,
FE., in the calorimeter associated to a track, to the momentum p of this track
as measured in the magnetic spectrometer. For the selection of K, 3 events we
solely require at least one track to have E/p > 0.93 to be compatible with an
electron. 6.759 million events were accepted.

3.3 Event number corrections

The number of K, 3 events was corrected for the inefficiency of the electron
identification (electrons with E/p < 0.93) and background coming from K3
and Ka, decays (pion with E/p > 0.93). Both inefficiency and background
were measured in data.

For the background determination a sample of events having one track
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with F/p > 1.0 was selected. The background probability for pions W(zr — e)
is then determined from the E/p spectrum of the pion tracks (see fig. 1) to be

W(r = e) = (0.576 £ 0.005) %.

As a cross check the probability was also derived from the E/p spectrum

of K3, events, giving the same number within its error.

6
10
10°

4
10

range 1 range 2

| misID |
. electrons:

103k :
107 T
E only pions pion
10 background
1
0 0.2 0.4 0.6 0.8 1 1.2

Ke3 events: E/p of electron and pion track

Figurc 1: The ratio of calorimetric energy E and the momentum p for electron

and pion tracks

The electron ID inefficiency W(e — 7) is determined in a similar way:

requiring E/p < 0.7 for one track we assign it to a pion. We use the E/p

distribution for the other track, which consists mainly of electrons but also

of a small part of pions, especially in the range below 0.7. We subtract this

pion component by taking the known pion distribution |,
range 0.2 < E/p < 0.6.

normalized in the
From this we then obtain the probabilty for losing an

electron by the condition E/p > 0.93, and the result is

W(e — 7) = (0.487 £ 0.004) %.
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3.4 Monte Carlo Simulation

To reproduce the detector response, a GEANT-based simulation of the NA48
apparatus was employed [2] for the five decay modes e3, u3, #tn~ 7%, 77~ and
07979, Radiative corrections were included for the K.z mode. We used the
PHOTOS program package 4) to simulate external bremsstrahlung, and added
the calculations from 3) on virtual photons and electrons. Some comparisons

between data and MC for identified K3 events are shown in (z-vertex).

1.15
30000
Ke3: Data/MC
1.4
25000
1.05F

I A T I [ A"

- MC 0.95
150001 |
0.9+
! ! \ 0.85 ! ! !
1000 2000 3000 ™ 1000 2000 3000
z vertex [cm] z vertex [cm)]

Figure 2: Longitudinal vertex distribution for Ke3 events, data (left) and ratio
of data over Monte Carlo simulation (right)

We obtain the individual acceptances a; as shown in table 1.
The average two-track acceptance was obtained from a weighted mean of
the individual acceptances which only depends on ratios of decay rates mea-

sured in other experiments:

B.a. + Buau + Bray + Barazr + Bpap

7
Be+B/1.+Bﬂ'+BQﬂ'+BD ()

asT =

By au Br ax Bor aox Bp ap
el Bt e T e TR ()

(3 + B+ B B2
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Table 1: Detector acceptances for the charged decay modes

decay mode | acceptance
Kes 0.2599
K3 0.2849
K, 0.0975
Kon 0.5229
Kano 0.0001

Here B; are the branching ratios for the decay channels (i = e : K.3;

i=p:Kgii=rn:atan%i=2r:natr ;i =D :7°7%7%). The acceptance
for channel 7 is a;. We use as effective branching ratios a weighted average of
the 2002 PDG values U and the new KTeV data 10). The uncertainty is eval-
uated according to PDG rules for averaging inconsistent data. The values are
B,/B. = 0.666 £ 0.011, B;/B. = 0.309 £ 0.004, Bo,/B. = (4.90 0.14)1073,

Bp/B. = (1.854+0.05)1072

In fig. 3 we show a comparison of the energy spectra for identified Ks,
and Ky, events, where we can fully reconstruct the energy, between data and
MC simulation. Fig. 4 shows the comparison between data and the Monte
Carlo simulation for the sum of track momenta in identified Ke3 events in the
range between 60 GeV/c and 130GeV /¢, which contains 95 % of the data. The
agreement between data and MC is better with radiative corrections switched
on.

Radiative corrections mainly reduce the electron momentum, so residual
uncertainties here also affect P in a different way for K.3 than for the other
charged modes. To get the worst case uncertainty of this dependence, we varied
the lower cut on the value of P from 50GeV/c to 80 GeV/c, rejecting 70 % of
the events. The resulting relative uncertainty of the acceptance is 0.67 %.

The two track acceptance defined in eq. (8) depends only on ratios of
branching ratios as weight factors. The two track acceptance aor is very sim-
ilar to the K.z acceptance a.. making this mecasurement very insensitive to
whatever previous measurements of the K3 branching fraction. Varying the
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Figure 3: Reconstructed kaon energy from Kz, and Ko, decays - comparison
between data and MC

constraints given by the effective branching ratios within their errors we get a
relative variation of the acceptance of 0.25 %.

To estimate the uncertainty coming from the E/p cut to select K3 events,
we varied the cut value between E/p > 0.90 and E/p > 0.96. As a result, inef-
ficiency and background due to this criteria vary significantly, leading to very
different net corrections of K.z event numbers (table 2). Applying these correc-
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Figurc 4: Ratio of data and simulation as a function of the sum of track mo-
menta

tions, however, we get almost the same number of events, thus demonstrating
the correctness of this selection principle. Obviously, E/p > 0.93 is the best
cut value as both inefficiency and background are very small and nearly cancel.
The resulting relative uncertainty on R is AR = 0.05%.

Table 2: Variation of the E/p cut to select K 3 events

E/p>090 | E/p>093 | E/p > 096
incfficieney [%] 0.275 0.487 1.424
background [%] 0.914 0.576 0.266
K.z event number after E/p cut 6796461 6759184 6673114
net K5 correction -42624 -5705 77182
corrected K. event number 6753836 6753478 6750296

The data used in this analysis origin from two different triggers (Q2 +
2trk x (21/20), where Q2 requires two or more planes of the hodoscope counter
to be hit, while Q1% 2trk requires one or more hodoscope planes plus two tracks
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from the drift chamber trigger system. Selecting one trigger allows to measure
the efficiency of the other, taking into account the different downscaling. The
trigger efficiencies for 2-track and K.z events differ slightly for the Q2 trigger
bit ( (97.38 £ 0.02)% for 2-track events, (97.49 + 0.03)% for K 3 events). As a
check, the analysis was done accepting only events with the 2trk trigger word
set, which was measured to be equally efficient for all events. The relative
uncertainty due to different trigger efficiencies is very small: AR = 0.05%.

In rare cases the drift chambers see multiple hits in one wire which lead to
an overflow condition. This can be expected to be more likely for electrons than
for minimal ionizing pions or muons. Comparing the results with or without
cutting on the overflow condition accounts for a possibly different behaviour
of electrons over the other particle, and turned out to be almost negligible:
AR =0.05%.

In order to be independent from potential asymetries in the setup, about
half of the data were recorded with positive polarity and half with negative
polarity. We analyzed the data separately for both polarities, but found no
relevant dependence: AR = 0.05 %.

We summarize the gystematic uncertainties in table 3:

Table 3: Systematic uncertainties

relative uncertainty [%]
experimental normalization (energy spectrum) 0.67
normalization error from input ratios 0.25
E/p cut 0.05
trigger efficiency 0.05
DCH overflows 0.05
magnet polarity 0.05

Using the acceptances given in table 1, the effective ratios of branching
fractions from Sect. 3.4 and the above evaluation of the systematic uncertain-
ties, we obtain as average two track acceptance apxr = (0.2414 £ 0.0017).
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4 Results

From the event numbers and acceptances the following corrections have to be
applied:

Correction for the inefficiency of the electron identification increases the
number of K3 decays by 0.49%. Background from misidentified K3 and Kz,
decays reduce the number by 0.58%, leading to a net correction of -5705 events.

B(Ky — wev) 6753478/0.2599

R= = = 0.4981 4+ 0.0036 . 9
B(Ky, — all charged)  12592096/0.2414 ©

For the branching ratio of the 37° decay, the current experimental sit-
uation is unsatisfactory. We use a weighted mean of the PDG2002 value
(21.05£0.28)% and the recent value of the KTeV collaboration, (19.45+0.18)%,
and obtain (19.92 £ 0.70)%, where the error is enlarged because of the bad
agreement. Therefore the branching ratio for all 2 track events is B(2T) =
(80.69 £ 0.72)% and

I'(Ky, — wev)

Be3) = T = ai

= R* B(2T) = 0.4019 + 0.0028 = 0.0035,  (10)

with the first error being the complete experimental error and the second
the external error from the normalization, to be combined to

B(e3) = 0.4019 £ 0.0044. (11)

As explained above, this measurement depends on three other measure-
ments of ratios of partial Ke3 decay widths. This dependence is given by:

AB(e3) = % — 0.666) * 0.077 — (E((ZQ)) — 0.309) * 0.075
NG -
(g~ 0319 <0151 (12)

The decay rate of Ki, — wer is obtained by using the K, lifetime 7(Kp) =
(5.154+0.04) - 10735

[(K.3) = B(e3)/m(Kp) = (7.80 £0.10) - 10951, (13)
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5 Value of V,,

The CKM matrix element |V,;| can be extracted from the K% decay parameters
by

12873T(K© 1
Vil = | o T(Feg) 1 (14)
GFMKGASEWIKﬂf+

Three quantities in this equation have to be given from theory. Sgw
is the short distance enhancement factor, Ixo is the phase space integral and

fo"’f is the form factor.

To determine Vs we follow the prescription and use the numerical results
from 6). This paper presents a detailed numerical study of the K.3 decays
to O(p%) in chiral pertubation theory with virtual photons and leptons. The
integrals given there correspond to the specific prescription of radiative events
to accept only those events which have pion and electron energies withing the
whole K3 Dalitz plot. From a Monte Carlo simulation we obtain this correction

to be small

Number of K.3(,) events inside Dalitz plot

= 0.99423. 1

Number of all K3,y events 0.99423 (15)
Using equations (13) and (15), Sgw = 1.0232, I'xe = 0.10339 + 0.00063

we obtain a value for the product of the CKM matrix element V,, and the

o —
vector form factor f£ 7,

|[Vius| £1(0) = 0.2148 = 0.0016 . (16)

For the vector form factor, different theoretical calculations have been
published recently. Chiral models including the corrections to the order p®
obtain f,(0) = 0.981 £ 0.010 0. £,(0) = 0.976 £0.010 7) and f.(0) =
0.974 £ 0.011 8), to be compared with the older value fy(0) = 0.961 £+ 0.010
5). Latice calculations have also put forward results in the quenched fermion
approximation, f4(0) = 0.961 = 0.009 9), but the uncertainty of the quenched
approximation is not included in the error. Therefore the most probable value
is the average of the chiral calculations, which ig 0.973£0.010. With this value,
we obtain the CKM element to be
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|Vius| = 0.2207 + 0.0028 . (a17)

The error on |V,,| is dominated by the theoretical uncertainties, the error
on fX°7 alone contributes with +0.0022.

6 Conclusions
We presented a direct measurement of the ratio of K% to all K? decays with
charged tracks,

B B(Ky, — wev)
~ B(Ky, — all charged)

R = 0.4981 % 0.0036 . (18)

Using the unsatisfactory current experimental knowledge of the 37° branch:
ing ratio, this leads to a branching ratio B(e3) = 0.4019 £ 0.0044. From the
measured branching ratios, we extract a value of the CKM matrix element
|Vis| = 0.2207 £ 0.0028, in fair agreement with unitarity of the first row of the

matrix.
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ABSTRACT

ES865 at the Brookhaven National Laboratory AGS collected about 70,000 K%
events to measurc the K% branching ratio relative to the observed K+ — 7+ 70,
KT — rPutv, and Kt — 717920 decays. The 7 in all the decays was de-
tected using the eTe™ pair from 7° — eTe v decay and no photons were
required. Using the Particle Data Group branching ratios 1) for the normal-

ization decays we obtain BR(K:&M) = (5.13£0.02544, % 0.095y5 = 0.045, 00 ) %,

where K:é(,y) includes the effect of virtual and real photons. This result 2) is
~ 2.3c higher than the current Particle Data Group value. Implications for
the Vs element of the CKM matrix, and the matrix’s unitarity are discussed.

The experimentally determined Cabibbo-Kobayashi-Maskawa (CKM) ma-
trix describes quark mixing in the Standard Model framework. Any devia-
tion from the matrix’s unitarity would undermine the validity of the Standard
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Model. One unitarity condition involves the first row elements:

[Vial? + Vs> + |[Vis? =1 -6 (1)

where a non-zero value of ¢ indicates a deviation from unitarity. The V,4 ele-
ment is obtained from nuclear and neutron decays. Vy,;,, from the semileptonic
decays of B mesons 1), is too small to affect Eq. 1. The V,,5 element can
be determined either from hyperon, K — wuv(K,3) or from K — wev gKggj)
The most precise value of V,,; obtained from the nuclear superallowed Fermi
beta decays leads to § = (3.2£1.4)-1073 4), a 2.30 deviation from unitarity.

Both experimental and theoretical efforts to improve the determination of

decays. However, K. 3 decays provide a smaller theoretical uncertainty

Vua continue. Theoretical contributions to V,, were reevaluated

5, 6.7, 8); but there has been little new experimental input on the

recently
KX branching ratio. Since the V2, and V2 uncertainties are comparable, a
high statistics measurement of the KI; branching ratio (B.R.) with good control
of systematic errors is useful.

The bare (without QED corrections) K, decay rate 3. 5. 6, 9) i
t
dT(K%) = C(0)[Vas P f+ (0)P[1 + )‘J“W]th 2)

where t = (Pg — Pr)?, C(t) is a known kinematic function, and f, (0) is the
vector form factor value at £ = 0, determined theoretically 3: 5). Two recent
experiments 10, 11) give Ay (the form factor slope) measurements consistent
with each other and with previous measurements. An omitted negligible term
contributing to Eq. 2 contains the form factor f_. and is proportional to
M2/M2.

E865 12) searched for the lepton flavor violating decay Kt — wtpute.

12)  For the K2, running,

The detector resided in a 6 GeV/c positive beam
the intensity was reduced by a factor of 10, to 107 kaons, 2 x 10% protons,
and 2 x 10%7 per 2.8 second spill. The beam was intentionally debunched at
extraction to remove rf structure at the experiment. The first dipole magnet
geparated particles by charge, while the second magnet together with four mul-
tiwire proportional chambers (MWPCs: P1-P4) formed the spectrometer. The
particle identification used the threshold multichannel Cerenkov detectors (C1
and C2, each separated into left and right volumes, for four independent coun-

ters) filled with gaseous methane (Cerenkov threshold 7; &~ 30 and electron



A. Sher 275

detection efficiency e, ~ 0.98 13)), an electromagnetic calorimeter 12); and a
muon detector (not used for the K% measurement). The D and A scintillator
hodoscopes gave left /right and crude vertical position.

The 7% from the kaon decays was detected through the eTe™ from the
7% — ete™v decay, with the v detected in some cases. To eliminate the
uncertainty (2.7%) of the 7" — ete~v B.R., and to reduce systematic uncer-
tainty we used the other three major decay modes with a #° in the final state
(Kt = nt7(K), K, Kt — at7%(K})) for the normalization sample
(“Kdal?).

The K} data was collected in a onc-weck dedicated run in 1998, with
special on-line trigger logic.

The Kdal and K data were collected by the “ete™” trigger, which was
designed to detect ete™ pairs and required at least one D-counter scintillator
slat on each (left and right) side of the detector and signals from each of the four
Cerenkov counters. The Cerenkov efficiency trigger required only 3 out of 4
Cerenkov counters (no D-counter requirement). The “TAU” trigger, requiring
only two D-counter scintillator hits (one left, and one right), collected events for
the Kt — ntaxta— (K,) sample, to study the detector unbiased by Cerenkov
requirements. About 50 million triggers were accumulated, &~ 37 million in
the “ete™ trigger. About 75% of “ete™" triggers included accidental tracks,
often a p from high momentum K — pvr or 7 — pv decays partially satisfying
the Cerenkov requirement.

Off-line reconstruction used the spectrometer only. The Cerenkov and
D counter efficiencies were obtained from the Cerenkov efficiency triggers.
The redundancy of the MWPCs (4 planes/chamber) and track reconstruction
was used to extract MWPC efficiencies. The absence of the electromagnetic
calorimeter from the trigger allowed its efficiency determination. Each effi-
ciency was measured over its relevant phase space.

Relevant kaon decay chains 13) were simulated with GEANT 14) (includ-
ing decays of secondary pions and muons). For K%, At = 0.0278 + 0.0019 ;;

(inner bremsstrahlung) decays outside the K% Dalitz

was used. The radiative corrections to the K% decay phase-space density

+
were used. The K3,

plot boundary were explicitly simulated 9). For 70 — ete™y decay, radiative
corrections were taken into account according to Ref. 15) " Measured effi-
ciencies were applied 13), and accidental detector hits (from reconstructed K,
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events) were added. About 10% of both the Kf; and Kdal samples had extra
reconstructed tracks.

Selection criteria 13), common to K :;, and Kdal, required good quality
three track events with the low (M. < 0.05 GeV) mass ete™ pair identi-
fied in the Cerenkov counters. All tracks were required to have less than 3.4
GeV/c momentum corresponding to the muon Cerenkov threshold. A geo-
metric Cerenkov ambiguity cut rejected events where the Cerenkov counter
response could not be unambiguously assigned to separate tracks 13) The K 2'3
sample was then selected by requiring the second positive track to be identified
as e in 2 of the 3 electron detectors: C1, C2, or the calorimeter, each with
efficiency €. ~ 98%. Events entering the Kdal sample had no response in at
least one of the two Cerenkov counters. The K5 acceptance is ~ 1.2%. The

13); somewhat lower because of the lower average et

K2 acceptance ~ 0.7%
momentum in the K:; decay. The final K .3 and Kdal samples were 71,204 and
358,186, respectively.

Contamination of the K;’é sample by other Kt decays occurred when
7t or ut from Kdal decays were misidentified as et, or as a result of 7% —
ete~ete™. Contamination due to secondary particle decays was estimated to
be al the level of 0.1%. Aboul 8% of final stale pions decayed into muons
inside the spectrometer. The careful MWPC simulation gave good agreement
of reconstructed track x? and vertex distributions between data and Monte
Carlo. No tight track x? cuts were applied, and the systematic uncertainties
estimated by variation of the vertex cuts were included in the final result. The
check of B.R.( K,/Kdal), described below, also tests the final state = and g
decays.

Total contamination of the Ke3 sample was cstimated to be (2.49 £
0.055¢4¢ £ 0.324y5)%, with the systematic uncertainty caused by the simula-
tion accuracy of the C1 and C2 response to 7+ and ut. Contamination due to
overlapping events was (0.25=+0.07)% and (0.12 £ 0.05)% of the Kdal and K%
respectively. Figure 1 shows the energy distribution in the calorimeter from
the eT in the K:_% sample. The contamination is manifest in the minimum
ionization spike at 250 MeV. The small excess of data in the spike agrees with
our contamination uncertainty estimate.

The final K} sample included ~30% of events with a fully reconstructed
7%. We used the 70 information as a consistency check. Not requiring 7% in
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Figure 1: Energy deposited in the calorimeter by the second positive track from
the selected K1, sample (et which is not from the low mass e¥e™ pair). No
calorimeter information was used for the et identification. Markers with errors
represent data; the histogram is simulation.

our main analysis minimized the uncertainty arising from photon detection and
reconstruction in the calorimeter, but increased vulnerability to contamination
from upstream decays and photon conversion. Upstream decays whose photon
produced pairs before the decay volume (evacuated to about 1078 nuclear inter-
action length) were suppressed by requiring the three track vertex to be more
than two meters downstream of the decay volume entrance. In addition, the
results obtained from the two independent samples, one with and one without
the ¥ reconstructed, did not show a statistically significant discrepancy.

The K1, statistical precision is 0.4%. The systematic error estimate was
determined from the B.R. stability under variation of reconstruction proce-
dure, selection criteria, assumed detector efficiencies, and subdivision of both
K, and Kdal samples 13) No gignificant correlations between any of the dif-
ferent systematic uncertaintics were observed. The total systematic error was
estimated to be 1.8%. Individual contributions to it are discussed in detail in
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Figure 2: Reconstructed momentum of the et from the low mass ete™ pair
from the selected K e‘g and Kdal samples. Histograms represent Monte Carlo;

points with errors represent data. Plots on the right show the bin by bin Monte
Carlo to data ratio.

13)

The two largest contributions to the systematic error come from the dis-
crepancies 13) between data and Monte Carlo in the momentum (Figure 2)
and spatial distributions. These errors were determined by dividing the KX
and Kdal events into two roughly cqual subsamples, using the relevant parame-
ters, and observing the variation of the result 13) The errors were found to be
uncorrelated. The sensitivity of the vertical spatial discrepancy to the MWPC
alignment and of the momentum discrepancy to the spectrometer parameters
is indicative of their possible origins 13) The Z-vertex position is also sensi-
tive to the magnetic field, but has a smaller systematic error contribution as
determined from both upstream and downstream cuts in Z.

As an additional consistency check, we estimated the K, /Kdal B.R.. The
result was (1.01 £+ 0.02) xthe PDG ratio 1), (the theoretical prediction 16) was

0 — ete v decay rate). The 2% error was dominated by the

used for the 7
uncertainty in the prescale factor of the TAU trigger. A second consistency
check compared the K, B.R. from 1998 and 1997 data. The 1997 K, data
used a trigger that required calorimeter hits, and A and D-counters. That

trigger neither allowed measurement of these detector efficiencies nor of the
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trigger efficiency. While we did not use the 1997 data for our final result, the
1997 K, branching ratio was statistically consistent (within one sigma) with
that from 1998. We estimated the form factor slope Ay from both 1998 and
1997 K2, data 13). We obtained: Ay = 0.0324 & 0.0044,¢,; for 1998, and
Ap = 0.0290 £ 0.0044,4,; for the 1997 data, both congistent with the current
PDG fit.

After contamination subtraction 13); our result is BR(K;(V))/(BR(K;"Q)—{—
BR(K )+ BR(K£;)) = 0.1962 £ 0.0008 5q¢ = 0.0035,,5, where Kjg(v) includes
all QED contributions (loops and inner bremsstrahlung).

Using current 1) Kdal B.R.’s we infer BR(K:&M) = (5.13 £ 0.0244; £
0.095ys = 0.041,0rm )%, where the normalization error was determined by the
PDG estimate of the Kdal B.R. uncertainties. This result does not include the
correction due to the correlation of the PDG kaon decay ratios, since it was
estimated to be small compared to the systematic error. The PDG fit to the
previous Kt decay experiments yields BR(KT — wleTv) = (4.87 £+ 0.06)%
1), ~ 2.3¢ lower than our result.

Radiative corrections for decays inside the K ;’é Dalitz plot boundary were
estimated to be —1.3% using the procedure of Rel. 5); Ke"év decays outside
the Dalitz plot boundary gave +0.5%. Thus the total radiative correction was
—0.8% resulting in the bare BR(K %) = (5.17£0.025¢0: =0.0955 £ 0.04 1,071 ) %.

Using the PDG wvalue for Gp, the short-distance enhancement factor
Spw(M,, Mz) = 1.0232 o 17), and our result for the bare K:é rate we ob-
tain Vs f4(0)] = 0.2243 £+ 0.0022;.4¢c = 0.0007, . which gives |Vys| = 0.2272 £
0.0023,4¢c + 0.0007), £ 0.0018;, (o) if f4(0) = 0.9874 £+ 0.0084 3. 5). With
this value of Vs and V,4 from superallowed nuclear Fermi beta decays 4),
4 = 0.0003 £+ 0.0016.

This result is consistent with CKM unitarity, and shows reasonable agree-
ment with the recent measurements of V. from neutral K. 3 decays (KLOE,
NA48, KTeV) 18). Charged K3 measurements in progress (NA48, KLOE) 18)
should help to clarify the experimental situation.

We thank V. Cirigliano for the K :é radiative corrections code. We grate-
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institutions. This work was supported in part by the U.S. Department of En-
ergy under contract DE-AC02-98CH10886, the National Science Foundations
of the USA, Russia and Switzerland, and the Research Corporation. I would
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KTEV DETERMINATION OF THE CKM PARAMETER |V,]|

R.Kessler
(for the KTeV collaboration)
Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637

ABSTRACT

KTeV has recently reported results for the six largest K, branching fractions,
and also for the form factors in Ky — 7FeFv and Ky, — 7t uF v decays. Using
these results, we present a new determination of the CKM parameter |V 4.

1 Introduction

For more than two decades, the first row of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix has indicated a 2o discrepancy in the unitarity condition. The
first hint of resolving this discrepancy came last year when Brookhaven Exper-
iment F865 reported a new measurement of B(K+ — #Vtv) D) that is 6%
higher than the PDG evaluation; 6) the resulting |Vs| value is consistent with
unitarity. To address the situation in which |V,,s| is extracted from K, decays,
KTeV has recently measured the K, semileptonic branching fractions 3) and
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form factors 4). An overview of the |Vus| extraction from our results has been
reported in 2). Here we give a brief description of the technique and results.
The K;, — mH4Fv (Ky3) decay rate is related to |Vys| by

2 5

G+ M .
Tres = #SEWU + 85 Vasl® F2(0) %, (1)

where £ = e or y1. Mg is the kaon mass, Sgw is the short-distance radiative
correction, §% is the mode-dependent long-distance radiative correction, fy(0)
is the calculated form factor at zero momentum transfer for the £ system, and
I }2 is the phase-space integral, which depends on measured semileptonic form
factors. Note that the experimental input includes the semileptonic branching
fractions, form factors, and K, lifetime; the theoretical input includes radiative
corrections and fy (0).

To improve the |V,4| determination with Ky, decays, the KTeV experi-
ment at Fermilab has measured the six largest K branching fractions, which
account for more than 99.9% of the decay rate, and we have also measured the
semileptonic form factors. In our |V, determination, the K7, lifetime is the
only experimental input that we take from the PDG. The KTeV measurements
are based on high statistics samples (10°-10%), and we take advantage of the
precise calibrations and Monte Carlo simulation used in our €'/e analysis.

2 KTeV Measurements

The KTeV analysis and Monte Carlo simulation of the K; decay modes are
described elsewhere 3: 4. A significant improvement in the |V,.| analysis
is the use of KLOR ) to generate K — 74T u(y) decays in the MC; KLOR
includes virtual photon exchange and inner Bremsstrahlung (IB). The effects
of IB are most important in the K.z decay mode in which IB modifies the
acceptance by ~ 3%. Radiative effects are also important in the form factor

measurements (Sec. 2.2).

2.1 K Branching Fractions

To determine the Ky branching fractions, we have measured the following five
partial width ratios:

Tkuw/Tres = T(Kp— 7tpFu)/T(Kp — 7FeTv) (2)
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Ty o/Tkes = T(Kp = ata 70)/T(Kp - 7reTv) (3)
Tooo/Tres = T(Kp — 7%7%7%)/T(K = mFeTrv) (4)
Iy Tkes = T(Kp—7rn)/T(Kp — nteFrv) (5)

Too/Tooe = T(Kp — 7%7%)/T(KL — 7°7°79), (6)

Each ratio uses a statistically independent sample, and each pair of decay modes
is recorded in the same trigger to avoid uncertainties in the trigger efficiency.
To further reduce systematic uncertainties, (i) the K; — #*uFv decay mode
is identified without using the muon system to avoid uncertainties in modeling
the effect of muon scattering through steel, and (ii) the Ky — 77~ 7% decay
mode is identified only by the 717~ tracks, and the 7 is ignored.

The partial width ratio results are given in 3. 2) The largest uncer-
tainty is 1.2% on oo /T'kes because this ratio does not benefit from detector
efficiency cancellations; the uncertainties on the other partial width ratios are
between 0.4% and 0.6%. The ratios with T'k.3 in the denominator show sig-
nificant disagreement compared with the PDG evaluation 6); only T'ge/To0o
is consistent with PDG. Assuming that these six branching fractions sum to
0.9993!, the resulting branching fractions are plotted in Fig. 1, and compared
with the PDG fit values. The KTeV/PDG ratio for the six branching fractions
are shown in Fig. 2. Four of the six branching fractions show a large devi-
ation from PDG fit value; only B(Ky — ntuFv) and B(K — n+n~n%) are
congistent with PDG.

2.2 Semileptonic Form Factors

To determine the phase space integrals, I§ and Ik, we have measured the
gemileptonic form factors with the following parametrization:
= 1+ N f 1/\” r = 1+ A t 7
f+@) = f+0) |1+ +m—72r+§ Yok | fo(t) = f+(0) |1+ 0z ()
where ¢ is the square of the four-momentum of the lepton-neutrino system, and
A, AL, Ag are the form factor parameters that are measured experimentally.
Compared to PDG, fi(t) is measured with three time better precision, and

!The missing K, decay channels (from PDG) are B(K1 — vv) = 0.060%,
B(Kp — 7n%7%eFv) = 0.005%, and the direct emission B(K; — nt77) =
0.002%
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fo(t) is measured with five times better precision. For f1(¢), we find the first
evidence (40) of a second order term in K7, decays.?2 Although the KTeV form
factors have much improved precision, leading to 0.3% statistical uncertainty
in the I¢ integrals, the model dependence in the form factor parametrization
limits the systematic precision on T f( Specifically, we find that a pole model
gives a very good fit to our data, but results in a 0.7% shift in the 7% integrals
compared to the nominal parametrization in Eq. 7. This 0.7% shift is included
as a systematic uncertainty in our extraction of |V|.

The quality of the Monte Carlo simulation and the KI.OR generator is
shown by a data-MC comparison of the reconstructed pion-lepton invariant
mass, Mys- In Fig. 3, data and MC show excellent agreement in the m;
distributions, with x?/dof = 35/32 for K.3 and 23/25 for K,3. To illustrate
our sengsitivity to the precise modeling of radiative corrections, consgi)der a test

case in which we use the approximate radiative generator PHOTOS (instead
of KLOR), and repeat the form factor analysis. In this test scenario, A4 increases
by 20star and Ag increases by 8cgiar; however, the corresponding 2 /dof in the
My distributions increases to 57/32 and 39/25 for K3 and K3, respectively,
showing the limitation of radiative corrections from PHOTOS. In addition to

the m,¢ distributions, several other crosschecks on radiative effects are given
. 4)
in /.

2.3 Summary of Changes

Here is a summary of changes in the experimental input that is used to extract
|Vis| from Eq. 1:

e KTeV B(K,3) is 5% higher compared to PDG (Fig. 1).
e KTeV B(K,z2) is consistent with PDG.

e KTeV I is 1.7% lower than PDG.

e KTeV I} is 4.2% lower than PDG.

Notc that both T% integrals include a —1% shift duc to the second order term
in the form factor (A} in Eq. 7). The impact of these measurements will clearly

°In K~ — 7% v decays, ISTRA+ has recently reported a second order
7)

term with 2¢ significance.
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increase |Vis| by a few percent. A new feature in this analysis is that we can
also use K3 to determine |V,;s| because Ag is sufficiently well measured such
that both If; and I% have comparable precision.

