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A detailed investigation of the decay Y(2S)—#+7~Y(1S) has been made from 128 000 Y(2S) de-
cays observed in the CLEO detector at the Cornell Electron Storage Ring (CESR). We find this
branching ratio to be (19.1+1.24+0.6)%. The properties of the 77 system have been studied using

491 exclusive events of the type Y(2S)—mt7~Y(1S), Y(1S)—ete™ or ptu~.

Assuming e-u

universality we find B(Y(1S)—p*u~)=(2.84+0.18+0.20)%. A search for Y(2S)—nY(1S) yields
an upper limit of 1% at the 90% confidence level for this branching ratio. We have also searched
for [Y(2S) or Y(3S)]—#T7~Y(1S), Y(1S)—noninteracting particles.

I. INTRODUCTION

Within the Y family of resonances many hadronic tran-
sitions (7m,m,3m,w). are possible.! Quantum chromo-
dynamics describes these transitions as the emission of
soft gluons which subsequently form hadrons. Since the
energy available in these transitions is small, perturbative
methods are not applicable. Gottfried has suggested that
a multipole expansion of the color gauge field for heavy-
quark systems such as the Y family will yield a descrip-
tion of the hadronic transitions.>3 Yan* and Kuang and
Yan® have explored this suggestion and have made predic-
tions for the transition rates and properties of some of the
hadronic transitions among the Y states.

Among the many possible hadronic transitions only the
following 7 transitions have been observed:

Y(2S) —»at7~Y(1S) (Refs. 6—11),

—797°Y(1S)  (Refs. 9,11),
Y(3S) —»at7~Y(1S) (Refs. 12,13),

S7%°Y(1S)  (Ref. 13),
Y(3S) —»7T7~Y(2S) (Ref. 13),

—7°79Y(2S)  (Ref. 13).

‘The measured branching ratios for these transitions agree
with the theoretical predictions. A comparison is given in
Sec. IV. In this paper we present a high-statistics study of
Y(2S)—mt7r~Y(1S), including a new measurement of
the branching ratio (Sec. IV). Using a large sample (491)
of the exclusive events Y(2S)—mtar~Y(1S),Y(1S)
—ete™ or utu~, we compare the properties of the di-
pion system to theoretical predictions and to the dipions
observed in Y(3S)—7t7r~Y(1S) and ' >7t7 ¢ (Sec.
V).
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We have also searched for Y(2S)—7Y(1S) and have
determined an upper limit to this branching fraction (Sec.
VI). Finally, using the w77~ from Y(2S) or Y(3S)
—7t7~Y(1S) as a signature, we have searched for
Y(1S) decays to particles which are not visible in our
detector, such as neutrinos or supersymmetric'# particles.

II. THE CLEO DETECTOR

The CLEO detector has been described in detail.'* We
present only a brief summary and describe some special
modifications made during the Y(2S) data-taking period.
The charged-particle tracking chambers in the CLEO
detector are a three-layer multiwire proportional chamber
immediately surrounding the interaction region beam pipe
and a 17-layer drift chamber. Both are contained in a su-
perconducting solenoid. During the Y(2S) running period
discussed in this paper a thin (10% of a radiation length)
lead photon converter was placed between the proportion-
al chamber and the drift chamber and the solenoid was
operated at 0.35 T (the normal field is 1.0 T). The pur-
pose of the converter was to increase the photon conver-
sion probability, and the field was lowered to enhance the
detection efficiency of the electron-positron pairs. Sur-
rounding the solenoid are eight identical modules contain-
ing drift chambers, dE /dx proportional chambers, time-
of-flight scintillation counters, and lead proportional tube
shower counters. These modules are in turn enclosed by
iron interspersed with drift chambers for muon detection.

