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The CLEO Collaboration stands on the brink of making major contributions in the area of QCD. With the
advent of the high-luminosity asymmetric B-factories at SLAC and KEK, CLEO has ceased taking data at the
Y (4S) and begun a program that will first take large data sets at the three bound states of bb and then move to
lower energies to conduct precision studies D and D; mesons and to probe in depth the radiative decays of the
J/1. These new measurements will confront QCD and, in particular, match the precision of Lattice predictions.
This “certification” of the Lattice techniques will in turn maximize the impact of the precision experimental

results from SLAC and KEK.

1. Who is CLEO?

The CLEO Collaboration, in existence since
the late 1970’s, currently consists of some 150
physicists from 20 North American institutions.
This collaboration uses the CLEOQO detector,
which has evolved over time, to collect data in
the energy regime of the T system, namely 9 <
/8 < 11 GeV. This work is performed at CESR,
the Cornell Electron Storage Ring. CLEQ is per-
haps best known for its advances in B physics
from data taken at the Y(4S): discovery of pen-
guin decays (b — s7), pioneering work (with AR-
GUS) on B° mixing, first measurements of many
rare B decays (such as 77 ~), precision determi-
nation of V,; and Vg, etc. These types of mea-
surements have greatly enhanced our knowledge
of the weak interactions and of the CKM matrix.

However, CLEQ, since its inception, has over
330 published papers of which only 34% are in B
physics. For example, CLEO has discovered some
16 of the 22 known charmed baryons, is a leader
in the present push to see mixing in the charm
sector, and, with the LEP experiments, has filled
the PDG’s Review of Particle Properties[1] with
7 lepton results. This is a diverse collaboration
with diverse physics interests!

CESR has performed well, delivering some

24 fb~! of ete~ luminosity from which CLEO
has harvested 17 million BB events. But
BaBar/PEPII at SLAC and Belle/KEK in Japan
have started up “brilliantly”, collecting 10 fb—!
each in their first year of operation. These collab-
orations now have data sets approaching 100 fb—!
and people now speak of inverse atobarn samples!

Those new B factories are “asymmetric” so
that the final state is moving in the laboratory
frame. This allows them to make time-dependent
decay measurements important to the study of
CP-violation; CLEO cannot compete with them
in this area at all. And, given the high luminosi-
ties of these new facilities, CLEQO’s competitive
position in rare processes is fading.

So, how do CESR and CLEOQO continue to con-
tribute in this new reality?

2. Lattice QCD and the B Factories

Any experimental result, z, from the new B-
factories or elsewhere, carries a central value, xg
and several uncertainties:

T =20 £ 0O4s4qt £ Osys + ooth L o4 (1)
Here 054 and o4y are the usual uncertainties

due to limited statistics and possible systematic
experimental biases, respectively. The term oy,



arises from experimental uncertainties from other
experiments and oy, is the uncertainty due to the-
oretical inputs. As an example of the need for
O,tn, consider that any result that uses B — DX
will ultimately be limited by the knowledge of the
D decay branching fractions obtained from other
experiments.

More dramatically (with few important ex-
ceptions such as obtaining sin(28) from the de-
cay B — J/YK), weak interaction results are
limited by strong, non-perturbative QCD uncer-
tainties. We measure weak interactions by us-
ing strongly interacting particles! For example,
the B-factories will ultimately measure V,;; from
B — wlv to an experimental accuracy of perhaps
4%. But the form factor that governs the u-quark
materializing as a pion is only known to 20% !

Lattice QCD (LQCD)has resurrected itself just
in time to address these strong interaction uncer-
tainties. Up until recently LQCD made predic-
tions in masses, form factors and other quantities
at the level of 10-20%. The question is whether
LQCD is now in a position to get to a few percent
accuracy for:

e B and D systems?

e T and J/v¢ systems?

e Light hadron systems?

e Masses, form factors, rates, etc,?