An important test of the new KTeV results compares Gg for the two

decay modes by taking the ratio of Eq. 1 for Ky — 7#¥uTv and K — nteTu:
(G*I;)2: [F(KL—>7riu¢y)]/(1+d§‘(.£)- )
GS T(Kr — nteTv) 1465 Iy

The ratio of radiative corrections is caleulated to be (148%)/(1+6%) = 1.0058=+
0.0010 5), the ratio of the phase space integrals is %, /1§ = 0.6622+0.0018 4),
and T2 /T kea = 0.6640+ 0.0026 3). The resulting ratio of couplings squared
is (G%/G4%)? = 0.9969 = 0.0048, consistent with lepton universality. The same
ratio calculated from PDG widths and form factors is (G'-/G%)? = 1.0270 &
0.0182. Note that the 0.5% uncertainty in our universality test is much smaller
than the differences between the KTeV and PDG partial width ratios and phase
space integrals.

3 Determination of |V|

The theoretical inputs to Eq. 1 are:
e Spw = 1.022 from 9) (cutoff at the proton mass)
o 6% = 0.013(3) and &% = 0.019(3) from )

o f+(0) = 0.961 = 0.008 from 10).

+ +

As described in 2), we average the |Vy,s| values from Kj, — steTrand K, — =«

decays and find

[Vus| /+(0) = 0.2165 = 0.0012 (9)
[Vus| = 0.2252 4 0.0008krev £ 0.0021 ¢yt (10)

where the external error is from f4(0), 7y, and radiative corrections. Using
|Vud| and |Vys| from PDG 6), and |V,,| from Eqg. 10,

1~ [Vaal” = [Vas|” = [Vis|* = 0.0018 £ 0.0019 , (11)

consistent with unitarity.
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3.1 Comparison with Other Measurements and with Theory

A comparison of |V,,.|f4+(0) determinations is shown in Fig. 4. Note that the
uncertainty in the experimental quantity |V,,|f4(0) (circles) does not include
the ~ 1% theoretical uncertainty from f4(0), but does include the 0.4% un-
certainty from the external measurement of the kaon lifetime, and the 0.15%
uncertainty from radiative corrections. |V,s|f4+(0) based on the KTeV K
measurements is 3% (5¢!) higher compared with PDG. There is a similar dis-
crepancy between E865 and PDG in the Kt sector; however, the KTeV result
cannot distinguish between these two evaluations based on K+ decays. The

corresponding prediction based on unitarity, fy(0) \/ 1- |Vq,_,,g|2 — |Vq,_;,|2 (open
squares in Fig 4); includes uncertainties from both f, (0) and |V,4].

PDG 02 , PDG 02
O KTEV "KTEV e '
o g —e—
0.38 0.39 0.4 0.41 0.27 0.2725 0.275
B(K —mev) B(K —muv)
PDG 02 . PDG 02 .
KTEV ’ KTEV '
—e— —e—
0.19 02 o 0.21 0.124 0.1‘260 0.128
B(K —3x") B(KL—>n+n_n )
PDG 02 PDG 02
KTEV KTEV
o —e—
1.9 ‘ 0.85 0.9

2 211 09 o
1000 x B(KL—)TIZ+J1:_) 1000 x B(K —m ')

Figure 1: The siz largest K1 branching fractions measured by KTeV (solid
dots) and from the PDG 02 evaluation (open circles).
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He—(B = I‘Kesll“L)
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—e— (B =T, ,T))
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—e—— (B =Ty/T))
L L L L L L L

09 0925 095 0975 1 1025 105 1075 1.
BKTEV/BPDG

Figure 2: The KTeV/PDG02 ratio for the siz branching fractions shown in
Fig. 1.
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Figure 3: In the KTeV form factor analysis, distribution of (a) pion-electron
mass for K; — mFeTv, and (b) pion-muon mass for K; — ntuFv. Data are
shown as dots; MC as histogram.
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PDG
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KLOE (prelim Kg BR)
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Figure 4: Comparison of |Vys|f+(0) determined with K+ and K° decays. The
solid dot is based on the KTeV branching fractions and form factors 2). The
E865 result is from 7), and the preliminary result from KLOE is based on Kg

. The PD@ wvalues are evaluated by KTeV using the PDG branch-
ing fractions, lifetimes, and form factors.

The open squares show different

theoretical values of f4(0) 10, 12, 13, 14) maultiplied by \/1 — |Vud|2 - |Vub|2f
the inner error bar shows the theory uncertainty on f1(0) and the total error
includes the uncertainty on |Vyql.
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BEAUTY AND CHARM LIFETIMES. AN EXPERIMENTAL
REVIEW
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ABSTRACT

A summary of the current status of the experimental measurements of the
beauty and singly charmed hadron lifetime is given. The comparison with
theoretical predictions mainly based on a HQE expansion in terms of % shows
a general agreement except for few cases. Nowadays the precision of experiment
often reaches the percent level or better for many hadrons. Heavy Quark
Expansion can give calculable answers up to order (’)(m%) of the expansion,
and almost always the theoretical uncertainties are larger than the experimental
errors. This will be even more true in the near future, when the B factories are
expected to substantially improve the present errors on those lifetimes.

1 Theory

The total decay width of a weakly decaying hadron (like most of the beauty
and singly charmed hadrons) can be written as the sum of three contributions,
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the hadronic decay width, the semileptonic and the fully leptonic (if it exists)
decay width :

Ftot(HQ) - Fhadro(HQ) + FsemileptA(HQ) + Flept.(HQ)

Usually the fully lepton width is a very small fraction of the total width or it
is absent. The semileptonic widths typically range from ~ 6% to ~ 10% of
the total decay width, consequently most of the differences among the various
lifetimes of the heavy quark mesons and baryons are due to I'nadro(Hg).

Nowadays theoretica)l predictions of weak decay lifetime are based on a Heavy
1

Quark Expansion in terms of m—lQ, where m¢g = mass of the heavy quark.

This expansion leads to the following formula :

Gpm5 A A 1
Lhaaro(Hg) = 1977_‘_?|VCKM|2[AO + mng + mng + O(mféﬂ (1)

where Ggp = Fermi constant;

Vekm = the relevant CKM matrix element;

Ag = constant derived from the matrix element of the spectator diagram; this
is the leading term and it is the same for all hadrons with a given flavor;

Ay = constant corresponding to the leading nonperturbative correction term; it
reflects the motion of the heavy quark inside the hadron and its spin interaction
with the light degrees of freedom;

As = constant derived from the matrix element of Weak Annihilation and Weak
eXchange diagrams; also the Pauli Interference effect is taken into account by
this constant.

Two general remarks can be made :

a) the lifetime differences for beauty hadrons are smaller (and theoretical cal-
culations more reliable) compared with those of the charmed hadrons because
the mass of the beauty quark is larger then the mass of the charm quark and
the series (1) converges more rapidly;

b) HQE is better equipped to predict the ratios of lifetimes, rather than the
lifetimes themselves.

One of the latest theory prediction about the lifetime ratios of the beauty

hadrons are contained in reference 2) : TT((LB’J‘;)) = 1.06+0.02; TT((BB:;)) = 1.00+£0.01;
T(Ab)

(B = 0.90 £ 0.05. T agreement with what was stated above, it can be noted
1) 3)

that these ratios are very close to 1. References predict ratios about
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the charm hadron lifetimes : TT((DDZ)) ~1+ (20({%) ~ 2.4; :((gz)) ~ 1.0 -1.07

without WA and ~ 0.9 — 1.3 with WA; 7<) ~ 0.5. TG ~ 1317, T

7om = 9% T RE "= <
r(=5) (=)

=0
1.6 —2.2; TGy X 2.8; o ™~ 4; :((5% ~ 1.4 One notices that these ratios can

be considerably different from 1 and with large theoretical errors; sometimes
the theoretical errors are not even quoted.

2 Experimental situation for the beauty hadrons

The beauty hadrons were or are studied only in collider experiments and in
three types of reactions : 1) pp — bb+ X at /s = 1.8 TeV at Fermilab;

2) ete™ — Z% — bb+ X at LEP at Cern or SLD at SLAC;

3) eTe™ — Y(45)(10580) — bb at the present B-factories BaBar (SLAC) and
Belle (KEK, Japan).

Fixed target experiments using reactions like pp — bb + X are instead are not
favoured because the production cross section decreases at small /s.
Historically the first measures on beauty hadron lifetimes were performed by
the LEP experiments Aleph, Delphi, 1.3, Opal, and the SLD experiment. More
recently, CDF and DO started showing results both on the meson and the
baryon lifetimes. Lately BaBar and Belle are performing the most precise
measurements, even if limited to the B mesons. Presumably in the near future
the increasing integrated luminosity of BaBar, Belle and CDF Run II will
improve more and more the statistical precision (which is now generally at the
few percent level) of the measures until the second generation B-factories BTev
at Fermilab and LHCb at Cern will take over with orders of magnitude larger

experimental samples.

2.1 B mesons

Many experiments measured the B meson lifetimes. Here all results since 1995
are taken into account 4). Two of them (Belle 2001 and DO 2003) are still

preliminary. The weighted average of these results is 73, = 1.651 £ 0.013 ps.

As far as the BY is concerned here the last thirteen 5) independent results?

Hor all neutral states like this for which mixing is possible - B,, Dy etc. -
by lifetime I mean 7 = %, with I' = #, where I'; and I's are the total decay

widths of the two weak Hamiltonian eigenstates.
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Table 1: Theoretical predictions 2) of lifetime ratios and comparison with the
experimental result averages for the beauty hadrons.

lifetime ratio for | HQE expectations | experimental results

beauty hadrons (using averages)
:Eg;; 1.06 £ 0.02 1.077 £ 0.012
T 1.00 £ 0.01 0.926 + 0.033
e 0.90 + 0.05 0.776 + 0.040

since 1997 are considered. Their weighted average is 7, = 1.533 £ 0.012 ps.
Concerning the By there have been ten results from different experiment 6)
in the last twelve years; two of them are still preliminary (CDF 2003 and DO
2003). Their weighted average is g0 = 1.42 4 0.05 ps. Finally, only one
measurement exists on the B, lifetime by CDF in 1998 7)
8, = 0.467015 4 0.03 ps.

As said earlier, it is preferable to compare ratios of the lifetimes, for instance

, that gave as a result

TE“ and TBS , with theory. In Table 1, first two raws, such comparison is shown.

The Welghted averages of mg,, T3, and 73, mentioned before are used in these
ratios. The agreement between theory and experiment is excellent for 7(Bu)

7(Ba)
agreement within 0.73 ¢’s) while it is less good for 7(B:) (the theoretical and
7(Ba)

experimental results are 2.1 o’s away). One may notice that nowadays the
experimental errors are smaller than the theoretical uncertainties. Moreover
most probably BaBar and Belle will statistically improve such measurements
further in the future. We hope that theory can keep up with this trend reducing
the uncertainty on the predictions soon.

2.2 Beauty baryons

7(Ap) has also been measured by several experiments (six experiments since
1998 8>) Two of the results are still preliminary (CDF 2003 and DO 2003).
The weighted average of all results is 7(Ap) = 1.19 + 0.06 ps. Consequently

the ratio :((gz)) is 0.776 +0.040 In Table 1 you can see the comparison with the

theoretical prediction. There is agreement within 1.9 ¢’s.
The experimental situation for Z) and E, is less clear, in the sense that only
the ’global’ lifetime of a mixture of these two baryons was measured in the
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past by Delphi in 1995 and Aleph in 1996 9). The weighted average of these
measurements is 7(Z;) = 1.4+0.3 ps, in agreement with the general expectation
that all hadrons composed by a beauty quark and a light quark should have

similar lifetime.

3 Experimental situation for the charm hadrons

As explained above, theoretical predictions for charm hadrons are more un-
certain than those for beauty hadron, because the charm quark is lighter and
so the convergence of the Heavy Quark Expansion is slower. On the oppo-
site, experimentally it is relatively easier to detect charm hadrons than beauty
hadrons and consequently historically larger statistics of charm hadrons have
been collected by experiments. Since the production cross section is relatively
large even at lower 4/s, it is possible to produce charm also in fixed target
experiments at the Tevatron, in reactions like pN — cc+ X and YN — cc+ X
where N means target proton or neutron. The short lifetime of the charmed
hadrons (always < 0.5 ps except for the D¥), favours the fixed target exper-
iments over the collider experiments since the former can exploit the Lorentz
boost to better measure the proper decay time of the charmed particles. That’s
one of the reasons why presently the fixed target Focus at Fermilab (that ran in
1996/97) is still dominating all the lifetime measurements of charm particles.
The near future results for the lifetime measurements of the D mesons will
come from the B-factories BaBar and Belle that so far have mostly presented
preliminary results. Since they are still running, eventually the should be able
to collect samples large enough to reduce the statistical errors below the percent
level. On the opposite for the charm baryons no new results are expected
from these experiments simply because they cannot produce charm baryons
copiously. Although the question of the charm baryons hierarchy was essentially
settled about ten years ago after the first measurement of the (£2.) lifetime,
more results are desirable in the charm baryon sector in order to bring the
precision of the measurements down to the percentage level for the less studied
baryons. A contribution in this sense will come very soon from the fixed target
experiment Selex, at Fermilab, since they are publishing a new measurement
of 7(€.), the most imprecisely known charm baryon lifetime.

In the far future, the second generation B-factories BTeV and LHCb will also
collect enormously large samples of charm hadrons and they will be able to
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Table 2: Theoretical predictions 1) 3) of lifetime ratios and comparison with
the experimental result averages for the charm hadrons.

lifetime ratio for HQE expectations experimental results
charm hadrons (using averages)
T(D+) ~ ~
(o ~ 1+ (godby) = 24 2.52 + 0.02
aeas 1.0 — 1.07 without WA
0.9 — 1.3 with WA 1.21+£0.01
T(AD) ~
(D7) ~ 0.5 0.485 + 0.007
:Ei;; ~ 13- 17 2.240.1
D ~1.6—2.2 1.80 £ 0.18
=f
D2 ~28 40404
(=) ~
e ~ 4 5.39 + 1.05
7(E.) ~
St ~14 1.5 4 0.32

supersede the current results.

As far as the theoretical calculations is concerned, for the charm hadrons even
more than for the beauty hadrons, the present precision of the theoretical
predictions is in general much worse than the experimental precision. We
should hope that further developments in the calculation technique will be
possible soon.

3.1 D mesons

As far as the 7(D™) is concerned, even though there are only four results since
1994, two fixed taget, two at eTe™ collider machines 10) (of which the Belle
result in 2001 is still preliminary) the error on the weighted average is half
of a percentage especially thanks to the high statistics of the latest samples :
7(D*) =1.039 £ 0.006 ps, which is a remarkable 0.6% level of accuracy.

For the lifetime of the D° there are eight experimental results 11) gince 1994
(the Belle 2001 and 2003 and BaBar 2001 results are still preliminary). The
weighted average is 7(D") = 412.1 4+ 0.8 fs, with again a rather remarkable
0.5% accuracy.

With these world averages, the ratio TT((%Z)) is 2.52 + 0.02 which is only 5%
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different from the theoretical prediction of Table 2; it is impossible to estimate
the statistical agreement since the theoretical error on this prediction is not
quoted in 1),

The lifetime of the Dy 12) has been measured by six different experiments since
1993 (the Focus and Belle results are still preliminary). The weighted average

is 7(D%) = 500 & 4 fs. The internal consistency of these results, assessed
calculating the x2 of all results, is 73.3% confidence level. The ratio :ggg% is

1.21 + 0.01 in agreement with the theoretical prediction with W Annihilation
contribution (see Table 2).

3.1.1 Charm baryons

As far as the charmed baryons are concerned, the A, lifetime is the most easily
measured, typically in the A, — pK7 decay channel. In fact there are four
results 13) since 1993 and their weighted average is 7(A.) = 20043 fs, achieving
a precision at the level of 1%. The ratio :((gf,)) is 0.48540.007 (see Table 2). The
theoretical calculation is ~ 0.5 but again no theoretical uncertainty estimation

is given in 1) on that number. Therefore T cannot tell whether or not theory
and experiment agree in this case.

The next most precise measurement for the baryons is the lifetime of the ZF

c
14)

for which three results are available since 1998. Their weighted average

is T7(EF) = 439 & 20 fs, which means a 2% precision level. The ratio :((i:r))
is 2.2 £ 0.1 whereas theory predicts 1.3 — 1.7 (Table 2). Disagreement here is

evident.

The next remaining singly charmed baryon lifetimes are more poorly known,
due to increased experimental difficulties in producing and detecting them.
As far as the Z¥ is concerned, there are only three results 15) 5o far since

1990. The weighted average of them is 7(22) = 111 £ 11 fs, a 10% precision
level result. The ratio :Eégg = 1.80 £ 0.18 in agreement with the also rather

m(E))

imprecise theoretical prediction of 1.6 — 2.22, while =0y = 4.0 £ 0.4 which is

apparently far away from the theoretical 2.8 in Table 2.

Finally for the €. lifetime up to now there are only two measurements 16)
since this is the most difficult charmed baryon to detect. The first is an article
from the Fermilab experiment E687 (1995) and the second is an analysis from
its continuation Focus (2003) (a third result from experiment WA89 at Cern

hasn’t been considered here because they could never resolve the problem of
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an inconsistent €2, mass in the different decay channels they used in their

analysis). The weighted average of the two results is 7(2.) = 74 £+ 14 fs. The
=+ =0

ratio 25 = 5.39£1.05 while theory predicts ~ 4, and &} = 1.540.3 when

theory predicts ~ 1.4; in both cases there is agreement within errors between

theory and experiments.
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ABSTRACT

In this paper I will address the key issues of the Heavy Flavour Dalitz analysis.
I will discuss the formalization problems, the failure of the traditional ‘isobar
model’ and the need for the K-matrix approach. I will conclude with the
implications for the future Dalitz analyses in the B-sector. T will address these
issues in the context of the recent DT, Df — wTx~#T Dalitz analysis we
performed in FOCUS.

1 Unexpected complications in hadronic decay dynamics: DT and
Df - ntr—nt

Charm-meson decay dynamics has been extensively studied in the last decade.
The analysis of the three-body final state by fitting Dalitz plots has proved to
be a powerful tool for investigating effects of resonant substructure, interference
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patterns, and final state interactions in the charm sector. The isobar formalism,
which has traditionally been applied to charm amplitude analyses, represents
the decay amplitude as a sum of relativistic Breit—Wigner propagators multi-
plied by form factors plus a term describing the angular distribution of the two
body decay of each intermediate state of a given spin. Many amplitude anal-
vses require detailed knowledge of the light-meson sector. In particular, the
need to model intermediate scalar particles contributing to the charm meson
decays into three-body hadronic channels has caused experimentalists of the
field to question the validity of the Breit-Wigner approximation for the descrip-

L, 2). Resonances are associated with

tion of the relevant scalar resonances
poles of the S-matriz in the complex energy plane. The position of the pole
in the complex energy plane provides the fundamental, model-independent,
process-independent resonance description. A simple Breit—-Wigner amplitude
corresponds to the most elementary type of extrapolation from the physical
region to an unphysical-sheet pole. In the case of a narrow, isolated resonance,
there is a close connection between the position of the pole on the unphysical
sheet and the peak we observe in experiments at real values of the energy.
However, when a resonance is broad and overlaps with other resonances, then
this connection is lost. The Breit—-Wigner parameters measured on the real axis
(mass and width) can be connected to the pole-positions in the complex energy
plane only through models of analytic continuation. A formalism for studying
overlapping and many channel resonances has been proposed long ago and is

3, 4)

based on the K-matriz parametrization. This formalism, originating

in the context of two-body scattering, can be generalized to cover the case of
production of resonances in more complex reactions 5), with the assumption
that the two-body system in the final state is an isolated one and that the two
particles do not simtil)taneously interact with the rest of the final state in the

production process */. The K-matriz approach allows for including the posi-

tions of the poles in the complex plane directly in the analysis, incorporating
in the charm analysis the results from light spectroscopy experiments 6. 7).
In addition, the K-matriz formalism provides a direct way of imposing the
two-body unitarity constraint which is not explicitly guaranteed in the simple
isobar model. Minor unitarily violations are expected for narrow, isolated res-
onances but more severe ones exist for broad, overlapping states. The validity

of the assumed quasi two-body nature of the process of the K-matriz approach
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can only be verified by a direct comparison of the model predictions with data.
In particular, the failure to reproduce three-body-decay features would be a
strong indication of the presence of neglected three-body effects.

1.1 The isobar formalism

The formalism traditionally applied to three-body charm decays relies on the
so-called isobar model. A resonant amplitude for a quasi-two-body channel, of

the type
D— r+c
(1)
a+b,

is interpreted ¢ la Feynman. For the decay D — nnm of Fig. 1, a D — =

7 T

p
(pﬂ' +pD)/L """ (p7r+ - pﬂ'*)u
9" = q"q" [m3
g% — (mg —il'/2)? o~

Figure 1: The DT — nnw decay diagram.

current with form factor Fpp interacts with a di-pion current with form factor
F,. through an unstable propagator with an imaginary width contribution in
the propagator mass. Each resonant decay function is thus,

A= FpF, x |g”7|a|’ Py(cosOF,.) x BW (m44) (2)

i.e., the product of two vertex form factors (Blatt—Weisskopf momentum-depend
factors), a Legendre polynomial of order J representing the angular decay wave
function, and a relativistic Breit—-Wigner (BW). In this approach, already ap-
plied in the previous analyses of the same channels 8 , the total amplitude
(Eq. 3) is assumed to consist of a constant term describing the direct non-
resonant three-body decay and a sum of functions (Eq. 2) representing inter-
mediate two-body resonances.

A(D) = ape™® + Z aie A, (3)
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1.2 The K-matriz formalism

For a well-defined wave of specific isospin and spin IJ, characterized by narrow
and isolated resonances the propagator is, as anticipated, of the simple BW
form. In contrast, when the specific wave IJ is characterized by large and
heavily overlapping resonances, just as the scalars, the propagation is no longer
dominated by a single resonance, but is the result of complicated interplay
among the various resonances. In this case, it can be demonstrated on very
general grounds that the propagator may be written in the context of the K-
matrixz approach as

(I—iK-p)" 4)

where K is the matrix for the scattering of particle a and b ( Eq. 1) and p
is the phase-space matrix. In this picture, the production process is viewed
as consisting of an initial preparation of several states, which then propagate
via the term (I — iKp)~! into the final state. In particular, the three-pion
final state can be fed by an initial formation of (zm)mw, (KK)m, (np)m, (ny')n
and multi-meson states (mainly four-pion states at /s < 1.6 GeV). While the
need for a K-matriz parametrization, or in general for a more accurate descrip-
tion than the isobar model, might be questionable for the vector and tensor
amplitudes, since the resonances are relatively narrow and well isolated, this
parametrization is needed for the correct treatment of scalar amplitudes. In-
deed the 77 scalar resonances are large and overlap each other in such a way
that it is impossible to single out the effect of any one of them on the real
axis. In order to write down the propagator, we need the scattering matrix.
To perform a meaningful fit to D mesons to three-pion data, a full descrip-
tion of the scalar resonances in the relevant energy range, updated to the most
recent measurements in this sector is needed. At the present time the only
self-consistent description of S-wave isoscalar scattering is that given in the
K-matriz representation by Anisovich and Sarantsev in 7) through a global
fit of the available scattering data from the w7 threshold up to 1900 MeV.

FOCUS has performed the first fit to charm data with the K-matriz for-
malism %) in the D* and DY — mtr 7t channels. The K-matriz used is
that of 7):

(o) (@) 2 scatt 2
| ()¢ 1 - - 2
K% (s) = {z I Ty pacant GeV” — 55 } ST samy/ (5)

. mZ — s i s — s(s]catt (s —s40)(1 — SAO).
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The factor gso‘) is the coupling constant of the K-matriz pole o to meson

channel i; the parameters f5* and s3°* describe a smooth part of the K-
s—sAm?r/Q
(s—s40)(1—s40)

gularity in the physical region near the =7 threshold (Adler zero). The K-

matriz elements; the factor suppresses a false kinematical sin-
matriz values of 7) generate a physical T-matriz, T = (I —ip- K)"'K, which
describes the scattering in the (00)*F-wave with five poles, whose masses, half-
widths, in GeV are (1.019,0.038), (1.306,0.167), (1.470,0.960), (1.489,0.058)
and (1.749,0.165). The K-matriz formalism, originated in the context of the
two-body scattering. can be generalized to deal with formation of resonances
in more complex reactions, through the P-wector 5) approach. The decay
amplitude for the D meson into three-pion final state, where 7Tz~ are in a
(IJPC = 007 1)-wave, can thus written as

A(D = (xta )ogr+nt) = Fy = (I —iKp)y}

B 9‘('a) 1GeV? — gbrod s —sam2/2
AT el C Tt
o Mo —m s —sb (s = s40)(1 — s40)

where 3, is the coupling to the pole « in the ‘nitial’ production process, f{)jmd
and sgmd are the P-wvector slowly varying (SVP) parameters. In the end, the

complete decay amplitude of the D meson into three-pion final state is 9).
A(D) = age™ + Z a;e® A; + F (7

i

where the index ¢ now runs only over the vector and tensor resonances, which
can be safely treated as simple Breit-Wigner’s (see Eq. 2). In the (it to the
data, the K-matriz parameters are fixed to the values of 7), which consistently
reproduce measured S-wave isoscalar scattering. The free parameters are those
peculiar to the P-vector, i.e., B, ffjmd and sgmd, and those in the remaining
isobar part of the amplitude, a; and é;.

The three-pion samples sclected in FOCUS (Fig. 2) consist of 1527 £ 51
and 1475 & 50 events for the DT and Dy respectively. The Dalitz-plot (Fig. 3)

analyses are performed on yields within £2¢ of the fitted mass value.
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Figure 2: Signal and side-band regions of the three-pion invariant-mass distri-
bution for a) DI and b) Dt Dalitz-plot analysis respectively from FOCUS.
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1.2.1 FOCUS results for the D} — wtx~nt decay

The general procedure adopted for the fits consists of several successive steps in
order to eliminate contributions whose effects on fits are marginal. Tnitially all
the well established, non-scalar resonances decaying to 777~ with a sizeable
branching ratio are considered. Contributions are removed if their amplitude
coefficients, a; of Eq. 7, are less than 2 o significant and the fit confidence level
increases due to the decreased number of degrees of freedom in the fit. The
P-vector initial form includes the complete set of K-matriz poles and slowly
varying function (SVP) as given in reference 7); Bo as well as the ffjmd
of Eq. 6 are removed with the same criteria. The fit confidence levels (C.L.)

terms

are evaluated with a 2 estimator over a Dalitz plot with bin size adaptively
chosen to maintain a minimum number of events in each bin. Once the minimal
get of parameters is reached, addition of each single contribution previously
eliminated is reinstated to verify that the C.L. does not improve. The resulting
fit fractions !, phases and amplitude coefficients are quoted in Table 1. Both
the three-body non-resonant and pY(770)7™ components are not required by
the fit. This result is to be compared with that obtained with the simple isobar
model, which requires a non-resonant component of about 25% to get a decent
fit to the data 10). This component, which crosses the Dalitz plot uniformly,
seems to compensate, with its interference with the other contributions, for the
inability of the model to properly describe some non-trivial resonant features
not properly accounted for in the model. In this way the potentiality of the
Dalitz-plot analysis to gauge the level of the annihilation contribution in the
charm hadronic dccays is limited. An additional difficulty with the isobar
model is the general poor knowledge of scalar resonances: the measurements
reported in the PDG are dispersed over a wide range of values and can not
be used as input parameters of charm decay amplitudes. Masses and widths
of the corresponding Breit-Wigner forms have to be let free in the fit: the
isobar model can thus be viewed as an effective model able to reproduce the
data with a sum of effective resonances but its phenomenological interpretation
has to be considered with caution. The entire S-wave contribution obtained
with the K-matriz formalism is represented by a single fit fraction since, as

I'The quoted fit fractions are defined as the ratio between the intensity for a
single amplitude integrated over the Dalitz plot and that of the total amplitude
with all the modes and interferences present.
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previously discussed; one cannot distinguish the different resonance or SVP
S-wave contributions on the real axis. The D} Dalitz projections of FOCUS
data are shown in Fig. 4 superimposed with final fit projections. The fit C.L.
is 3%.

Table 1: FOCUS fit results from the K-matriz model for D} .
decay channel fit fraction (%) phase (deg) amplitude coefficient
(S-wave) mt  87.04+5.60 +4.17 0 (fixed) 1 (fixed)
f2(1270) 7wt 9.74 £ 1.19 £ 2.63 168.0 £18.7+ 2.5  0.165+ 0.033 £ 0.032
p0(1450) 7t 6.56 +3.43+3.31 234.94+19.3+13.3 0.136 & 0.030 + 0.035

Fit C.L 3.0%

o5 0 75 3 % 7 3 3
Lowm? + -mass proj ection (Ge¥/c*) Highm? + -mass proj ection (Ge% /c*)

Figure 4: D} Dalitz-plot projections with the K-matriz fit superimposed from
FOCUS. The background shape under the signal is also shown.

1.2.2 FOCUS results for the DT — ntn—xwt decay

The Dt — rtr—rt Dalitz plot shows an excess of events at low 7t7~ mass,
which cannot be explained in the context of the simple isobar model with
the usual mixture of well established resonances along with a constant, non-
resonant amplitude. A new scalar resonance, the ¢(600), has been previously
proposed 11) {4 describe this excess. However we know that complex struc-
ture can be generated by the interplay among the S-wave resonances and the
underlying non-resonant S-wave component that cannot be properly described
in the context of a simple isobar model. It is therefore interesting to study this
channel with the present formalism, which embeds all the experimental knowl-
edge about the S-wave #7 7~ scattering dynamics. With the same procedure
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based on statistical significance and fit confidence level used in the DF anal-
ysis, the final set of contributions is reached. Beside the S-wave component,
the decay appears to be dominated by the p°(770) plus a f>(1270) component.
The p°(1450) was always found to have less than 2 o significance and was there-
fore dropped from the final fit. Tn analogy with the D, the direct three-body
non-resonant component was not necessary since the SVP of the S-wave could
reproduce the entire non-resonant portion of the Dalitz plot. The complete fit
results are reported in Table 2. The D+ Dalitz projections are shown in Fig. 5.

Table 2: FOCUS fit results from the K-matriz model fit for D*.
decay channel fit fraction (%) phase (deg) amplitude coefficient
(S-wave)rt  56.00 & 3.24 + 2.08 0 (fixed) 1 (fixed)
J2(1270) at 11.74 +1.90 £ 0.23 —47.5+ 187+ 11.7 1.147+ 0.291 4+ 0.047
p0(770) at 30.82+3.14+2.29 —139.44+16.5+9.9 1.858 4+ 0.505 + 0.033
Fit C.L. 7.7%

The fit C.L. is 7.7%.

3 i 75 i 3 3
Lowm® + -mass proj ection (Ge¥//c*) Highm® + - mass proj ection (Ge¥/c?)

Figure 5: DT Dalitz-plot projections with the final fit superimposed from FO-
CUS. The background shape under the signal is also shown.

The most interesting feature of these results is the fact that the better
treatment of the S-wave contribution provided by the K-matriz model can re-
produce the low-mass 77~ structure of the Dt Dalitz plot. This suggests
that any o-like object in the D decay should be consistent with the same o-like
object measured in the 7T7~ scattering. Additional studies with higher statis-
tics will be required to completely understand the o puzzle. It is interesting to
recall the close analogy between the D — wzww channel and the B — pm one,
which is a good candidate to measure the angle a of the Standard Model Uni-
tarity Triangle; the analysis of B — pm will proceed through a time-dependent
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Dalitz-plot analysis of the three-pion final state and will likely present similar

parametrization complications.

