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Measurement of the decay Y(2S) =em Y(1S)
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We have investigated the hadronic transitions Y(2S)~m m. Y(1S)~yyyyl+l (l=p or e) and

Y(2S)—+~+~ Y(1S)~m+m. e+e using the Crystal Ball detector at the DESY e+e storage ring
DORIS II. Using the present world-average value of B~~(Y(1S))=2.9+0.3)% we derive branching
ratios B(Y(2S)~~ moY(1S) )=(8.0+1.5)%%uo and B(Y(2S)~~+a. Y(1S))=(16.9+4.0)%. We also

present results on the invariant-mass spectra and the angular distributions of the dipion system.

INTRODUCTION

Hadronic transitions between heavy-quark —antiquark
bound states have been studied both experimentally and
theoretically. The decay Y(2S)~m. +n. Y(1S) was the
first observed hadronic transition in the bb system. '

Whereas this transition has since been studied ' with high
statistics, only one measurement of the transition
Y(2S)—+sr m. Y(1S) has been performed up to now. A
comparison of the charged and the neutral mm transitions
is a test of the isospin invariance of this process.

Theory describes the hadronic decay Y(2S)~nmY(1S)
and tP'~mm(J/f) as a two-step process. First the excited
quarkonium state radiates gluons. Since the available en-

ergy for the gluons is small, the emission process cannot
be treated in perturbation theory. However, Gottfried
and Yan have shown that a multipole expansion of the
gluonic field converges rapidly since the dimensions of the
radiating heavy-quark system are small compared to the
wavelength of the emitted gluons. In a second step the
gluons fragment into light hadrons; here the properties of

the dipion system are determined by using partial conser-
vation of axial-vector current (PCAC) and current alge-
bra. ' This picture, together with the observed ' ' iso-
tropic angular distributions for the decay of this system,
leads to the prediction of an invariant-mar-mass distribu-
tion which is peaked towards high values. This prediction
has been verified for the transition Y(2S)
~m+n. Y(1S) and' " g'~+sr(J/g); however, for the
m+~ transition from Y(3S) to Y(1S) an invariant-msr-
mass distribution has been observed' ' which is incon-
sistent with the expectation from theory. Thus hadronic
transitions between heavy quark-antiquark bound states
still deserve a careful study.

With the Crystal Ball detector at the DESY e+e
storage ring DORIS II we have studied the hadronic tran-
sition Y(2S)~m m Y(1S) [where the final state Y(1S) de-
cays into a lepton pair e+e or p+p j and
Y(2S)~a+sr, Y(1S)~m+m e+e . We present mea-
surements of the branching ratios and results on the
invariant-mass spectra and the angular distributions of
the dipion system.

32 2893 1985 The American Physical Society



2894 D. GELPHMAN et al. 32

DETECTOR AND TRIGGER

The Crystal Ball detector is a nonmagnetic calorimeter
especially designed for measuring electromagnetically
showering particles. The major component of the detector
is a highly segmented spherical array of 672 NaI(T1) crys-
tals covering 93% of the total solid angle. Each crystal is
16 radiation lengths long. The geometry of the array is
based on an icosahedron. Each of the 20 triangular faces,
referred to as "major triangles, " is subdivided into four
"minor triangles" each consisting of nine individual crys-
tals. The solid-angle coverage of the Ball is extended to
98% of 4' sr by NaI(Tl) end caps. The energy resolution
of

cr( E) 2.6%
E 1/4

for electromagnetically showering particles makes the Ball
well suited for measuring energies of photons and elec-
trons. The most probable energy deposited by minimum
ionizing particles is about 210 MeV. The high segmenta-
tion of the detector provides a measurement of the direc-
tion of photons and electrons with an angular resolution
of 1'—2, slightly dependent on energy. Tracking of
charged particles is performed by three double layers of
proportional tube chambers with charge division readout,
resulting in an angular resolution for charged tracks of
about 1'. The direction of noninteracting charged parti-
cles can also be determined from their energy deposition
in the crystals with an angular resolution of 2'. The lumi-
nosity is determined by measuring large-angle Bhabha
scattering; a check is made by also measuring Bhabha
scattering at small angles.

