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in agreement with our measurement.

The leptonic widths are proportional to the
square of the bb wave function at zero separation
and to the square of the charge of the b quark. It
has already been established that, although var-
ious potentials give a range of predictions for the
leptonic width of the T, the comparison with data
favors charge 3.}' Ratios of leptonic widths are
more reliably predicted. Bhanot and Rudaz,® for
example, give I,.(T1’)/T,.(T) =0.44 and T, (T")/
T,.(T) =0.32, in agreement with our results.

In conclusion, our measurements strongly sup-
port current theoretical notions on the nature of
the binding between heavy quarks.
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The T, T, and T’/ states have been observed at the Cornell Electron Storage Ring
as narrow peaks in o(e*e ™ —hadrons) versus beam energy. Data were collected during a
run with integrated luminosity of 1000 nb™!, using the Columbia University—Stony Brook
segmented Nal detector. The measured mass differences are M(T’) — M(T) = 559+ 1(+ 3)
MeV and M(Y'’) - M(T) =889+ 1(x5) MeV, where the errors in parentheses represent
systematic uncertainties. Preliminary values for the leptonic width ratios were also ob-

tained.

PACS numbers: 13.65.+i

The discovery at Fermilab' of narrow enhance-
ments in the dimuon spectrum near 10 GeV invar-
iant mass was considered evidence for the exis-
tence of a new heavy quark. Two of these states,
T and T’, were later observed with much better
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resolution at the electron-positron storage ring
DORIS?' ? through the process e ‘e - hadrons.
The leptonic decay widths inferred from the
DORIS measurements were consistent with mod-
els* ¢ describing the T and T’/ as the 135, and
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FIG. 1. (a) An isometric view of the Nal array as
used in the present run and (b) a side view showing the
positioning of the array relative to the interaction point
and the positions of proportional chambers.

23S, bound states of a quark-antiquark pair, bb,
where the b quark has a mass of about 5 GeV and
carries %—integer charge. The results from the
Fermilab experiment” included evidence for a
third state near 10.4 GeV. We report here a new
observation of the T, T/, and T” states ine“e”
collisions with improved energy resolution which
confirms the existence of the T” and gives, for
the first time, a precise measurement of both
level spacings. Preliminary values for the rela-
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tive leptonic widths are also given.

These results were obtained during the first
energy scan in the 10-GeV region performed at
the Cornell Electron Storage Ring (CESR). This
scan lasted ~ 5 weeks yielding an integrated lumi-
nosity of ~ 1000 nb~* of which ~ 600 nb™' were con-
centrated in three intervals around 9.5, 10.0,
and 10.3 GeV. The additional 400 nb™! were used
for a scan around 10.6 GeV.

Our detector is located at one of the two inter-
action regions at CESR (the “North Area”) and is
designed primarily for the study of photons and
electrons. The detector as designed consists of
a segmented array of Nal, 8 radiation lengths
(r.1.) thick, followed by 7 r.l. of lead glass.

Drift chambers before the Nal, and cathode read-
out proportional chambers (“strip chambers”)
within the Nal array, provide tracking. The Nal
is divided into 32 azimuthal sectors and 2 polar
sectors. This provides complete azimuthal cov-
erage in the region 45°<§<135°, In addition, it
is subdivided radially into five layers. At nor-
mal incidence, the inner four layers are 1 r.l.
each and the last layer is 4 r.l. For the scan re-
ported here, only one Nal half array was used,
centered optimally over the interaction point.
Four strip chambers at the beam pipe gave the
actual position of the interaction point. Complete
azimuthal coverage was maintained [Fig. 1(a)].
The polar acceptance was 70°<9<110° with some
asymmetry [Fig. 1(b)].

Charged particles originating at the interaction
point deposit energy in each layer, yielding five
independent dE /dx measurements. This signa-
ture helped us to eliminate events resulting from
beam-gas and beam-wall interactions, although
such events were already suppressed since our
region of acceptance was located at 90° to the
beam.

An absolute energy scale for each Nal crystal
was set with ¢ rays from Cs'" and Co*°. Full-
scale settings ranged from 0.5 to 3.0 GeV. Pho-
tomultiplier tube (PM) stability was monitored
with light from a spark in argon.

All signals from PM’s and strips were integrat-
ed every beam crossing (every 2.56 1s) while a
trigger decision was made. If no trigger was
present, all integrators were reset to be ready
for the next crossing. Only a total-energy trigger
was used for the data presented. This was gen-
erated by adding all signals from the three outer
layers of Nal and requiring this sum to exceed a
threshold equivalent to 420 MeV and to be coinci-
dent with the beam. If the trigger was produced,
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all signals were digitized and recorded on tape.
This trigger gave an event rate of 0.3 Hz for a
luminosity of 1 ub™* s, A typical fill of CESR
lasts 3 to 5 hours yielding an integrated lumi-
nosity of up to ~15 nb™'. The integrated luminos-
ity for each run was measured by detecting and
counting small-angle (40 to 80 mrad) collinear
Bhabha scatters with lead-scintillator sandwich
shower detectors. The long-term stability of the
luminosity monitor is confirmed by the yield of
large-angle Bhabha scattering events in the Nal
array.