1.3 Interpretation of the D} and D¥ — wta~x™ results of FOCUS

The K-matriz formalism has been applied for the first time to the charm sector
in the FOCUS Dalitz-plot analyses of the D¥ and Dt — 777 final states.
The results are extremely encouraging since the same K-matriz description
gives a coherent picture of both two-body scattering measurements in light-
quark experiments as well as charm meson decay. This result was not obvious
beforehand. Furthermore, the same model is able to reproduce features of the
DT — rtr~ 7T Dalitz plot that otherwise would require an ad hoc o resonance.
In addition, the non-resonant component of each decay seems to be described
by known two-body S-wave dynamics without the need to include constant
amplitude contributions. The K-matriz treatment of the S-wave component of
the decay amplitude allows for a direct interpretation of the decay mechanism
in terms of the five virtual channels considered: 7w, KK, mm, n' and 4#. By
inserting K K~! in the decay amplitude, F,

F=(—iKp) 'P=(I—iKp) 'KKP=TK'P=TQ (8)

we can view the decay as consisting of an initial production of the five virtual
states which then scatter via the physical T into the final state. The Q-vector
contains the production amplitude of each virtual channel in the decay. The
resulting picture, for both D} and DV decay, is that the S-wave decay is dom-
inated by an initial production of i, mp’ and KK states. Dipion production
is always much smaller. This suggests that in both cases the S-wave decay
amplitude primarily arises from a ss contribution such as that produced by
the Cabibbo-favored weak diagram for the D} and one of the two possible
singly Cabibbo-suppressed diagrams for the DT. For the D¥, the ss contri-
bution competes with a dd contribution. That the f,(980) appears as a peak
in the 77 mass distribution in DV decay, as it does in D, decay, shows that
for the S-wave component the s§ contribution dominates 2). Comparing the
relative S-wave fit fractions that we observe for D} and D¥ reinforces this
picture. The S-wave decay fraction for the D (87%) is larger than that for
the DT (56%). Rather than coupling to an S-wave dipion, the dd piece prefers
to couple to a vector state like p°(770) that alone accounts for ~ 30 % of D+
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decay. This interpretation also bears on the role of the annihilation diagram in
the DF — #ntn~nT decay. This study suggests that the S-wave annihilation
contribution is negligible over much of the dipion mass spectrum. It might
be interesting to search for annihilation contributions in higher spin channels,
such as p®(1450)7r and f»(1270)7.

2 Conclusions

Dalitz plot analysis is and will be a crucial tool to extract physics from the
Heavy Flavour decays. To fully exploit this unlimited potential a systematic
revision of the amplitude formalization on the Dalitz plot is required. Thanks
to FOCUS, the K-matrix approach has been shown to be the real breakthrough
to resolve the formalization issues and to gain a deep insight in the hadronic
decays. Its application to DT, DF — #T7~ 7T has been decisive in clearing
up a situation that recently became quite fuzzy and confusing. Tt is worth
noting that new ‘ad hoc’ resonances were required to explain the data in the
traditional isobar-model context, e.g. the ¢(600) and the x(900). Now, strong
dynamic effects in D-decays seem under control and fully consistent with those
measured in the light-quark scattering experiments, without requiring any new
resonance. The new scenario is very promising for the future measurements in
the B-sector and, in particular, for the extraction of the CP-violating phases
from the Dalitz analysis of the B hadronic decays, where a proper description
of the different amplitudes is essential.
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ABSTRACT

The Tevatron, operating at /s =1.96 T'eV, provides a very rich environment
for the study of charm and bottom hadrons. In this paper we will show mea-
surements from the CDF and D& collaborations on heavy flavor production,
together with a couple of selected topics on exclusive analyses.

1 Introduction

Measurements of the production cross-section of heavy flavor quarks in the
Tevatron provide us tests on the Quantum Chromodynamids (QCD) predic-
tions. The bottom quark cross-section was measured by both CDF and D¢
experiments in the Run I 1), and found initially to be about three times
larger than the next-to-leading (NLO) QCD computations 2), Nevertheless,
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the discrepancy has recently been reduced, after more precise theoretical com-
putations have been performed 3).

2 The Tevatron: CDF and D¢ experiments

The Fermilab accelerator complex has undergone a major upgrade for the
Run IT era, where the centre-of-mass energy has been increased to 1.96 TeV
in comparison with 1.80 TeV in the Run I. By the beginning of the sum-
mer 2004 the peak of instantancous luminosity recached by the Tevatron was
~ 9 x 10%! em~2sec!, and the total integrated luminosity of both CDF
and D2 experiments was above 300 pb—'. The average data taking efficiency
is about 85-90% per experiment.

Both CDF and D@ experiments were also dramatically upgraded for Run
II. A detailed description of the upgraded detectors can be found elsewhere
4, 5). The most important new features in the CDF experiment for heavy
flavor physics are: a Silicon Vertex Trigger (SVT), which allows to select long
lived heavy flavor particles by requiring to be displaced from the primary vertex
interaction point, with a precision similar to that achieved by the offline full
reconstruction; an excellent tracking resolution coming from the combination
of the silicon and Central Outer Tracker (COT) detectors; and an improved
particle identification based on the dE/dz information of the COT and the
Time-of-Flight system (TOF), with a resolution of about 100 ps. The Run II
D@ detector has excellent tracking and lepton acceptance, being possible to
reconstruct tracks with momentum as low as 180 MeV/c and pseudo-rapidity
as large as 2.5-3.0. A silicon based hardware trigger is being commissioned
to trigger on long lived particles. Impact parameter requirements are already
applied at the Level 3, which is based on a software filter.

3 Cross-section measurements

CDF has performed a measurement of prompt charm meson production cross-
6)

of the SVT plays a crucial role, because tracks coming from either charm or

section using only about 6 pb~! of Run II data. The implementation

bottom quarks can be directly triggered. The charm mesons are reconstructed
in the following four modes: D% — K—nt, D*t — DOzt with D? - K—n,
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DT - K rtzt and D} — ¢rt with ¢ > KTK— L.

The direct prompt contribution and the charm decays from a B me-
son are statistically separated using the impact parameter of the charm can-
didate with respect to the primary vertex point. A prompt charm meson
usually points to the beam line, while a secondary charm coming from a
B decay does not necessarily point back to the primary vertex, and there-
fore the impact parameter distribution is much wider. The prompt charm
contribution is measured as a function of its pr, and it is found on aver-
age over all pr bins to be: (86.5 £ 0.4(stat.) £ 3.5(syst.))% for DO, (88.1
+ 1.1(stat.) = 3.9(syst.))% for D**T, (89.1 £ 0.4(stat.) = 2.8(syst.))% for
DT and (77.3 £ 4.0(stat.) =+ 3.4(syst.))% for DF. The measured prompt
charm meson cross-sections are found to be: o(D°, pr > 5.5 GeV/e,|y| < 1) =
(13.3 £ 0.2(stat.) £ 1.5(syst.Dub, o(D*T.pr > 6.0 GeV/e, |y < 1) = (5.2 £
0.1(stat.) £ 0.8(syst.))ub, (D, pr > 6.0 GeV/e,|y| < 1) = (4.3 = 0.1(stat.)
+ 0.7(syst.))ub, o(DF.pr > 8.0 GeV/e, |yl < 1) = (0.75 £ 0.05(stat.) =+
0.22(syst.)) nb. Figure 1 shows the comparison between the data and two QCD
calculations 7) for the differential cross-sections. The observed data values are
higher than the QCD predictions, but however they are compatible within the
errors.

The CDF II detector has improved the dimuon trigger system with a lower
threshold in the transverse momentum of both muons of 1.5 GeV/c?, and then
it is possible to collect dimuons with transverse momentum as low as 0 GeV/c.
CDF has measured the total inclusive J/4 — pu+ ™ cross-section in the central
rapidity region, |y(J/1)| < 0.6, using 39.7 pb~ ' data 8). The total integrated
cross-section is measured to be o(pp — J/¥ X, |y(J/¥)| < 0.6) = (240 £ 1(stat.)
+3%(syst.))nb. The differential cross-section results are displayed in Figure 2.

The D@ collaboration has verified, using a sample of 4.7 pb~' Run II
data, that the J/# cross-section is independent of the rapidity range of the
J/ for 0 < |y(J/¢)] < 2 9). This study has been performed for pp > 5
GeV/cand pr > 8 GeV/c.

CDF has also performed a measurement of the pr differential and in-
tegrated inclusive b-hadron production cross-section using Hy, — J/9pX de-
cays 8), where Hy, include any type of b-hadron with J/v decays. The contri-
bution from b-hadron decays is extracted from the inclusive J/v cross-section

I'Charge conjugate states are implied throughout the text.
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Figure 1: The measured differential cross-section for |y(D)| < 1 from the CDF
experiment, shown by the dots. The inner bars correspond to the statistical
uncertainties; the outer bars are the quadratic sum of the statistical and the
systematic uncertainties. The solid curves are the theoretical predictions from
Cacciari and Nason, with the uncertainties indicated by the shaded bands. The
dashed curve shown with the D*T cross-section is the theoretical prediction from
Kniehl; the dotted lines indicate the uncertainty. No prediction is available yet
for DF production.
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Figure 2: The differential cross-section for pp — J/¥X as a function of
pr(J /) from the CDF experiment.
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measurement. The vertex of the J/v¢ decayed from a b-hadron is usually dis-
placed from the primary vertex due to the long lifetime of the b-hadrons, while
the vertex is close to interaction point for the prompt J/¢ contribution or
decayed from higher charmonium states. Therefore, it is possible to separate
these two components by applying an unbinned maximum likelihood fit to the
flight path of the J/v in the » — ¢ plane. The first measurement of the total
b-hadron cross-section at a hadron collider machine has been extracted and was
found to be o(pp — Hp X, |y(J/¥)| < 0.6)BR(Hy — J/YX)BR(J/¢ — pp) =
(24.5 £ 0.5(stat.) =+ 4.7(syst.))nb, and the total single b quark cross-section
was found to be o(pp — bX, |y(b)| < 1.0) = (29.4 £ 0.6(stal.) £ 6.2(syst.))ub.
Figure 3 shows the b-hadron differential cross-section as a function of pr(Hy).

datp ) B X) Bidfo) el

15 20 25
pP+(H,) GeV/c

Figure 3: The b-hadron differential cross-section as a function of pr(Hy,) from
the CDF experiment.

A b-jet production cross-section measurement has been performed by D
using 3.4 pb~' Run II data in a muon plus jet sample 9), where the muon
had to be inside a AR cone 2 around the jet of 0.7. The signal and QCD
background templates were extracted from Monte Carlo simulation, and the
b-jet cross-section measurement was extracted, after applying muon and jet
reconstruction efficiencies, and jet calorimeter corrections. The comparison
between the data and the theoretical prediction as a function of the pp of the
jet is shown in Figure 4.

ZAR = /AR + Ag?
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Figure 4: Measured b-jet cross-section compared to the theoretical prediction
from the Dz experiment.

4 Exclusive measurements

Once the global picture looks like rather good, we can move to exclusive mea-
surements. Here, we will just show two specific selected topics, but there are
many analyses where the Tevatron is making an important contribution.

Measurements of B hadron masses are basic to demonstrate the under-
standing of the detector, and in addition all these measurements can already be
competitive with the PDG results. CDF has measurements on B hadron masses
using four fully reconstructed J/# modes: BT — J/yKt, B - J/YK*,
By = J/po, Ay — J/PA 8). Figure 5 shows the mass distributions on all
these channels. A very small systematic uncertainty, at the level of 0.5 MeV /2,
can be achieved with very precise calibration studies using the big J/1 — pupu
inclusive sample.

Table 1 shows the results, together a comparison with the PDG value.
It is important to notice that the BT and BY are the world best single mass
measurements, and the B, and A, mass measurements are better than the
combined PDG result 10). The D¢ experiment expects to have new results
soon with a improved yield after a new reprocessing.

BY mixing frequency Amgy has already been measured with a high pre-
cision at the B factorics 10). Nevertheless, it is a very important anal-
ysis for both CDF and D2 experiments. It is a benchmark of the initial
gtate flavor tagging and it is a mandatory step toward the B, mixing anal-
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Figure 5: B hadron mass distributions from the CDF experiment.

B hadron CDF measurement PDG value
Bt 5279.10 & 0.41 4+ 0.34 | 5279.0 & 0.5
BY 5279.57 £ 0.53 £ 0.30 | 5279.4 + 0.5
By 5366.01 + 0.73 + 0.30 | 5369.6 + 2.4
Ay 5619.7 £ 1.2+ 1.2 5624 + 9

Table 1: B hadron mass measurements from the CDF experiment in compar-
ison with the PDG value (units in MeV/c?). CDF results are shown with the
statistical (first) and systematic (second) uncertainties. PDG values are shown
with the total combined uncertainty.
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ysis, which igs one of the main goals of the Run II Tevatron Physics pro-
gram. BY — Fg oscillations have been studied by the D experiment with
a large sample of semileptonic B decays corresponding to a integrated lu-
minosity of about 250 pb—! 9). The flavor of the final state of BY meson
was determined using the muon charge from the partially reconstructed decay
BY —» utD*X,D* — ﬁuﬂ'*;ﬁo — K7t Figure 6 shows the mass differ-
ence M (D) — M (D) distribution for B — uD*X candidates. The opposite-
side muon tagging was used for the initial state flavor determination. The
asymmetry for the tagging candidates versus the visible proper decay length 3
is shown in Figure 7. This distribution is fitted in order to compute Amyg,
which is found to be Amy = (0.506 £ 0.055(stat.) £ 0.049(syst.))ps—L.
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Figure 6: The mass difference M (D°r) — M (DY) distribution for B — uD*X
candidates from the Dz experiment.

CDF has performed a BY frequency analysis using a sample corresponding
to a total integrated luminosity of about 245 pb~! on the exclusive decay modes
BY — J/ip and B® = D=t 8). The flavor of the B meson at the production
time was inferred using the Same Side Tagging (SST) algorithm 1) This
algorithm relies on the existing charge correlation between the b-quark and the
closest particle in the fragmentation string. Figure 8 shows the measured time
dependent asymmetries for those two modes. The combined analysis gives a
value of Amgy = (0.55 & 0.09(stat.) &= 0.01(syst.))ps~. Both experiments get
results compatible with the PDG value and further improvements are expected

BV PDI, = Iy, Mg /P>
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sample as a function of the visible proper decay length from the D& experiment.
The overlaid curve comes from the asymmetry fit.
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Figure 8: Time dependent asymmetries in the B° mizing analysis from the
CDF experiment. In both plots, the overlaid curve comes from the simultaneous
asymmetry fit for both B® modes.

5 Conclusions

The large amount of data collected by the CDF and D& experiments are im-
proving our knowledge about Heavy Flavor Physics. The inclusive cross-section
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measurements agree, within the errors, with the theoretical expectations. Nev-
ertheless, further improvements from both experimental and theoretical points
of view are expected in next years. The Run IT data can already make high pre-
cision measurements, and an example has been shown with the measurement
of the B hadron masses at the level of 0.5 MeV/c?. In addition BY mixing
is well established in both CDF and D& experiments, which is a crucial step

toward a B, mixing measurement.
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ABSTRACT

The CHORUS experiment was designed to search for v, — v, oscillation by
detecting the decay topology of the 7 in charged-current (CC) v, events. The
CHORUS hybrid apparatus consists of active nuclear emulsion targets and
electronic detectors. Tt was exposed to the CERN/SPS Wide Band Neutrino
Beam in the years 1994/1997. With the recent improved performance of the
automated emulsion scanning systems, it has become possible to perform large
volume scanning around the located interaction vertex. All tracks belonging
to it can thus be recognized and precisely measured. This technique has been
applied to search for v, — v, oscillation as well as for the recognition of events
where charmed particles are produced. By using this technique, 2059 charm
hadrons have been found on 95450 CC events. We report on new measurements
based on a sub-sample of data. Finally, we give the prospects for the study of
charm-production induced by neutrinos within the CHORUS experiment.
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1 Introduction

About thirty year after the discovery of the charm quark at SLAC and BNL,
the study of the charmed particles is still a challenging field of particle physics.
In particular, the neutrino induced charm-production offers the possibility to
study the strange-quark content of the nucleon, to measure “directly” the CKM
matrix element V.4 and to test models for charm-production and subsequent
hadronization. Moreover, unlike colliding beams, neutrinos produce charmed
hadrons also via specific processes like quasi-elastic and diffractive scatter-
ing which provide an unique tool for exclusive charm studies. Furthermore,
charm-quark pairs can also be produced. although with considerably lower
cross-sections, allowing for the investigation of higher order mechanism.

Several experiments studied charm-production induced by neutrinos th-
rough the detection of dimuon events (CDHS 1), CCFR 2), CHARM, CHARM
1T 3), NOMAD 4 and NuTeV 5)) In these events, the leading muon is inter-
preted as originating from the neutrino interaction vertex and the other as the
product of the charmed particle semileptonic decay. These experiments do not
identify the decay topology of the short-lived charmed hadrons. Hence they suf-
fer from background in which the second muon originates from an undetected
decay in flight of a pion or a kaon rather than from a charmed particle decay. In
order to keep this background as low as possible only high energy neutrinos are
considered. Consequently the threshold effect of the charm-production cannot
be studied.

Conversely CHORUS,; as well as the former E531 experiment, by exploit-
ing the high spatial resolution of nuclear emulsion is able to detect the short-
lived charmed hadrons directly through their peculiar decay topology. This
allow for a smaller background and the investigation of charm-production at
low neutrino energies hence, of the threshold effect.

The paper is organized as follow. In Section 2 we describe the technique
of nuclear emulsions used in CHORUS and, in Section 3 we report the achieved
results. Finally, we give the prospects for the study of charm-production in-

duced by neutrinos and our conclusions.
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2 The CHORUS experiment

The CHORUS experiment 6) was designed to search for v, — v, oscillations
in the SPS Wide Band Neutrino Beam at CERN through the direct observa-
tion of the 7 lepton decay. The detector is a hybrid setup that combines a
nuclear emulsion target of 770 Kg with various electronic detectors. Neutrino
interactions are reconstructed by a scintillating fiber tracker situated immedi-
ately downstream of the emulsion target. The reconstructed tracks are followed
back in the emulsion plates, starting from the most downstream plate. A recon-
structed track which is missed in two consecutive plates constitutes a vertex
candidate and the first plate where the track is missed is called the vertex
plate. The emulsion scanning has been performed by fully automatic micro-
scopes equipped with C(;)D cameras and a read out system, evolved from the

Once the vertex plate has been identified, additional scanning is per-

so-called Track Selector

formed for the detection of short-lived particles, which are interesting for the
oscillation search as well as for studies of charmed particles produced in neu-
trino interactions. The improvements in the automatic emulsion scanning sys-
tems allowed for large volume data-taking around located neutrino interactions
trough a procedure called Netscan. Within a volume of 1.5 x 1.5 X 6.3 mm?
all track segments whose angle with the neutrino beam direction is less than
0.4 rad are scanned. On average 800 tracks are found in each plate, most of
them are muons from other beam lines or from neutrino interactions in material
upstream of the CHORUS detector. These tracks are used for an alignment
procedure and enable a resolution of 0.3 yum in position and 2 mrad in angle to
be achieved. Thanks to this resolution it is possible to perform a topological
identification of charmed hadrons decays (Fig. 1), which brings a very low level
of background contamination. The CHORUS experiment collected a statistics
of 2059 charmed particle decay candidate out of 95450 CC events.

3 Charm analysis

3.1 Measurement of A} production rate 8)

Charged charmed particles produced by v, CC interactions are mainly DF, D}
and AF. The A production ratc has been cvaluated by a statistical method
which makes use of the flight length distribution. Since the lifetime of the AF
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1.5 mm

[ 1.5 mm

Figure 1: Schematic view of reconstructed neutrino interaction vertexr and
charmed hadron decay.

Table 1: Number of candidates after the selection on flight length

Selection A Selection B
40 pm < F'L <400 pm | 400 pm < FL < 2400 pm
C1 62 133
C3 66 77
Total 128 210

is smaller than that of other charged charm particles, the sample of charged
charm with a short flight decay forms a sample enriched in A}, while long
flight decay events are dominated by DT and DF. Therefore, the analysis is
performed applying two different selections:

e Selection A: short flight decay. A daughter track must have a minimum
distance of 5 pm to 30 um with respect to a track which is identified as
a muon. This selection has been applied to 50414 events.

e Selection B: long flight decay. Both the parent track and the daughter
track are reconstructed. The parent track must have a minimum distance
smaller than 5 ym with respect to the reconstructed muon. The daughter
track must have a a minimum distance of 5 um to 30 um with respect to
the parent track. This selection has been applied to 56761 events.

The selected candidates, 1614 for the selection ‘A’ and 586 events for *B’,
were visually inspected to identify their decay topology and to reject back-
ground. To ensure a high efficiency of the visual inspection, a cut on the charm
flight length has been applied. The results are summarized in Table 1.

Combining A’ and °B’, and taking into account the detection efficiency
and background cstimation, thec number of A¥ candidates was found to be
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861 £ 198(stat) = 98(syst) TEI°(QF). At an average neutrino energy of 27 GeV,
the A} production cross section in v,CC interactions was measured to be:

a(AD) L
¢ = . + Q. 4+ 0. : )
#(CO) (1 54 + 0.35(stat) £ 0 18(syst)) x 10

3.2 Quasi-elastic charmed baryon production 9)

For a particular class of events, at low (%, the quark ¢ produced in the neutrino
interaction does not fragment, but dresses himself with the spectator quarks.
Therefore, the final hadronic state contains only the charmed particle. The

simplest exclusive charm-production reactions are:

vy — AT (1)
vy n— N_Zc+(zc*+) (2)
v p = ET(EST). (3)

Since in the final state we have always a AF!, a selection aimed to the con-
struction of a sample enriched in AY decays showing the peculiar quasi-elastic
topology and kinematics has been developed. This selection acts on the follow-

ing variables:
1. flight length (< 200 pm);
2. track multiplicity at primary vertex (< 3);

3. hadronic energy (Epy < 2 GeV? );

4. angle ® between the primary muon and the charmed particle trajectory
in the plane transverse to the incident neutrino direction (> 165°).

The selection criteria were applied to 46,105 v,CC interactions. Fig-
ure 2 shows the distribution of the angle ® after the cuts 1-3, & > 165° will
be required to isolate the signal. The final sample contain 13 events with an

n the processes (2)-(3) the production of a charmed baryon is always
followed by a strong decay in the channel A7,
2FEEs is the energy measured in the first sector of the calorimeter (EM).
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Number of events

Figure 2: Azimuthal angle between the primary muon and the charmed par-
ticle trajectory in the transverse plane, for events after cuts 1-3. The solid
and dashed lines are the expectations from deep inclastic scattering and deep
inelastic scattering and quasi-elastic simulation, respectively.

estimated background of 1.7 events, mainly due to DIS A} production. Nor-
malizing to the number of CC events in the sample, a value of

O'(QE) _ (

a(CC)

0.23%0: 05 (stat) 1005 (syst)) x 1072
is obtained for the ratio of the cross-sections for quasi-elastic production of
charmed baryons and for vN CC interactions.

3.3 Measurement of D° production rate

A measurement of the production rate of D® mesons is performed based on
full CHORUS statistics. The following criteria were applied to select DY can-
didates. A muon track at the primary vertex and at least one daughter track
were reconstructed in the emulsion and matched with tracks in the detector.
The daughter track was required to have a impact parameter with respect to
the primary vertex in the range 3 — 15 um < I.P. < 400 pm. After performing
visual inspection, we confirmed that 841 events show a 2-prong decay topology
(V2) and 230 events show a 4-prong decay topology (V4). The average effi-
ciency of the D° decay search is (56.3 =0.5)% for V2 and (74.2+0.9)% for V4.
Subtracting the background and correcting for the efficiencies, the measured
ratio is
V4

Vo = (29£18)%
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Using the BR(D® — V4) = (13.3 % 0.7) x 10~2 from the PDG 1) tables, we
obtain the branching ratio of D? decaying into neutral particles by using the
simple expression:

BR(D® = neutrals) = 1 — BR(D® = V4) x (1+ (%)_1) .

A preliminary result gives

BR(D® — neutrals) = (28.7 £ 5.2)% .

Taking into account this result, the total DY cross-section rate is measured to
be

= (3.0 0.1(stat) £ 0.2(syst)) x 1072

3.4 Semi-leptonic branching fraction of charm hadrons 12)

This is the only direct measurement of the semi-muonic branching ratio of
charm hadrons. For this search, 1055 candidates were selected from a sample
of 56172 events analyzed. To evaluate the purity of the selection, a sub sample
of 244 events was visually inspected. Out of 244 events, 11 do not have a sec-
ondary vertex related to the event and 12 were identified as secondary hadronic
interactions. This results in a selection purity 0f 0.91 =+ 0.02, which brings the
corrected number of selected charm events to

Nse[ected =056+ 35.

Muons are identified in the calorimeter and the muon spectrometer. For muon
momenta above 4 GeV, the identification efficiency is of the order of 95%. The
secondary muon identification has an average efficiency of about 35%. Out of
the 956 £ 35 selected charm events; the number of events with a secondary
muon is

Ngelected — 88 & 10(stat) = 8(syst) .

corrected for the efficiency of the muon identification. For the determination of
the semi-leptonic branching fraction we used the correction factor (R) defined

as
_ ZD{ €D; fDi

R=—
Ep.€pr [,
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where ep,, is the selection efficiency for charm species D;, €pr the selection
efficiency for semi-leptonic decays of D;, and fp, the production fraction of
each charm hadron. The measurement of BR(D® — neutrals), for which a
preliminary result is given in the previous subsection, strongly affects the value
of the factor R. In fact, an increase of the invisible D® decays determine a
decrease of the factor R. Taking into account of this result, the measurement?
given in Ref. 12); for the semi-muonic branching ratio of charm hadrons has
been revised to be

B, = (8.1 £ 0.8(stat) £+ 0.8(syst))% .

A new analysis based on full statistics is in progress, its result, combined with
the measurement of B,|V.q4|? obtained from the fit of dimuon data, can be used
to extract Vg .

3.5 Associated charm production

Associated charm production in neutrino interactions is a very rare process,
difficult to detect. Associated charm-production in CC originates from a gluon
emitted by bremsstrahlung from a light quark. In the past, indirect evi-
dence for this process was obtained by studying trimuon and same-sign dimuon
events 13). Recently a direct search for this process has started in the emulsions
of the CHORUS experiment: in a sample of in 95540 CC events, 5 candidates
for associated charm-production have been found.

Associated charm-production in NC interactions proceeds through both gluon
bremsstrahlung and gluon-boson fusion process. So far one event has been “di-
rectly” observed by the E531 experiment 14), while an indirect obgervation has
been recently published by the NuTeV experiment 15) Both experiments mea-
sured a rate of the order of 1073, normalized to CC events. In the CHORUS
experiment, 3 candidates have been found in a sample of 26568 NC events. The
analysis of these data and the cross-section measurements will be completed

by the end of this year.

3The number quoted in Ref. 12) for the muonic branching ratio of the charm
hadrons is B, = (9.3 £ 0.9(stat) £+ 0.9(syst)) % .
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Figurc 3: Charm production rate in U, events as a function of antineutrino
energy as measured in CHORUS (empty box) compared with those derived from

di-lepton data (dashed lines) 16) seqled with the B, as given by 12),

3.6 Measurement of charm production in antineutrino charged-current inter-
actions

A measurement of antineutrino induced charm production is performed by
using the presence of a 5% antineutrino component in the neutrino beam. The
number of antineutrino CC interactions corrected for the contamination and
for the efficiencies is evaluated to be 4975+ 187(stat) =53 (syst). In these events
32 decay topologies were observed in emulsion with an estimated background of
2.7 events. At an average antineutrino energy of 18 GeV, the charm production
rate induced by antineutrinos is measured to be

N = e X) (5.071:4) x 1072,

o, N — ptX) :

This is the first direct measurement of the antineutrino induced charm produc-
tion. The cross-section as a function of antineutrino energy has been compared
with theoretical prediction showing a reasonable agreement (Fig. 3).

4 Future prospects

4.1 Inclusive charm cross-section

From the analysis of the CHORUS full charm sample a direct measurement of
the inclusive charm cross-section is possible. So far only E331 14) performed
this measurement with a statistics of 122 events. Using a statistics about 20
times larger than E531, CHORUS should be able to make a much more precise
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measurement and an accurate study of the threshold behavior of the cross-
section.

4.2 Hadronization of charm-quarks to charmed hadrons

In near future, from the analysis of CHORUS data, a better understanding of
the process which drives from charm-quark to charm hadrons will be possible.
The hadronization mechanism involves relatively low energies, of the order of
the hadron mass so that is described by non-perturbative models. All frag-
mentation models define a fragmentation parameter z such that the observed

hadrons have a longitudinal momentum zp7*** with respect to quark’s mo-

mentum, where p*®* is the momentum of the quark, namely the maximum
momentum the hadron can have. The connection between the quarks, the
gluons and the physically observed hadrons is established by using the factor-
ization theorem of QCD 17) in which the cross-section for the production of
a charmed hadron C can be connected to the charm quark cross-section via
fragmentation functions:
do(vN —- n CX do(vN — 1= cX
(dxdydzldp% ) = ( drdzj ) X ;fh x D (z,pr) (4)

Here, D%(z, p2) is the probability distribution for the charm-quark to fragment
into a charmed hadron of type h(= D°, DT, D}, A¥) carrying a fraction z of
the quark longitudinal momentum and transverse momentum pr with respect
to the quark direction. The number f, is the mean multiplicity of the hadron A
in neutrino charm-production. A similar expression holds for 7. The analytical
form of the fragmentation function usually depends on the quark mass. For

heavy quarks two parameterizations are usually used, the Peterson function 18)

1
D(z) x ———F~ 5
DT m) )

and the Collins-Spiller function 19)
1—z | tc(®—2)
1= .
z 1—z

where ecg, ep and b are free parameters.
The parameter € which characterizes the fragmentation functions of heavy
quarks can be determined by using two different approaches:
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Figure 4: NOMAD results for D* mesons: z distribution the results of fits with
the functions 5 and 6 are shown.

Table 2: Summary of all available determinations of €.

[ Collaboration | £p | £C | Comments |
E531 20) 0.076 + 0.014 — All charmed hadrons are used
NOMAD 2D | 0.075 +0.046 | 0.13+0.14 Only D** are used
cpHS 22) [0.02 = 0.14] —
CCFR (LO) 23) | 0.2240.05 | 0.88+0.12 | All charmed hadrons are used
CHARM II 24) 0.072 + 0.017 — All charmed hadrons are used
NuTeV — 2.07+0.31 | All charmed hadrons are used

e Indirect measurements: ¢ is left as one of the free parameters of the fit to
the dimuon data. Dimuon analysis has been performed by CDHS, CCFR,
CHARM 1II and NuTeV.

e Direct measurements: the z distribution is reconstructed and fitted in
order to extract the parameter . Such analysis has been performed by
E531, NOMAD (see Fig. 4) and is currently in progress in CHORUS;

The available results from both approaches are summarized in Table 4.2.

4.3 Charmed fractions determination

The charmed fractions f;, have been measured directly only by the E531 ex-
20), 1 checking over the E531 results, a bias was detected in the
extraction of the charmed fractions. Therefore, the data was refit with the bias
removed 29), The analysis of CHORUS data is in progress and its result will

periment



338 F. Di Capua

constitutes the more precise determination of the charmed fractions in neutrino

experiments.

