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ABSTRACT

We have investigated the hadronic transitions T(25) — x%x° T(15) —
AyyttT (I = p or €) and T(25) — xtx~ T(1S)— x*x"e*e” using the
Crystal Ball detector at the DORIS II e*e™ storage ring. Using the present
world average value of By(T{18))= (2.9 £ 0.3)% we derive branching ratios
B(T(28) — =%° T(15))= (8.0 + 1.5)% and B(T(28) — x+tx~ T(18))=
{16.9 £ 4.0)%. We also present results on the invariant mass spectra and the
angular distributions of the di-pion system.



Introduction

Hadronic transitions between heavy quark-antiquark bound states have
been studied both experimentally and theoretically. The decay T(25) —
atx™ T(1S) was the first observed hadronic transition in the 55 system® 33,
Whereas this transition has since been studied*® with high statistics, only
one measurement® of the transition T(25) — x%® T(15) has been per-
formed up to now. A comparison of the charged and the neutral xx transi-

tions is a test of the isospin invariance of this process,

Theory describes the hadronic decay T(2S) — xx T(15) as a two step
process. First the excited quarkonium state radiates gluons. Since the avail-
able energy for the gluons is small, the emission process cannot be treated in
perturbation theory. However, Gottfried” and Yan® have shown that a mul-
tipole 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 di-pion system are determined by using partial
conservation of axial-vector current (PCAC) and current algebra®®. This
picture, together with the observed®® isotropic angular distributions for the
decay of this system, leads to the prediction of an invariant x# mass dis-
tribution which is peaked towards high values. This prediction has been
verified for the transition T(26} — a*x~ T(15) 458, however, for the x*x~
transition from T (35} to T(1S} an invariant xx mass distribution has been
observed'®!! which is inconsistent with the expectation from theory. Thus
hadronic transitions between heavy quark-antiquark bound states still de-

serve a careful study.

With the Crystal Ball detector at DORIS II we have studied the hadronic
transitions T (25} — 2% T(1S) (where the final state T(15) decays into a
lepton pair e*te™ or w*pu”~) and T(28) — x¥x~ T(18) =+ atx—ete” . We

present measurements of the branching ratios and results on the invariant
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mass gpectira and the angular distributions of the di-pion system.

Detector and Trigger

The Crystal Ball detector is a nonmagnetic calorimeter especially de-
signed for measuring electromagnetically showering particles, The major
component of the detector is a highly segmented spherical array of 672
Nal(T¢) crystals covering 93% of the total solid angle. Each crystal is 16
radiation lengths long. The geometry of the array is based on an icosahe-
dron. Each of the twenty triangular faces, referred to as “major triangles”,
iz subdivided into four *minor triangles” each consisting of nine individual
crystals. The solid angle coverage of the Ball is extended to 98% of 4«
steradians by Nal(T¢} endcaps. The energy resolution of

olE) 2.6%
"E g}

(E in GeV)

for electromagnetically showering particles makes the Ball well suited for
measuring energies of photons and electrons. The most probable energy
deposited by minimum ionizing particles is about 210 MeV. The high seg-
mentation of the detector provides a measurement of the direction of photons
and electrons with an angular resolution of 1-2 degrees, 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 resclution for charged tracks of about 1 degree. The direction of
non-interacting charged particles can also be determined from their energy
deposition in the crystals with an angular resolution of 2 degrees. 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 T(25) — axT(1S5) is based on a data sam-
ple of 193000 T{(2S) decays corresponding to an integrated luminosity of
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60.6 pb~1. The search for events containing approximately back-to-back elec-
tron or muon pairs ptus 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 ane*e™ events completely contained in the fducial vol-
ume of the detector, 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 approximate hemispheres.. This trigger requires that,
for each division, both hemispheres contain at least one major triangle with
more than 150 MeV and that the total energy deposition in the Ball exceeds
770 MeV.

<} 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 ¢) 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 x%x%utpu-

events fully contained in the fiducial volume of the detector.

The Decay T(25) — =%° T(1S)

 Forevents of the type #%#% [~ (I = p or ¢) we require exactly 6 particles
in the Ball within [cos ©| < 0.85, where © is the angle between any particle
and the incoming 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 #%2%+{~ channel. The
lepton pair is identified by finding twe particles with an acollinearity smaller
than 17° {the maximum acollinearity of leptons originating from T(28) —