To give a concrete example, let us look at the
p-1n plane. This is the plane in which we plot the
unitary triangles that come from the CKM ma-
trix, with the apex of such triangles lying in the
region shown in Fig. 1. The areas of such triangles
are the measure of CP-violation. Within the con-
text of the Standard Model, all the measurements
should agree: Amg from By mixing, Amg/Amg
from that and B, mixing, |Vip/Ves| from B de-
cay rates, |ex| from the kaon sector, and the new
CP-violating asymmetries from the B factories in
K. As shown in this figure, the results (plotted
for early 2002) have a large overlap in the region
0.07 < p < 0.32 and 0.28 < 5 < 0.45. If one
were to reduce all the theoretical uncertainties to
2-3%, the area of the allowed region would shrink
by a factor of about 15!
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Figure 1. The p-n plane of the CKM matrix in
early 2002. In the Wolfenstein parametrization
of the CKM matrix CP violation enters through
terms such as p —in in V.

Of course, it would be even more interesting if,
when these uncertainties are reduced, there were
no region of overlap, indicating that physics be-
yond the Standard Model is necessary to explain
CP-violation.

But, would the physics community believe such
small systematic uncertainties from LQCD? If an
experiment consistently gave results to a preci-
sion of 15% and suddenly produced an important
paper with uncertainties of 3%, would not the
world (or at least the PRL referees!) demand ev-
idence that such a good precision be attained for
processes that are well understood? Therefore,
LQCD will need to show that it gives the “right”
answer for a number of diverse quantities in b—
and c¢— physics.

That is where the CESR-~c/CLEO-c program
fits into the picture. It will provide, in a fixed
term, 3-4 year program, precision measurements
on which to test LQCD in the 3-12 GeV range.

To show the power of this, compare Fig. 1 to
Fig. 2. This latter figure now shows how the sizes
of the various constraints are reduced if the B fac-
tories at KEK and SLAC each have data samples
of 0.4 ab™! and CLEO-c has verified that LQCD
can provide the necessary theoretical inputs at
the 2-3% level. Now, given the present central
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Figure 2. The p-n plane after several years of
B-factory data and 2-3% theoretical accuracies
verified by CLEO-c.

values, there would indeed be no overlap region
at all.

3. The CLEO-c Program

The CLEO-c program has four major parts: T
resonances, D physics at threshold, D physics
(also at threshold), and J/¢ radiative decays. In
the first of these, which is ongoing, CLEO will
collect 5-20 million decays of each of the three T
bound states of bb.

Then, taking 3 fb~! of data at the ¢(3770),
CLEO would collect some 30 million events, yield-
ing six million tagged D meson decays. Such a
data sample is some 300 x that of MARKIII.
A similar luminosity at /s ~ 4100 MeV would
yield 1-2 million D;D; events (480 x MARKIII
and 130 x BESII) and 300,000 tagged Dy decays.
Finally, some six months running could produce
up to 10° J/+ decays!

3.1. Preparing CESR and CLEO

To accomplish this program, the CESR accel-
erator will have to be able to run with beam en-
ergies from 1.5 GeV to 6.0 GeV. That is an un-
precedented requirement of dynamic range of op-
eration. Superconducting interaction region mag-
nets were installed in 2001 that have elements for
tight focusing, steering, and correction of typical
aberrations. These work extremely well and pro-

vide greatly increased flexibility. As an example,
we show in Fig. 3 a recent scan of the lineshape
of the ¢'(3686). The energy calibration and cross
section look fine in this brief test.
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Figure 3. Scan of the 9’ lineshape is recent CESR
running without any of the new superferric wig-
glers. The insert shows the subset of events con-
sistent with ¢ — 7 ta~J/4.

While CESR, as presently configured, can run
at charm energies, it cannot run well. The abil-
ity of the beams to “cool” themselves is a strong
function of beam energy so that in the charm
regime the luminosity is severely limited by the
long damping times involved. To increase the
damping from the synchrotron radiation one in-
stalls “wigglers” - closely spaced dipoles of alter-
nating sign that force the beams to undulate and
hence radiate.

These wigglers are similar to the devices in-
serted in storage rings to produce synchrotron
light sources. They also are crucial for the
beam dynamics of any future linear collider. The
CESR-c design is super-ferric at 2.1 Tesla and ul-
timately would have 14 units, each 1.4m in length.