The analysis of the decay Y(2S)~em Y(1S) is based on
a data sample of 193000 Y(2S) decays corresponding to
an integrated luminosity of 60.6 pb '. The search for
events containing approximately back-to-back electron or
muon pairs plus additional energy clusters in the central
calorimeter is performed by requiring at least one of the
following hardware triggers.

(a) A total energy trigger, which requires an energy sum
in the Ball of more than 1.7 GeV. For m~e+e events
completely contained in the fiducial volume of the detec-
tor, this trigger is 100% efficient.

(b) A topology trigger, which is based on the fact that
the Ball can be divided ten different ways into approxi-
mate hemispheres. This trigger requires that, for each
division, both hemispheres contain at least one major tri-
angle with more than 150 MeV and that the total energy
deposition in the Ball exceeds 770 MeV.

(c) A trigger, which requires two approximately back-
to-back minor triangles each containing more than 85
MeV and a total energy of more than 220 MeV in the
Ball.

Triggers (b) and (c) are designed to accept events with
at least two almost back-to-back particles and a low total
energy deposition. From a measurement of the trigger
thresholds and a Monte Carlo simulation of the triggers,
we estimate the overall trigger efficiency to be greater
than 98% for mnp+p events fully cont.ained in the
fiducial volume of the detector.

THE DECAY Y(2S)~mom Y(1S)

For events of the type nm. 1.+l ( I =p or e) we require
exactly six particles in the Ball within

~

cosO
~

&0.85,
where 0 is the angle between any particle and the incom-
ing positron beam direction. To avoid systematic effects
due to varying chamber performance we do not use the
chamber information for charged-particle tagging or angle
measurements in the m ~ l+I channel. All particle
directions for this channel are therefore based on the ener-

gy deposition in the Ball with the assumption that the
particles originate from z =0. The lepton pair is identi-
fied by finding two particles with an acollinearity smaller
than 17 (Ref. 14). Furthermore, for electron pair candi-
dates each of the two particles is required to have an ener-

gy deposition of more than 3.5 GeV whereas for each
muon candidate an observed energy between 150 and 330
MeV is required with essentially all of the energy con-
tained in only one or two crystals. The selection criteria
for muon candidates are based on studies of
e+e —+p+p annihilation events. The lateral energy
distribution of the other four particles, the photon candi-
dates, must be consistent with that of electromagnetically
showering particles, and the energy deposition of each
particle has to be greater than 10 MeV. In addition, the
sum of the energy deposited by the photon candidates is
required to be greater than 160 MeV. To ensure a clean
energy measurement of the photons we require the open-
ing angle between any two particles to be larger than 26'
(cosO;J &0.9). For events of the type yyyyp+p we ap-
ply additional cuts on event cleanliness: the energy mea-
sured by the end caps must not exceed 40 MeV, and the
energy measured in the Ball which is not assigned to any
of the six particles must be less than 80 MeV.

All events surviving these cuts are kinematically fit to
the hypothesis e+e —+Y(2S)~yyyyl+I using energy
and momentum conservation. This results in a two-
constraint (2C) fit since the measured energies of the lep-
tons are not used. ' For events passing the fit with a con-
fidence level larger than 5%, we plot in Fig. 1 the two-
photon invariant mass mr& of each pairing combination
versus the invariant mass of the remaining photons. The
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FIG. 1. Scatter plot of the observed m~~ masses of the
yyyyp+p and yyyye+e samples (three entries per event).
The box indicates the boundaries of the cut.
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scatter plot contains three entries per event and shows a
clear clustering in the mass region of two m. 's. The bulk
of the background in Fig. 1 appears in the region of low-
yy-mass combinations and is due to radiative QED events
with additional spurious energy in the detector. An addi-
tional contribution to the background originates from
good m m l+l events where one photon escapes detection
and is mimicked by spurious energy in the detector. The
box indicates our cut at +22 MeV on both axes around
the ~ mass. This cut corresponds to approximately +3
standard deviations of our n mass resolution. In Fig. 2
we plot the mass difference bM =M(Y(2S)) —M„„;~for
events with at least one combination of the four photons
with masses m&& within the above limits. M„„;& is the
mass recoiling against the four-photon system and is cal-
culated from the four-momentum vectors of the photons.
The full-width at half maximum (FWHM) of 45 MeV is
in good agreement with the Monte Carlo expectation
based on the energy and angular resolution of the photons
as indicated by the solid curve in Fig. 2. We note that our
measured amass d.istribution as well as the mass differ-
ence M(Y(2S))—M(Y(1S)) obtained from the four mea-
sured photon energies is systematically shifted to lower
values on the order of 5%. We have corrected the photon
energies so that the measured m mass distribution and the
mass difference peak at their expected values. '