Because of the limited solid angle of the Nal
array as used, a major fraction of the hadronic
e*e” annihilations gave very few particles in the
detector. Rather than trying to identify all had-
ronic events, which would result in an unaccept-
able amount of background, our aim in the analy-
sis was to obtain a clean sample through the use
of strict event-selection criteria. Fundamental
in all criteria used was the identification of mini-
mum-ionizing hadrons. At normal incidence,
minimum-ionizing particles deposit 15 MeV in
the first four Nal layers and ~ 68 MeV in the last
layer of a single sector. In all scans one unam-
biguous and isolated minimum-ionizing track
plus at least two other tracks or showers were
required. All data were scanned by physicists
and with computer programs. The acceptance
criteria for data presented were determined by
maximizing detection efficiency while maintain-
ing the background level well below 10% of the
continuum cross section. The overall efficien-
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cies for detecting continuum and T events are,
respectively, 28% and 37%. These values are ob-
tained by use of the cross sections measured at
DORIS**® (0cone =3.8 nb at 9.4 GeV, 0 ppear=18.5
nb after correcting for the difference in beam en-
ergy spread at CESR and DORIS). Absolute nor-
malization was obtained by use of large-angle
Bhabha-scattering data. The difference in effi-
ciencies is due to the fact that T decays have
higher multiplicity and sphericity than continuum
events.? The actual number of T, T/, and T”
events detected above continuum were, respec-
tively, 214, 53, and 133. From the continuum
around the three T’s we collected 272 events.

The major sources of background were (i) far
single beam-wall and beam-gas interactions,

(ii) close beam-wall interactions, (iii) close
beam-gas interactions, and (iv) cosmic rays.
Case (i) was trivially removed by the require-
ment of an isolated track. Cases (ii) and (iii) oc-
cur with very small probability of producing pene-
trating hadrons at 6 =90°+ 30° with 5-GeV elec-
trons. Case (ii), which is more frequent, is also
recognizable by tracks crossing azimuthal sector
boundaries. Case (iv) was rejected by the re-
quirement of three tracks. We point out that the
minimal residual background does not affect the
results presented here.

The hadronic yield is presented in Fig. 2, plot-
ted in arbitrary units proportional to the ratio of
detected events to small-angle Bhabha yield. In
this way, the energy dependence (~1/E2) of the
single-photon processes is removed. The hori-
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FIG. 2. The number of hadronic events, normalized to the small-angle Bhabha yield. The solid line indicates a

fit described in the text.
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zontal scale is M(e*e™), twice the nominal ma-
chine energy. Mass values of the three resonanc-
es are determined by fitting the data with a con-
stant continuum plus three radiatively corrected®
Gaussians, with widths representing the machine
energy spread. This fit is shown as a solid line
in Fig. 2. A single free width parameter is used
for all three resonances, allowing for scaling as
E? as predicted for the stored-beam energy
spread. Our fitted e’e” invariant-mass spread
at 9.5 GeV is 4.0+ 0.3 MeV rms, in agreement
with the computed value for CESR. Our mass
values for T and T’ are ~0.3% lower than the
DORIS results. This difference is consistent
with the accuracy of the CESR energy calibration.

More relevant to model calculations of the ggq
bound states are the mass differences. Our re-
sult for M(Y’) =M (Y) is 559+ 1 MeV. To this
purely statistical error one should add an esti-
mated systematic uncertainty of + 3 MeV due to
the machine energy calibration. This result is
in good agreement with the DORIS results.?:®
The mass differences M(T”) -=M(T) has been
measured accurately for the first time in this ex-
periment, and at the same time by the CLEO col-
laboration.® Our result is 889+ 1 MeV, with an
additional systematic uncertainty of + 5 MeV. Ta-
ble I contains a summary of all measured param-
eters obtained from the fit described.

Another quantity of interest for the phenomenol-
ogy of the gq bound states is the ratio of the lep-
tonic widths for the three resonances. Here the
lack of information on decay details and our limit-
ed solid angle introduces severe uncertainties on
such quantities. Our best estimates, computed
without correcting for possible differences in de-
cay multiplicities and angular distributions at the
three resonances, are I',(T’)/T,,(T)=0.39+0.06
and I, (Y”)/T,(Y)=0.32+0.04. These errors
represent only the statistical uncertainty. An

TABLE I. Results from the fit?.

O rrachine 4.0+0.3 MeV
Loo (T')/Tee (1) 0.39+0.06
Too (X7)/Tpe (1) 0.32+0.04

MY 9.4345% 0.0004 GeV
M(T') 9.9930+0.0010 GeV
M(Y’) 10.3232+0.0007 GeV

20nly statistical errors are given.
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estimate of the systematic errors for the partial-
width ratios given above was obtained by relaxing
the acceptance criteria which increased the num-
ber of accepted events for the three resonances
by ~50%. In this way, we concluded that the sys-
tematic errors are smaller than the quoted statis-
tical errors. The results represented here are

in good agreement with many predictions,* ° re-
inforcing the validity of the interpretation of the

T family as bb bound states.
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