The prototype as been built and tested and will
be installed in Aug-Sept 2002. Five more will be
constructed and tested in the fall of this year, to
be installed in early 2003. These six will allow
CESR to achieve more than half of its instanta-
neous luminosity goals for the D and D, running.
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Figure 4. A comparison of the mass resolution for
D — Knrw in the all-charged mode. In dashed
line is the invariant mass distribution with the
present silicon detector, with the assumption of
little further radiation damage. The solid line is
for a system that includes the new six-layer wire
chamber.

The CLEO detector[3] has a high quality crys-
tal electromagnetic calorimeter, greatly enhanced
particle identification by means of a new ring-
imaging Cerenkov (RICH) detector[4], perhaps
the world’s best large drift chamber[5] and a trig-
ger and data acquisition system up to the task of
CLEO-c[2]. However, the silicon vertex detector
installed in CLEOIII has shown premature aging
and needs to be replaced. In that the physics em-
phasis of CLEO-c does not require precision ver-
texing, this inner tracker is being replaced with

a small, 6-layer, all-stereo wire chamber. Exten-
sive simulation studies have shown little loss in
performance of the CLEO-c goals by this change;
an example is shown in Fig. 4. This new detector
is built and starting tests under voltage; it will
be installed during the shutdown of early 2003 in
which the five new wigglers are put into CESR.

3.2. T Resonance Physics

As noted above, we are now in the midst of
collecting data in the T resonance region. By the
shutdown of mid-August we will have roughly 20,
4, and 6 million events from the Y(1S), T(2S)
and Y(3S) on tape. There are an additional six
weeks of running in this region in Fall 2002 as
CESR makes the transition to charm running.
In addition to these data samples at the three
resonances, we have significant data in the four-
flavor continuum and in scanning the resonance
line shapes.

Our program in YT resonance physics falls into
two broad categories - “discovery” and “preci-
sion”. Both are very important to QCD.
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Figure 5. The energy levels of the bb system.
Only the three 3S; “Y" and the six 3Py “xj states
have been observed.



The rich spectrum of bb is shown in Fig. 5.
Only the three 3S; “Y” states directly produced
in ete™ collisions and the six 3Py “x;” states re-
lated to them via E1 radiative transitions have
been observed. Among the states and processes
for which we are searching are:

e The L=2 “D” states. There are no other
such stable ¢q states in nature, with the
unique feature of so much angular momen-
tum between the constituents.

e The two singlets 7,(1'Sp) and hy(1'Py)
and their radial excitations. The hyper-
fine splitting between these and their well-
established partners is a particularly good
test of LQCD (and of potential models as
well.)

e Rare transitions. These include not
only hadronic transitions such as YT(3S)—
Y (1S)n, but also E1 transitions such as that
from the x3o (13P,) which is suppressed by
the large gluonic width of that state.

The Y(3S) data has been sufficiently processed
that results will be shown at ICHEPO2 for three of
these discovery areas[6]. Others should be forth-
coming as the calendar year progresses.

The large data sets also allow us to make preci-
sion measurements with which to test LQCD and
other aspects of theory. Perhaps the most signif-
icant is a program to measure I',. for each of the
three narrow bound states to a precision of 2-3%,
with the ratios of these to be determined even a
bit better than this. In Fig. 6 we give the un-
corrected lineshape for the Y(3S), showing that
our statistical uncertainties will be small - below
one per cent. Many different scans were taken
to help us understand and minimize systematic
uncertainties in these determinations.

We should also be able to measure By, for each
of the three resonances to 3-4% and this obtain
T+t values to the level of 5%.

Another area in which we can make big im-
provements in our understanding is in the nw
transitions among the three Y states. Not only
will we have high-precision distributions of the
di-pion invariant masses in both the charged and

Kuraev-Fadin Fit to All Upsilon-3s Data

w IS &l o ~

Cross-section in nb

N

1

10.33 10.34 10.35 10.36 10.37 10.38 10.39 10.4
Energy in GeV

Figure 6. The CLEO-III data taken for the T(3S)
line shape. The results of the ten scans have been
combined for this plot and the theoretical shape,
including radiative corrections, has been applied.
These data are largely uncalibrated at this point.

neutral modes, but can also look at angular corre-
lations to better determine the decay mechanisms
at work.