5 Conclusions

Nuclear emulsions with their sub-micrometric resolution allow a direct identi-
fication of the charmed hadrons. Thanks to the higher speed of the scanning
gystems, it has been possible to analyze large amount of data. With its final
gtatistics the CHORUS cxperiment has found more than 2000 charm decays
out of 95450 CC events. From a subsample of collected data A, quasi-elastic
charmed baryons and D° cross-section rates have been measured. A direct mea-
surement of the semi-leptonic branching ratio is also reported. Future results
from CHORUS experiment are expected to include:

a study of the threshold behavior of the charm-production cross-section;

the determination of charm-quark hadronization parameters;

the determination of the charm hadrons production fractions;

a determination of V,g;

the cross-section measurement of associated charm-production both in

neutral- and charged-current interactions.
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ABSTRACT

We present the first results from the CLEO-c¢ experiment. CLEO-c is a new
detector configuration running at the charmonium and charm meson threshold
energies at the Cornell Electron Storage Ring. Here, we show the first results
on data taken at the (3770) resonance. In particular, we present the first
significant signal of the decay DT — ur which leads to a measure of the D
meson decay constant fp.

1 Introduction

The summer of 2004 is an exciting time for the CLEO collaboration. For some
years, we have been showing Monte Carlo simulations of the data we will be
able to present using the CLEO-c detector. Now, for the first time, we can
show results that in many aspects match the simulations. In particular, we
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gee that the background estimates were reasonable, and will not preclude the
measurements we hope to make. T stress that all the data and results presented
here are preliminary, and are taken using a fraction of the luminosity we intend
to accumulate.

2 The CLEO-c¢ Detector and the CESR-c Accelerator

The CLEO collaboration has been taking data at the Cornell Electron Storage
Ring since 1980. The latest detector configuration is known as CLEO-c, where
the “c” denotes charm, as it incorporates changes to make it more suitable for
taking data at around the charm threshold energies. CLEO-c retains the CLEO
IIT main drift chamber and particle ID system (Ring Imaging Cherenkov coun-
ters (RICH) 1) and energy loss (dF/dx) measurements), and the CsI crystal
calorimeter for photon and electron detection that was buill for CLEO II 2),
The main change from CLEO III is the replacement of the silicon vertex de-
tector with a six-layer, all-stereo, inner drift chamber 3). This is known as the
“ZD”, as its primary role is the measurement of the tracks in the “Z” (along
the beam) direction. The ensemble is centered in the CLEO solenoidal magnet,
which is run at 1.0 Tesla, rather than 1.5T which was used for CLEO III. The
lower magnetic field reduces the fraction of curling tracks.

The CESR accelerator has been modified to enable the changing physics
plans. Superconducting wiggler magnets are being added to the machine lat-
tice to help damp the synchrotron radiation. Six such wigglers were already
operational for the data run discussed here; the rest have just been installed
and will be operational in Fall 2004.

3 The CLEO-c Data Set

We have collected 3 pb~! of 1(25) data in CLEO-c. Together with some earlier
exploratory running (before the new inner drift chamber was installed), we have
a total of 5.5 pb™! of 1(25) data which include about 3 million (2S) decays.
We also have 20 pb™! of continuum data taken at /s ~ 3.67 GeV, just below
the 1(2S). Perhaps the most exciting new data sample is & 57 pb~! taken on
the 1(3770) resonance which yields DD pairs, and this talk will concentrate
on this last sample. The ¥(2S) results are being presented in another talk.
These datasets are only the start of the CLEO-c program. The run-plan
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presently calls for a massive 3 [b~! of 4)(3770) running, a factor of around 60
greater than presented here. We stress that this goal is contingent on CESR
being able to quickly reach its design luminosity of = 3 x 10%%2¢m 25—, which
is a factor of six higher than has been achieved so far. The physics run-plan is
deliberately flexible so that it can change in reaction to the results obtained.
The planned final dataset would correspond to arround 18,000,000 DD decays,
and around 3,600,000 tagged D decays which is 310 times larger than the
MARKIIT collaboration and around 170 times larger than that obtained by
BES.

After the (3770) data, the plan calls for 3 fb~! running at the D} D
threshold, giving maybe 300,000 tagged D decays (130 times the BES sample).
Fall 2006 will give the opportunity of running at the J/¢ with maybe a billion

events collected! Details of the CLEO-c program may be found elsewhere 4).

4 The Physics at the ¢(3770)

The main decay of the ¢(3770) is into DD mesons. However, the total cross-
section also includes a large (and not well understood) continuum component,
the radiative tail of the ¥(25), and maybe some other processes as yet unex-
plored. Using the data taken at, and below, the (2S) we are studying the first
two of these. To know how many D mesons we will eventually be able to re-
construct, we need to know the cross-section into D pairs, that is (¢ — DD) at
E=3.77 GeV. MARKIII %) measured the observed cross section to be (5.0£0.5)
nb. Recently BES 1T 6), using 17 pb~! mcasured (5.78 & 0.11 &= 0.38) nb. In
the BES method, the cross-section depended upon the value for the branching
fraction in the final state under study. Here, we present a double-tag method
(along the lines of that used by MARK III) to find a value of c(eTe™ — DD)
independent of any branching fraciton measurement.

4.1 General Analysis Techniques

Good K — 7 separation is obtained by dF/dx up to momenta of around 600
MeV/e. For higher momentum particles we combine RICH information with
the dE/dx. Tn several analyses, we find KU candidates from their displaced
vertices, and reconstruct 7% mesons from two  signatures in the CsI calorime-
ter.
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Figure 1: Beam-constrained mass distributions for a) D° — K =T, and b)
DT - K—rntrnt

To {ind D mesons from the (3770), we first calculate the energy of the

D and compare with the beam energy. If the two values are consistent, we

calculate the beam-constrained mass Mpc = \/(E3p 40 — P(D)?). The reso-
lution of this quantity is in many cases limited only by the energy spread in the
beam. The signal to noise ratio in such a plot is very good, especially in the
golden decay modes D° — K 7+ and D* — K #*r* (Fig. 1) which show
spectacularly clean signals.

4.2 Double-tag Method to Measure o(eTe™ — DD

Comparing single and double tag yiclds allows onc to casily extract the total
DD cross-section independently of branching ratios. The number of single D
tags, S, in a given mode is S = 2NppBe;, where the variables denote the
number of DD pairs produced, the branching fraction of the mode, and the
efficiency, respectively. The number of double tags, D, in a given mode is
D = 2NppB?%es, where €5 ~ €2 is the efficiency for finding both tags. One can
then determine the cross section as opp = S?/(4DL), where L in the integrated
luminosity. The branching ratio cancels, as does most of the efficiency (with
€2 # €2 treated as a systematic error).

Table 1 shows the preliminary results from this analysis. We note that
our results are consistent with, but a little higher than, previous results on this
subject. This is good news for CLEO-c because it implies a larger number of
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Figure 2:  Beam-constrained mass plots for double tags from D -
K at,D% - Kto— (left) and DT — K atat, D~ — Ktr n~ (right).

Table 1: Cross sections of the (3770) — DD.

o(DYD™) a(D°D° o(DD)
CLEO-c 2.58+0.15+£0.16 | 3.93+0.42+0.23 | 6.51 £0.44 +0.39
BES 0) 252+0.07+£0.23 | 3.26+£0.09+0.26 | 5.78 £ 0.11 £ 0.38

MARK 111 %) 21403 29+04 50+0.5

D mesons will be produced. The largest systematic uncertainty is due to the

luminosity measurement.

5 Results Using D-Tagging

The remainder of the analyses we will present here, depend on the technique
of “D-tagging”. That is, by reconstructing one D in the event, we know that
another D of a particular charge and flavor, must exist in the remainder of
the event. The net-tagging efficiency from a combination of D modes is of the
order of 20%, and the expectation is that from the full dataset we will be able
to tag several million events in this way.

Tagging can be used to find absolute branching fractions not only of
hadronic decays, but semi-leptonic and even purely leptonic decays that cannot
be fully reconstructed.
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5.1 Determination of fp from DT — utwy, Decay

The leptonic decay width of a pseudoscalar meson, such as the DT, is propor-
tional constant: Ty, o« f5. The decay constant fp is related to the quarks
annihilation rate via the short-distance weak interaction. The same parameter
enters the box diagram of neutral meson mixing (e.g., fp for D” « D% or fp
for B <+ BY). In particular, fp is needed to extract the CKM matrix element
information from the already precise B mixing data; fp, will be needed once
B, mixing is observed. Lattice guage theories connect the decay constants in
the D and B regimes.

We search for Dt — v, decays in events where a D tag is present. For
this analysis we augment the K77+ events with four other decay modes,
Ko+, K07+ 70, Ko7t n+ 7% and K°rTn 7F. We then require that the rest
of the event have exactly one charged track consistent with a muon hypothesis
(based on energy deposit in the CsI calorimeter) and relatively little extra
energy in unmatched (to tracks) calorimeter showers. We calculate for the
candidate muon the missing mass squared M M? = (Ey,,—E,)? — (—ﬁtag —P)?
which will peak at zero for signal.

Backgrounds include 7t 7% events which peak nearby in M M? and some-
times survive the calorimeter activity veto, combinatorics from continuum,
KOt events, and D°DO events.

We find 9 events within a 2¢ window in MM? (see Fig. 3), with a
predicted background of 0.67 & 0.24 events. This has a high significance and
gives B(D' — utu,) = (4.57£1.66+0.41) x 104, which can be combined with
the known D7 lifetime to extract fp = (230£42 £ 10) MeV. This is consistent
with the theoretical expectations, for instance the UKQCD lattice result ) of
210+ 1(]ﬂg MeV. The most significant systematics include the muon efficiency
(5%) and background level (7.4%). This result is clearly statistics limited; more
data will also assist some systematic studies.

6 Inclusive D — Xev, Decays

Improved measurements of inclusive lepton spectra from charm mesons are of
congiderable interest. The integrated spectra providing the inclusive branching
fraction, and the shape is also of interest. We concentrate on electrons due to
the difficulties of soft muon identification.
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Figure 3: Missing-mass-squared spectra of Dt — ptw, candidates.

Electron identification was optimized using radiative Bhabha events; key
variables include E/p from the Csl and tracking along with dE/dz and RICH
information. The preliminary results shown here use only one mode for each
type of D meson (K~#T and K—=txt). Even with this limitation and the
modest data sample, the statistical uncertainties on the branching fraction are
a2 0.6% which can be compared with the current PDG world average of (17.2+
1.9%). For the neutral case the CLEO-c has a similar statistical uncertainty,
but here the PDG precision (6.75 £ 0.29%) has not yet been reached. We hope
to be able to reveal numbers for the actual branching fraction some time in
Summer 2004. We must remember that this constitutes a small fraction of the
data to be taken at this energy.

7 Exclusive Semileptonic D Decays

Exclusive semileptonic modes are also easily studied with the D tag technique.
Here, we display signals using the variable U = Eiiss — |Prmiss| » where Episs
(pmiss) denote the missing energy (momentum). This is computed by com-
paring the known beam energies to the sum of the D tag plus the observed
particles in the semileptonic candidates. Clearly, U will peak at 0 if only a
neutrino is missing.

Fig. 5 shows the U distributions for the Cabibbo-allowed K ~etwv, fi-
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Figure 4: Inclusive electron spectra extracted from charged (left) and neutral
(right) D meson decays.

nal state, as well as the Cabibbo- suppressed 7~ e*v,. Tagging allows one to
geparate the rarer # mode kinematically, rather than relying on particle iden-
tification alone. In Fig. 6. we display two other Cabibbo-suppressed modes,
Petr, and p~etrv,. The first of these has previously been seen, though not
well-measured, whereas for the second this represents a first observation. Many
other semileptonic modes are also accessible, and with the expected data set
taken in the next year, CLEO-c can expect to produce the definitive results on
8 semi-leptonic D decays, with more to come later after the running at the Dy
threshold.

8 Conclusion

We have shown the first results from the CLEO-c¢ detector running at the
#(3770). The D mesons found from using the beam energy constraint are
gpecularly clean, and can give large samples of tagged D cvents. One notable
preliminary result is that of the D meson decay constant of fp = (230+=42+10)
MeV.
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HEAVY QUARKONIA
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ABSTRACT

Recent experimental results on heavy quarkonia spectroscopy and decays are
reviewed. In particular, new results are discussed on charmonium spin singlet
states, bottomonium D-states, photon and hadronic transitions from heavy
quarkonium states, and the unexplained narrow X(3872) state.

1 Introduction

Heavy quarkonia are the bound states of charm and bottom quarks. They are
strong interaction analogs of positronium. Because charm and bottom quarks
have large masses (~1.5 and ~4.5 GeV), velocities of quarks in hadrons are
nonrelativistic. The strong coupling constant «j is small (~0.3 for ¢¢ and ~0.2
for bb). Therefore heavy quarkonia spectroscopy is a good testing ground for
theories of strong interactions: QCD in both perturbative and non-perturbative
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Figure 1: The spectra for charmonia (left) and bottomonia (right) below and
near the open flavor threshold. Some typical transitions are indicated. None
of the singlet ny or hy bottomonium states or h. charmonium state have been,
observed yet.

regimes; QCD inspired purely phenomenological potential models, NRQCD and
Lattice QCD.

Quarkonium states can be produced (fig.1) in efe™ — * — ¢ processes
(dircet production of n®S;: JFY = 17~ vector states), two photon fusion pro-
cesses at the ete™ colliders (production of 1., 1%, x02: JE¢ =0+, 0%+, 2%+
states), pp annihilation via two or three gluons (production of g¢ mesons with
any quantum numbers), B meson decays (production of states with any quan-
tum numbers with associated particles), radiative or hadronic transitions from
higher states of quarkonia.

2 New in Charmonium Spectroscopy

In this section new experimental results on charmonium states produced below
the open flavor production threshold are reviewed, obtained from the large data
samples collected with the BaBar, Belle, BES and CT.EO detectors.
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Figure 2: K KT invariant mass distributions for events in two photon fu-
sion processes from the CLEO data, indicating n. and nl. resonances (left). A
summary of the theoretical predictions and new experimental measurements of
AMps(25) (right).

2.1 Spin Singlet States

These states arc generally the most difficult states to access and study because
they are not directly formed in eTe™ annihilation and the radiative decays
of spin triplet states 3Sy(J/4, ¢, YT, ...) to spin singlet states 'Sy(n.,7)
arc M1 transitions and therefore arc highly suppressed. Tn 1Py (h,, ;) cascs,
the radiative decays are entirely forbidden by C-conservation. As a result, no
singlet states have ever been identified in bottomonium and only the 7, singlet
state was identified in charmonium until recently.

The radial excitation of the charmonium spin singlet ground state, . (2" Sg)
is known to be bound. Tt is important to identify it because it can shed light on
the nature of the spin-spin hyperfine interaction between a quark and antiquark.
The hyperfine interaction produces the splitting between the spin-singlet and
spin-triplet states. For the charmonium 1S states splitting (M (J/v¥) — M (n.))
is known to be AM;¢(18) = 117 £ 2 MeV D1t is important to know hy-
perfine splitting for the 2S5 states, because these states increasingly sample the
confinement part of the ¢¢ potential.

Crystal Ball has claimed observation of 7. in an earlier measurement
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with M(n.) = 3594 £ 5 MeV in the ¥’ inclusive photon spectrum 2). CLEO,
with similar sensitivity, does not confirm the Crystal Ball observation 3). n
2002 Belle announced the evidence for ) in two different measurements: in
B = (n))K = (K,KT7F)K channel with M () = 3654 £ 6 £ 8 MeV 4) and
in double charmonium production ete™ — J/¢n. with M(n.) = 3622 £ 12
McV 9). This was followed by CLLEO 6) (fig.2) and BaBar 7) obscrvations of
7. in two-photon fusion processes with the results:

CLEO BaBar
M(n.) = 3642.9 £ 3.1 = 1.5 (MeV), M(nl) = 3630.8 = 3.4 = 1.0 (MeV),
[(n.) < 31 MeV (90% CL), L) =170+ 8.3 £2.5 (MeV).

Tn(nh) =1.3+0.6 (keV)'.

The world average of the ., mass value (fig.2) is M(n.) = 3637.4 + 4.4
(MeV) and corresponds to hyperfine mass splitting AM(25) = M(¥') —
M(n,) = 48.6 = 4.4 (MeV). This is a factor 2.4 smaller than AM;(15) and
is not predicted by the potential model calculations (fig.2). This result should
lead to a new insight into coupled channel effects and the spin-spin contribution
of the confinement part of ¢¢ potential.

2.2 Two Body Hadronic (2S5) Decays

According to pQCD, because both 3S; — v — eTe™ and 381 — gg¢ —
hadrons decays are proportional to | 1(0) |2, the ratio

B((25) = h) _ B((25) = ete”)

R B SR S B S e )

~ (13 + 1)%. (1)

Tt was noted many years ago that the vector-pseudoscalar (VP) decay to pw
strongly violates the expectation of equation 1. This problem is known as the
“p— w” puzzle and has received great theoretical attention. BES has recently
measured vector-tensor (VT) (wfo, pas, K* KX, ¢f}) decays of ¢’ with a data
sample of 14 x 10° ' cvents 8). CLEO has measured i’ decays to VP final
states (pm, wr, pn, K*°K9) and to #tx~ 7% with a data sample of 3 x 10° ¢’
events. 9). The results are summarized in fig.3.

The experimental status of the “p — n” puzzle, based on the new mea-
surements, can be summarized as follows:

! Assuming that the branching fractions for 7. and 7. decays to K,K= are
equal and using T, (1,) = 7.4 = 0.4 £ 0.5 £ 2.3(br) (keV) ©).
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Figure 3: The ratio of branching fractions of ¥' and J/¢ decays to different
final hadronic states. Vertical solid line indicates the pQCD expectation.

- For VP final states, decays through three gluons are severely suppressed with
respect to the 13% rule and the corresponding isospin violating channels (w,
pm) are not;

- VT decay modes are suppressed by a factor of 3-5 compared to the 13% rule;
- Axial-pseudoscalar decay modes do not appear to be suppressed.

2.3 Radiative Transitions from /(25)

The measurements of radiative E1 electric dipole transitions (AL = 1, AS = 0)
from (2S) were mainly done in 1980s by the Crystal Ball 10) | The latest
improvements of these transition measurements come from CLEO with a 1/(25)
data sample comparable to the Crystal Ball sample. The preliminary CLEO
results from the (25) inclusive photon spectrum are 3), B((2S) = vxer) =
[9.75 £ 0.14 £ 1.17,9.64 &+ 0.11 £+ 0.69,9.83 + 0.13 = 0.87]% for J = [2,1,0],
respectively and for the “hindered” M1 transition: B(1(2S) — r,.) = (0.278 £
0.033 £+ 0.049)%.

BES has measured the following branching fractions, using yvJ /1 events,
from a sample of 14 x 10% (2S) decays: B(¥(2S) — vxa — yyJ/¥) =
(2.81 £ 0.05 £ 0.23)%, B(2S) = vxe2 = ¥y J/¥) = (1.62 £ 0.04 £ 0.12)%,
B(1p(2S) — 7°J/9p) = (1.43 £0.14 £ 0.12) x 1072, B(p(2S) — nJ/yp) =
(2.98 £ 0.09 £ 0.23)% 1) A two photon cascade measurements from the
CLEO data should be forthcoming soon.
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3 New in Upsilon Spectroscopy

In this section new results are reviewed from the large data samples collected
with the CLEO detector running at and in the vicinity of the Y(15), T(25)
and Y (3S) resonances (about 20, 10 and 5 million events, respectively).

3.1 First Observation of a Y(1D) State

D-wave states in charmonium are expected to be unbound and none, except
the vector state at 3770 MeV, have ever been firmly identified. In bottomonium
the 1D and 2D states are all expected to be bound but, until now, none had
been identified. The 13D, state has been identified with a significance of 10.2¢
at CLEO in the four photon cascade (fig.1) 12). Y(3S) = vxs(2P), xs(2P) —
v¥Y(1D), Y(1D) = yxs(1P), xs(1P) = vY(15), followed by the Y(15) annihi-
lation into ete™ or pT . The measured mass M (13Ds) = 10161.1+0.6 =1.6
(MeV) is in agreement with both lattice and potential model calculations. The
measured product branching ratio of the five decays is (2.5 + 0.5+ 0.5) x 1075

and is also in agreement with theoretical estimates.

3.2 B, of the T States

The total width (T') of the narrow Y (18,285, 3S) resonances produced in eTe™
interactions can not be measured directly because their natural width (25-
50 keV) is much smaller than the energy resolution of an ete™ collider (4-5
MeV). An indirect method of determining T'(Y (nS)) is to combine the leptonic
branching fraction (By) with the leptonic decay width (Ty), i.e., T = Ty /By.
Assuming lepton universality, I';; can be replaced with I',. (CLEO plans to
measure T, with a few percent precision from scans of the resonant line shapes)
and By replaced with B,,,,. Therefore the precise measurement of B,,,, leads to
a precise determination of T(Y (n5)).

CLEO has measured By, for the Y(15), T(2S) and Y(3S) resonances
by comparing muon and hadron yields at the peaks of resonances and the
preliminary results are: B,,(Y(15)) = (2.53 £ 0.02 £ 0.05)%, B,,.(Y(2S)) =
(2.11 £ 0.03 £ 0.05)% and B,,(Y(3S)) = (2.44 £ 0.07 £ 0.05)%. The Y(15)
result agrees with the PDG average 1) but the Y (28, 35) results are significantly
higher. They also imply narrower T'(YT(2S,35)). Results are shown in fig.4.
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Figure 4: Comparison of the new preliminary CLEQ results of B(Y — utp™)
to other available measurements and the PDG average.

3.3 Y(1S) Decays to Charmonium Final States

An explanation for the unexpected large charmonium production rates in pp
collisions at the Tevatron was given by color octet models, where a single gluon
fragments into a color octet .8 ¢€ pair which then evolves non-perturbatively
into a color-singlet by emission of a soft gluon. Color singlet models produce
final state ¢¢ mesons with two gluons. Y(1S) decays are a good testing ground
for the color octet and color singlet model predictions.

CLEO has measured 13) the branching ratio B(Y(1S) — J/¢¥ + X) =
(6.4+0.4=+0.6) x 107" using J/1p — ptp~ and J/1p — ete decays. Feed-
down to J/i from other charmonium states, e.g., ¥, x.J, is included. The
+ 14) + 15)

(6.2x107% and 5.9 x 10~4, respectively) are both in agreement with the above

color octe and color single model predictions of the branching fraction
result. However, the continuum subtracted J/1 momentum spectrum (fig.5) is

in contradiction with the present color octet model prediction.

3.4 Neutral Dipion Transitions of Y(35) to T(15) and Y(25)

Precise measurements of the dipion transition branching ratios for Y(35) —
Y(2S5,185) and dipion invariant mass spectra provide an experimental testing
16)

ground for many theoretical calculations , isospin conservation validation
in charged and neutral dipion transition modes, and the deviation of dipion

invariant mass from the phase space description.
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CLEO has measured the following preliminary branching ratios:
B(Y(3S) = 70x0Y (25)) = 2.02 + 0.18 + 0.38 (%),
B(Y(3S) — 7% (19)) = 1.88 £ 0.08 £ 0.31 (%).
The 7777 effective mass spectrum from Y (35) — 7=z (25) has the shape con-
sistent with several theoretical predictions. Y(35) — #%7%Y(1.9) was found to

have a double peaked shape, also observed in the charged pion transitions 16)

4 New Narrow State X (3872)

Belle recently observed a narrow state, X(3872), in BT — K™X, X —
atx=J/y, J/p — 117, measuring M(X) = 3872.0+ 0.6 + 0.5 (MeV) and
T < 2.3 McV (90% CL) 7). ¢DF 18 and D0 19) in pp — X(3872) + ...,
X — rvtx~J/+¢ and BaBar 20), in the same channel as Belle, confirmed this
observation with M (X) = [3871.3 + 0.7 + 0.4,3871.8 + 3.1 + 3.0, 3873.4 + 1.4]
MeV, respectively.

Many theoretical papers exist interpreting the X (3872) state as: - a con-
ventional charmonium state; - a DD* molecule: - an exotic state. Identification
of the quantum numbers is important to understand the structure of the state.

CLEO has searched for X (3872) with ~15 f&6=! of CLEO IIT data in un-
tagged v fusion production, where the state can be produced if it has JP¢ =
0%+, 2%+ . and initial state radiation (ISR) production, where the state can
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Figure 6: Observed distribution of counts as a function of the effective mass
difference M (s Tx~1T17)— M{*1™) from the CLEO data. The arrow indicates
expected location of the X (3872) signal.

be produced if it has J¥¢ = 17~. The exclusive channels X — 7t~ J/1,
J/1 — 171~ were analyzed. No signals were found and the following prelimi-
nary upper limits were set (fig.6):

(2T + T, B(X = ntnJ/4) < 16.7 eV (90% CL) in vy fusion,
TeeB(X = ntr J/¥) < 6.8 ¢V (90% CL.) in ISR.

Systematic errors are included in the upper limits.
5 Summary

Heavy quarkonium physics is an active field. Large data samples are being col-
lected and analyzed for quarkonia in ete™ annihilation by BES-IT (c¢), CLEO
11T (bb), CLEOC (cé).

Many new important experimental observations and measurements are
available and many others are expected.

Progress is being made in NRQCD and T.attice QCD calculations. Hope-
fully many unresolved puzzles will be resolved soon.
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ABSTRACT

We present the results of a search for Ks — nlete™ and Kg — «0utpu—,
from the NA48 high intensity 2002 Kgs run. These channels are needed to
fully understand their CP-violating contributions in the corresponding K de-
cays. In addition, we show the collected data sample of K+ — nFete™ and
K+ = 7t ptp~ from the 2003 K+ run. That data sample will help determine
whether the resulting interference between the direct and indirect CP—violating
amplitudes in K7 — 7% ¢~ are constructive or destructive.

1 Introduction

Physics beyond the standard model could be accessed from K — wéf from ex-
isting machines! New physics could manifest itself through loops for K, Kg,
and K¥* in these channels. In this talk, we focus on recent NA48 results
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Figure 1: Unitary triangle in the Kaon system, and contribution from various
rare decays.

on Kr,Kg, and K* rare decays that will allow us to predict the CP con-
serving(CPC), CP-violating(CPV) and interference components of K — w£¢,
where £ = e, u. These processes will allow us to perform high-precision tests
of Standard Model (SM) flavor physics, including the CKM mechanism for CP
violation (Fig. 1), and define very sensitive probes of new physics.

The CKM matrix has the explicit form

Vud Vus Vub
V = Vcd Vcs Vcb ~ (1)
Vie Vis Vi
1—X2/2 A AN (o — in)
Y 1-)2/2 AN2 2)
AXNB(1—p—in) —AXN 1

where the second expression is the useful approximate representation due to
Wolfenstein with the parameters A, A, ¢ and the complex phase 7. The absolute
values of the elements of the CKM matrix show a hierarchical pattern with the
diagonal elements being close to unity, the elements |V,,s| = A and | V4| being of
order 0.2, the elements |V.;| = AN? and |Vi4| of order 4-102 whereas |Vy;| and
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Figure 2: Scatter plot of Meeyy versus mee(a) ond Meeyr, versus mo (b) for

events passing all the cuts described in Ref. D, The regions of 30 and 60 are
shown.

|Vza| are of order 5-1073. Recent results on A based on kaon semileptonic decays
were discussed at this conference, but in this talk we will focus on channels that
provide the g and 7 parameters like K7 — n%%e™ and K; — 7%utp~. As
shown in Fig. 1, this requires the measurement of several rare kaon decays, like
Kg — 7%1¢~ to determine the indirect CPV component and the interference
term, Ky — 7%y to determine the CPC component, and K+ — 7¥/+4~ as
extra information to determine the sign of the interference term.

2 Results and Discussion for the Kg — 7%t¢ (L =e, )

The Kg run used in these analyses took place in 2002 and it had a total of
(2 —4) x 10'° Kg decays. As shown in Fig.2, seven events were found in the
Kg — n%%e™ signal region, with a background estimate of 0.1573:3] events
(Fig.3), while six events were found in the signal region for Kg — n%utu~
(Fig. 4), with a background estimate of 0.22191% events (Fig. 5). These are the
first observations for Kg — 7%te™ and Kg — 7%utp~ decays.

The kinematic properties of the Kg — 7%Te™ and Ks — 7%ut = can-
didates were consistent with those expected based on Monte Carlo simulation
of the signal.

Taking into account the trigger efficiency, the acceptance and the flux,
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Figure 3: (a) Distributions of m.. after all the cuts have been applied. Su-
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Figure (a) shows the components with opposite-sign tracks. (b)Scatter plot of
Meeqy VETSUS Mys for events selected as Ki, — ete™ vy in the 2001 data used
to estimate the background. The boxes represent the 30 and 60 regions.

the K5 — n%te™ branching ratio was measured to be D).

B(Ks — nlete™) = [5.8735(stat) £ 0.8(syst)] x 1077, (3)
and the K¢ — 7%t p~ 2).
B(Ks — n%utp™) = [2.971-5(stat) £ 0.2(syst)] x 107°. (4)

The results for Ks — 7%¢te™ includes the exirapolation to the low .+ .-
region excluded from the analysis in order to avoid backgrounds. These re-
sults are consistent within errors with the recent predictions based on Chiral

Perturbation Theory 4,5).

2.1 Test of Chiral Perturbation Theory

Chiral Perturbation Theory (ChPT) can be used to predict the branching ratio
for K¢ — 7914~ and the corresponding dilepton mass spectrum, myge. The
measurement presented here tests these predictions and constrains the param-
eters of the model.
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Figure 4: Scatter plot for the events passing all the cuts described in 2). (a)
for the My, versus my,. plane and (b) for the 1. versus my, plane. The
2.50 and the 60 signal and control regions and the m,,,, kinematic limits are
also shoum.

The K — 7%¢T¢~ branching ratios can be expressed as a function of two

parameters, ag and bg 4).

B(Ks — 7%te™) =[0.01 —0.76as — 0.21bs + 46.5a% + 12.9ashs + 1.44b%]

x10710 (5)
B(Ks — m°utp™) =[0.07—4.52a5 — 1.50bs + 98.7a% + 57.Tasbs + 8.95b%]
x10711 (6)

where the total form factor is Ws(z) = Gpm¥k(as + bsz) + WI™(z), z =
m3,/m3.. mg is the kaon mass, my is the invariant mass of the two leptons, and
WZE™(2) is expected to be small. Assuming VMD, which predicts bg = 0.4ag
4) . the value of the parameter |as| can be obtained from the measurement of
the individual Kg — #941¢~ branching ratios via the relations 6)

B(Ks —»7lete) ~ 52x10°a3, (7)
B(Ks —7utp™) ~ 12x107%d%. (8)

Using our new results for these branching ratios, the value of the parameter
lag| is found to be:

las], = 1-541_8:%3 + 0.06.
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Figure 6: (a) Allowed regions of as and bs determined from the observed
number of K — 7%utpu~ and Ks — 7Te™ events separately. The region
between the inner and outer solid (dashed) elliptical contours is the allowed
region for Kg — n%utpu~ (Ks — 7%%e ) at 68% CL. (b) Allowed regions of
as and bs for the Ks — m°utp~ and Ks — m%eTe™ channels combined. The
inner (outer) contour of each pair delimits the 1o (20) allowed region from the
combined log-likelihood. The dashed straight line in both plots corresponds to
bs = 0.4ag, as predicted by the VMD model.

asscssment of the lincar dependence of the form factor on z.