An event trigger may be formed from combinations of
track information in the inner chambers, hits in the time-
of-flight scintillation counters, and energy deposited in
the shower counters. A typical hadronic trigger requires
three or more tracks in the inner chambers and hits in two
modules containing the scintillation counters. Another
trigger requires two or more tracks .in coincidence with
scintillation counters in two modules separated by 180° in
azimuth. While one or both of these triggers are highly
efficient for most hadronic events they have substantially
reduced efficiency for events with only two low-
momentum tracks, such as Y(2S5)—7+t7~Y(1S), where
the Y(1S) may decay into particles not observed in our
detector. This is discussed in more detail in Sec. VII.

¢

III. THE DATA SAMPLE

Hadronic events were selected by requiring three or
more charged tracks with combined energy greater than
30% of the available center-of-mass energy. The recon-
structed vertex was also required to be within +5 cm
along the colliding beam direction and +2 cm in each of
the transverse directions.

Data were accumulated at the Y(2S) [defined to be
within +3.8 MeV/c? of the Y(2S) mass] and in the near-
by continuum below the Y(2S) (see Table I). We have not
included a much smaller sample of Y(2S) data for which
results have already been published.” The number of ob-
served hadronic Y(2S) decays is found to be
128 000+1250 after subtraction of the continuum contri-
bution.

TABLE I. The integrated luminosity, observed number of
hadronic events, and the visible hadronic cross sections.

No. of events f Ldt (pb™)) 0. (nb)
At Y(2S) 200665 22.17 9.051+0.020
Continuum 3924 1.17 3.354+0.054

IV. THE MEASUREMENT
OF THE BRANCHING RATIO
FOR Y(2S)—>#*t7m~Y(1S)

The branching ratio for Y(2S)—7+7~Y(1S) is ob-
tained from the distribution of mass recoiling against op-
positely charged tracks, taken to be pion pairs (Fig. 1). A
clear peak is visible at the mass'® of the Y(1S). In order
to extract the signal a least-squares fitting procedure is
used. The background is obtained by fitting the distribu-
tion with a smooth function excluding the region of the
peak. The signal shape is well represented by two super-
posed Gaussians of different rms resolutions and slightly
different mean values. Two Gaussians were necessary be-
cause the resolution in missing mass depends on the 77
mass and decay angles. The widths and relative areas of
the two Gaussians were determined from a full Monte
Carlo simulation of the 77 decay in the CLEO detector.
This simulation generated raw data tapes which were
analyzed as if they were real data. In Fig. 2 we show the
missing-mass distribution after subtracting the back-
ground and compare it with our Monte Carlo simulation.
The best fit, shown as the solid line in Fig. 1, yields a X 2
of 124 for 128 degrees of freedom. We have tried varia-
tions of the fitting function including a single Gaussian
and two Gaussians of different resolutions but the same
mean. We have also varied the form of the background
function. A simple direct subtraction of the background
was also tried. From this study we estimate the error re-
sulting from the form of the fitting function. We have
added this error in quadrature with the larger statistical
error obtained from the least-squares fit. The final result
for the number of observed 7+ 7~ decays is 14 600+500.

The branching ratio is determined from the formula
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FIG. 1. The missing-mass distribution recoiling against
at7~ in Y(2S) decays.
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FIG. 2. The missing-mass distribution after subtraction of
the background and the comparison with our Monte Carlo
simulation.

N€2s( 1 —3st)

B(Y(2S)—»at7~Y(18))=
Noséis

where N,g is the observed number of Y(2S) decays
(128000+1250), N is the number of 7 7~ events
(14 600+500), €,5 is the acceptance for hadronic Y(2S)
decays (0.87+0.01), €;5 is the dipion acceptance for
mtr~Y(1S) decays (0.49+0.01), and B,s is"
B(Y(2S)—>u*tu~)=(1.9%+1.3)%.