3.3. Charmed Meson Physics

Historically one gets the smallest systematic
uncertainties by studying decays of hadrons
produced at or near threshold. Events are
then uncomplicated by extra particles from the
hadronization process. Therefore, to study D°
and DT mesons (and their conjugates, of course)
CLEO-c will collect some 3 fb~! at the +(3770),
which decays essentially only to DD. This
amount of data will take roughly a year to col-
lect[2], and is presently planned for 2003-2004.
This will produce some 30 million events that
have nothing but a D and a D in them. Then,
having determined the optimal beam energy in a
prior scan, there will be another 3 fb~! taken to
collect some 2 million D;D, events. This data
collection is tentatively scheduled for 2004-2005.

The key to the CLEO-c program is the abil-
ity to fully reconstruct one D (or Dy) so as to
be able to investigate the other in an unbiased
fashion. This reconstructed hadron is called the
“tag”. FE.g., one would study D decays in events



with a D tagged in K+7—.
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Figure 7. Example of tagging in CLEO-c. Note
the log scale! In this simulation we see the effect
of the few selection criteria needed to get a very
clean sample of D° mesons in the K~ mode.

In Fig. 7 we show how such a tag would look in
CLEO-c running at the ¢(3770). Clearly we can
get very clean samples. There are many large
(~ 5%) branching fractions of these hadrons, the
reconstruction efficiency for such low-multiplicity
events is high, and we have two chances per event
to establish as “tag”. We therefore have overall
efficiencies in the 20% range, yielding some 6 mil-
lion tagged D decays and some 1.5 million tagged
D, decays.

Below are three examples from the wide array
of physics topics with these charmed mesons:[2]

e Branching fractions from Double Tagged
events

As noted above, all measurements of B de-
cays to D mesons are ultimately limited
by knowledge of the D branching fractions
to the observed stable final state particles.
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Figure 8. Double tags at the ¥(3770). In this
simulation, both hadrons have been tagged in the
same decay mode namely KFr+.

One impressive use of tagging is to “double
tag”, finding both particle and anti-particle
with conjugate final states. This leads to
very clean signals (as shown in Fig. 8 from
simulation), reasonably large samples (due
to the high efficiencies described above),
and extremely small systematic uncertain-
ties. In Table 1 we show the improvement
over the present situation[l] for a number
of modes predicted for CLEO-c. See Ref.[2]
for a more complete list and description.

Mode PDG2000 CLEO-c
(6B/B)%  (6B/B)%

D5 Kn 2.4 0.5

Dt - Knar 7.2 1.5

Dy, — ¢m 25 1.9

Table 1

Selected charm meson branching fractions from
CLEO-c double tagging.



e Meson constants from leptonic decays
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Figure 9. Decay constant from leptonic events.
In this simulation we show the missing mass
against a single charged track in events tagged
by a charged D meson in three modes. A clear
enhancement at the neutrino mass of zero is ob-
served in what would be 1/3 of the CLEO-c data
sample. The large peak is from D — Kppuv.

One of the keys to understanding B physics
is the value of the meson decay constant fg,
which is effectively a measure of the over-
lap of the constituent wave functions in a
pointlike decay process. LQCD will be able
to tell us fp and, with even better precision,
ratios such as fg/fp.

CLEO-c will help here by giving high-
precision values of fp and fps from measur-
ing the branching fractions B (Dz’;) = Tyy).
The present CLEO uncertainty in fps is
roughly 13%; the asymmetric B factories
will reduce this to ~ 8% using similar tech-
niques and perhaps as good as ~ 4% with
as-yet-unknown, clever analyses. Similarly,

we expect ~ 7% precision from BaBar /Belle
on fD-

In Fig. 9 we give an example of the capabil-
ities of CLEO-c, as determined from Monte
Carlo simulation. Here we have tagged the
event by reconstructing a charged D meson
in one of three modes. We then demand
there be only one additional charged track
and plot the missing mass for the event,
clearly seeing the neutrino. The large peak
near 0.25 (GeV/c?)? is from D — Kpuwv.
The signal:background ratio is roughly 9:1
and most of that background is from a vari-
ant on the signal, namely D* — 77 v,.. We
would have some 800 such events in 3 fb—!
of data.

