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Using the CLEO detector at the Cornell Electron Storage Ring, the authors have measured
the leptonic branching fractions, B, of the T(1S), T(2S), and T(3S) to be 2.7+0.3+0.3%,
1.9+1.3+0.5%, and 3.3+ 1.3+ 0.7%, respectively. Combining these values of B, with pre-
vious measurements of the leptonic widths of these resonances, the authors find the total
widths of the T(1S), T(28), and T(3S) to be 48+4+4, 27+17+6, and 13+4+3 keV.

PACS numbers: 13.20.Jf, 14.40.Gx

The J/¥ and upsilon particles provide a useful tivistic quantum mechanical approximations. The
testing ground for the study of heavy-quark dy- branching fraction into muons, B,,, is particu-
namics. Present theory interprets these reso- larly important since it measures the relative
nances as quark-antiquark bound states. The probability for the state to decay via a single pho-
large quark masses permit the use of nonrela- ton as compared with decay channels involving
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gluons. Furthermore, by combining B, with the
integral of the production cross section across
the resonance, one obtains a measurement of the
total width of the resonance. Previous experi-
ments have yielded measurements of B, for the
T(1S)," and a 90%-confidence-level upper limit
for B,,, of the T(25).? This work presents a new
measurement of B, for the T(1S) and the first
measurement of B, for the T (2S) and T (3S).

The data were taken with the CLEO detector at
the Cornell Electron Storage Ring (CESR). The
elements of CLEO used in this analysis are de-
scribed below. A more detailed description of
CLEO can be found in Andrews et al.®* The inner
tracking detector consists of cylindrical propor-

tional and drift chambers inside a solenoidal mag-

netic field of 1 m radius. The T (2S) data were
taken with use of an aluminum coil which pro-
duced a 0.42-T field, while the data for the T (1S)
and T (3S) were taken at 1.0 T with a supercon-
ducting coil. Outside the solenoid are eight iden-
tical octants each containing a time-of-flight sys-
tem with twelve scintillation counters, followed
by shower counters. The time-of-flight system
forms a cylindrical array 2.3 m from the beam

axis with resolution of 0.4 nsec (rms). The show-

er-counter system consists of 44 layers of pro-
portional tubes alternated with lead (a total of
11.3 radiation lengths) and has energy resolution
o(E)/E =17%/VE (E in gigaelectronvolts). The
entire octant assembly is enclosed by an iron ab-
sorber of 0.5 to 1.0 m thickness. A system of
planar drift chambers outside the absorber pro-
vides muon identification.

Data were taken at the T(1S), T(2S), 1 (3S),
T (4S), and in the continuum region above and be-
low the T(3S). Because of the different operating
conditions of the CLEO detector, the T (2S) data
were analyzed with a different set of cuts than

the T (1S) and Y (3S) data. For the T(1S) and 1 (3S),

events were classified as u pairs if (a) there
were two tracks in the drift chamber, each with
a momentum greater than 58% of the beam ener-
gy, (b) less than 4 GeV of energy was deposited
in the shower detector; (c) time-of-flight count-
ers in opposite octants measured a time differ-
ence less than 5 nsec; and (d) at least one drift-
chamber track pointed to orthogonal hit wires in
the muon chambers. Cuts b and d eliminate

Bhabha scattering events. Cut ¢ reduces the num-

ber of cosmic-ray events, since a cosmic ray
that traverses the detector and passes near the
interaction region has a time difference of ~15
‘nsec. Cut a rejects low-multiplicity hadronic
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and 7 events. Approximately 1000 events which
passed the above cuts were scanned in order to
estimate the remaining contamination in the u-
pair sample. The background is estimated to be
1% with the dominant source being cosmic-ray
events (0.5%).

The T (2S) analysis retained cuts b and ¢ but
substituted for cuts a and d a strict collinearity
cut on the two high-momentum tracks in the
event. The noncollinearity angle of the tracks
was measured with the shower chambers. The
requirement on this angle varied with polar angle
0 from less than 26 mrad at § =57° to less than
53 mrad at § =90°. Both a physicist and a non-
physicist scanned events which satisfied the
above criteria. They demanded that the events
contain two high-momentum collinear nonshower-
ing tracks which passed through the interaction
region in both the front and side views of the de-
tector. The background in this sample is less
than 1%.

The visible u-pair cross section for the two
data sets is shown in Fig. 1. In order to deter-
mine B, we first obtain B,, =T,,/T,, where T,
is the width for decay into hadronic final states.
When e-u~7 universality is assumed, we have
B, =E“p/(1 +3B,,). B,, is calculated from

By, = (Ng—€oom £ — Np)/oxLeA.

Here Ng, £, oo, and oy refer respectively to
the total number of u pairs found on the reso-
nance, the accumulated luminosity at the reso-
nance, the nonresonant QED u-pair cross sec-
tion* at the resonance energy, and the hadronic
cross section of the resonance. The factors A
and N, are discussed below.