The acceptances for hadronic decays involving the
Y(1S) and Y(2S) are obtained from a Monte Carlo simu-
lation.'® Dipion events are generated using the model
described in Sec. V, which agrees with our measurements.
The errors shown above for these quantities are statistical
only, resulting from a finite sample of Monte Carlo
events. In addition there is a systematic error in the ac-
ceptance which we estimate to be +£5% for the Y(1S) and
+7% for the Y(2S). The larger error in the case of the
Y(2S) results from unceriainties in the characteristics of
those Monte Carlo events which are photon transitions to
P states from the Y(2S). The error in the ratio of accep-
tances which appears in the formula for the branching ra-
tio is +3%, which is smaller because the acceptance for
the 77~ Y(1S) events is primarily determined by the de-
cay of the Y(1S). The factor in the formula involving the
leptonic branching ratio of the Y(2S) corrects for the
unobserved leptonic decays of the Y(2S). Finally, there is
a small correction not given in the formula above for the
small contribution [(0.3+0.2)%] from 77~ events in the
Y(2S) hadronic sample. The final result is
B(Y(2S)—>7t7~Y(18))=(19.1+1.240.6)%. ‘

In Table II we have summarized the existing measure-
ments of 7+ 7~ transitions. Although 7%7° measurements
have also been made they are much less precise than the
77~ data. In Table II we also compare the measure-

TABLE II. A comparison of the different measurements of
dipion transitions and theory. A value of B(Y(1S)
—utp®)=3.0% was used to extract the 7+7~ branching ratios
from measurements of product branching ratios. Statistical and
systematic errors were added in quadrature.

Reaction Group Branching ratio (%) Reference
Y(2S)—mt7~Y(1S) CLEO 19.1+ 1.2+0.6 This expt.
CLEO 21.2+ 2.6+2.1 12
CUSB 21.0+ 4.3 6
CUSB 189+ 2.6 11
LENA 20.3+ 8.7 8
ARGUS 179+ 0.9+£2.1 10
Average 19.1+ 1.0
Theory 16.8—19.4 5
Y(3S)—mt7~Y(1S) CLEO 4.9+ 0.9+0.5 12
CUSB 45+ 1.5 13
Average 4.8+ 0.8
Theory 1.3— 3.4 5
Y(3S)—7t7~Y(2S) CUSB 3.3+ 2.1 13
Theory 1.3— 2.0 5

ments to the predictions of Kuang and Yan.> The
theoretical predictions depend upon the particular poten-
tial model used and hence there is a range of predictions.
In general the agreement between data and theory is good,
the most striking success being the confirmed prediction
of a smaller branching fraction for Y(3S)—nt7~Y(1S)
than for Y(2S)—n+7~Y(1S).

V. THE EXCLUSIVE EVENTS

Exclusive events of the type Y(2S)—»wtw~ete™ or
at7~utu~ were also extracted from our data sample.
We required candidates for these processes to have an ob-
served charged energy greater than 6.0 GeV, a multiplici-
ty of 4 or 5, and a missing mass recoiling against the 7
pair within +110 MeV/c? (about +11 standard devia-
tions) of the Y(1S) mass. The angle between each lepton
track and the dipion direction was required to be greater
than 20 degrees in order to eliminate radiative events
which contain a converted photon. Physicists scanned all
candidates using a computer-reconstructed picture of the
event. Data at the Y(2S) and on the continuum were both
scanned. Events were classifisd as containing either
ete™ or utu~ based on information from shower
counters and muon chambers in the detector. Table III
contains the number of observed events with electrons and
muons at the Y(2S). No events were found on the contin-
uum and we conclude that backgrounds are negligible (less
than 40 events at 90% confidence level). In Fig. 3 we
show the distribution of mass recoiling against the dipion
for these events and compare it to our Monte Carlo simu-
lation. Again the agreement is excellent.