Decay Const  0B/B o/t oV/V 6f/f
and Mode () B) ) (%)
fp:DT — pv 3.9 1.2 1.1 2.3
foeDf v 33 20 01 19
fps:Df - 1v 25 2.0 0.1 1.6

Table 2

Uncertainties in the determination of the
charmed meson decay constants in 3 fb~! each
of DD and D,D, data. Here 7 is the charmed
meson lifetime and V' the CKM element associ-
atd with the decay.

While we measure branching fractions,
what we want to derive are the decay con-
stants, which means knowledge of the me-
son lifetime (to go from B to I') and the ap-
propriate CKM matrix element (giving the
strength of the cd or ¢ interaction at the
vertex). In Table 2 we show the CLEO-c
prospects for fp and fps in the three dom-
inant modes, including uncertainties on the
lifetimes and weak couplings. Much more
detailed information is available in Ref.[2].

¢ Semi-leptonic decays

Over the years the biggest impact on the
CKM matrix elements has come from semi-
leptonic decays, which has certainly been



Decay PDG2000 CLEO-c
Mode (6B/B)%  (6B/B)%
D 5 Ktv 5 2

D 5wty 16 2

Dt s mlv 48 2

Dy — ¢plv 25 3

Table 3

Selected semi-leptonic charm meson branching
fractions from CLEO-c.

true in the B sector for V., and V,;. CLEO-
¢ will continue this tradition by using charm
meson semi-leptonic decays to investigate
Veq and V,,. The idea is again to tag the
event and look at the semi-leptonic rate of
the “other” D or D, meson. As with the
purely hadronic cases, CLEO-c will make
great improvements in these branching frac-
tions, as seen in Table 3.

Converting these branching fractions to
measures of the CKM elements requires
knowledge of the charm lifetimes (as in the
hadronic cases above) and of the relevant
form factors. If one knew these form fac-
tors to the level thought to be achievable
from LQCD then CLEO-c will measure the
magnitudes of V.4 and V,; to the level of
1-2%. Because LQCD predicts the slope
of the ¢ evolution of these form factors as
well as their magnitudes, CLEO-c can check
that the theory has the requisite precision
in that in can measure such slopes to the
level of few percent.

Other aspects of semi-leptonic decays are
discussed in Ref. [2].

3.4. Radiative J/iy Decay

The last portion of the CLEO-c program (and
hence likely the last HEP data ever taken with
CESR!) will be a very large data set at the J/¢
cc resonance. With a full complement of wiggler
magnets we should be able to collect a billion J /v
decays over a period of 3-4 months. Although
there are many interesting channels to study at
this resonance, the emphasis is on radiative de-
cays.

Radiative J/v¢ decays, in which a photon re-
places one of the vector gluons in the standard
hadronic process J/¢¥ — ggg, provides a “glue-
rich”, experimentally clean environment in which
to look for glueballs, bound states involving no
valence quark constituents. Glueballs are a fun-
damentally new form of matter, which must exist
in QCD in that the gluons can couple to each
other as well as to quarks.

Present data samples, dominantly from BES,
have systematic issues from the large hadronic
backgrounds (such as incompletely reconstructed
neutral pions) and hermiticity. Statistics on the
order of a billion are needed to do Partial Wave
Analysis (PWA), which typically requires a mil-
lion or so events per channel with branching frac-
tions on the order of 0.1%; today’s data sets of
tens of millions are just not large enough for this
type of analysis.
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Figure 10. Exclusive spectrum for J/¢ — ~fs
with f; — w77~ This simulation study included
all known backgrounds and was for 170 million
J/v decays.

In many scenarios the lowest lying glueball
state is a tensor JP¢ = 2+* near 2.2 GeV in
mass. The facts that radiative J/¢ decay is
glue-rich, that this glueball is thought to be rela-
tively narrow (enhancing signal-to-background),
and that there are large branching fractions for
such decays to tensors (such as J/9 — v f2(1270))



lead one to expect to see such an object in the
CLEO-c data. In the exclusive decays, in which
we detect the decay products of the glueball, the
quality of the CLEO detector leaves us with es-
sentially no hadronic background and extremely
clean signatures. In Fig. 10 we show the exam-
ple of finding a glueball at 2.2 GeV in the de-
cay J/¢ — yntn~. In this simulation of about
1/6 of the proposed data sample, we have put in
all known backgrounds, including the dominant
one in this analysis from «f4(2050). It should
be noted that other exclusive channels, such as
KK or n°7° have different backgrounds, so that
exploring all possible final states will greatly in-
crease our sensitivity.