%% Y(15) - Ayyylt1™ is 6°). Furthermore, for electron pair candidates
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each of the two tracks is required to have an energy deposition of more than
3.5 GeV whereas for each muon candidate an observed energy between 150
MeV and 330 MeV spread over only a few crystals is required. The lateral
energy distribution of the other four particles, the photon candidates, must
be consistent with that of electromagnetically showering particles, and the
energy deposition of each particle has to be greater than 10 MeV. To ensure
a clean energy measurement of the photons we require the opening angle
between any two particles to be larger than 26° (cos#;; < 0.9). For events
of the type yyyyutu~ we apply additional cuts on event cleanliness: the
energy measured by the endcaps must not exceed 40 MeV, and the eénergy
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 te the hypothesis

ete” — Y(28) — yyyytl™ using energy and momentum conservation.
This results in a two constraint (2—C) fit since the measured energies of
the leptons are not used. For events passing the fit with a confidence level
larger than 5%, we plot in Fig. 1 the two photon invariant mass m.,, of each
pairing combination versus the invariant mass of the remaining photons!3.
The scatter plot contains three entries per event and shows a clear clustering
in the mass region of two x°s. The box indicates our cut at +22 MeV on
both axes around the x® mass. This cut corresponds to approximately 13
standard deviations of our x° mass resolution. In Fig. 2 we plot the mass
difference AM = M(Y(25))—M,,.0i for events with at least one combination
of the four photons with masses m,., within the above limits. M, coit i8 the
mass recoiling against the four photon system and is calculated from the

energy-corrected four-momentum vectors of the photons. The FWHM of 45

-‘MeV is in good agreenient with the Monte Carlo expectation based on the

energy and angular resolution of the photons as indicated by the solid curve

in Fig. 2.
Our final data sample contains 44 events of the type yyyyutpu™ and 46
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events of the type yyyyete™ with a mass difference AM between 503 MeV
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 yyyyutu~ sample and two events in the 5yyyete™ sample

which we subtract statistically from the final number of events given above,

Possible sources of background in our data sample are the processes
Y(25) — #%x° T(1S) with the Y(15) decaying into r*r, radiative QED
events with additional spurious energy in the detector, and low multiplicity
hadronic events originating from T(28) decays or continuum proceases., The
7 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. To estimate the background from QED processes
and hadronic decays we have analyzed approximately 30 pb—1 of T(15) 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 T(25) data
sample. We find one yyyyutu~ event within the mass difference window
503 MeV to 623 MeV. These studies are consistent with the above sideband

estimate of three background events.

The acceptance for the decay Y(25) — x°2° T(18) — yyyyiti— is eval-
uated using a model where the #°x? system is emitled 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 affects the angular
distribution of the leptonic decays of the T(1S) . The calculated accep-
tance 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
ete™ —» u¥u~ events to the Monte Carlo events. To include the effects of
beam related backgrcund on the detection efficiency, the energy observed in

random beam crossing triggers is added to each Monte Carlo event.
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In order to obtain the detection efficiency independent of assumptions
about the shape of the di-pion mass distribution, we determine the accep-
tance as a function of the invariant di-pion mass M,ope . The curve in
Fig. 3 is the summed acceptance of the x%%¢te~ and x®x%u*u~ decay
modes, The acceptance shows a large variation over the kinematic range
of Myoyo due to increasing (decreasing) overlap probability between pho-
tons from different pions as Mys,s approaches the lower [(higher) kinematic
limit. The acceptance corrected number of events is obtained by binning
the data in Mo, and correcting each bin by the efficiency averaged over
that bin. From the number of observed and efficiency corrected events of
both decay modes we obtain average efficiencies of €,.q1,0 = 0.10 + 0.01 and
€uuroye = 0.09 1 0.01, where the errors are almost entirely systematic. The
main contributions to the systematic errors are the uncertainties in mod-
elling the detector, the simulation of the background energy in the Ball, and
the sensitivity of the branching ratios to variations of tlie cuts. The over-
all systematic error was obtained by adding th; different contributions in

quadrature.

From the final event sample we obtain the invariant x®x® mass distribu-
tion shown as the histogram in Fig. 4. Clearly, a ma.ss.dist.ribution according
to phase space (daahéd curve) is excluded by the data. Wé fit the observed
mass spectrum to three different theoretical expressions®4!% folded with our
acceptance curve of Fig. 3. Within the drawing accuracy, the fits to all three
theoretical models are represented by the solid curve in Fig. 4. The func-
tional form and the value of the fitted parameter of each model are listed in
Table 1. These values have been determined previously*%® only for the decay

T(28) —» x*x~ T(1S). Our results are consistent with those measurements.