In the above equation € is the efficiency includ-
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FIG. 1. The visible p-pair cross section as a func-
tion of center-of-mass energy. The curve represents
the nonresonant QED contribution to the cross section.
The data points and curve are normalized to the T(3S)
efficiency given in Table I.
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ing geometric acceptance for detecting u-pairs
from the nonresonant background at the reso-
nance. The value of €, determined with use of
the continuum data near the T (3S) or T (4S),? is
just the ratio of detected u pairs to the number

of u pairs expected from QED over the 47 solid
angle. We have also calculated € independently
using a Monte Carlo simulation of the CLEO de-
tector. The simulation included the resolution
and efficiency of the drift chamber, muon cham-
bers, time-of-flight counters, and shower-cham-
ber system, as well as all geometrical effects
but not the trigger efficiency. Events were gen-
erated according to the model of Berends and
Kleiss, which includes higher-order radiative
effects.* The trigger-efficiency contribution to

€ was obtained from a sample of Bhabha events
which had an independent trigger by virtue of de-
positing a large amount of energy in the shower
chambers. Bhabha events in which either the
positron or electron showed evidence of radiation
in the material before the drift chamber (e.g.,
pair conversion in the beam pipe) were discarded
for the efficiency calculation. We find that the
two determinations of € agree to within 10%.

The factor A in the above equation accounts for
the fact that p pairs produced by the decay of a
narrow resonance tend to be more collinear than
continuum p pairs because of the absence of ini-
tial-state radiation. A was calculated by compar-
ison of the acceptance of Monte Carlo u pairs
generated with and without radiative corrections.
The large value of A for the T(2S) relative to the
7 (1S) and T(3S) is due to the tight collinearity cut
imposed on the T(2S) data. This cut reduces the
efficiency for detecting the continuum u pairs
more than the resonant u pairs.

Finally, Ng is the contribution to the p-pair
sample from other decay modes of the resonance.
For the Y(1S), N-=0. For the T(2S) and T(3S)
the decay modes that result in a T(1S) or T(2S)
in the final state can contribute if the daughter

state decays into u pairs. Using the calculations
of Tye® for the various unmeasured decay modes
and Refs. 1 and 7 for the measured decay modes
of the T (2S) and T (3S), we obtain Ny =4 events

for the T (2S),® and 30 events for the T(3S).° Ne-
glecting this term in the calculation increases the
value of B, of the T(2S) by 12%. The correspond-
ing increase for the T(3S) is 16%.

The result of this analysis is summarized in
Table I. The systematic errors account for un-
certainties in the luminosity, total hadronic
cross section, and detector acceptance. The val-
ue for B, , of the T(1S) is in agreement with pre-
vious measurements and the world average of
3.3+ 0.5%.%1° Using the calculations of Macken-
zie and Lepage' we can relate B, of the T(1S)
to the QCD scale parameter Ayg. Doing so we
obtain A4z=0.12+0.02+0.02 GeV. The measured
branching ratios at the T(2S) and T(3S) are in
agreement with theoretical estimates™ of 2%.
Combining the above values of B, and our val-
ue of the modified leptonic widths'® of the T(1S)
(T,,=1.17+£0.05+ 0.08 keV), T (2S) (T,, =0.49
+0.03+0.04 keV), and 7 (3S) (T,,=0.38+0.03+
+0.03 keV) from Plunkett,'* we obtain the total
widths listed in Table I.

The value of T, for the T(2S) allows the deter-
mination of the ratio (Y (2S) -~ T (1S)77)/T @’
—~ymm). We use data from the reaction ' — ymm,"
our measurement of B(Y (2S)—~ T (1S)#7),' and the
value of T',,(2S). The result is I'(T(2S)~ T (1S)r7)/
T'(y’ —nm)=0.071+£0.046. From the expected
mass-scaling behavior of QCD dipole radiation®®
this ratio is predicted to be 0.11 for vector gluons
and close to unity for scalar gluons.'” Our result
is incompatible with the prediction for scalar
gluons, but is in agreement with the QCD predic-
tion for vector gluons.

In conclusion we have measured B, for the
T(1S), T(2S), and T(3S). Using these values we
have determined the total width of each reso-
nance.

TABLE I. Summary of factors used to calculate B, for the T(1S), T(2S), and T(3S). The first error is the
statistical uncertainty and the second is the systematic uncertainty. The systematic errors on the luminosity (£)
and efficiency (¢) are 3.5% and 3.0%, respectively. The total systematic error is determined by combining the

errors in quadrature.

Ng € £ @b™Y  oggp (nb) o (nb) A Np Byy B T or (keV)
T(1S) 1652  0.27+0.01 3257 1.16 21.5+0.2+ 0.8 1.15+ 0.02 0 2.7+0.3+0.3 48+4+4
T(2S) 176 0.178+0.013 780 1.04 7.06+0.17+0.25 1.37+0.03 4 1.9+1.3+0.5 27176
T(3S) 1096 0.193+0.011 4690 0.97 4,81+0.07+0.18 1.17+0.03 30 3.3+1.3+0.7 13+4+3
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