2.2 CPV component of Ky — w414~

The branching ratios for the decay Ks — w%4t4~ (£ = e, u) measured by
NAA48 allows us to predict the CPV contribution to the branching ratio of the
corresponding K, decay, K; — w474, as a function of Tm();) to within a

sign ambiguity

Im(A Im(A) )\ 2
B(Kr — 7%t 47 )epy x 10 = Cyix + Cine ( ri](_;)) + Cpir ( T;(_;)) s (1
where
Cx = 3.0x10°B(Ks — nleTe), Clh =31 % 10° B(Ks — n%uTp™),
Cier = 8.6x10%\/B(Kg — nlete=), ChiL =4.6x 10" \/B(Ks — nOutp-),
Chin = 24 cht = 1.0.

Cint 1s the coefficient for the term due to the interference between the di-
rect (Cpir) and indirect (Cyix) CPV components, and Ay = VigVik.
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Figure 6: (a) Allowed regions of as and bs determined from the observed
number of K — 7%utpu~ and Ks — 7lte™ events separately. The region
between the inner and outer solid (dashed) elliptical contours is the allowed
region for Ks — 7utp= (Ks — w%%e™) at 68% CL. (b) Allowed regions of
as and bs for the Ks — m°utp~ and Ks — m%eTe™ channels combined. The
inner (outer) contour of each pair delimits the lo (20) allowed region from the
combined log-likelihood. The dashed straight line in both plots corresponds to
bs = 0.4ag, as predicted by the VMD model.

assessment of the linear dependence of the form factor on z.

2.2 CPV component of Ky — w%0+4~

The branching ratios for the decay Kg — w44~ (£ = e, u) measured by
NAA48 allows us to predict the CPV contribution to the branching ratio of the

corresponding Ky, decay, Ky, — w%£T£, as a function of Tm();) to within a
gign ambiguity

_ Im( At Im( At 2
B(Kr — 7%T¢ )cpy x 101 = Cpix + Cine ( 10(_4)) + Cpir ( 10(_4)) s
where
Cex = 3.0x10°B(Ks — nletTe), CRh =31 % 10° B(Ks — %0t p™),
Cier = 8.6x10%\/B(Kg — nlete=), Chi.=4.6x10*\/B(Ks — nOutp-),
Chin = 24 chE = 1.0.

CinT 1s the coefficient for the term due to the interference between the di-
rect (Crir) and indirect (Cyix) CPV components, and Ay = VigVis.
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Figure 7: Predicted CPV component of the Kr — a%utpu~ (solid curves) and
K — wlete (dashed curves) branching ratios as a function of Tm(\;) as-
suming (a) as < 0 and (b) as > 0. Fach pair of curves delimits the allowed
range derived from the =10 measured values of |as|. The vertical shaded band
corresponds to the world average value of Tm(A¢).

Taking the central value of the measured branching ratio B(Kg — w%¢1£7)
and Im() = 1.36 x 10~ 9) gives:

B(KL — 7706+67)C’PV X 1012 ~ 17-2mixing + 9.4interference + 4-7direct:(12)
B(KL — 7TO,U'+,U'7)C’PV X 1[]12 ~ 8-8mixing =+ 3-3interference + 1-8direct- (13)

The predicted dependence of B(Kp — #%t£{ )epyv on Im();) is shown in
Fig. 7 assuming VMD.

2.3 SM prediction for Ky — w%¢te—

The CPC component of K7, — 7’474~ decays can be constrained using NA48
and KTeV measurements of the decay Ky — 7%yy 10, 11) A recent analysis
based on ChPT obtained the prediction (5.2 £ 1.6) x 1072 8) for the muon
channel, while it is negligible for the electron.

Combining the CPV and the CPC components, the central value for
the total Kj — nlete™ (K — #%uT ™) branching ratio is estimated to be
32(19) x 107'2 or 13(12) x 1072, depending on the sign of the interference
term between the direct and the indirect (mixing) amplitudes. This estimate
is consistent with the present experimental upper limit presented by KTeV
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in this conference, that is B(Kp — 7%ete™) of 2.8 x 10719(90% CL) and
B(Kp = 7%utp) of 3.8 x 10719(90% CL).

3 Results and Discussion for the KT — nT¢t¢~

In principle, xPT theory can predict whether the resulting interference be-
tween the direct and indirect CP-violating amplitudes in Kj, — x%+/~ are
constructive or destructive. To gain confidence in this model, we must com-
pare its predictions for the decay rate and the invariant £t£~ mass spectrum.
There arc not cnough cvents in the NA48 Kg — 7lete™ and Kg — n%utpu~
data sample. Therefore, analyses of mass spectrum for K+ — 7¥ete™ and
K* — 7% % 4~ will be studied instead.

After combining the data from the 2003 and 2004 K+ run, we will have
a Kt — rtete that will be as large as the world data sample, that is, we
will have more than 10,000 events. The current world data on K+ — ot putpu~
congist of only 800 cvents. The NA48 sample will be at least three times larger.
In both channels the background levels will be low, see Fig. 8.
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Figure 8: NA4S reconstructed K* — mrete™ and K* — ntu™u~ events for
a fraction of the available data sample.
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KTEV RESULTS ON RARE KAON DECAYS

Elliott Cheu
University of Arizona

ABSTRACT

The KTeV experiment has carried out a broad program of studies of rare kaon
decays. In this paper we present results on K; — #°ll decay modes. These
decays offer a possible window for observing direct CP violation in a decay. We
do not observe any signals in these decays and present 90% upper limits for
each of the modes. Our analyses represent the most sensitive searches to date.

1 Introduction

The decays Kj — 79I, where [l represents v, ete™ or utu~, are interesting
because they can be used to observe direct CP violation in a decay. In addi-
tion, mechanisms for new physics beyond the Standard Model suggest that the
branching ratios for these decays can be significantly enhanced relative to their
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Standard Model values. 1) Three components contribute to the Ky — 7%l am-
plitude: direct CP violation, indirect CP violation (and an interference term),
and a CP conserving term. Recent measurements of the decay Ks — w’ete™ 2)
and K¢ — noutp~ 3) have helped to determine the indirect CP violating con-
tributions to Ky, — wVete™ and Ky — #%utu~. The magnitude of the CP
conserving contributions to K; — 791 can be determined by measurements of
the decay Ky — w0yy. 4, 5) Therefore, measuring the branching ratio of any
of the Kj — w9l decays allows one to extract the direct CP violating com-
ponent. In the mode K; — 7%, the three amplitudes are predicted 7)
to be roughly of the same size. In the electron final state, the CP conserving
term is estimated to be small &). And, in the neutrino mode; the direct CP
violating terms are expée)cted to dominate, with the indirect and CP conserving

The KTeV experiment is a fixed target experiment located at Fermilab,

amplitudes negligible.

and is shown in Figure 1. The detector contains a charged spectrometer with
four drift chambers, two on either side of a large dipole magnet. At the down-
stream end of the detector is a two-meter square calorimeter consisting of 3100
pure CsI blocks. Just upstream of the CsI calorimeter is a transition radiation
detector capable of e/m separation of 200:1 with a 90% efficiency. Following
the calorimeter are 10 cm of lead and 5 meters of steel which act as a muon
filter. Two planes of scintillator, used for muon detection, are located just
downstream of the steel. Photon vetoes to detect the the presence of parti-
cles that would otherwise escape detection surround the spectrometer. The
charged spectrometer achieves a hit resolution of better than 100 pm, while
the Csl calorimeter obtains better than 1% energy resolution over the range of
energies of interest.

The KTeV experiment took data during two runs in 1997 and 1999. Be-
tween the 1997 and 1999 runs, a number of upgrades were made to the detector
toincrease its reliability and to improve its live time. In addition, the transverse
kick from the magnet was reduced from 205 MeV/c to 150 MeV /¢, enabling a
larger acceptance for high multiplicity decay modes. In the first period, nearly
3 x 10" K decayed in the detector, while in 1999 a flux of 3.6 x 10" K,
decays was recorded. This large kaon flux allows us to have an unprecedented
gensitivity to a number of rare kaon decays with large multiplicity final states.
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Figurc 1: The KTeV detector.

2 Kp— v

In the decay Ky — w°vi the final state consists of a single #° with nothing
else detected in the experiment. In our experiment, the calorimeter cannot
determine a photon’s angle of incidence. So, we cannot reconstruct the mass of
a 70 from its daughter photons without first determining the decay vertex. To
circumvent this problem, we use the Dalitz decay (z° — ete ) to reconstruct
the 7% vertex and mass. This requirement reduces our sensitivity by about two
orders of magnitude because of the small Dalitz decay branching ratio.

Our analysis utilizes only the 1997 data set. We proceed by first selecting
events with two electrons and a photon in the final state. Electrons are deter-
mined by using the ratio of the energy in the calorimeter to the momentum
measured in the charged spectrometer (E/p). Events with a good #° mass are
selected and the transverse momentum pr of the 70 is plotted. Because of the
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Figure 2: The reconstructed transverse momentum for K1 — v candidates.
The solid histogram represents the sum of our Monte Carlo background esti-
mate. No candidates are found in the signal region indicated in the figure.

two missing neutrinos, the pr for Ky — 70v7 events should be relatively large.

Backgrounds to this measurement come from both kaon and hyperon
decays. In particular, the largest sources of background result from A — nzY
and Z — A7C where the neutron and the A daughters are not reconstructed.

As shown in Figure 2, we find no events in the signal region. We determine
the kaon flux by reconstructing the decay Ky — ete™, and set an upper limit
of BR(Kf, — 7%+e™) < 5.9 x 10~7. 10) Note that this limit is significantly
higher than the Standard Model prediction. Clearly, using the 7° — v+ decay
rather than the 7% — ete~v decay mode would significantly help to improve
the limit. Two experiments KOPIO and E391A propose to use the 7% —
decay to reach the Standard Model prediction for K — #%vp.



E. Cheu 381

3 Kp— alete”

As opposed to the K — #°

vr decay, all final state particles in the mode
K — m%Tte™ can he reconstructed in our detector. Since the decay position
can be determined from the ete™ vertex, we do not need to rely on the 79

O — ~v final state. Again, we look for

Dalilz decay, bul instead use the =
events with two oppositely charged electrons. Tn this analysis the TRDs are
also used to help improve the electron purity.

The most serious background in this analysis comes from the decay Kj —
ete v~. Since this decay is produced through inner and outer bremsstrahlung,
there are strong kinematic constraints that can distinguish this decay from that
of K, — n%%e . In particular, we rely on cos @, where ©, is the angle
between the momentum of the ete™ system and the 7 in the 4y center-of-
mass. This variable is uniform for signal events because of the 7° spin but
peaks near £1 for background events. We also cut on the variable ©,,;, which
is the smallest angle between the photon and the eT in the K} center-of-mass.
For signal events, this variable is uniformly distributed, while it is peaked at
small angles for background because of radiation.

This analysis uses data collected in both 1997 and 1999. We expect
0.87 £ 0.15 events from background. We find two events in the signal region as
shown in Figure 3. Using the decay K1 — 7%7%, 7% — eTe™v, we determine

BR(K, — m%te) < 2.8 x 10710, 11)
4 Kp—-a%utp

Like the previous search, in the Ky, — w%utu~ decay, all of the final state par-
ticles can be reconstructed in the KTeV detector. We search for two oppositely
charged muons, and two neutral clusters in the calorimeter. The two photons
are required to have a mass consistent with a #9.

The most serious background to this decay comes from Ky — utp -y
decays, which has a branching ratio of 2.62 & 0.40 £ 0.17) x 1079, Like the
K1 — nV%Te™ search, we can utilize two kinematic variables cos ©; and ©,,:,.
However, the @,,;, cut is less effective than in the K, — 7% Te™ search because
there is less bremsstrahlung radiation. So, while the branching ratio for the
background decays is much smaller, there are fewer kinematic constraints in
this decay.
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Figure 3: Reconstructed vy mass versus et e~ vy mass for Kr — %ete™ can-
didates. The square region represents the area masked off while the selection
criteria were determined. The ellipse represents the signal region. One cendi-
date event is present in the signal region.

As shown in Figure 4, we expect 0.99 £+ 0.35 background events in our
signal region. We find one event, and determine a 90% upper limit of BR(Kr —
aOutp~) < 3.8x10719 (90% C.L.). 12) This result is based upon our 1997 data.
A combined result using both our 1997 and 1999 data should be forthcoming
shortly. As of this time, there arc no other planned experiments to measure
this decay mode.

5 Summary and Conclusions

The KTeV experiment has made the best measurements to date on the decays
Ky — 7%, K;, — mete™ and K — 7%t pu~. These results are approach-
ing the Standard Model limits, leaving little room for new physics. We expect
to make further improvements to the Ky — 7°utpu~ search, and future exper-
iments have been designed to push the limits on K; — 7#%vi7. Figure 5 shows
the current status on the K — 7%l decays.
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Figure 4: The reconstructed ptpu~— vy mass for Kr — m°utu~ candidates.
The solid histogram represents a Monte Carlo prediction of our estimated back-
ground. Two events were found in the signal region indicated by the arrows.
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E949 K+ — ntvi RESULTS

David E. Jaffe
Brookhaven National Laboratory, Upton, NY, USA

ABSTRACT
The recent results on KT — 7tui from Brookhaven experiment E949 are
presented.

The decay Kt — ntvi is one of a handful of processes that offer clear

5} Specifi-

and unambiguous information on the CKM unitarity triangle
cally, the rate of charged kaon decay to the wvi final state is governed by
flavor-changing neutral currents in the standard model (SM) and is propor-
tional to the squared of the CKM matrix element Vi;q with an uncertainty
of ~ 5% due to a mild dependence on the charm quark mass 2). Precision
measurement of B(KT — 7twr) along with the corresponding nentral kaon
decay B(KY — #Yvw) suffice to determine the apex of the CKM unitarity
triangle. Indeed, a comparison of B(K* — #tuvi)/B(K) — #Oui) with the
time-dependent asymmetry of B® — J/¢K2 decays is perhaps the definitive

test of the SM description of CP violation Y
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Given the current knowledge of the CKM matrix elements and their un-
certainties, B(K* — 7 vi) is expected to be (0.78 £0.12) x 1071%, This ex-
tremely low rate, coupled with the lack of a distinctive kinematic signature,
malkes observation of K¥ — 7+ v an experimental challenge. Experiment E787
at Brookhaven National Laboratory (BNL) has observed two candidates for
the decay K™ — 777 upon an estimated background of 0.15 4 0.04 events in
the kinematic region between the copious two-body decays KT — 770 and
KT — v dubbed “pnn1”. If these candidates are interpreted as K — rtuvw
decays, the corresponding branching fraction is (1.57:1)';3) x 1071% and is sta-
tistically consistent with the SM expectation but with a central value that two
times higher than expected 3).

Experiment E949 was approved in 1999 as an extensive upgrade of E787
with the goal of observing 5-10 Kt — 7t v events. E949 accumulated 1.8 x
102 stopped KT in the spring of 2002 before high energy physics running at
the BNL Alternating Gradient Synchrotron (AGS) was halted. The 12 weeks
corresponds to approximately one-fifth of the approved running and E949 is
seeking additional funding to complete the experiment. The results of the 2002
run in the pnnl kinematic region are the subject of this report.

As alluded to earlier, K¥ — 7+vis is an experimental challenge because
of its low rate and kinematic signaturc. It is a three-body final state with only
one observable particle. Table 1 contrasts the expected rate of this decay with
known processes quantitatively illustrating the need of enormous background
suppression. The backgrounds can be classified into four groups:

1. K¥ = 777% (Kp9),

2. KT decays with a muon in the final state including K* — utv (K,s),
Kt — uTry, KT — pter® and Kt — 7772°% with 77 decay-in-flight,
(the latter three components are referred to as K,m,),

3. beam backgrounds when a 7=+ from the beam scatters in the target into
the detector and

4. the charge-exchange (CEX) process K*n — KX, K’ = K¢, K? —
7T v with £ = p or e.

E949, like its predecessor ET87, operates in a low-energy separated beam
with a nominal K /7" rate of 4 at a momentum of ~ 700 MeV /¢ 4). The
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Table 1: The rates of background processes to Kt — xtvi. CEX =(Ktn —
KOX)x (K% - K?) x (K® — nt4~v). £~ isu~ ore”. The K'n — K°X rate
is empirically determined.

Process Rate
Kt = 7 v 0.78 x 1010
KT — 770 2113000000.00 x 10~10
K™ — uTv 6343000000.00 x 100
K+ = gty 55000000.00 x 10~
K+ — 70ty 327000000.00 x 1010
CEX ~ 46000.00 x 1010
Scattered #F beam  ~ 25000000.00 x 10~1°

charged beam is directed along the axis of a 1T solenoid and through Cherenkov
detectors and wire chambers, slowed in BeO and an active degrader and stopped
in a scintillating fiber target. The trigger accepts KT decays after a delay of
~ 2 ng with an outgoing charged particle that traverses a low-mass drift cham-
ber and stops in a cylindrical range stack (RS) of 2 ¢m thick layers of plastic
scintillator. The RS is instrumented with 500 MHz transient digitizers that per-
mit observation of the # — u — e decay chain for positive 71 identification.
The RS is surrounded by lead/scintillator sandwich-style detectors for photon
detection. Endcaps of pure Csl crystals and other lead/scintillator detectors in
the beam region comprise the remainder of the photon detectors.

E949 relies on two independent methods of rejection of each of the four
background processes in order to measure the level of suppression with the
data as well as achieve the necessary level of background. As an example,
Kt — 7770 decays are suppressed by measurement of the 7t kinematic quan-
tities cnergy (E). momentum (P) and range (R) in plastic scintillator and by
detection of photons from 7% decay. Inversion of the criteria (“cuts”) of each
method enhances the background and permits a measurement of the back-
ground rcjection of the complementary cut with the data. To confirm the
background estimate with this method, the rate of events outside the pre-
determined signal region is compared with the prediction as the two comple-
mentary cuts are loosened simultaneously to accept background rates hundreds
of times that expected in the signal region. The results of this procedure for
the Kt — 777% and KT — p7X backgrounds show good agreement between
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Table 2: The fitted constants ¢ of the ratios of the observed to the predicted
numbers of background events and the probability of X2 of the fits for the two-
body backgrounds, Kro, Ko and and multi-body K, backgrounds near but
outside the signal region. The first uncertainty in ¢ was due to the statistics of
the observed events and the second was due to the uncertainty in the predicted
rate. The predicted numbers of background events within the signal region and
their statistical uncertainties are also tabulated in the fourth column. Other
backgrounds contributed an additional 0.014 £ 0.003 events resulting in a total
number of background events expected in the signal region of 0.30 £ 0.03.

Background ¢ x? Probability Events

Kro 085 To O 0.17 0.216 = 0.023
Koo 115 *oar OIS 0.67 0.044 + 0.005
K m 1.06 1055 toa 0.40 0.024 + 0.010

the prediction and expectation (Table 2) and show no indication of correlation
between the cuts. The total predicted background is 0.30 & 0.03 events and is
dominated by Kt — x7x0. This background rate for 1.8 x 10'? stopped K+
was intentionally selected to be higher than the 0.15 & 0.04 background events
expected for the entire E787 exposure of 5.9 x 10'2 stopped K.

E949 elected to allow a higher total background in order to increase the
signal acceptance. The E787 experience provides E949 with confidence in es-
timating the background rates and to more fully exploit the available data.
By tightening the cuts, the background rate from each contributing processes
can be reduced in a portion of the signal region. This knowledge, along with
the acceptance in the same region, allows the signal region to be subdivided
into 3781 cells with a predicted rate of background and signal acceptance in
each cell. The Kt — 7w Tv¥ branching fraction corresponding to an observa-
tion of candidates in such cells can then be evaluated using a likelihood ratio
technique 5).

A single candidate was observed in the pre-determined signal region.
Events passing all cuts except those on range and energy are shown in Fig-
ure 1. The observed candidate has all the characteristics of a KT — ntuvw
decay but its high values of P, R, and E as well as its low apparent pion decay
time of 6.2 ns indicate a significant probability that it is due to K¥ — gt X.
The probability that the background alone could give rise to this event or any
more signal-like event is 7% which is higher than the corresponding probabili-
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Figure 1: Range (e¢m) vs Energy (MeV) for E949 data after all other cuts
applied. The solid line shows signal region. The cluster of events near 110
MeV is unvetoed Kt — 770,

ties of 0.7% and 2% of the candidates observed in E787. The probability that
background alone could produce a more signal-like configuration than the three
observed candidates is 0.1%. The KT — # v branching fraction evaluated for
all three candidates is (1.477339) x 1071° 6),

The upgrades to E787 resulted in improved photon veto rejection of K+ —
7t 7Y for the pnnl region as well as the ability to accept higher instantaneous
rates. The upgrades should permit comparable sensitivity in the kinematic
region below the K — 7779 peak (“pnn2”). Previous analyses of the pnn2
region by E787 have demonstrated that this region is dominated by background
from K+ — 77 7% in which the kinematics of the charged pion are degraded by
nuclear scattering in the target. The photon veto detector in the beam region
is particularly important for suppression of this background process. Work is
currently in progress to assess the impact of the upgrades to the photon veto
detectors in the beam region and improvements to the algorithms that aid in
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the detection of the scattered pion.

E949 has observed an additional candidate for KT — 7t v decay in
the kinematic region above K¥ — 7t7% Combined with the E787 results,
BT — ntup) = (1.477559) x 10719 . Analysis of the kincmatic region be-
low K+ — 7t 7% is in progress. Additional sources of funding are being sought
to complete the E949 experiment. Given the importance of this mode to the
understanding of the SM picture of CP violation, various programs to mea-
sure the K+ — 7;4’1/17 branching fraction at KEK, FNAL and CERN are under
7

I wish to thank the organizers for an interesting and informative con-
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ference in beautiful San Juan. T also wish to thank Steve Kettell for helpful
comments and suggestions to this document.
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ABSTRACT

The i1 — ey decay, as well as other related Lepton Flavour Violation processes,
is foreseen by a wide class of Supersymmetric Grand-Unified theories, with a
branching ratio ranging between 10714 and 107!2. So it is considered as one
of the most sensitive probe for the existence of Physics beyond the Standard
Model. Past and present experiments will be rewied on the light of current
theoretical models. Particular emphasis will be laid on the MEG experiment,
to be operated at PSI, which will be able to improve the current sensitivity
(10711 by two orders of magnitude so as to address the range of predictions.

1 Physics motivation

i — ey decay, like other Lepton Flavour Violation (LFV) processes, is con-
gidered as one of the most interesting probe of Physics beyond the Standard
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Model (SM). In the SM, Lepton Flavour is conserved as long as neutrino fields
are massless. Also, LLFV is allowed in extensions of the SM to include massive
Dirac neutrinos, so as to give rise to neutrino oscillations, but the resulting
branching ratios are so tiny (1074 + 1075%) to be ever observed.

On the other hand, I.FV is predicted with much higher branching ratios
by a wide class of Grand-Unified, Supersymmetric theories (often referred to
as Gravitation-mediated SUSY), as a result of a finite mixing in the slepton
gsector. LFV mainly arises through radiative corrections due the heavy top
quark mass 1y and these predictions depend on the symmetry group and on the
parameters of the theory. However, according to evaluations based on minimal
SUSY SU(5), i — ey decay should occur, apart from accidental cancellations,
with a branching ratio (BR) above 1074, as shown in Fig. 1!.

it (M)=24 u>0 M,=50GeV fi(M)=2.4 1<0 M,=50GeV
— ———

Experimental bound Experimental bound

] 2
anR= 107 [ i
tan =30 tanB=30

tanp=10

Br(u—~ey)
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Figure 1: Predictions for BR(iu — evy) in the minimal SU(5) SUSY model 1,

Also shown is the current experimental limit set by the MEGA experiment 2).
Values of tan 8 < 3 have been recently excluded at 95% C.L. by recent analyses

of LEP data 3.

Tt has been pointed out that an additional contribution to LLFV is asso-
ciated with neutrino oscillations via the see-saw mechanism induced by heavy

!Even larger rates are predicted by theories based on symmetry groups other
than SU(5); in SO(10), for instance, BR(iz — ev) is enhanced by two orders of
magnitude about, induced by loop diagrams whose amplitude is proportional
to the 7 mass.
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right-handed Majorana neutrinos, which is invoked to explain the extremely

4) A possible contribution to the slepton mixing be-

gmall neutrino masses
tween pt and € comes from V51, the neutrino mixing matrix element to account
for solar neutrino deficit. With this mixing parameter confined to the MSW
large mixing angle (LMA) solution and right-handed neutrino mass scale above

1012 GeV, the BR for it — ey is predicted to be larger than 10713,

2 Experimental status

2.1 Event signature and background

The signature of u= — ety at rest is a coincidence of a et and a ~, moving
back-to-back and both with energy equal to 52.8 MeV, i.e. half the mass of
muon. Past searches were carried out by using pT-decay at rest to benefit
from the simple kinematics of two-body decays. Nuclear capture on materials
prevents from using negative muons.

This signature can be mimicked by radiative muon decays, = — et e,
with et and « emitted back-to-back and the two neutrinos sharing almost no
energy (“correlated” background), or by accidental coincidences of a et from
“normal” Michel decays and a high-energy v due to positron interaction (an-
nihilation or brehmsstrahlung) with surrounding materials ( “accidental” back-
ground). The background rate crucially depends on detector performances; in
particular, the accidental component, which is the most dangerous, approxi-
mately depends on the detector resolution on positron and photon energy, on
the relative timing and on the angle between them according to the expression

OFq - (OE)? - ey - (60e,)? (1)

2.2 The first attempt

Searches for 4 — ey have a long history reaching back 1947, when a first
attempt was operated by Pontecorvo without a muon beam available yet 5).
So he was forced to use cosmic rays as a muon source, lead blocks as muon
moderator and ~vy-converter at the same time, and Geiger-Muller counters to
detect both + and e tracks. The number of events collected turned out to be
compatible with the background; the resulting upper limit (BR < 10%) was

too loose if compared with more recent searches, but it used to be low enough
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to safely exclude 1 — ey as the dominant branch in muon decay?.

2.3 Last results

During the last 25 years, the sensitivity to was raised by two order of mag-
nitudes about. This was possible thanks to improved detection resolution of
the four variables appearing on the right side of Eq.1. In tab.1, the 90% C.L.
upper limits of ut — ey decay in past experiments are listed along with their
detector performances.

Table 1: Progress of it — ey search during the era of meson factories. The
upper limits are at 90% C.L., while the resolution is quoted as full width at half
mazximum (FWHM).

Place Year AE./E. AE./E, At Ab., Upper limit

TRIUMF 7 1977  10% 87%  6.7ns — <36x10?
SIN &) 1980  8.7% 93%  l14ns — <1.0x10°°
LANL 9 1982 8.8% 8% 19ns 37mrad < 1.7x 10710
LANL 10) 1988 8% 8% 18ns &7 mrad < 4.9x 101
LANL 2) 1999 1.2% 45%  16ns 17mrad < 1.2x 107"
MEG 2005  0.8% A%  0.15ns 19 mrad 10713

3 The future: the MEG experiment

The MEG experiment will be conducted at PSI, where the most intense DC
muon beam in the world is currently available, by a joint italian-japanese-
russian-swiss collaboration 11). This search for uT — ety aims at reaching
a sensitivity of 5 x 107'%, an improvement of about to orders of magnitude
with respect to the current limit set by the MEGA experiment 2). This is
possible thanks to unprecedented detector performances at these energies (see
last row in tab.1); in particular, the resolution on photon energy and direction
plays a key role in background suppression (see eq.1) and requires research and

2Just one year after, Steinberger 6) measured the continuous electron spec-
trum, which lead to formulate the hypothesis of two neutrinos in the final
state.
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Figure 2: Left: the MEG detector layout (front and side views). Right: the
liquid Xenon calorimeter prototype.

development of a new challenging detection technique, based on liquid Xenon
calorimetry.

3.1 Detector layout

The detector set-up is shown in fig.2. The design obeys the need of minimizing
the amount of material being traversed by the positron and the photon, so as
to reduce their interaction with matter which might deteriorate both resolution
and detection efficiencies.

Beam and target

The beam mainly consists of 28 MeV muons (“surface” muons) coming from
decays at rest of charged pions produced by 590 McV protons colliding on a
Be target. The beam can reach an intensity up to 10~%u% s~! and is focussed
on a ~ smm-wide spot and stopped on 150 um-thick polyethilene target. The
positron contamination of the beam is of the order of 1% about.

The spectrometer

Positrons are detected by a spectrometer, combining position measurements
of 17 drift chambers (DC) and timing information provided by scintillation

om
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timing counters (TC). The magnet of the spectrometer (named COBRA, from
COnstant Bending RAdius) provides a quasi-solenoidal field, with a gradient
in the target region such that the bending radius is almost independent of
the emission angle over a wide angular range. That gradient is also needed
to sweep out high-p, positrons, which else might turn and hit the DCs many
times, thereby increasing their occupancy.

The positron momentum resolution is 0.8% FWHM, provided that DC
hits are reconstructed with a precision of 200 um for the radial coordinate and
300 pum for the axial one. The timing resolution of T'Cs is ~ 100 ps.

The Liquid Xenon calorimeter

A 800 1 liquid Xenon calorimeter (LXe) is used to detect photons and pro-
vide precise energy, direction and timing information. The main properties of
liquid Xenon are listed in tab.2. LXe has a high light yield (comparable to

Table 2: Properties of liquid Xenon.

Density 2.95 g/cm?

Energy deposition per scintillation photon 24 eV

Radiation length 2.77 cm
Decay-time 4.2 ns, 22 ns, 45 ns
Peak emission wavelength 175 nm
Scintillation absorption length > 100 cm
Attenuation length (Rayleigh scattering) ~ 40 cm
Refractive index 1.56

a Nal) and a fast decay time (one order of magnitude shorter than inorganic
crystals), which are necessary ingredients for energy and timing resolution as
tiny as required for this experiment. Morcover, LXe¢ is transparent to its own
scintillation light, which makes detector response more homogeneous than in
scintillating crystals. However, the optical properties might be affected by con-
taminants, mostly water, able to absorb UV light in the Xe emission band.
Therefore, the liquid Xenon batch needs to be purified by circulation through
molecular sieves and water content must be continuously monitored during de-
tector operation. The scintillation is collected by about 800 photomultipliers
(PMT coverage ~ 35%), whose output provides a detailed image of the scin-
tillation light needed to reconstruct the vertex of photon interaction as well as
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to identify pile-up v-rays.

Trigger and electronics

The trigger scheme utilizes the fast signals provided by I.Xe and TC. These are
sampled by 100 Mhz FADC and processed by FPGAs to obtain a fast event
reconstruction. The expected acquisition rate is expected to be ~ 20 s~! for a
nominal muon stop rate of 1078 s~!. Every photomultiplier in both LXe and
TC and each DC cell is readout by a fast (2 Ghz sampling speed) waveform
digitizer based on a custom-made chip (DOMINO), which is needed to achieve

excellent timing, energy and position resolutions.
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Figure 3: Performance of LXe. Left: energy resolution for 55 MeV v from m°-
decay. Right: intrinsic timing resolution as a function of the number of collected
photoclectrons. The arrow in the plot points towards the bin corresponding to
the 52.8 MeV energy window.