Our final data sample contains 44 events of the type
yyyyp+p and 46 events of the type yyyye+e with a
mass difference hM between 503 and 623 MeV. The
background is estimated by averaging over equal area
sidebands on each side of the signal region. We estimate
one background event in the yyyyp+p sample and two
events in the yyyye+e sample which we subtract from
the final number of events for the branching-ratio calcula-
tions.

Possible sources of background in our data sample are
the processes Y(2S)~n AY( IS) with the Y(1S) decaying
into ~+w, radiative QED events with additional spurious
energy in the detector, cosmic-ray events, and low-
multiplicity hadronic events originating from Y(2S) de-
cays' or continuum processes. The ~-pair contribution is
studied by Monte Carlo simulation and the background is

estimated to be less than one event in the muon channel
and negligible in the electron channel. We estimate the
cosmic-ray background to be negligible based on the tim-
ing of the energy signals in the NaI(T1) modules relative
to the time of the beam crossing in the signal events. To
estimate the background from QED processes and ha-
dronic decays we have analyzed approximately 30 pb ' of
Y(1S) data. This corresponds to about half the number of
the continuum events and to about 1.5 times the number
of resonance decays in our analyzed Y(2S) data sample.
We find one yyyyp+p event within the mass difference
window 503—623 MeV. These studies are consistent with
the above sideband estimate of three background events.

The acceptance for the decay Y(2S)~~ n Y(1S)
—+yyyyl+l is evaluated using a model where the m ~
system is emitted in an S wave and has spin zero. Our
model includes the measured 70% beam polarization of
DORIS II at the energy of the Y(2S) resonance; this af-
fects the angular distribution of the leptonic decays of the
Y(1S). The calculated acceptance depends only weakly on
the degree of polarization. The Monte Carlo simulation
for electrons and photons is done with the EGS code. '

Muons are simulated by adding the energy distribution
from observed muons in e+e —+p+p events to the
Monte Carlo events. To include the effects of beam-
related background on the detection efficiency, the energy
observed in random beam crossing triggers is added to
each Monte Carlo event.

In order to obtain the detection efficiency independent
of assumptions about the shape of the dipion mass distri-
bution, we determine the acceptance as a function of the
invariant dipion mass M p p. The curve in Fig. 3 is the
summed acceptance of the m. ~ e+e and n. n p+p de-
cay modes. The acceptance shows a large variation over
the kinematic range of M &+ due to increasing (decreas-

ing) overlap probability between photons from different
pions as M & 0 approaches the lower (higher) kinematic
limit. The acceptance-corrected number of events is ob-
tained by binning the data in M p p and correcting each
bin by the efficiency averaged over that bin. From the
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FIG. 2. The mass difference hM =M(Y(2S))—M, ;I where
M, ;~ is the mass recoiling against the 4y system. The solid
curve is the Monte Carlo expectation from energy and angular
resolution. The sideband regions are indicated.
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FICi. 3. The summed efficiency of the m m e+e and
m. n. p+p, decay modes as a function of the invariant dipion
mass.
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number. of observed and efficiency-corrected events of
both decay modes we obtain average efficiencies of

p=0. 10+0.01 and e 0 0 ——0.09+0.01, where the er-
eem m'

' '
@pm m

rors are almost entirely systematic. The main contribu-
tions to the systematic errors are the uncertainties in
rriodeling the detector, the simulation of the background
energy in the Ball, and the sensitivity of the branching ra-
tios to variations of the cuts. The overall systematic error
is obtained by adding the different contributions in quad-
rature.