We have used the 491 observed events to study the
properties of the 77 system. In particular, we have mea-
sured the dipion mass distribution, the angular distribu-
tion of the dipion system with respect to the beam direc-
tion, and the angular distribution of the 7% with respect
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TABLE III. The number of Y(2S)—#+#~Y(1S), Y(1S)—1%1~ events and the product branching

ratios.
TIee TUUL
Observed number of events 248 ‘ 243
Number in fiducial region 180 201
Acceptance 0.21 0.23
Corrected number of events 826+68 864167
B(Y(2S)—>mt7~Y(18))B(Y(1S)—I1*17) (5.3+£0.5)x10~* (5.5+£0.5)x 103
B(Y(1S)—ete™) 2.840.3

B(Y(1S)—p*p~)

2.910.3

to the Y direction in the dipion rest frame. The
acceptance-corrected distribution of the dipion invariant
mass divided by twice the pion mass is shown in Fig. 4.
Previous data had already shown that the mass distribu-
tion is strongly peaked at high mass and is similar to that

observed'® in ¢'—m+7 1. Brown and Cahn?® and Mor-
|
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FIG. 3. The missing-mass distribution for exclusive events
and the comparison with our Monte Carlo simulation.
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gan and Pennington®! were the first to use PCAC (partial
conservation of the axial-vector current) and current alge-
bra to explain the mass distribution observed in the ¢’ de-
cay. By assuming that PCAC and the multipole expan-
sion are compatible, Yan*?? has shown that the mass dis-
tribution is given by
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[
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M is the mass of the Y(1S) and M’ is the mass of the
Y(2S). A4 and B are free parameters. The data®® for
Y'—atr~y and previous results®”® on Y(2S)
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FIG. 4. The dipion invariant-mass distribution for the
Y(2S)—m*t7~(ete~ and u*pu~) events.
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—at7r~Y(1S) were consistent with B=0 in the above
formula. We have determined the ratio B/A from the
data shown in Fig. 4 to be —0.18%0.06. The solid line in
Fig. 4 is the result of this fit. The dashed line in Fig. 4
represents the B =0 case.

Other predictions for the shape of the dipion mass dis-
tribution have been made by Voloshin and Zakharov?* and
Novikov and Shifman.?* The former predicts

dN
I = KM =AM (M~ MM, )
and the latter
dN 2 24172
Y _ KM, —4M,?)
am,, ( T

X[M pp? —k(M' —M)*(1+2M /M ,.*) ]

+O(k? terms) ,

where « is expected to be about 0.1. We find A=3.2+0.4
and xk=0.15+0.02. The ARGUS group finds A=2.6
+0.5 and x£=0.12+0.02, in agreement with our results.!°
The resulting fits to the mass distribution are essentially
equivalent to the solid line in Fig. 4 in both cases. The
peaking . observed at large dipion mass in
Y(2S)—m+m~Y(1S) is in sharp contrast to the mass dis-
tribution observed!>!® in Y(3S)—#t7~Y(1S), where!?
B/A is —6.7 indicating an almost uniform mass distribu-
tion. As yet there is no adequate explanation for this
difference.

In Fig. 5 we show the polar-angle distribution of the di-
pion momentum vector with respect to the beam (e™)
direction. The polar-angular distribution of the 7+ with
respect to the recoil Y direction in the dipion rest frame is
given in Fig. 6. Acceptance corrections have been made
in each case. Both distributions are consistent with isotro-
py, which is expected if the pions are emitted in an S-
wave state. Similar results have been obtained in the case
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FIG. 5. The polar-angular distribution of the dipion system
with respect to the colliding beams axis.
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FIG. 6. The polar-angular distribution of the 7+ with respect
to the Y(1S) direction in the dipion rest frame.

of the ' —7+ 7~ decays.