In Table 4 we show the reported yields from the
original 8 million J/v decays from BES[7] (they
now have some 50 million events) and the equiva-
lent yields for the proposed CLEO-c data sample.

Decay  Published Proposed

Mode BES CLEO-c
o~ 74 32000
770 18 13000
KTK- 46 18000
KsKg 23 5000
D 32 8000
mm - 5000
Table 4

Selected decay modes of a tensor glueball with
mass near 2.2 GeV. Shown are the published
yields from the BES Collaboration with some 8
million J/4 decays and the CLEO-c projections
for a billion such decays.

But that is not the only way to investigate
glueballs at the J/¢. The quality of the CLEO
crystal calorimeter allows one to pick out states
inclusively as well, as shown for about 6% of
the proposed data sample in Fig. 11. Again, all
known backgrounds have been included in this
simulation, with the shaded region of the plot
being the hadronic component. No other experi-
ment has the resolution to make such an inclusive
study.
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Figure 11. Inclusive photon spectrum for the
J/v. This simulation study of 60 million J/%
decays included all known backgrounds.

In addition, CLEO has some 25 fb~! of data
in which to “anti-search” for such glueballs in vy
interactions as well as its sample of T data in
which to look for exclusive radiative decays from
bb states.

The power of PWA will become most appar-
ent when looking at lower-mass states such as
the three fy resonances at 1370, 1500 and 1710
MeV. The quark model would only support two
such scalars, so it is widely assumed that these
three states are some mixture of [n7 >, |s3 > and
lgg >. Looking at exclusive and inclusive radia-
tive decays to these in CLEO-c and measuring
their two-photon partial widths from the higher-
energy CLEOII data will shed a lot of light on
this issue.

3.5. Other Aspects of the Program

As with any multi-purpose detector, there are
many other physics topics that can be studied
while collecting data in the energy range 3 <
E., <5 GeV. Many of these were discussed at a
2001 workshop[8] and a large number have found
their way into the CLEO-c Project Description[2].
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Among them are:

o 1/(3686)

The 4’ is the gateway to all the ¢ states
and should allow detailed study of many of
them. It is also of interest in that there are
certain decays that are plentiful for the J/¢
(such as to pm or to K*K) that have only
limits for the ¢'; this is the so-called P —
V puzzle. In addition the plentiful dipion
decays to the J/1 will allow us to carefully
study tracking and triggering effects of our
J/v data sample.

o Measures of R

There is a large discrepancy between the
Crystal Ball and MarkI measurements of R
in the range 5 < /s < 8 GeV. During the
T resonance running, CLEO has taken data
to make measurements to the few percent
level for 7 < /s < 9.5 GeV and will take
data in the range 3.7 < /s < 6 GeV with
the CLEO-c/CESR-c configuration. In ad-
dition to this basic scan we will conduct a
“modern” scan in which we look at the final
states containing D/D*/D;, shedding light
on the nature of the c¢ states above open
charm threshold and determining the opti-
mal energy at which to run for the CLEO-c
D,D, program.

e 7-pair Physics.

A short period of running near 77 thresh-
old would improve on the measure of the tau
mass. The “low energy” Michel parameter
1 can also be studied very well at CLEO-
¢ energies via the decay 7 — pvw. There
are also some modes that remain system-
atics limited that would benefit from new
high-statistics analysis in the CLEO-c envi-
ronment.

4. Concluding Remarks

The CLEO Collaboration at CESR is embark-
ing on a mission to make a large numbers of mea-
surements important to QCD, and particularly
LQCD, with unprecedented precision.

It is a challenge to the theoretical community

to develop predictions of similar precision in or-
der to enhance our understanding of both strong
and electro-weak physics in both the charm and
bottom sectors.

We at CLEO welcome theorists’ ideas and ac-

tive collaboration so as to maximize the impact
of the CLEO-c program.
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