From the final-event sample we obtain the invariant-
~ ~ -mass distribution shown as the histogram in Fig. 4.
Clearly, a mass distribution according to phase space
(dashed curve) is excluded by the data. We fit the ob-
served mass spectrum to three different theoretical expres-
sions ' ' folded with our experimental resolution in
M p& of 8 MeV and the acceptance curve of Fig. 3. All

three theoretical expressions contain a term ( M ~—const) which accounts for the peaking of the dipion
mass distribution at high values. Within the drawing ac-
curacy, the fits to all three theoretical models are
represented by the solid curve in Fig. 4. The functional
form and the value of the fitted parameter of each model
are listed in Table I. These values have been determined
previously only for the decay Y(2S)~n.+m Y(lS).
Our results are consistent with those measurements. A
previous measurement of Y(2S)~m m Y(1S) also shows
a peaked dipion mass distribution, in qualitative agree-
ment with our data.

We also extract from our data the angular distributions
for cos8++ and cos8+. The angle 8 p, is the polar angle
of the dipion momentum vector with respect to the beam
axis in the laboratory frame. The angle 0 0 is the polar
angle of the ~ direction in the rest frame of the m.m sys-
tem, where the z axis is parallel to the beam axis. This
angle is sensitive to the spin of the n.~ system. Figures
5(a) and 5(b) show the observed distributions superim-
posed with the Monte Carlo prediction (solid curve),
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FIG. 4. The invariant-m m -mass distribution. The histogram
is the data without acceptance correction. The solid curve
represents the fits to the data of the theoretical expressions fold-
ed with the experimental resolution in M p p of 8 MeV and the

acceptance curve of Fig. 3. The confidence level of all fits is
greater than 79%. The dashed curve shows the phase-space dis-
tribution folded with the acceptance. The agreement between
the data and the expectation from phase space has a confidence
level of less than 10

500

which is calculated using the measured M 0 0 mass distri-
bution and isotropic decay distributions as expected for a
dipion system of spin zero emitted in an S wave. The
data for cos8, are in good agreement with isotropy. For
the distribution in cosO++ the confidence level of the
agreement between the data and the prediction from iso-
tropy is only 3%%uo. This low confidence level is due to the
high number of counts at cosO p p= —0.5. We have
looked for and have found no systematic effects which
can explain this. We believe that this high bin is due to a
statistical fluctuation and that this distribution is con-

TABLE I. The results of the fit of the M mass distributions to
E = [ [(M~ +M~) —M~ ][(M~ —M~) —M ](M —4M )] ' is the phase-space factor.

different theoretical expressions.

Model Mass distribution
dX

dM
m m result a+m. result

Yan' ~E (M „—2M„) = —0. 18 p'13
+0.18 +0.01-o. 1

+0.13

(M ' —2M ')
3A

(M „'—4M ')2(M '+2M„'), +0
M

Voloshin-Zakharov

Novikov-Shifman'

[Kp ——(M~ 2+M ' M~~) j(2M~ )]—
~X(M,2 —XM.2)2

2

~K M„—x(M~ —M~) 1+22 M
+O(~ )

A —3+3 14

0. 14—o.o6
+0.05

X=2. 1+007,

K' =0.08 p' p4

' References 8 and 23 ~

Reference 18.' Reference 19.
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Dividing out the present world-average value2' of the lep-
tonic branching ratio Bii(Y(1S))=(2.9+0.3)% we obtain
B(Y(2S)~ir m Y(1S))=(8.0+1.5)%, where we have
added the statistical and systematic errors in quadrature.