3.2 The e.m. calorimeter prototype

R&D work on the photon detector has been accomplished by using a 100 1
prototype, deep enough (~ 18X) to fully contain the photon e.m. shower (see
fig.2). It was first used for PMT calibration and to study the main optical
properties of LXe. More recently (fall 2003) it was exposed to a 55MeV ~s,
from decays of 7° from charge exchange reaction (x"p — 7n) on a liquid
Hydrogen target, to test the detector behaviour under conditions similar to
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i — ey decay. The photon tagging was performed by using a Nal detector on
the opposite side with respect to the #~ target.

The results obtained for energy and timing resolution are shown in fig.3.
The energy distribution was obtained by applying simple topological cuts (dis-
tance from the photon spot centre < 1.5 cm and depth > 3 c¢m) to exclude
photons interacting respectively with the sidewalls of a l.ead collimator and
with the front wall of the LXe prototype. The resolution turned out to 4.8%
FWHM, dominated by escape effects on the low-energy tail (the right edge,
which does not depend on these effects, is 1.8% wide), which is close to the
experimental goal. The timing resolution was studied as a function of the en-
ergy deposit in the calorimeter and found to improve with photostatistics, as
expected. The value obtained for 55 MeV photons is 160 ps, which is still
higher than needed. However, the use of PMTs with higher quantum efficiency
(from current 5% to 20%) will improve the timing resolution by a factor two,
S0 as to match the experimental goal.
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NEW RESULTS ON B - VV AND PV MODES
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ABSTRACT

We review the results from the B factory experiments on B -+ VV and B —
PV decays. The possible CKM constraints and new physics probed by these
decays will be also discussed.

1 Introduction

The study of charmless B decays is sensitive to the weak phases o = ¢o =
arg[—ViaVi,/VuaVi,] and v = ¢g = arg[—Vua V3, /VeaVE,] arising from the

elements of the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix 1), and
enables searches for phenomena beyond the standard model 2). 1t also plays

* On behalf of Belle Collaboration
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an important role in the understanding of direct C' P violation in the B system
by comparing the decay probabilities of two C P-conjugate processes:

oy = DB N -T(B )
PETBS H+TB =)

(1)

The charmless vector-vector (VV) and pseudoscalar-vector (PV) B me-
son decays involving the vector particles - ¢, p, w, and K*(892) resonances
- have recently been studied at the two B factories: by the BaBar and Belle
experiments. In this paper, only the new observed or measured modes are
discussed.

The VV charmless B decays have very rich structure because of the pres-
ence of both CP even and CP odd final states which can provide additional
information about the decay dynamics and strong phases. Thg)strong phases

B — ¢K* are expected to proceed through pure penguin diagrams (b — s

could be obtained from the analysis of angular distributions . The decays
loops). The decays B — pK* are expected to be dominated by b — s pen-
guin transitions with additional contributions from Cabibbo-suppressed tree-
level b — u transitions, while the decays B — pp proceed primarily through
Cabibbo-favored tree-level b — u transitions and CKM-suppressed b — d pen-
guins.

The decay B — ¢K™ is sensitive to non-standard model predictions 4).
In the standard model, direct C'P violation could arise due to the difference
between the b — u tree and b — s (b — d) penguin amplitude weak phases 5),
which is v (&) in the case of the decays B — pK* (B — pp). However, direct
C P violation is diffcult to observe because the strong phases are expected to
be small.

The time-dependent asymmetries in B decays to CP eigenstates would
provide important tests of the standard model 6). Time-dependent measure-
ments in B — pp modes combined with isospin relations among the decay
amplitudes for these modes would provide a measurement of « (¢=). Angular
analysis is important for time-dependent asymmetries because of the mixture
of CP-odd and C P-even components, and for the isospin analysis of the decay
B = pp.

The PV charmless B decays proceed primarily through interfering b — s
penguin and b — u tree transitions. The recent study on these decays provide
the information on the understanding of direct C'P violation and the interfer-
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ence of decay amplitudes with differing weak and strong phases. The decays
B — pm can be used to measure a (¢2). However, a model independent extrac-
tion of & (¢2) from time-dependent C P-asymmetry measurements requires an
isospin analysis of the decay rates of all the pm decay modes 7). The decays
Bt — %71 and B® — pt#F have already been measured 8), motivating the
study of the remaining two decays B® — p°z% and BT — pT7°.

For the decays B — n¥7°h* (h = K or 7), a large fraction of the de-
cays proceed through intermediate two-body decay processes, such as BT —
K*(892)%xT, K*(892)° — KTx—. However, higher mass KT7~ and x#T#x—
states may contribute but are not clearly identified due to limited statistics.
The quasi-two-body decays in the K7~ 7Y final state are considered to include
three PV modes: K*(892)°7°, K*(892)*7~, and p(770)~ K*. Tt is important
to uncover the quasi-two-body decay K*(892)r and p(770)~ K which are sen-
sitive to v(¢z).

2 The BaBar and Belle Experiments

Both BaBar and Belle experiments are based on Y(4S) — BB decays. The
data samples are collected with the detector at the asymmetric-energy ete™
collider. The detector and the collider located at SLAC are BaBar 9) and
PEP-TT 10); located at KEK are Belle 1) and KEKB 12).

3 Event Selection

The data used in these analyses were accumulated with the BaBar and Belle
detector. The corresponding dataset will be included in the result table. The
event selection is summarized in Table 1. The charged tracks are required to
come from the collision point. Looser criteria are applied to tracks belonging
to K¢ —» ntr.

B candidates are selected using two kinematic variables. The used name
in BaBar and Belle may different, but the meaning is the same. They are
beam-energy-substituted mass mgg = \/W (BaBar) which is equal to
the M. = /Ef2, — pg (Belle) and the energy difference AE = E — /5/2
(BaBar) which is equal to AE = E}, — Ef,, . (Belle). The s is the square of the

invariant mass of the electron-positron system, Ef is the beam energy in

eam
the center-of-mass frame, and pj and E% are the momentum and energy of the
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Table 1: Hadronic events are selected based on track multiplicity and event
topology. We fully reconstruct B meson candidates from their charged and
neutral decay products including the intermediate states, where inclusion of the
charge conjugate states is implied.

Reconstructed decay | with

¢ — KTK~ Woﬁfy’y
K* 5 Ktgr— K> K2 —atn™
K*0 — K070

K*t - K*g0
K*t KO7T+
pO R
pt = ntal

w—= a7

reconstructed B candidate in the Y(4S) frame. For signal events mpg(Mpc)
peaks at the B mass and AFE at zero. In most of the case, our initial selection
requires mes(Mpe) > 5.2 GeV/c? and |AE| < 0.2 GeV.

4 Source of Background and Suppression Techniques
4.1 QCD Continuum Background

Charmless hadronic modes suffer from a large background due to random com-
binations of tracks produced in quark-antiquark continuum events (ete™ —
qq,q = u,d,s,c). Background events from the continuum are distinguished
by a jet-like structure as opposed to the more spherical topology of BB pairs
produced in Y (4S5) events.

Several event-shape variables are designed to take advantage of this differ-
ence. Usually, we use the Fisher discriminant F, which is subsequently used as
a discriminating variable. The variables entering the Fisher discriminant vary
in different studies 13: 14: 15. 16, 17) 1 Belle, we usually use a likelihood
ratio method to reduce the continuum background. In BaBar, a neural network
(NN) method is used. The final sample of signal candidates are sclected with
a cut on the Likelihood ratio or NN optimized output.
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42 BB Backgrounds

Most charmless hadronic B decay analysis do not have much background from
other B decays. We have found, however, that some of the signal modes do
suffer from backgrounds from charmless hadronic decay modes. When we find
an indication of a high selection rate for a particular background decay mode
(by MC), we use the experimentally measured (when available) or theoretically
predicted branching fraction of that mode to determine its expected contribu-
tion. Fits to simulated experiments are used to evaluate whether such events
cause a significant bias to the measured signal yield.

5 Physics Results

We use a maximum-likelihood (ML) fit 17) to extract signal yields, asymme-
iries, and angular polarizations simultaneously. In BaBar, the signal yields are
from the ML fit. Tn Belle, the signal yields are mainly from the 1D fit on AFE
and sometimes from the 2D fit on M,.-AFE scatter plot.

5.1 B — VV modes

e Updated Measurement of polarization and C P-violating terms in a full
angular analysis of B — ¢K*° at BaBar: The branching fractions (B),
CP asymmetries (Acp), and polarization of B — ¢K* decay modes have
been measured 18). New released result from BaBar is a preliminary
updated polarization study (full polarization study) 19) The longitudi-
nal polarization in this decay is found to be surprising for which confirms
earlier measurements and is still not understood theoretically.

e Updated Measurement of the polarization for the decay B — ptp~ at
BaBar: Based on the recently observed 20) decay B® — ptp~, we

21). The result shows

continuue to measure the longitudinal polarization
the longitudinal polarization very close to 1 which is the same as the

previous observed 22: 23) in the decays BY — ptp® and B — pPK*+.

5.2 B — PV modes

e Updated Measurement of branching fraction and C P-violating asymme-
try of the decay B — pT#° at Belle: The branching fractions and CP
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Table 2: Updated B — V'V modes
BaBar Experiment
Mode B (x1079) I Acp L (fb™1)
oK 127755 +£11  046£0.12£0.03 +0.16+£0.17£0.03 82
pK*® 1124+ 13+£08 0.65+£0.07£0.02 +0.04+0.12+0.02 82
K0 - 0.52£0.07+0.02 —0.12+0.10£0.03 110
PKF 106550 +£24 0967595 £0.04  +0.207032 £0.04 82
P°pt 225727 £58 0977002+ 0.04 —0.19+0.23£0.03 82
ptp~ 33+4+5 0.99 & 0.0379:04 - 82
P p° <21 - - 82
Belle Experiment
Mode B (X 10_6) fL Acp L (fb_l)
oK+ 6.7 75T 00 - —0.134£0.2973% 78
PK*0 100718407 043 +£0.09+0.04  +0.07+ 015790 78
ot 31.7+£71753%  095+£0.11£0.02 +0.00%0.22+0.03 78
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Table 3: Updated B — PV modes
BaBar Experiment
Mode B (x1079) Acp L (b~ 1)
oK+ 10.0703 £ 0.5 0.04 = 0.09 £ 0.01 82
PK° 841153 £05 - 82
ot <04 - 82
¢ < 1.0 - 82
wKT 48+£08+04 —0.09 £ 0.17 £ 0.01 82
wK?° 59115+05 - 82
wrt 55+£09+0.5 +0.03 £ 0.16 + 0.01 82
wr® <1.2 - 82
pra 26+18+22 —0.18 £ 0.08 £ 0.03 82
g 109+1.9+1.9 +0.24+ 0.16 + 0.06 82
POt 9.5+1.1+0.8 —0.19+ 0.11 + 0.02 82
O <29 - &2
pT K~ 7375 +£1.3 0.28 £ 0.17 £ 0.08 82
Belle Experiment
Mode B (x1079) Acp L (b~ 1)
PKT 94+11+07 0.01=0.12 = 0.05 78
KO 9.0792 0.7 - 78
wK+ 65713 +£0.6 +0.067575 £ 0.01 78
wK?° 4.071'3 &= 0.5(evidence) - 78
wrt 5714 1+ 06 +0.5010:35 £ 0.02 78
wr9 <19 - 78
pT7° 132+ 23711 +0.06 = 0.197307 140
OO 5.1+ 1.6 & 0.9(evidence) - 140
prE- 15,1555 0.2275 357005 78
K*Fm- 148710775 - 78
K*Oﬂ_O < 3.5 - 78
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timing counters (TC). The magnet of the spectrometer (named COBRA, from
COnstant Bending RAdius) provides a quasi-solenoidal field, with a gradient
in the target region such that the bending radius is almost independent of
the emission angle over a wide angular range. That gradient is also needed
to sweep out high-p, positrons, which else might turn and hit the DCs many
times, thereby increasing their occupancy.

The positron momentum resolution is 0.8% FWHM, provided that DC
hits are reconstructed with a precision of 200 um for the radial coordinate and
300 pum for the axial one. The timing resolution of T'Cs is ~ 100 ps.

The Liquid Xenon calorimeter

A 800 1 liquid Xenon calorimeter (LXe) is used to detect photons and pro-
vide precise energy, direction and timing information. The main properties of
liquid Xenon are listed in tab.2. LXe has a high light yield (comparable to

Table 2: Properties of liquid Xenon.

Density 2.95 g/cm?

Energy deposition per scintillation photon 24 eV

Radiation length 2.77 cm
Decay-time 4.2 ng, 22 ns, 45 ns
Peak emission wavelength 175 nm
Scintillation absorption length > 100 cm
Attenuation length (Rayleigh scattering) ~ 40 cm
Refractive index 1.56

a Nal) and a fast decay time (one order of magnitude shorter than inorganic
crystals), which are necessary ingredients for energy and timing resolution as
tiny as required for this experiment. Morcover, LXc¢ is transparent to its own
scintillation light, which makes detector response more homogeneous than in
scintillating crystals. However, the optical properties might be affected by con-
taminants, mostly water, able to absorb UV light in the Xe emission band.
Therefore, the liquid Xenon batch needs to be purified by circulation through
molecular sieves and water content must be continuously monitored during de-
tector operation. The scintillation is collected by about 800 photomultipliers
(PMT coverage ~ 35%), whose output provides a detailed image of the scin-
tillation light needed to reconstruct the vertex of photon interaction as well as
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This is another question to the theoretical predictions. The inconsistent results
of the B® — pt K~ indicate the diffcult part on the Dalitz analysis.
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RARE B DECAYS

Paul D. Jackson
Department of Physics and Astronomy, University of Victoria, BC, Canada.

ABSTRACT

Recent results from Belle and BaBar on rare B decays involving flavour-changing
neutral currents or purely leptonic final states are presented. Measurements
of the CP asymmetries in B — K™y and b — sv are reported. Also reported
are updated limits on BT — KTvy, Bt — 7tv, BT — utv and the recent
measurement of B — X416~

1 Introduction

The study of radiative and leptonic rare B decays represents a very attractive
field in the search for discrepancies with respect to the theoretical predictions
of the Standard Model (SM). Many extensions to the Standard Model pre-
dict visible effects in these decays whose measurements allow constraints to be
placed on new physics, or indeed, the potential to discover such phenomena.

The BaBar 1) and Belle 2) collaborations are exploiting the unprecedented
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luminosities provided by the PEP-IT and KEK-B facilities to perform an ex-
tensive and detailed series of studies of these decay channels. Samples on the
order of 200x 10° Y (45)— BB decays have been recorded by the two collab-
orations. The paper will summarise experimental results based on a subset of
these datasets.

2 Electroweak penguin decays

In the SM, the amplitudes which contribute to the 6 — s£7£~ and the b — svv
decays at leading order are the WTW = box diagram, the Z° penguin diagram
and, for the charged lepton decay, the photonic penguin diagram. An important
consequence of the loop structure of these decays is that their branching frac-
tions and their kinematic variables, such as the transferred momentum squared
or the virtual vy or Z (¢* = M {(#T47)?) and the forward-backward asymmetry
of the lepton decay angle (App) in the b — sfT/~ decays, can be significantly
affected by the presence of new particles or couplings predicted in non-standard
scenarios.

21 B— X e

The BaBar collaboration finalised measurements of branching fractions of the

exclusive processes B — K£Y¢~ and B — K*f+{~ 3) using 113fb~! of data.
A preliminary measurement of the inclusive branching fraction B — X T4~
using a sum over exclusive modes in which X, system is composed of one
4)

charged kaon and one or more charged and/or neutral pions */ yielding:

B(B = X4T/7) = (6.3+£1.675%) x 1076, (1)

All of these results are consistent with the SM theoretical predictions.

22 Bt 5 Ktup

The Bt — K1Tvi7 measurement is experimentally challenging due to the pres-
ence of two unobserved neutrinos in the final state. BaBar has performed a
search for this decay using 88x10% BB pairs using two techniques: Where one
B in the event is reconstructed hadronically, B~ — D%Xj,,4, or where the B is
reconstructed semileptonically, B~ — D% #X. The system recoiling against
this reconstructed meson is considered for consistency with the BY — Ktwiz
signal. Candidate events are required to contain one charged kaon with CM
momentum greater than 1.5 GeV/c and less than 250 MeV of additional neutral
energy, Fextra, measured in the calorimeter.
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Combining the two statistically independent analyses yields an upper
limit on the branching fraction at the 90% confidence level of:

B(Bt — K'wi) < 7.0 x 1075, (2)

which represents the best upper limit on this channel. This analysis is similar
to that discussed in section 5.1.

3 Radiative B decays

Radiative decays, such as b — s, proceed at leading order in the SM through
one loop penguin diagrams. The new fields predicted by many extensions to
the SM can contribute with additional amplitudes to this process appearing as
virtual particles in the penguin loop diagrams. A comparison of the measured

inclusive branching ratio (world average B(B — Xgy) = 3.3 x 1074 5)) with
respect to the SM theorectical predictions ((3.6£0.3)x10~* 6, 7)) has already
provided some constraint on the new physics beyond the SM 8).

31 b— sy

Using a sample of 152x10% BB decays Belle recently measured the b — sy
branching fraction using a fully-inclusive approach. A detailed description of
the analysis can be found elsewhere. In this analysis the b — s+ signal spectrum
was extracted by collecting all high-energy photons, vetoing those from =°
and n decays to two photons. The contribution from continuum events was
subtracted using the off-resonance data sample. The remaining backgrounds
from BB events are subtracted using Monte Carlo (MC) distributions scaled
by data control samples. After subtracting the backgrounds the photon energy
gpectrum is corrected for the signal selection efficiency function obtained from
gignal MC after applying the correction determined by data control samples.
The efficiency-corrected spectrum is shown as a function of CM photon
energy in Figure 1. The two error bars for each point show the statistical and
the total error, including the systematic error which is correlated among the
points. As expected, the spectrum above the 3 GeV endpoint for decays of
B mesons from the Y(4S) is consistent with zero. Integrating this spectrum
from 1.8 to 2.8 GeV a partial branching fraction is obtained of B(b — svy) =
(3.59 £ 0.3270:39 +911y % 107*, where the errors are statistical, systematic
and theoretical respectively. This result is in good agreement with the latest

theoretical calculations 9). The moments of the distribution are also measured
yielding (E.,) = 2.289+0.026+£0.034 GeV and (E?Y) - <Ev>2 =0.0311£0.0073+
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Figure 1: Efficiency-corrected photon energy spectrum. The two error bars show
the statistical and total errors.

0.0063 GeV? for EZ > 1.8 GeV, where the errors are statistical and systematic
respectively.

32 b—dy

The b — dvy process is suppressed with respect to b — ¢y by the Cabibbo-
Kobayashi-Maskawa (CKM) factor |V;q/Vis|? with a large uncertainty due to
the lack of precise knowledge on V4.

In the analysis performed by the Belle collaboration (using the same sam-
ple as the b — sy analysis reported in the previous section) the exclusive
reconstruction of the decays BT — ptvy, B — p% and B — wy is per-
formed. B* — K*ty and B® — K*0y are reconstructed as control samples.
The folowing decay chains are used to reconstruct the intermediate states:
pt = 7m7% 0 = 2t w = 7%, Kt o K% K0 —» Ktr—™
and 7% — 4v. In each event a photon with the largest energy in the range
1.8 GeV < E, < 3.4 GeV is selected in the ete™ center-of-mass frame (CM).
Vetoes are applied to suppress backgrounds from 7° and 7 decays to pairs of
photons. B candidates are formed by combining a p or w candidate and the
primary photon using two variables: the beam-energy constrained mass M. =

\/(Ef;eam/c?)2 — |p%/c|? and the energy difference AE = Ef, — E}

heam: Where
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Py and E% are the measured CM momentum and energy, respectively, of the B
candidate, and Ey_,  is the CM beam energy. The photon energy is replaced
by EY eam—E; o if the momentum p7, is calculated. The signal region is defined
as —0.1 GeV < AE < 0.08 GeV and 5.273 GeV/c? < M. < 5.285 GeV/c2.

There are two major sources of background from B decays: B — K*v
and B — p/wr®. To suppress B — K*v, we calculate My, where the kaon
mass is assigned to one of the pion candidates, and reject the candidate if
Mgy, < 0.96(0.92) GeV/c? for the p’y(pT+) mode. to reject B — p/wr’, a
helicity angle cut is applied such that |cos fy¢1| > 0.8(0.6) for p°y and wy(p*)
modes. Here, fy4 is the angle between the 7+ and B momentum vectors in the
p rest frame or between the normal to the w decay plane and the B momentum
vector in the w rest [rame.

The background from continuum ete™ — ¢g(q = u,d, s,c) events is re-

jected using event topology information. A Fisher 10) gigeriminant is con-

structed from 16 modified Fox-Wolfram 1) moments and the scalar sum of
transverse momenta. The decay vertex of the candidate B meson is also used
along with the origin of the remaining tracks in the event. The difference be-
tween these vertices along the z-axis discriminates continuum events that have
a common decay vertex and signal events whose decay vertices are displaced in
the laboratory frame.

To obtain the signal yield an unbinned maximum likelihood fit to M,
and AFE is performed. The fit is performed simultaneously to three signal
modes (B — (p,w)y) plus the two B — K*y modes assuming igsospin relations

T T
B(B — (p.w)y) = B(BY = p*v) = 225B(B® = p%y) = 225 B(B = wy)
and (BT — K*ty) = Q%B(BO — K*%y), where TTBT: = 1.083 = 0.017 9)
is used. The five branching fractions, five background normalizations and five
background AF slopes are floated in the fit.

Preliminary results of the simulataneous fit are shown in Table 1. The
simultaneous fit gives a significance of 3.5, where significance is defined as

v/ —2In(Lo/Lmax). Lmax is the maximum likelihood in the M, fit, and L is
the likelihood of the best fit when the signal yield is constrained to be zero.

4 CP violation in radiative B decays

The measurement of CP violation can shed new light on the structure of this
flavor-changing neutral-current both testing the SM predictive powers and con-
straining the parameter space of SM extensions. Time-dependent CP asymme-
tries in radiative penguin decays have been covered elsewhere 12) and are not
discussed here due to lack of space.
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Table 1: Results of the efficiency, signal yield, significance and branching frac-
tion from simultaneous and individual fits. All numbers are preliminary.

Mode efficiency signal yield signilicance branching fraction
(Fsyst.) (+stat.+syst.) (Fstat.+syst.)x 108
Bt 5oty (56+00% 15570415 2.5 (1.875% +0.1)
BY — o0y (5.0+03)%  3.6735 T3 1.2 (0.5755 £0.2)
B = wy (47£05% sgtii+i12 2.3 (1.375 L +0.2)
B — (p,w)y - - 3.5 (1.875% +0.1)

41 Direct CP violation in B = X, decays

In the SM the CP violation in the inclusive process B — X,y can be reliably
predicted 9).

B ['(B— X,y)—-T(B— Xs)

= — =0. 44+0.0024
T(B S Xop) 1B = Xoy) 000400014 (3)

Acp

whereas in some supersymmetric scenarios sizable asymmetries (Acp ~ 10%)
are possible and natural. 13)

BaBar has studied this 14) using a sample of (88.9+ 1.0)x10% BB pairs.
The B — X~ sample is obtained by combining twelve fully reconstructed self-
tagging decay channels:

B~ - K%, K—ntr—y, K~ %%, K77 2% and

B - K—nty, K—nt7%, K~ 7799, K—ztztr—v and

B = K%, Kon 7%, Ko n%%, Kor ntn .

Their charge conjugates are used to obtain the B — Xz~ sample. Fully recon-
structed B — X3y decays are characterized by two kinematic variable myg
(which is analagous to Mp,. defined in an earlier section) and AE. The positive
identification of charged kaons removes any contribution of b — dy. Ac¢p is
obtained from the yield asymmetry between the B and B sample correcting
for flavor misidentification and detector asymmetry.

A CP asymmetry of (0.025 £ 0.050 £ 0.015) is measured, where the first
error is statistical and the second is systematic, corresponding to an allowed
range of —0.06 < Acp(b — sv) < +0.11 at the 90% confidence level and is in
good agreement with SM predictions.

4.2 Search for CP or isospin asymmetries in the B — K*v decays

The set of exclusive decays B — K™y provide other oppurtunities to test the
SM predictions for the isospin (Ag_, Eq. 4) and the CP asymmetries (Acp,
Eq. 5):
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_ T(B® - K*°9) —T(B* - K**v) @
T T(B° = K*0q) + T(B+ — K*ty)

(B — K*y) —T(B = K*v)
[(B — K*y) +T(B = K*v)

Ao

Acp = (5)
The SM predicts a positive Ag_ between 5 and 10% and Acp less than 1% 13).
New physics contribution can modify these values significantly.

The K* is reconstructed in self-tagging decay channels K*° — K+z—;
K** —» K*rY, K% and their charge conjugates. For the isospin analysis
K* — K{7¥ was also used.

The signal yield and Acp for each decay mode are determined from a two-
dimensional extended unbinned maximum likelihood fit to the mgs and AE*.
Ag— is determined from the signal yields correcting for the differences in signal
efficiency and lifetime between the neutral and charged B. The preliminary
results are:

Acp = —0.015 & 0.036(stat.) = (syst.) (6)

Ag_ = +0.051 & 0.044(stat.) & 0.023(syst.) = 0.024(R*/°) (7)

the first error being statistical and the second the systematic error. The third
error on Ag_ is related to the uncertainty on the ratios recently measured

by the BaBar collaboration 15) and accounts for the possibility of different
production rates of charged and neutral B’s.

5 Leptonic B decays

The study of purely leptonic B decays, BT — £+1;, can provide sensitivity to
poorly constrained SM parameters and also act as a probe for new physics. In
the SM the reaction proceeds via the annihilation of the b and @ producing an
intermediate W boson which subsequently decays to a lepton and neutrino, the
branching ratio is given by:

B(BT = fTv) =

G%mBm% 1
8t

N
my 2
- — V|78, 8
mQB ) fB‘ ub| B: ( )
where G'r is the Fermi constant, m; and mpg are the lepton and meson masses,
JB is the B decay constant, V,; is the relevant CKM malirix element and g
is the BT lifetime. Currently fg comes from lattice QCD calculations and
is affected by a 15% uncertainty. Therefore, observation of BT — £tv could



418 P. D. Jackson

provide the first direct measurement of fg. Unfortunately, leptonic decays are
strongly suppressed by helicity and there is, as yet, no experimental evidence
for such decays.

51 BT 17w

Using 88.9 million BB events BaBar has studied BT — 7tv using two sta-
tistically independent analysis techniques. Due to the presence of at least two
neutrinos in the final state, the semileptonic (B~ — D%~ #X) and hadronic
(B~ — D%Xj,,q) decays of the other B have been reconstructed, as for the
BT — K*tuv analysis.

After reconstructing the other B in the event the signal signature os given
by one or up to three charged tracks, depending on the 7 decay mode. Low
remaining neutral energy, Fextra, is demanded to limit backgrounds from pro-
cesses depositing considerable energy in the calorimeter. For the semileptonic
tag analysis 16), only the single prong leptonic 7 decays are considered and
a fit to Fextra 18 performed to extract the signal and background yields from
data. In the analysis using the hadronic tag technique 17) ; decays into 7t 7.,
7797, and #tn~#nto, are also considered and the number of events with
Fextra < 100 MeV is counted. Combining the two samples yields a prelimi-
nary upper limit on the branching fraction at the 90% confidence level of

B(BY - rtr) <41 x 1074, 9)

which represents the best upper limit on this channel.

52 BT - utw

The BT — ptv decay has been studied by BaBar using the same dataset as
the BT — 77 analyses. After identifying a muon, all remaining particles are
associated with the decay of the other B. Once the other B is reconstructed,
the muon momentum is calculated in the rest frame of the signal B. The signal
muon momentum distribution peaks at 2.64 GeV /c. No significant signal excess
has been observed and an upper limit on the branching fraction at the 90%
confidence level of

B(Bt — utv) < 6.6 x 1079, (10)

was set.

The Belle collaboration has also studied this channel using a similar
method using 60 fb~! of data and place a compalible limit of B(B* — utv) <
6.8 x 1079 at the 90% confidence level.
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6

Conclusions

The unprecedented luminosities of the B-factories allows new extensive and
detailed studies on processes involving flavor-changing neutral-current such as
b— sft4, b — sy and b — dry. There is no experimental evidence for CP
violation in b — sy at the 5% level and the SM predicitions are confirmed.
Both BaBar and Belle are collecling richer data samples that will permit more
stringent tests of the SM through studies of radiative and leptonic B decays
and there may be surprises in the very near future.
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ABSTRACT

The past year has seen reports of evidence for several remarkable hadronic
states. Three of these new states, the X(3872), D*;(2317)" and D,;(2463)%,
are mesons containing (as a minimum) charm quarks and strange or charm
antiquarks. In this contribution I will concentrate on the X(3872) due to limi-
tations of space, and will review what is known experimentally, what theorists
have suggested regarding the interpretation of this state, and how future exper-
imental studies might distinguish between the various theoretical assignments.
The D*;(2317)" and D4;(2463)" will also be briefly discussed.

1 Introduction: Heavy Quarkonium Spectroscopy

To set the stage for our discussion of the new mesons, it is useful to recall our

previous, apparently numerically accurate understanding of the spectrum of
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heavy quarkonium, as it was known before 2003. (We will specialize to char-
monium for this discussion.) Since the charm quark is moderately heavy, it is
widely believed that a quark potential model provides a reasonable approxi-
mation to the charmonium system. In its simplest form this potential model
picture assumes the nonrelativistic Schrédinger equation, with a color Coulomb
potential at small ¢¢ separations from OGE (one gluon exchange) and a linear
confining potential at large distances,

V) :—g%wr. (1)

This zeroth-order spin-independent potential is then augmented by the inclu-
sion of gpin-dependent forces. These are usually taken to be the Breit-Fermi
Hamiltonian from OGE (which includes spin-spin, spin-orbit and tensor terms)
and the inverted spin-orbit of linear scalar confinement. For the equal-mass cé
case this spin-dependent Hamiltonian is

39mer s %2 - 4 4o b L
Hy = 22M0s 5§, §, + 20 g, 2o 3. @

2,3 2,3 © 920
mar mar 2mzr

9m2

The strong effect of the spin-spin term on the wavefunctions of S-wave
states at short distances is often treated by incorporating the spin-spin term
in the “zeroth-order” potential V'(r). This contact interaction must then be
replaced by a nonsingular distribution, which is typically a relatively nar-
row Gaussian with a width of 1/0. We follow this approach, which gives
a potential model of charmonium with the four parameters ag, b, m. and o.
Fitting this model to the masses of the 11 established charmonium states in
the 2004 PDG 1) (with equal weights) gives the spectrum shown in fig.1 and
the parameter values a, = 0.5461, b = 0.1425 GeV?, m, = 1.4794 GeV and
o = 1.0946 GeV. This [it is described in detail elsewhere, 2) and gives a very
reagonable 31‘)ms error of 13.6 MeV. The well known potential models of Godfrey

similar physics, but replace the nonrelativistic kinetic energy in the Schrédinger

and Tsgur 2/ and (for charmonium spccifically) Eichten et al. 4) assume very
equation by a relativized form.