The exclusive events permit the measurement of the
leptonic branching ratio of the Y(1S) and a check of e-u
universality in Y decay. To control acceptance correc-
tions better, we have restricted the lepton tracks to a fidu-
cial region in the detector. The remaining number of
events is also given in Table III. The acceptance is deter-
mined separately for the ee and uu events because of
trigger differences between the two kinds of events and
the increased probability that ee events will radiate a pho-
ton which may convert and be detected in the inner
chambers. The acceptances, which include the dipion ac-
ceptance, are given in Table III. After acceptance correc-
tions the number of ee and ppu events are the same within
the statistical errors, indicating the validity of e-y univer-
sality in Y decay. The product branching ratios are given
in Table III. Using the value of the branching ratio for
Y(2S)—»at7r~Y(1S) from Sec. IV and assuming e-u
universality, we find the leptonic branching ratio of the
Y(1S) to be (2.84+0.18+0.20)%. This result agrees with
our recent direct measurement!” of (2.7+0.3+0.3)%.

VI. A SEARCH FOR Y(2S)—7Y(1S)

The decay 1'—n1 has been observed with a branching
ratio®® of (2.8+0.6)%. The 1 decay rate from the Y(2S)
is expected to be suppressed because of a smaller matrix
element and the reduced phase space available relative to
¥’ decay. Yan* predicts the branching ratio to be less
than 0.1%. : )

The search consists of looking for wtm~ete™ or
mt7~putu~ events with a missing mass recoiling against
the dipion in the region expected for the decay
Y(28)—>nY(1S), n—>mt7~7° or n—nt7"y and the
Y(1S)—e*e~ or utu~. Two events are found in this re-
gion which is consistent with the broad tail expected from
Y(2S)—>7t7~Y(1S). After correcting for acceptance
and the unobserved decay modes of the 7, we find
B(Y(2S)—>nY(1S)) < 1.0% at the 90% confidence level.
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FIG. 7. The missing-mass distribution for (a)
Y(28)—mt 7~ +unobserved particles, and (b) Y(3S)—mt7~
-+unobserved particles.

VII. A SEARCH FOR Y(15)
— WEAKLY INTERACTING PARTICLES

Supersymmetric theories'* contain particles which are

partners to the known fundamental fermions and bosons.
If these theories are correct, the Y(1S) can decay into a
photino and an antigravitino which would not interact in
our detector. In order to search for events of this type we
use the 77~ from Y(2S)—7+t7~Y(1S) as an identify-

ing signature and require that no other tracks be found.
Our detection efficiency for events of this type is very
low, primarily because the soft pions are often absorbed in
the magnet coil before reaching the scintillation counters
required for an event trigger. We have used the pions
from the mmee and wmup events to determine the trigger
efficiency. For this measurement, data previously pub-
lished at the Y(3S) were also used,'? since the pion
momentum spectrum is somewhat harder for the
Y(3S)—at7~Y(1S). decays. The overall acceptance in-
cluding the dipion acceptance (but not the 77 branching
fraction) was found to be 0.08+0.035 for the Y(3S) de-
cays and 0.007+0.004 for the Y(2S) decays.

Backgrounds to the process of interest include events in
which leptons from real 7 transitions are not detected,
low-multiplicity events from two-photon collisions,
beam-gas interactions, and interactions of the beam with
the vacuum chamber. In Figs. 7(a) and 7(b) we show the
distribution of mass recoiling against the dipions mea-
sured from the Y(2S) and Y(3S) decays, respectively. No
peak is observed above the background. Using the known
resolution, we find 95% confidence level upper limits for
the Y(1S5)— weakly interacting particles of 8% from the
Y(3S) events and 5% from the Y(2S) events.

These limits may be used to determine a lower limit to
the mass of the gravitino using the formula'4

[(Y(1S)—>photino+ antigravitino) _ 3°M5*
Y (1S)—putu™)

2m grav2 ’
where m g, is the gravitino mass, M is the Y(1S) mass,
and « is 4X 1071 (GeV/c)~!. Our upper limit implies
that the gravitino mass is greater than 31078 eV/c2
The limit obtained from 1 decays®®is 1.5 108 eV/c2
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