Our result is consistent with the recently published
CUSB value of B(Y(2S)~m ~ Y(1S))=(10.3+2.3)%.
The present average value of the branching ratio
B(Y(2S) +n+m—Y(lS)), derived from exclusive and in-
clusive measurements, is ( 18.8+ 1.0)%. Using this
value and our measurement for the m. m. channel we ob-
tain a ratio

1 (Y(2S)~~ ~ Y( 1S))
I (Y(2S) m+m Y(1S))

(b)

l5—
D

~~ to—
LLJ

LLJ

I
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FICr. 5. Angular distributions of the m m system. The histo-
grams are the data without acceptance correction. The curves
represent isotropic distributions corrected for acceptance and
normalized to the number of events. (a) cosO o o distribution.

(b) cos8 o distribution. For a description of the angles see the

text. The confidence levels of the agreement between the data
and the curves are 3% and 89%, respectively.

=(2.2+0.4+0.2) && 10

B(Y(2S)~m ir Y(1S))B(Y(1S)~p+p )

=(2.4+0.4+0.3) &&10

The error on the number of produced Y(2S) decays is
mainly systematic and mostly due to the uncertainty in
our hadronic detection efficiency. Assuming lepton
universality, we average the electron and muon results and
find a product branching ratio of

sistent with isotropy.
From the number of background-corrected events, the

detection efficiencies, and the number of (193+15))&10
produced Y(2S) decays we obtain the following product
branching ratios (the first error being statistical, the
second systematic):

B(Y(2S)~n m Y(1S))B(Y(15)~e+e )

Taking into account phase space we expect this ratio to be
0.53 for an I =0 isospin assignment of the n~ system,
which is required if isospin is conserved. Our result
agrees with this expectation with a confidence level of
1I o.

THE DECAY f(2S)~m+m' Y( IS)

We have also studied the reaction Y(2S)—+m+m Y(1S).
Here the Y(1S) is required to decay into an e+e pair in
order to suppress hadronic background. As the event
selection and data analysis for this channel are in many
respects similar to the m m e+e decay, we stress only
those cuts which differ from the previous analysis. We
require two almost back-to-back particles with an energy
of at least 3.5 GeV each, in addition to two particles depo-
siting at least 50 MeV each. We require the two low-
energy particles, the pion candidates, to be charged. The
charge requirement is necessary to reduce the background
in this channel; however, the use of the tracking chambers
in this analysis increases the overall systematic error. The
energy deposited by both charged particles together has to
exceed 160 MeV. This energy sum requirement for the
two pion candidates is very efficient since the pions ori-
ginating from the decay Y(2S)~m+m. Y(1S) are slow
and will often stop in the Ball leaving at least their kinetic
energy of about 280 MeV. To ensure clean energy mea-
surements we require in addition (a) the opening angle be-
tween any two tracks to be larger than 32' (cosO,J. & 0.85),
(b) all four tracks to be well within the main calorimeter
(

~

cosa
~

(0.85), (c) no additional particle with energy
larger than 30 MeV in this solid angle, and (d) less than
100 MeV of energy deposited in the end-cap crystals.
Events surviving these selection criteria are subjected to a
3C kinematic fit using the measured electron energies and
constraining the e+e mass to the Y(1S) mass. After a
cut on the confidence level of 10% we obtain a final sam-
ple of 169 events of the type Y(2S)~~+m. Y(1S)
—+++~ e+e

Possible sources of background to this reaction are the
processes Y(2S)—&m+n. Y(1S)—+m. +m. v+~, the cascade
decays Y(2S)~yyY(1S), Y(2S) +nnY(1S) and —radi. a-.
tive QED events with photons misidentified as charged
particles. The first three background processes are
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FIG. 6. The invariant-m+~ -mass distribution. The histo-
gram is the data without acceptance correction. The solid curve
represents the fits to the data of the theoretical expressions fold-
ed with the experimental resolution in M + of 15 MeV and

the nearly flat acceptance. The confidence level of all fits is
3%. We have found no systematic effect which can account for
this low confidence level and believe it is due to a statistical fluc-
tuation in the highest-mass bin.

evaluated with Monte Carlo techniques and are found to
be negligible. The background due to radiative QED
events with additional spurious energy in the detector is
estimated by carrying out the above analysis on approxi-
mately 30 pb ' of Y(1S) data. We find four events satis-
fying all cuts. Based on twice the luminosity for our
Y(2S) data, we estimate a total of eight background
events to be subtracted from the final sample of 169
events for the calculation of the branching ratio.