Recent developments in lattice gauge theory have led to reasonably well
constrained mass predictions for the spectrum of heavy quarkonium states (al-
beit usually in the quenched approximation). As an example, in fig.2 we show
5)

to the potential model. (Actually, since this potential model and quenched

the results of Liao and Manke, which are similar both to experiment and
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Figure 1: The spectrum of charmonium states predicted by the cc potential

model described in the text (dashed), fitted to the 11 well-established experi-
mental states 1) (solid). The X(38872) is also shown, although its identification
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Compare with fig.1.
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Figure 3: The X(8872), first reported by the Belle Collaboration in
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LGT both neglect decay loops, both approaches may share similar systematic
errors.) There are some indications that the higher-L charmonium states are
predicted to lie at higher masses by LGT. Small higher-I. multiplet splittings
are evident in both approaches. The most interesting LGT prediction may
be the mass of the J¥C-exotic 1-F charmonium hybrid, which is expected at
about 4.4 GeV. (We note in passing that the experimental 11~ h, state shown
near 3.52 GeV in the LGT figure has been withdrawn.)

2 The X(3872)

The recent discoveries of the X(3872), D*;(2317)% and D,;(2463)" have chal-
lenged our understanding of heavy quark meson spectroscopy, since these states
are in serious disagreement with theoretical expectations. The X(3872) was
originally discovered by the Belle Collaboration 6) in B meson decay (Bt~ —
Kt~#tx~J/¢) as a narrow peak in the J/¢rt 7~ invariant mass distribution.
The state had a very high statistical significance in the Belle data (in excess of
100), and has since been confirmed by CDF II, 7) D0 8) and BABAR. 9)

This decay mode suggested that the state might be one of the two missing
narrow charmonium states in the L = 2 ¢¢ multiplet, which have J¥¢ = 2—+
or 27~ . These two cC states are special in that they do not have open-flavor
decay modes, unlike the other c¢ states above DD threshold, and consequently
are expected to have rather small total widths. (A total width of ca. 1 MeV is
expected from annihilation and radiative decays.) Subsequent theoretical study
has added the J¥¢ = 37+ 3Dy cé state to the list of X(3872) candidates; it can
decay to DD, but the centrifugal barrier implies that this will nonetheless be
a relatively narrow state. 10, 11) Alternatively, the X(3872) might be a more
complicated state such as a charm meson molecule, which contains a c¢é pair
that is combined with other (light) constituents.

The near equality of the reported mass of the X(3872) and the neutral
DD* threshold of 3871.5+ 0.5 MeV immediately suggested that the X(3872)
could be a D°D*® system (a bar is implicit here, such as D°D*® or D°D*® or a
linear combination), either a weakly bound “molecule” 12, 13, 14, 15. 16, 17)
or perhaps simply a cusp phenomenon due to the opening of a new chan-
nel. 18) Note that the mass of a charged (DTD*F) pair is rather higher,
3879.5 £ 0.7 MeV, so the X(3872) would presumably be a pair of neutral

charmed mesons.
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Table 1: Experiments reporting the X(3872).

| Collab. | Mass (MeV) | Width (MeV) | mode |
Belle 6) 38720+ 06+ 05 | <2.3,95% cl. | J/patn
CDFTI7) | 3871.3+0.7+0.4 «
Do &) 3871.8+ 3.1+ 3.0 «
BABAR ?) | 38734+ 1.4 «

Since this implies a very weakly bound system, with a binding energy of at
most about 1 MeV (from the experimental mass uncertainties), the dominant
binding mechanism would presumably be the longest-ranged strong interaction,
one pion exchange. Fortunately we know the strength of the D*Dx coupling ex-
perimentally from D* decay, so this effect can be estimated with only moderate
uncertainty. One pion exchange does indeed provide an attraction in this sys-
tem, and the forces are very close to the strength required to bind a DYD*0 pair
in S-wave. 12 16) With the addition of (also attractive) short-ranged quark-
gluon forces, it does appear that a weakly bound D°D*® molecule is expected
theoretically. 16)

The naive expectation for strong decays of a weakly bound meson molecule
is that it should decay as its constituents do. In this case only the D* decay
modes are relevant, so we would expect decays of a D°D*® bound state to pop-
ulate the final states D°D%7% and D°D%y. However the D*® has a rather small
total width (not yet measured but probably only about 50 keV), so another
decay mechanism, internal rescattering, is expected to dominate decays. The
DYD* pair can internally rescatter by constituent interchange into charmonium
and a light meson, for example J/v p® and J/+w. Evaluation of these rescat-
tering amplitudes by Swanson 16) Jeads to the prediction that they should be
the dominant decay modes of a DYD*® molecule, (see Table 2) and that as a
result J/yrata~ and J/yrtr~ 70 should be the dominant final states popu-
lated by X(3872) decays. The remarkable prediction of comparable branching
fractions to modes with different isospins (J/¢n 7~ 7% and J/¢yn 7~ here are
I=0and I =1 respectively) is a simple consequence of the maximal isospin
mixing implied by a D°D*® bound state. Additional predictions of branching
fractions ’tha’t1 %)llow from the DD* molecule model have been given recently

by Swanson.
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Table 2: The dominant decay modes of an S-wave 17T D°D*0 molecule 16) for
Eg =1 MeV.

| mode | D°D=° | D°D% | «ntr J/y | nte 7%/ | 7%J/¢

[T™&eV) [ 66 | 36 | 1215 | 820 [ 80

The prediction of comparable branching fractions to J/¢ 777~ and J /¢
aTa~7Y, through the intermediate states J/ip® and J/¢w respectively, is
a remarkable prediction of the D°D*Y molecule model when combined with
the assumption of an internal rescattering mechanism. A simpler question
regarding J/¢ 77 modes is whether there is a J/1 77" signal present with
a comparable strength to J/¢rTn~. 19) The presence of this J/+ 7%7® mode
would imply C=(—) quantum numbers, whereas the usual molecule assumption
is that this is a C=(+) state. (JFC = 1%F). The mass distribution of the 77
system in J/¢)r+ 7~ is also an interesting question, since there is evidence that
it does peak at higher mass, but it is not yet clear whether the mass and width
of the distribution are consistent with a p® source. Similarly, in the molecule
model the 77~ 70 system in X(3872) — J/¢n 7 70 decays should be strongly
peaked at high invariant mass, if the 777~ 7% source is an w meson.

Although the near equality of the X(3872) mass and the D°D*? threshold
makes the molecule a very compelling picture (this is currently the favored
assignment), the ¢ option is also straightforward to test. The J¥¢ = 2=+ and
277 Dy (he) and 3Dy (i2) @ assignments lead to predictions of relatively
large radiative transitions to 1P charmonium states, for which Barnes and
Godfrey 10) found

Thpsrys = 0.09 MeV (3)

and
Thossmyys = 0.36 MeV 4)

for an initial 'Dy he(3872), and
1"¢2_whc = 0.46 MeV (5)

for a 3Dg 1)2(3872). (See also Eichten, Lane and Quigg 20) for radiative tran-
sition rates.) Since the total width of the X(3872) is below 2.3 MeV (95%
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c.l), a c¢ assignment would evidently imply large branching fractions of at
least &~ 20% to radiative modes. These can be searched for through the large
gccondary radiative transitions of the P-wave mesons to S-wave charmonia,
hea = yx1 = yyJ /1 and e — vh. — yy1,. respectively.

At present we only have an experimental limit for one of these radiative
transitions. In their original paper Belle reported

BX(3872)—>7X1

< 0.89, 90% c.l. (6)

Bx(zgr2y—3/pmtn-
Unfortunately, this is not constraining without an independent estimate of the
partial width of the poorly understood dipion mode.

Another approach to testing possible assignments for the X(3872) is to
search for other decay modes. For example, a D-wave ¢ X(3872) will not
appear in ete™, and a 27~ *Dy (¢2) cé will not be seen in v collisions. Neither
ete™ nor yy would show a 1t+ DD* molecule (although +* would, with
sufficient statistics). A 27 'Dy (h.2) c¢€in contrast will be produced in vy, and
the great sensitivity of current ete™ machines makes this a useful production
channel to investigate. Unfortunately, the -+ couplings of ¢¢ states are expected
to fall rapidly with increasing L; a hypothetical D-wave c¢ h.2(3840) is predicted
to have a vy width of only 20 eV. 21)

There are now very strong recent experimental limits on production of
the X(3872) in both ete™ and vv. Yuan, Mo and Wang 22) yged ISR data
from BES to give an upper limit of

Lot (X(3872)) - Bx(asro)—i/pntr- < 10eV, 90% cl, (7)
and a new analysis of CLEO IIT data 23) ets limits of
Lot (X(3872)) - Bxasra)md/yntn- < 8.0V, 90% cl. (8)
and
(2] + T, (X(3872)) - Bx(ss72)djumta- < 12.9eV, 90% c.l 9)

The X(3872) is not expected to appear in ete™ in either of the usual DD*

molecule or ¢Z assignments, since neither is 17~. The 3Dy ¢ assignment how-
ever docs imply a (rather weak) coupling to vy of FZTQ, (X(3872)) ~ 20 ¢V, 21)

so this is a useful experimental limit. Unfortunately the branching fraction of
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the X(3872) to J/¢rtr~ is unknown at present, however once this is estab-
lished it may be possible to use this vy width limit to eliminate a dominantly

cC assignment.

3 D*(2317)T and D,;(2463)*

For completeness we will also briefly discuss the new charm-strange mesons
D*;(2317)" and Dy;(2463)™, since some aspects of these states are reminiscent
of the X(3872). Unfortunately there is insufficient space in this report for a
detailed discussion, so only the basic issues will be noted.

The DZ¥;(2317)% was the first of the anomalous new charm mesons to
be reported. It was discovered by the BABAR Collaboration 24) a5 a very
narrow peak in the final state D} 70, at a mass of 2.32 GeV. This discovery
was quickly followed by the report of a second narrow state by the CLEO
Collaboration, 25) the Dyy (2463)" in DI*7%. In both cases the widths of the
states were consistent with experimental resolution.

There were quark model states in the ¢s sector that might a priori have
been identified with these new discoveries, a 07 ?Pq scalar and a 17 mixed 'P;
and 3P, axial vector. The reported properties however were far from theoretical
expectations; the 07 ®Pg cs had been predicted by Godfrey and Isgur to have
a mass of 2.48 GeV, and the two 1T states were expeced near 2.55 GeV. 3)
In addition, both missing states were predicted to have very large total widths
of 100s of McV. 29) Identification with the new experimental states would
require that the potential model was in error by over 150 MeV, whereas past
experience suggested errors of ca. 20 MeV in the ¢5 sector. If one could accept
this mass discrepancy, the narrow widths could then be understood; at masses
of 2.32 GeV and 2.46 GeV the 0T and 1% ¢3 states would be below their lowest
open-flavor decay modes (DK and D*K respectively), and would have to decay
to strongly suppressed modes such as the isospin-violating DY 7% and D*+pi°.
Alternative explanations for these new states, such as a DK bound state for
the D*;(2317)F, were also proposed; it was noted that the very strong coupling
predicted for a ¢35 quark model state to DK would induce a strong attraction
in the DK channel, which might result in the formation of an S-wave bound
state. 26)

It may be that the mass errors in the potential model predictions for these
states and their predicted large widths are related effects. Tt is well established
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that virtual decays of mesons to two-meson continua can give rise to large,
negative mass shifts in charmonium. 27. 28) These effects should be very large
for the 07 and 17 ¢s states, which were predicted to have especially large open-
flavor decay couplings to DK and D*K respectively. In this case the physical
states would paradoxically be narrow because their decay couplings are so large;
the resulting mass shifts have pushed the states below their open-flavor decay
thresholds.

Whether this remarkable possibility is indeed numerically realistic given
our current strong decay models, and what the resulting ¢3 ++ DK mixing
would predict for observables, are two of the most important questions raised
by the discovery of the new narrow resonances.
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WHAT ARE THE X (3872) AND D,; PARTICLES?

Hulya Guler
University of Hawaii, Honolulu, Hawaii 96822

ABSTRACT

Recently, three new states, provisionally named D¥;(2317)", D, ;(2460)", and
X (3872), were discovered by BaBar, CLEO, and Belle, respectively. None of
the new states is readily accommodated by existing models of meson spec-
troscopy. While the two Dy ; states are suggestive of the hitherto-unobserved
P-wave ¢§ doublet, this interpretation may require modification of standard
interquark-potential models. The X (3872) may be a D°D*® molecule, an ex-
cited cc state, or a hybrid ccg state. This paper surveys the experimental
evidence and considers various theoretical explanations for these novel states.

1 Introduction

The past year has seen the discovery of three new particles that challenge the
current understanding of meson spectroscopy. First, the BaBar collaboration



436 H. Guler

observed a narrow resonance near 2.32 GeV in the D} 7Y spectrum D, Shortly
thereafter, the CLEO Collaboration announced the observation of a similarly
narrow resonance near 2.46 GeV in the D}t spectrum 2).| The intrinsic
widths of the two states were measured by CLEO to be smaller than 7 MeV
at 90% C.L. Although these new states have been named D?;(2317)" and
D, 7(2460)* and interpreted as the missing P-wave doublet of the ¢& system,
their masses are significantly lower than theoretical predictions.

Not long after these discoveries, the Belle Collaboration reported the ob-
servation of a 3.872-GeV J/¢mT 7~ resonance in the exclusive decay B* —
K¥J/ymatm™ 3). The signal, which was measured to have an intrinsic width
smaller than 2.3 MeV at 90% C.L., had a statistical significance greater than
100 and could not be reproduced in generic Monte Carlo. While this state,
provisionally named the X (3872), may be charmonium, it does not exhibit the
theoretically predicted properties of any of the missing c¢ states.

The following sections will briefly review the spectroscopy of the ¢s and
cC systems, survey the experimental evidence, and outline the difficulties in
reconciling the observations with theory.

2 The D?;(2317)" and D,;(2460)" Particles
2.1 The ¢s System

Two different approaches can be used to predict the properties of P-wave
charmed mesons 4). The first is a non-relativistic quark model with an in-
terquark potential that is partly Coulombic. In the limit where the mass
of one of the quarks approaches infinity, the light-quark angular momentum
jr = s; + 1 s conserved, and the P-wave states are split into two levels, with
Jt = 3/2 and 1/2. Since the heavy quark in a real meson is not infinitely
massive, its spin cannot be neglected completely. The conserved quantity thus
becomes the total angular momentum J = j; + sp,, and the levels are split fur-
ther, the j; = 3/2into J = 2and J = 1, and the j; = 1/2into J = 1 and J = 0.
Since j; is only approximatcly conserved, the two states with J = 1 can mix.
The S-wave and P-wave states for the ¢§ system are shown in Fig. 1.

The second approach employs heavy-quark effective theory (HQET) 6).
In the limit where the mass of the heavy quark approaches infinity, the spin of
the heavy quark and the angular momentum of the light quark are separately
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Figure 1: The S-wave and P-wave states of the ¢s system. Dashed lines indicate

the theoretical predictions of Godfrey and Isqur 5), and solid lines indicate the
measured values. The dotted lines mark, from top to bottom, the D*T KU,
DK+, DTKO, and D°K™ thresholds. The spectroscopic notation used is
n2*tLL;, where n is the principal quantum number, s is the total spin, L is the
orbital angular momentum, and J is the total angular momentum. Note that
since s is not a good quantum number, the 13P; and 1'P; states can miz.

conserved by the strong interaction. This heavy-quark symmetry (HQS) is
approximately true in the case of a heavy quark of finite mass and greatly
simplifies QCD calculations.

These theoretical considerations have met with reasonable success in pre-
dicting the properties of the S-wave and P-wave j; = 3/2 states of the cs

system 4) .

The P-wave j; = 1/2 states were expected to be broad and to
decay strongly to isospin-conserving DK and D*K final states. The observa-
tion of two narrow states decaying to D 7% and D?+7° is thercfore surprising.
As Fig. 1 indicates, however, il the observed states are indeed the j; = 1/2
doublet, their unexpectedly low masses guarantee their small widths by clos-

ing the strong-decay channcls. The masses of the new states are significantly
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below potential-model expectations 5.7) and are nearly the same as their ¢t

counterparts recently observed by Belle 8).

2.2  Experimental Details

Following the initial observations by BaBar and CLEO, BaBar confirmed the
D,;(2460)* result of CLEO 9), and Belle reconstructed both particles in exclu-
sive decays of the type B — DD,y 10) | Belle further observed the Dy (2460)T
in its D}y and Df7t7~ final states. The masses measured for D% ,(2317)*
and D, ;(2460)" by the three groups are listed in Table 1.

Table 1: The Dyj masses as measured by BaBar, Belle, and CLEO. Here and
throughout, whencver two errors are quoted for a measurement, the first is
statistical and the sccond systematic.

| | D, (2317)F | D, (2460)F |
BaBar | 2317.3+0.4+0.8 MoV/c2 2458.0+£1.0+1.0 MCV/c2
Belle 23172+ 0.54+09 MeV/c2 2456.5+£ 13+ 1.3 MeV/c2
CLEO | 23185+12+11 MeV/c2 24631+ 1.7+£1.2 MeV/c2

For the decays D%;(2317)* — D}r% and D,;(2460)F — D7 7% to
conserve parity, the spin-parity of D?;(2317)" must be natural (i.e. JP =
0+,17,2%,...) and D,7(2460)" unnatural (ie. J¥ = 07,17,27,...). The
narrow width of the Ds;(2460)" in spite of its mass above DK threshold is con-
sistent with an unnatural J¥ assignment. The observation of D,;(2460)T —
DF excludes J = 0 for D;;(2460)", and Belle’s angular analysis of this de-
cay further rules out J = 2 while being consistent with J = 1. The de-
cay D;;(2460)%Y — DI =Tr~ strengthens these conclusions by eliminating
JP =0t

If the interpretation of the new particles as the j; = 1/2 doublet of the
c§ system is correct, certain decay modes that violate parity and angular-
momentum congervation should not be seen. Table 2 shows several allowed and
forbidden final states, along with measured branching ratios or upper limits.

Setting aside the low masses, the experimental evidence is entirely con-
sistent with the interpretation of the new particles as the j; = 1/2 doublet of
the P-wave ¢§ system.



H. Guler 439

Table 2: Measured branching ratios and upper limits at 90% C.L. for various
possible D*;(2317)% and Ds,;(2460)T final states. Whether a given decay is
allowed(A) or forbidden(F) by parity and angular-momentum conservation is
also indicated. Values are given as a fraction of the branching ratio to D¥r
and D+ 70 for D ;(2317)F and D, ;(2460)*, respectively.

| Decay Mode | Dz, (2317)F | D, (2460)T |
DFr° A = 1.000 F Belle:< 0.21
Ditq0 F CLEO: < 0.11 A = 1.000
BaBar: not observed
CLEO: < 0.49
Dy F Cégg ; 002 A | Belle: 0.55= 0.13 % 0.08
BaBar: not observed
Dty | A| CLEO:<0059 |A %252'500;16
Belle: <0.18 =
it |F| CLEO:<0019 |A CLEO < 0.08
8 Belle: <0.004 Belle: 0.14 +0.04 £ 0.02
Diyy A | BaBar: not observed | A
DF,2317)7 | — = A CLEO: < 0.58

2.3 Theoretical Interpretations

Numerous theories have been proposed to explain the low masses of the new
particles. These include attempts to improve standard HQET or quark-model

11), as well as more exotic proposals such as a DK meson molecule,

arguments
a Dr atom, or a cqqq state 12) " One possible explanation may be that the
¢§ mass spectrum is distorted as a result of coupling to the DE:)) K thresh-
old 13) Searching for radiative decays may help distinguish between ¢§ and
DK -molecule interpretations. 14) Since the low masses may be symptomatic
of a serious inadequacy of the current theory, it is important that more work

be done to further specify the properties of the new particles.

3 The X(3872) Particle

3.1 The ¢¢ System

The decay of the X (3872) to J/¢rTr~ suggests that it may be a ¢ state. As
the spectrum in Fig. 2 indicates, there are numerous c¢ states that have not
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yet been observed. In particular, the h.(11P;), n.2(11Ds), and 2(12Ds) are
expected to lie below DD* threshold and thus be narrow.

4.6
i ----3°D,
I oo 4%,
4.4 |-
Wl 2'D, 2%, 2,
2= i 2
L 3'g ____23D1 13F2 11F3_1_3l:_~’113F4
L --7; 3°S, o ot T
A 2R 2, 2
~N B 0-""7
%) i -0 Xe2
; Coo 1.hc 5/ Xet 1'D, 1°D; 17D,
v 3.8
O o
()]
2 i L, 387
S ey 1'P, 1°Py 1XP2 L
- e p 3 A2 3g73[
f he 17Py Xer C e X(3872)
3.4 oo r DD
- 3872 -
3.2 s 3871 |
i 1°S, [
s i 1's Y 387 [
B o r
C = [
NN T T T T S N Y A
0 17 1t 0 T 2t D7t 0T 3 3T 3t 4+

Jre

Figure 2: The c¢ spectrum. Dashed lines indicate the theoretical predictions of

Godfrey and Isgur 5), and solid lines indicate measured values according to the
PDG 15 Measurements that need confirmation are indicated by dotted lines.
The two dotted lines across the plot mark the D°D° and D°D*C thresholds.
The inset compares the X (3872) mass (obtained by adding the statistical and
systematic errors of each cxperiment in quadrature and calculating a weighted
average of the four cxperiments) to the DOD*O threshold. The spectroscopic
notation is the same as that of Fig. 1.

3.2 Experimental Details

Belle’s observation of the X (3872) has been confirmed by CDF 16), DO 17),
and BaBar 18). The masses measured are shown in Table 3.
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Table 3: The X (3872) masses measured by BaBar, Belle, CDF II, and D{.

| | X(3872) |
Belle 3872.0+ 0.6+ 0.5 MeV/c?
CDF | 3871.3+£0.7= 0.4 MeV/c?
DO 3871.8 £3.1+ 3.0 MeV/c?
BaBar 3873.4 £ 1.4 MeV/c?

The narrow width of the X (3872) despite its mass above DD threshold
suggests that its decay to DD may be forbidden. Assuming thiaéc)this is the
t
particles as well as states with predicted masses significantly different from that
of the X (3872) are also excluded, six possibilities remain: 7/’ (31.Sq), x5 (25 P),
Ne2(1' D2), hi.(2"P1). (12 D), and 43(1° Ds).

The first three of these states have even C-parity, while the remaining
three have odd C-parity. A measurement of the C-parity of the X(3872) can
thus be used to further reduce the number of possibilities. Tf the X (3872)
is a ¢ state with even (odd) C-parity, then X (3872) — J/¥p® should be
allowed (forbidden), and X (3872) — J/yx%%% should be forbidden (allowed).
The relative branching ratios of the X (3872) to J/¥ntn~ and J/¢=°z° can
also distinguish between a c¢€ state and something more exotic 20. 21) | Belle

case, all ¢¢ states with small J and natural J¥ may be ruled ou . If known

has noted that the 777~ invariant-mass distribution tends to peak near the
kinematic boundary, which is near the p® mass. This suggests that the pion
pair may come from a p°, although a similar tendency to crowd the kinematic
boundary is also seen in the dipion mass distribution of ¢’ — J/¢wtr~. The
observation is far from conclusive, and further study is required.

The 42(13D3) may be easy to observe at B-factories via its J/¢prT#x~
final state 22) the X (3872) is the 12 (12 Ds), however, its branching ratio to
X1 should be several times greater than its branching ratio to J/ynt#— 23)
Belle has placed an upper limit on the ratio of partial widths to x.vy and
J/prtr™ of 0.89 at 90% C.L. 3). Similarly, the v3(12D3) is expected to have
an appreciable branching ratio to x.o7 20). Belle has placed an upper limit on
the ratio of partial widths to y.oy and J/xt7x~ of 1.1 at 90% C.L. 24),

The 77/ (31S,) appears too large in mass and width to be the X (3872).
The ne2(11Ds), X%, (22P1) and AL(2'P;) are not expected to have significant
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branching fractions to J/¢rt7~ 20) The RL(2' Py) is also ruled out by Belle’s
angular analysis of BY — K1J/¢rTn~, the results of which are inconsistent
with a JC assignment of 1+ 24)

These considerations are far {rom conclusive; in particular, coupling to
open-charm channels can distort potential-model predictions for states above

charm threshold 25). Nevertheless, there appears to be no obvious c¢ candidate
for the X (3872).

3.3 Theoretical Interpretations

One striking coincidence is the overlap between the mass of the X (3872) and
the D D*® threshold (see Fig. 2). This mass degeneracy has led to speculation
that the X (3872) may be a lightly-bound D"D** molecule 2V: 21, 26) . Such
meson molecules were predicted as carly as the 1970s 27),

Tt is also possible that the X (3872) is a ¢¢g hybrid state 28, 29) Such a
state would be expected to have a narrow width and a large branching ratio to
J/¢rt 7™, but a mass higher than 4 GeV.

4 Conclusion

The observation of the D% ;(2317)", D,;(2460)", and X (3872) have challenged
the predictivity of current models of meson spectroscopy. While these new
gtates may require no more than minor alterations to the theory, they may also
be exotic particles that will lead to new breakthroughs in meson spectroscopy.
Further experimental results on all three states will be important in resolving
the situation.
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ABSTRACT
In the two years since HQL02, the long sought j; = 1/2 states have been
observed. In the charmed non-strange sector, these states have the expected
properties but, in the charmed strange sector, the states have masses below
threshold for the otherwise dominant decay modes, allowing their observation
in suppressed modes. Improved measurements of the masses and widths of the
well established P-wave charm states have also been published.

1 Introduction

These proceedings will discuss new results in the P-wave sector of the ¢g sys-
tems, where q is one of u, d or s. The spectroscopy of these mesons is described
by coupling of the spins of the quark and anti-quark, S. and Sz, with the or-
bital angular momentum, L, between the quark and anti-quark. When L =1
this coupling produces 4 states, with J© = {2+, 1+, 1+, 07}
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Until recently, all of the measured properties of the P-wave sector were
well described by models which exhibit Heavy Quark Symmetry, HQS. In the
limit that the mass of the charmed quark is >> Agcp. the spin of the charmed
quark decouples from the dynamics, leaving the total angular momentum of
the light quark, j; = Sz + L, as an effective quantum number. In this limit,
the c@ and ¢d P-wave states are grouped into two doublets. One doublet, with
je = 3/2, has members with J¥ = {2%,17}; these states decay to D™ in
a D-wave and have natural widths of order 20 MeV. The other doublet, with
4¢ = 1/2 has members with J© = {17, 0%}; these states decay to D)7 in an
S-wave and have natural widths of order a few hundred MeV. In the following
the two J¥ = 11 states will be denoted as Dy and D (j; = 1/2), where the
first notation is for the state with j; = 3/2. To obtain the properties of the
physical states, the finite mass of the charmed quark is introduced as a small
perturbation on the HQS states.

The states with j; = 3/2 are well established and have the predicted
properties. The states with j; = 1/2 have only recently been observed and are
the topic of these proceedings. A more detailed discussion of HQS and a review
of the data up to 10 years ago can be found in reference D The experimental
results reviewed in these proceedings are the first significant new results since
that time so the reference remains relevant.

Most models predicted a similar pattern for the ¢s mesons and the
je = 3/2 states do indeed follow the pattern. There was, however, a model 2)
that predicted a rather different picture for the j; = 1/2 ¢§ mesons. In this
model, which combines chiral symmetry with HQS, the j; = 1/2 ¢§ mesons
were predicted to lie below threshold for decay to D™ K. The decay modes
available in this case are: D$70, which is isospin violating, D{” 77, which is
is OZI suppressed, and Dg*)'y, which are electromagnetic transitions. All of
these decay modes have small partial widths of, at most, a few MeV. Refer to
the transparencies of this talk 3) for a bibliography of recent theoretical work
on the j; = 1/2 D, states.

2 P-wave Charmed Non-Strange Mesons

There are two new measurements in this sector. The FOCUS collaboration
has presented measurements 4) using the traditional method of looking at the
inclusive Dtx~ and D%t invariant mass spectra. The second set of new
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measurements comes from the BELLE collaboration 5), who have pioneered
a new technique, the measurement of excited charm resonances in the Dalitz
plots of the decays B — Dnw and B — D*nx.

In the D7 mass spectra presented by FOCUS one expects contributions
from five processes plus combinatoric background. The five processes are:
D3 — Dr, feed-down from D — D*r , feed-down from D;(2420) — D*m,
D§ — Dr, and feed-down from Dy (j; = 1/2) — D*x. In the feed-down pro-
cesses, the D*’s decay to a D plus unobserved neutrals, giving a final state of
Dmn. Because of the small () values in these decay chains, the peaks from the
feed-down processes suffer little kinematic broadening. In previous inclusive
measurements, the first three processes, which give rise to narrow peaks, have
been well established, but the final two processes, which produce broad peaks,
could not be resolved above the combinatoric background.

Following the earlier experiments, the FOCUS collaboration first tried
to fit their Dz mass spectra without including the last two processes. Their
experiment, however, has an order of magnitude higher statistics than previous
experiments and, after trying many models of the combinatoric background,
none was able to produce a good fit to their data. Inspection of the residuals of
the fits suggested that the fit would be improved by introducing a contribution
from a broad resonance. Such a contribution was parameterized using S-wave
Breit-Wigner! with a free mass, width and yield. This contribution is intended
to model the sum of the contributions from an unknown mixture of D§ and feed-
down from the Dq(j; = 1/2). When this term was added, the fit produced an
acceptable x2. However it was never possible to resolve separately contributions
from the Dj and the Dy (j; = 1/2).

Tt has long been anticipated that the ete™ B-factory experiments would
open a new window on charm spectroscopy through the analysis of the Dalitz
plots in B decay. The first hint at the power of this technique was presented
by CLEO 6); in which they used a partial reconstruction technique to perform
a multi-dimensional fit to the decay B~ — D*trx = 7.

BELLE has presented the first example of this technique using full recon-
struction of the final state. They presented a fit to the Dalitz plot of the decay

!This work does not give any information about the J¥ of the broad states.
The choice of an S-wave Breit-Wigner was driven by the expectation that any
broad peak would be dominated by the Dj.
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B~ = DTr 7 and a 4 dimensional fit to the decay B~ — D*Tr 7. A key
component of their analysis is that the energy of the B mesons in the ete™
center-of-mass frame is fully determined and they require that the energy of
their B candidates be consistent with this energy. This requirement removes
the feed-down processes which complicate the FOCUS analysis. Compared
with the FOCUS data, the BELLE data has an improved signal to background
ratio, at the expense of signal yield.

The power of multi-dimensional fits is that interference among the con-
tributing amplitudes gives rise to structures with distinctive shapes that are
readily distinguished from backgrounds. For example the presence of the Dyl
is established by observing its interference with the D3 in the Dt x~#~ Dalitz
plot. Moreover these interference effects are powerful probes of the JZ of the
intermediate states and BELLE establishes that the DZ? and D{(j, = 1/2)
states do indeed have J¥ = 0% and J” = 11, as expected. In neither fit does
BELLE find a significant contribution from a constant amplitude; that is, the
data are fully described by a sum of resonant contributions, including virtual
processes via the D* and B*.

FOCUS and BELLE also presented new measurements of the parameters
of the DJ mesons. These measurements have errors that are comparable to
those of the previous world averages.

All of the masses and widths discussed above, along with the PDG 2002
averages and new world averages, are shown in figure 1. Tnspection shows
that the new results are consistent with the PDG 2002 values, albeit barely
consistent in a few cases. It does seem that the new results do prefer broader
widths for both the of the DJ charge states. Perhaps thig indicates of a biag
toward narrow widths in early, statistically weaker observations. Because the
FOCUS measurements of the j; = 1/2 states are for an unknown mixture of
the Df and feed-down from the D1 (j; = 1/2), the author recommends that the
best values for the properties of the D are the BELLE results alone.

There are several reasons why the B decay results might differ system-
atically from the inclusive measurements. The line shape of the resonances is
a matrix element squared multiplied by a phase-space factor. In the inclusive
measurements it is difficult to write down the phase-space factor and it has
always been ignored, motivated by the assumption that it varies only slowly
over the region of interest. In B decays it is straightforward to write down
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Figure 1: Masses and widths of charmed non-strange P-wave mesons. The first
two errors are statistical and systematic. For BELLE the third error comes
from the choice of contributions to the decay amplitude and for CLEO it comes
from the parameterization of the strong phase. Parts a) through d) show the
results for the well established D3 and D1(2420) states. Parts e) and f) show the
results for the newly observed broad Dy and Dj states. The averages are taken
by the author; the CL notation gives the confidence level that the data are self
consistent. As discussed in the text, no average is taken for the broad states
and the BELLE results from the D should be be preferred over the FOCUS

ones.
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the phase space factors and BELLE includes them. Presumably this is a small
effect for the narrow states but an important effect for the broad states. A sec-
ond difference is that the inclusive analyses always assume that the resonances
are produced incoherently. While this is likely, is not certain.

The author looks forward to BaBar entering the field with Dalitz analyses
of their B decays. He also looks forward to both B-factories presenting updated
results with much larger datasets. In the longer term, both BTeV and LHC-
b should contribute to charm spectroscopy through the Dalitz analysis of B
decays.

3 P-wave Charmed Strange Mesons

In the charmed strange sector, the D%, and the narrow Dy;(2536) have been
well established for more than a decade. It was long presumed that the the
D%y and the Dy (je = 1/2) would lie above threshold for decay to DK and
D*K. In such a case this sector would look much like the non-strange sector,
differing only in detail.

This picture was overthrown when the BaBar collaboration published the
surprising observation of a new, narrow resonance at a mass of about 2317 MeV
which decays to Dyr® 7. Their paper also hinted at a second narrow resonance
at a mass near 2456 MeV which decays to D*z”. Shortly afterward the first
state was confirmed by CLEO 8), who also claimed a definite observation of the
second state. Both BaBar and CLEQ observed these states in continuum e*e~
production. Both states were soon confirmed by BELLE, who observed them
both in continuum ete~ 9 and in B decay 10) | BELLE observed new decay
modes of the D,;(2456), to D,y and D,xT7~, and a new decay mode of one of
the well established states, D, (2536) — D wT7n~. BaBar has since confirmed
the D,(2456) 11 Finally, FOCUS has observed the state at 2317 MeV in Dy7°,
which represents the first observation of either state outside of the ¢te™ 12)
Tn the following these states will be refered to the as the D%,((2317) and the
D1 (2456).

The analysis of the two states is more subtle than is hinted at by the
previous paragraph. Consider the decay chain, Dy (2456) — D:n°, D — D,n.
If the «y is missed and the state is reconstructed as D 7%, it produces a narrow
feed-down peak in the D n® mass spectrum at a mass very close to that of
the D*,(2317). Now consider starting with the decay DZ%,(2317) — Dyr°,
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adding a random photon, requiring that the Dyy invariant mass fall within
the experimental resolution on the D? mass, and then plotting the Dgyr®
invariant mass. This feed-up process will produce a narrow peak in the D*7°
invariant mass spectrum at a mass close to that of the Dy(2456). A typical mass
peak in any of the BaBar, BELLE or CLEO analysis contains about 75% from
the signal being looked for and about 25% from either the feed-up or feed-
down background. The three experiments have developed different methods
for unfolding the true signals from these backgrounds and all experiments get
consistent results.

None of the experiments observe a non-zero natural width for these states
and the best upper limit comes from BELLE 9), T(D%,(2317)) < 4.6 MeV and
I'(D41(2456)) < 5.5 MeV, both at the 90% confidence level.

The quantum numbers of these states are already well constrained. The
observation of D (2456) — Dsv, forbids J = 0 and the BELLE analysis of
angular distributions in the decay B — DD (2456) prefers J = 1 over J = 2.
The decay Dy (2456) — D, is not observed, even though phase space favors
it over D*x0. This is most easily explained if the D4(2456) has J¥ from the
unnatural sequence, 07, 1%, 27 .. .. So the spin parity assignment of J* = 1% is
strongly preferred for the Ds(2456). Because the Ds(2317) is observed to decay
to two pseudo-scalars, and presuming that parity is conserved in its decay, the
D,(2317) must have J¥ from the natural spin parity sequence, 0%, 17,2% .. .

4 Summary and Conclusions

In the cu and ed sectors most of the j; = 1/2 states have been observed;
only the D{ (j; = 1/2) remains unobserved. These states have the proper-
ties predicted by HQS and the J¥ quantum numbers are established using the
multi-dimensional analysis presented by BELLE. The results from the old in-
clusive technique and the new exclusive technique agree with each other but, in
a few cases, the agreement is only marginal. Perhaps this is an indication that
gmall effects, which could be ignored in the past can no longer be ignored in
high statistics, high precision experiments. The author looks forward to many
years of new results in charm spectroscopy from the multi-dimensional analysis
of B decays.

In the ¢3 sector both j; = 1/2 states have now been established. The
D41(2456) has J¥ = 17 strongly favored while the D%,(2317) is known to have
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J¥ from the natural sequence, consistent with the expectation of 0F. Although
many people considered the low masses of these states a surprise, if you accept
the masses then all of the other properties of these states make sense. For
example the narrow widths arise because only suppressed decay modes are
kinematically allowed.
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ABSTRACT

The current status of measurements of the cross-section ete~™ — hadrons at
low energies (/s < 2 GeV) is reviewed. Recent results of direct and ISR
measurements are discussed.

1 Introduction

Measurement of the total cross-section ete™ — hadrons, often expressed as
the dimensionless ratio

o(eTe™ — hadrons)
= . 1

has been an important topic of the high energy physics since early 70s. R(s)
plays a special role in many high precision theoretical calculations of funda-
mental quantities such as the Higgs mass, the running QED and QCD coupling
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constants, ¢ and b quark masses. The most demanding current application for
R(s) is the calculation of a,, the anomalous magnetic moment of muon. The
E&821 experiment in BNL has measured the value of a, to the 0.5 ppm preci-
sion 1) The SM prediction for the same value is known to 0.7 ppm, where the
uncertainty in dominated by the knowledge of R(s) 2). The measured difference
of 2-3 standard deviations between the experimental result and the theoretical
value is on the edge of discovering forces beyond the Standard Model. This
makes the improvement of the accuracy of R(s) determination very important.

The hadronic contribution to a, is calculated via numerical integration
of R(s) with the proper kernel function:

ghod — (%)QAW& R(S)K(S)d& @)

b 3r s2

At high energics (v/s > (5 — 10) GeV) the value of the integral can be caleu-
lated within the framework of pQCD with high precision. At lower energies
the only source of R(s) is the experimental measurement of the cross-section
ete™ — hadrons. The energy region below 2 GeV gives by far the domi-
nant contribution both to the value of the integral (2) and to its uncertainty.
Moreover, it turns out that the systematic error of the measurements, not the
statistical one, limits the final uncertainty.

In the following section we’ll describe the on-going and near-future ex-
periments focused on the high precision measurement of R(s) at /s < 2 GeV.

Measurements of R(s) at higher energies are described elsewhere 3. 4)

2 Measurement at Novosibirsk

The energy range 0.36 < /s < 1.4 GeV has been studied at the electron-
positron collider VEPP-2M (Novosibirsk, Russia). Two experiments, the CMD-
2 and the SND. started in 1992 and 1995, respectively, and continued up to
2000, when the collider was shut down. Two energy scans, covering the whole
available energy range 0.36 < /s < 1.4 GeV with small steps were performed
over these years. Measurement of R(s) was one of the major physics goals for
both experiments.

In the VEPP-2M energy range the number of modes and the multiplicity
of ete™ — hadrons events are small, while the kinematic distributions for dif-
ferent modes are quite different. That makes an exclusive approach, where the
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cross-section for each channel ete™ — hadrons is measured independently with
unique acceptance, radiative and other corrections, the only viable option. The

te~ — hadrons is measured

inclusive approach, where the total cross-section e
directly, becomes usable at /s > 2 GeV 3). In the energy range under con-
sideration the dominant contribution to R(s) comes from the eTe™ — 7Fx~
mode. Above /s > 1 GeV the contribution from ete™ — 47 becomes impor-
tant and, eventually, dominant. Other modes, ete™ — 3x, KK, etc., give an
important contribution at the narrow w and ¢ resonances.

The high precision measurement of the ete™ — 777~ cross-section was
performed at the CMD-2 detector. Design features of the detector allowed
for a factor 2-3 reduction in the systematic error compared to the previous
experiments in the same energy range. The results of the measurement in the
energy range 0.6 < /s < 1 GeV were already published 5, 6). The analysis of
much larger data set, covering the whole VEPP-2M energy range 0.36 < /s <
1.4 GeV, is in progress.

The analysis scheme is the following. Events with two tracks in the final
state, ete™ — ete, utpu~, w7, are selected simultaneously in the same
fiducial volume. The background events, mainly from the cosmic background,
are separated using the gpatial distribution of the vertex. Then the three final
states are separated with the help of the unbinned likelihood fit using either
the momenta information (at energies /s < 0.6 GeV) or the energy deposition
information (at energies /s > 0.6 GeV). The pion formfactor is calculated as

follows:
9 Npx ogleTe™ = ete)

F.|° = . ,
|| Nee olete = mta7)|p.=1’

3)

where Ngg . are the numbers of the corresponding final states detected and
o(ete™ — eTe™,ntw ™) are the calculated detection cross-sections, which in-
clude all the acceptance and radiative corrections. The cross-section for the
27 final state is calculated for point-like pions (F; = 1). Since muons and pi-
ons cannot be separated by their energy deposition, at /s > 0.6 GeV the ratio
Nyu/Nee was fixed in the fit to the value calculated within the QED with accep-
tance and radiative corrections taken into account. At energies 1/s < 0.6 GeV
all three final states are separated, therefore, in addition to the ete™ — 1z~
cross-section, the ete™ — ptp™ cross-section is also measured, providing an
additional consistency test. The ratio (N, /Nee) - (0ce/a,,,) is shown in Fig. 1.
The experimental value (0.989 & 0.015) is consistent with the expected value
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Figure 1: Ratio (N, /Nee) (ce/0py), measured ot CMD-2. The average value,
0.989 £ 0.013, is consistent with the expected value of 1.

of 1 within 0.8 statistical deviation.

The hadronic cross-section used for the calculation of R(s) and the hadronic
cross-section used to extract parameters of the resonances are two different en-
tities. The first is the “bare” one, although the final state radiation (FSR) is
considered as apart of the cross-section; the latter is the “dressed” one, but
the FSR effects should be excluded. Therefore, for the purpose of the pion
formfactor measurement, the radiative corrections to the cte™ — nt7~ cross-
section take into account the initial and the final state radiation, but not the
vacuum polarization (VP). When R(s) is calculated, the “bare” cross-section
is calculated from the “dressed” one by applying corrections for VP and FSR.

The cross-sections of other hadronic modes are calculated in the following

way:
Ny — Ny

:L~(1+5f)~5f:

where N¢ is the number of detected events of a particular final state, Ny is

(4)

af

the number of background events, L is the luminosity, d is the radiative cor-
rection and ey is the detection efficiency. The luminosity is measured using
the large angle Bhabha scattering with the systematic precision of 1-3%. The
radiative correction takes into account the effects of the initial state radiation.
The typical systematic uncertainty of the calculation is 1%. The detection effi-
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clency is calculated with the help of Monte-Carlo simulation, and its systematic
uncertainty varies between 2% and 10% for different final states.

The main cross-sections measured at VEPP-2M are listed in Table 1 and
are shown in Fig. 2. The data analysis is still under way, therefore some of the

results are preliminary.

Table 1: The cross-sections ete™ — hadrons, measured at VEPP-2M with
CMD-2 and SND detectors. Some results are preliminary. References to the
published results are shown in the third column.

| Modce | Systematic error | References |
ete” > 7tr— | 0.6%—5% (0.6% at p-meson) 5); 6)
ete”™ — 3w 1.3%-5% (1.3% at w-meson) 7), 8)
ete™ — 4r 5%—-10% 9), 10)
ete” = KYK~ | 3% 6% 11)
ete™ — KKy, | 1.7%8% (1.7% at p-meson) 6), 11) 12)

The VEPP-2M collider was decommissioned in 2000 to prepare the ex-
perimental hall for the new collider, VEPP-2000 13) Direct high-precision
measurement of the ete™ — hadrons cross-section up to /s < 2 GeV is one
of its main goals. The CMD-3 and the upgraded SND detectors are expected
to start data taking in 2006-2007.

3 Radiative return experiments

In addition to the direct measurements there were indirect measurements of
ete™ — hadrons cross-sections at ete™ colliders. It is possible to connect
the vector spectral functions of hadronic 7 decays with the isovector part of
ete™ — 2, 47 cross-sections. The large T data set collected by ALEPH, CLEO
and OPAL allowed for the high precision measurements of these cross-sections
from the threshold up to 1.8 GeV. There is significant discrepancy between
these results and the direct measurements, unexplained at the moment. The
details of comparison are described elsewhere 14)

The radiative return is another approach to a measurement of the ete= —
hadrons cross-section at ete™ factories, complementary to the traditional en-
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Figure 2: The cross-sections of different modes ete™ — hadrons, measured at
CMD-2. The line represents the total cross-section ete™ — hadrons.

ergy scan 15) In this new method one measures the distribution of the invari-
ant mass of the hadronic system in eTe™ — v + hadrons, where a photon is
radiated by the initial state electrons. The cross-section a(cte™ — hadrons)
is then calculated as:

do(ete™ — v + hadrons)
dM? ’

hadrons

_ 2 2
O'(€+€ - hadrons) ) H(Mhud'rons) = Mhud'rons )

()
The radiator function H(M? ) is obtained from theory.

Two reasons make this approach promising at the particle factories. First,

adrons

it allows to measure the cross-section in the wide energy range while the collider
stays at single energy. This is particularly important at the factories designed
to operate in the narrow energy range. Second, the high luminosity of the
factories allows to overcome O(«) suppression due to a requirement for the
ISR photon in the final state.

The KLOE collaboration has recently announced the first results of the
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ete” — mTr cross-section measurement using the ISR approach 16). The
c.m. energy for the DAFNE ¢-factory is 1.02 GeV, which makes the ISR photon
relatively soft. In this case the FSR presents significant background to the
main, ISR, process. In order to reduce its contribution, the analysis is restricted
to events with low-angle, undetected ISR photons (0, < 15° or ©,, > 165°).
This and other kinematic restrictions limit the measurement of olete™ —
7+r77) at KLOE to 0.35 < s < 0.95 GeVZ.

The statistical uncertainty of the KLOE measurement is negligible. The
total systematic uncertainty is 1.3%, with main contributions from the experi-
mental technique (0.9%), the luminosity measurement (0.6%) and the calcula-
tion of the radiator function (0.5%). The comparison of the KLOE and CMD-2
results is shown in Fig. 3. While the contributions to the dispersion integral (2)
from two data sets are consistent, the differential cross-sections differ beyond
the claimed systematic errors. This discrepancy is not yet understood.

= 015
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S 2
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- L
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_015 C ‘ I Il - ‘ Il - Il ‘ Il - Il ‘ Il - Il ‘ - - ‘ Il Il - ‘ Il - Il ‘ Il Il
600 650 700 750 800 850 900 950
2E, MeV

Figure 3: Comparison of the pion formfactor measured at CMD-2 and KLOE.
The quantity shown is |Fy|?(exp.) /| Fx|?(theory) —1, where | Fy |? (theory) is the
fit to the CMD-2 data. Data points show the CMD-2 data, the hatched corridor
represents the KLOE results. Only statistical errors are shoun. The CMD-2
data are corrected for the vacuum polarization.

The BaBar collaboration actively pursues the measurement of o(ete™ —
hadrons) at low s using ISR approach 17)  There are two significant differences
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between BaBar and KLOE techniques. First, the c.m. energy for the PEP-II
collider is 10.58 GeV, while the interesting energy range for the cross-section
measurement starts at the 27 threshold. That makes the ISR photon very hard
and FSR negligible for most hadronic states. Unlike the KLOE approach, the
ISR photon is detected and is well separated from the hadronic state. Second,
in BaBar analysis the ete™ — ut v is used as the monitoring process. The
cross-section is calculated as:
_ N(hadr + ) - epu(1 + 85R)

te™ — hadr) = tem s utp), (6
J(e ‘ ¢ T) N(UU’Y)'EfLadT(1+5??%(i]§ g(e ‘ o ) ()

where N is the number of detected events, ¢ is the detection efficiency and dpsp

is the correction for the final state radiation. In this approach many effects,
such as the vacuum polarization, the radiative correction to the initial state,
some detector inefficiencies, are cancel out. This should work particularly well
for the ete™ — wtw~ channel, where the hadronic state and the monitoring
process have a very similar signature.

The BaBar collaboration plans to measure exclusively all main hadronic
crogs-sections from the threshold up to 3-4 GeV. The first results have already
been published 18).

4 Conclusions

Recent years showed a significant progress in the measurement of g(ete™ —
hadrons) at low s. The data analysis of the direct measurements performed
at VEPP-2M is getting finalized and most of the results are expected to be
published in the next 1-2 years. The first results from the new approach,
the radiative return measurements, were presented by the KLOE and BaBar
collaborations. The new technique shows its great potential and these results
will most likely dominate the field for the next 5-7 years. The new high precision
results are expected from the VEPP-2000 collider once it starts the operation.
These efforts, if successful, will allow to reach a precision below 0.4 ppm for
the hadronic contribution to (g — 2),,.
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ELECTRIC DIPOLE MOMENT MEASUREMENTS IN A
STORAGE RING

William M. Morse for the EDM in Storage Ring Collaboration
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ABSTRACT

Sensitive measurements of the electric dipole moment of charged particles in a
storage ring experiment are discussed.

1 Introduction

Extensive studies have been made of electrie dipole moments (EDM) of neutral
particles: the neutron and atoms. We are proposing a new sensitive method
of measuring the EDM of charged particles in a storage ring. The storage
ring provides a clean environment with intense, highly polarized, stable beams
with low emittance. The dominant systematic errors for the traditional neutral
particle EDM measurement techniques are absent, or highly suppressed.

First we discuss the problems inherent in the traditional neutral particle
EDM experimental method, and then introduce the new storage ring method.
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The spin precession for a particle with ¥ = 0 is:
2 =uSxB+dSxE (1)

where the magnetic moment y = ge/2me, and d is the electric dipole moment.
For the neutron, e/m of the proton is used; and g, = —3.8. Neutron EDM
experiments have been ongoing since the 1950s D). The experiments have been
performed in a weak magnetic field; typically ~ 1 yT, and a strong electric
field, typically ~ 2 MV/m. The spin precession frequency is measured with the
electric field parallel and anti-parallel to the magnetic field. A change in the
measured spin precession frequency would be evidence for an EDM.

A systematic error can originate from any stray magnetic field, such as
caused by leakage currents from the electric field electrodes, which changes
when the electric field is flipped. In a real neutral particle EDM experiment
with @ # 0, the spin precession is given by

45 o /s A e (= =

E:/LSX(B+1)><E)+dS><(E+v><B) 2)
The u (§ x (¥ % E)) term represents a systematic error to the EDM measure-
ment since this term changes sign when the electric field changes sign. The
d (S’ X (T % 5)) term increases the EDM signal, but it is negligible compared
to the electric field term.

2 The Storage Ring Case

Next we discuss the situation for a charged particle in a storage ring 2) where
there are both magnetic and electric fields. The spin precession due to the

magnetic dipole moment is:

d§ e = 1 — Y = =\ = g y — —
—_ = — -1 B- -B - Z———]8xE
— mch [<a+’y) a7+1 (D’ )5 <2 ,y+1)d>< ] (3)

where a = (g — 2)/2 is the anomalous magnetic moment. The spin precession

due to the electric dipole moment is simply:

—

%:d(ﬁx(cﬁxg)) . 4)
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We have neglected the dS x E term in the above equation, since this change
in the EDM signal is small compared to the magnetic field term. The spin
precession due to the electric dipole moment is about the E x B vector. This is
easily understood as follows. The charge displacement given by d= qg creates
a torque due to electric field created because the charged particle is moving in
a circular orbit under the influence of the Lorentz force:

7=gécB x B = dS/dt . (5)

For the simple case of E ‘B= ﬁ ‘E= 0, the precession of the spin with
respect to the momentum is given by & = J, + Gegm Where
- 1 E x E
5. = — |aB — 6
Ve = e |* +<'y?—1 a) ¢ ] ©)

is the rotation about the vertical (E—ﬁeld direction) direction that arises be-
cause there is an anomalous part to the magnetic moment. The motion about
the radial direction 5

wedm:dg(ﬁ—{—cﬁ_’x E) (7)

comes from the torque produced by the EDM. The EDM signal is a changing
vertical polarization produced by a non-vanishing we ¢, precession. The size of
this polarization is
P %sm QU + ¢) (8)
where P is the vector polarization of the particle beam and Q = \/w?, + w2
Thus it behooves us to minimize w,, although for systematic error management
w, should be small but not zero. This can be done by applying a radial electric
field of magnitude
E, ~ aBepy* 9

to cancel the aB contribution to Wq in equ. 7. A sensitive EDM measurement

requires large electric fields with a small anomalous magnetic moment.
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3 Choice of Beams

Unfortunately, there are no particles with a = 0. Leptons have a ~ 0.001. The
electron in a storage ring generates a large amount of synchrotron radiation,
which introduces an additional systematic error: an electron beam in a storage
ring develops a polarization component along the direction of the magnetic
field vector. The situation is better for the muon since synchrotron radiation
intensity falls as 1/m*. The Storage Ring EDM collaboration has submitted
an LOT to JPARC 3) for a muon EDM experiment at the level of 107 e -em
statistical and ~ 10727 ¢ - ¢m systematic error. The large statistical error is
because the muon beam derives from a secondary pion beam and is created
with very large emittance. Its lifetime also limits the time for observing the
EDM precession. The challenge of a MW proton beam creating an intense
muon beam means that this experiment is at least one decade, and perhaps
two decades away from physical realization. Thus other cases that can reach
the same level of sensitivity in a shorter time are preferred.

The deuteron has a small anomaly, a = —0.143. Intense, low-emittance
beams with high polarization and efficient polarimeters are readily available.
We are proposing a measurement of the deuteron EDM with statistical and

systematic errors ~ 10727 ¢ - ¢m.

4 Systematic Errors

The EDM measurement systematic error from leakage currents from the electric
field electrodes which produce a weak magnetic field gives a negligible system-
atic error since the magnetic field is strong (~ 107'T), not weak (~ 1079T),
as in the neutral beam EDM experiments. Furthermore, in the Storage Ring
EDM measurement, the ¢ x E precession term is not a systematic error, but
rather a tool to control the g — 2 precession rate to increase the statistical sen-
sitivity to the EDM. In order to control systematic errors, the ¢ — 2 precession
rate is varied, as discussed below.

We have extensively studied spin dynamics systematic errors 4). We have
found only one first-order spin dynamies systematic effect for the Storage Ring
EDM experiment: if the electric field applied around the ring is not in a plane



W.M. Morse

471

Table 1: Symmetry of E/B Systematic Effects and their Estimated Size. Only
(1) is a first order effect. The symbol & means in conjunction with. Errors 2-8
are non-commautation errors due to rotations about the longitudinal and vertical

aTis.

Systematic cc/ccw | Integrate Flip Polar. Swe Frror

Effect Ring Direction Depend. [e- em]
(1) Non Planar E-field - + + + A 10— 27
(2) B sin (k27s/L)&®

ABy cos (k2ms/L) - + + + < 10729
(3) By, sin (k27s/L) @ dwa - - - - < 10729
(4) (E- B # 08 6wa) + - + - <1072
(5) Bv /(87%) @ Ap/p - + + + <1072
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with respect to itself, then the spin will precess about the radial direction:

nEyv

Wsyst = BC’yQ (10)

where Ey is the component of the electric field which is not in the plane. This
effect, relative to the EDM effect, changes sign when injecting clock-wise (CW)
vs. counter-clockwise (CCW). Thus, conceptually, the EDM signal is a differ-
ence in the measured deuteron spin precession rate about the ﬁ x B direction
when injecting CC vs. CCW. The deuteron has a small electric quadrupole mo-
ment. The systematic effect due to the deuteron electric quadrupole moment
has been evaluated for the EDM storage ring method: ¢z < 1073C¢ . cm, and
thus is negligible. Our experiment is not sensitive to the polarizability of the
deuteron, since the torque dx E=0.

Second order systematic errors, which require two errors in the electric/
magnetic fields, are given in Table 1 along with their symmetry characteristics.
The sign (+) means the systematic error has the same symmetry as the EDM
and is thus indistinguishable from it under the applied symmetry. The sign (=)
means the opposite, i.e. the effect has the opposite sign as the EDM and thus
can be minimized under the applied symmetry. The tests, besides CW/CCW
are: that detectors around the ring measure the same precession rate, flipping
the initial polarization direction of the beam, and that the asymmetry have the
correct dw, dependence. Obviously, the second order systematic effects which
act only in conjunction with dw, have an incorrect dependence. All second
order systematic errors are less than 1072% ¢ - ¢m, ie. two orders of magnitude

less than the non-planar electric field systematic error.
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Ed. V. Valente 1997
ISBN—88-86409-12-5

Volume IX — Special Issue

Les Rencontres de Physique de la Vallée d’Aoste —
Results and Perspectives in Particle Physics

Ed. M. Greco

La Thuile, Aosta Valley, March 2-8, 1997
ISBN-88-86409-13-3

Volume X

Advanced ICFA Beam Dynamics

Workshop on Beam Dynamics Issue for et e~ Factories
Eds. L. Palumbo, G. Vignola

Frascati, October 20-25, 1997

ISBN—88-86409-14-1

Volume XI

Proceedings of the XVIII International Conference on
Physics in Collision

Eds. S. Bianco, A. Calcaterra, P. De Simone, F. L. Fabbri
Frascati, June 17-19, 1998

ISBN—88-86409-15-X

Volume XII — Special Issue

Les Rencontres de Physique de la Vallée d’Aoste —
Results and Perspectives in Particle Physics

Ed. M. Greco

La Thuile, Aosta Valley, March 1-7, 1998
ISBN—88-86409-16-8
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Volume XIII

Bruno Touschek and the Birth of theete™
Ed. G. Isidori

Frascati, 16 November, 1998
ISBN—88-86409-17-6

Volume XIV — Special Issue

Les Rencontres de Physique de la Vallée d’Aoste —
Results and Perspectives in Particle Physics

Ed. M. Greco

La Thuile, Aosta Valley, February 28-March 6, 1999
ISBN—88-86409-18—4

Volume XV

Workshop on Hadron Spectroscopy

Eds. T. Bressani, A. Feliciello, A. Filippi
Frascati, March 8 2 1999
ISBN—88-86409-19-2

Volume XVI

Physics and Detectors for DAPNE

Eds. S. Bianco, F. Bossi, G. Capon, F.L. Fabbri,
P. Gianotti, G. Isidori, F. Murtas

Frascati, November 16 —19, 1999
ISBN—88-86409-21-4

Volume XVII — Special Issue

Les Rencontres de Physique de la Vallée d’Aoste —
Results and Perspectives in Particle Physics

Ed. M. Greco

La Thuile, Aosta Valley, February 27 March 4, 2000
ISBN—88-86409-23-0

Volume XVIII

LNF Spring School

Ed. G. Pancheri
Frascati 15-20 May, 2000
ISBN-—88-86409-24-9
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Volume XIX

XX Physics in Collision

Ed. G. Barreira

Lisbon June 29-July1lst. 2000
ISBN—88-86409-25-7

Volume XX

Heavy Quarks at Fixed Target

Eds. I. Bediaga, J. Miranda, A. Reis

Rio de Janeiro, Brasil, October 9-12, 2000
ISBN—88-86409-26-5

Volume XXI

IX International Conference on Calorimetry in

High Energy Physics

Eds. B. Aubert, J. Colas, P. Nédélec, L. Poggioli
Annecy Le Vieux Cedex, France, October 9-14, 2000
ISBN—88-86409—-27-3

Volume XXII — Special Issue

Les Rencontres de Physique de la Vallée d’Aoste —
Results and Perspectives in Particle Physics

Ed. M. Greco

La Thuile, Aosta Valley, March 4-10, 2001
ISBN—88-86409—28-1

Volume XXIII

XXI Physics in Collision

Ed. Soo-Bong Kim

Seoul, Korea, June 28 30, 2001
ISBN—88-86409-30-3

Volume XXIV

International School of Space Science — 2001 Course on:
Astroparticle and Gamma—ray Physics in Space

Eds. A. Morselli, P. Picozza

L’Aquila, Italy, August 30 September 7, 2000
ISBN—88-86409-31-1
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Volume XXV

TRDs for the 3rd Millennium Workshop on
Advanced Transition Radiation Detectors for
Accelerator and Space Applications

Eds. N. Giglietto, P. Spinelli

Bari, Italy, September 20-23, 2001
ISBN—88-86409-32-X

Volume XXVI

KAON 2001 International Conference on CP Violation
Eds. F. Costantini, G. Isidori, M. Sozzi

Pisa Italy, June 12th 17th, 2001

ISBN—88-86409-33-8

Volume XXVII — Special Issue

Les Rencontres de Physique de la Vallée d’Aoste —
Results and Perspectives in Particle Physics

Ed. M. Greco

La Thuile, Aosta Valley, March 3-9, 2002
ISBN—88-86409-34-6

Volume XXVIII

Heavy Quarks at Leptons 2002

Eds. G. Cataldi, F. Grancagnolo, R. Perrino, S. Spagnolo
Vietri sul mare (Italy), May 27th June 1st, 2002
ISBN—88-86409-35—4

Volume XXIX

Workshop on Radiation Dosimetry: Basic Technologies,
Medical Applications, Environmental Applications

Ed. A. Zanini

Rome (Italy), February 56, 2002
ISBN—88-86409-36-2

Volume XXIX — Suppl.

Workshop on Radiation Dosimetry: Basic Technologies,
Medical Applications, Environmental Applications

Ed. A. Zanini

Rome (Italy), February 56, 2002
ISBN—88-86409-36—2
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Volume XXX — Special Issue

Les Rencontres de Physique de la Vallée d’Aoste —
Results and Perspectives in Particle Physics

Ed. M. Greco

La Thuile, Aosta Valley, March 9-15, 2003
ISBN—88-86409-39-9

Volume XXXI

Frontier Science 2002 — Charm, Beauty and CP,

First International Workshop on Frontier Science
Eds. L. Benussi, R. de Sangro, F.L. Fabbri, P. Valente
Frascati, October 6-11, 2002

ISBN—88-86409-37-0

Volume XXXII

19th International Conference on x—ray and Inner—Shell Processes
Eds. A. Bianconi, A. Marcelli, N.L. Saini

Universitd di Roma La Sapienza June 24-28, 2002
ISBN—88-86409-39-07

Volume XXXIII

Bruno Touschek Memorial Lectures
Ed. M. Greco, G. Pancheri
Frascati, May 11, 1987
ISBN—88-86409-40-0

Volume XXXIV

Les Rencontres de Physique de la Vallée d’Aoste —
Results and Perspectives in Particle Physics

Ed. M. Greco

La Thuile, Aosta Valley, February 29 — March 6, 2004
ISBN88-86409-42-7