The Monte Carlo model used to determine the overall
detection efficiency incorporates the M mass distribu-
tion as given by Voloshin and Zakharov' with the only
parameter fixed at A, =2. This choice is not crucial since

, our efficiency is almost constant over the whole M +
mass region. We obtain e + ——0.17+0.03, where the

error is dominated by the systematics in the determination
of the tube-chamber tracking efficiency. This efficiency
has been obtained bg studying e+e ~p+p events and
is found to be 0.90+0'12 per track.

From the final data sample we extract the invariant
M + + mass distribution shown in Fig. 6. This spectrum
exhibits the same behavior as that observed in our m m

analysis and that seen by other experiments. We fit
the observed mass spectrum to the three theoretical ex-
pressions ' ' corrected for acceptance and folded with
our experimental resolution in M + of 15 MeV.
Within the drawing accuracy, all fits are again represented
by one solid curve. The results from these fits, included
in Table I, are consistent with those found in the n. n
analysis and those obtained by other experiments.

We also obtain angular distributions for cos0 + and
cos8*+. The definitions of these angles are identical to
the ones for the neutral mode. Figures 7(a) and 7(b) show
the data superimposed with the expectation from the
Monte Carlo model as described above. Both angular dis-
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FIG. 7. Angular distributions of the ~++ system. The his-

tograms are the data without acceptance correction. The curves
represent isotropic distributions corrected for acceptance and
normalized to the number of events. (a) cosO + distribution.

(b) cos8 + distribution. For a description of the angles see the

text. Note that we do not distinguish between positive and neg-
ative pions. The confidence levels of the agreement between the
data and the curves are 43% and 89%, respectively.

=(4.9+0.4+1.0) &&10

With the average leptonic branching ratio
Bii(Y( 1S)) = (2.9=0.3)%%uo we obtain B(Y(2S)
~n.+m. Y(1S))=(16.9+4.0)%, where the statistical and
systematic errors are added in quadrature. This result is
consistent with the present average value of
B(Y(2$)—+ir+ir Y(1S))=(18.8+1.0)%%uo derived from ex-
clusive and inclusive measurements. For completeness,
we present the ratio of our measured branching ratios for
the neutral- and charged-pion transitions. In this ratio the

tributions show good agreement with the hypothesis of an
isotropic emission of a spin-zero dipion system.

From the background-corrected number of events, the
detection efficiency, and (193+15)X 10 Y(2S) events we
obtain the following branching ratio:

8(Y(2S)~n+n. Y(1S))8(Y(1S)~e+e )
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common systematic uncertainty in the number of pro-
duced Y(2S) resonance decays cancels. We find

'I (Y(2S) & tr Y( 1S)) 0 47+0
I (Y(2S)~m +m Y(1S))

again consistent with 'an I =0 assignment for the mm sys-
tem. Additionally we include our measurements for these
channels with the previous world-average values and ob-
tain

I'(Y(2S) n. ~ Y(1S)),„„,, =0.46+0.06 .I (Y(2S)~7T+ Ir Y( 1S))gvetgs,

SVMMARY

We conclude that for the decay Y(2S)~m. m Y(1S) our
measurements of the branching ratio, the shape of the
invariant-mn. -mass spectrum, the angular distribution of
the m.m system, and its decay distribution are consistent
with those we obtain for the charged decay
Y(2S)~m.+m. Y(1S). In addition we find agreement be-
tween our results and those of other experiments.

The ratio of the branching ratios of the neutral-pion de-
cay mode to the charged mode indicates consistency with
isospin conservation for this decay. The measured angu-

lar distributions are consistent with those expected for a
spin-zero dipion system emitted in an S wave. Partial
conservation of axial-vector current (PCAC) together with
the observed isotropic angular distributions predicts the

invariant-mm-mass spectrum to be peaked at high values
as we observe.
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