We also extract from our data the angular distributions for cos #,¢,0 and
cosf,. The angle 80,0 is the polar angle of the di-pion momentum vector
with respect to the beam axis in the laboratory frame . The angle 8., is the

polar angle of the x? direction in the rest frame of the xx system, where the



z-axis is parallel to the beam axis. This angle is sensitive to the spin of the

T systemw

. Figs. 5(a},(b) show the observed distributions superimposed
with the Monte Carlo prediction (solid curve), which is calculated using
the measured Mo o mass distribution and isotropic decay distributions as
expected for a di-pion system of spin zero emitted in an S—wave. The data
for cos#;, are in good agreement with isotropy. For the distribution in
cos @ o040 the confidence level of the agreement between the data and the
prediction from isotropy is only 3%. This low confidence level is due to the
high number of counts at cos8,e,0 = —0.5. We have locked 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 consistent

with isotropy.

From the number of background corrected events, the detection efficien-
cies, and the number of (193 + 15) x 10° produced T(2S) decays we obtain
the following product branching ratios (the first error being statistical, the

second systematic):

B(T(25) - x°%° T(18)) x B(T(15) +ete™) = (2.2+ 0.4 +£0.2) x 1073,

B(Y(28) — x°2° T(15)) x B(Y(18) - u*pu~) = (2.4 £ 0.4 £ 0.3) x 1073,

The error on the number of produced Y(25) 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
B(Y(28) — x%*° T(18)) x B(T(18) = 1"} = (2.3+£ 03 £ 0.3) x 1073,

Dividing out the present world average value!” of the leptonic branching
ratio By(T{15)) = (2.9 + 0.3)% we obtain B(T(25) — %0 T(15)) =
(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{T(25) - x%x° T(15)) = (10.3 + 2.3)%. The present average value of the
branching ratio B(T{28) — x*x~ T(18)), derived from exclusive and inclu-
sive measurements'®, is (18.841.0)%. Using this value and our measurement
for the x°x% channel we obtain a ratio r((—((zs _:':::n IO — 0.43 + 0.07.
Taking into account phase space we expect this ratio to be 053foran I =0
isospin assignment of the 7« system, which is required if isospin is conserved.

Qur result agrees with this expectation with a confidence level of 11%.

The Decay T(2S) — «tx~ T(15)

We also have studied the reaction T(2§) — a*x~ T(15). Here the
T(15) 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 x®x%cte~ decay, we stress only those cuts
which differ from the previous analysis. We require two almost back-to-
back electrons with an energy of at least 3.5 GeV each, in addition to two
charged particles depositing at least 50 MeV each. 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
originating from the decay Y(28) — x*x~ T(15) are slow and will often
stop in the Ball leaving at least their kinetic energy of about 280 MeV. To
ensure clean energy measurements we require in addition:

a) the opening angle between any two tracks to be larger than
32° (cos 8;; < 0.85),

b) all four tracks to be well within the main calorimeter: |cos 8] < 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 endcap crystals.

Events surviving these selection criteria are subjected to a 3-C kinematic fit
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where tlie invariant ete™ mass is constrained to the T(1S5) mass. After a
cut on the confidence level of 10% we obtain a final sample of 169 events of
the type T(25) = xtx~ T(18) - x¥tx"ete™.

Possible sources of background to this reaction are the processes
T(25) = x¥*x~T(18) = atx~r*r", the cascade decays T(25) — 17T(15),
T(25) — x°2°7(15) and radiative QED events with photons misidentified
as charged particles. The first three background processes are 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 approximately 30pb~! of
T(15) data. We find 4 events satis{ying all cuts. Based on twice the lumi-
nosity for our T{25) data, we estimate a total of 8 background events to be
subtracted statistically from the final sample of 169 events.

The Monte Carlo model used to determine the overall detection efficiency
incorporates the My, mass distribution as given by Voloshin and Zakharov!'t
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
€oxte- = 0.1710.03, where the error is dominated by the systematics in the
determination of the tube chamber tracking efficiency. This efficiency has

been obtained by studying e¥e~ — utu~ events.

From the final data sample we extract the invariant My, mass dis-
tribution shown in Fig. 6. This spectrum exhibits the same behavior as
that observed in our x%x® analysis and that seen by other experiments® €.
We fit the observed mass spectrum to the three theoretical expressions®1%!5
corrected for acceptance. Within the drawing accuracy, all fits are again rep-
resented by one solid curve. The results from these fits, included in Table 1,
are consistent with those found in the #%2° analysis and those obtained by

other experimentsi—9,

We also obtain angular distributions for cos#,+,- and cos@.,. The
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definitions of these angles are identical to the ones for the neutral mode.
Figs. T(a),(b) show the data superimposed with the expectation from the
Monte Carlo model 13 described above. Both angular distributions show
good agreement with the hypothesis of an isotropic emission of a spin zero

di-pion system.

From the background corrected number of events, the detection efficiency,

and (193 4 15) x 10* T(25) events we obtain the following branching ratio:
B(T(25) » x*x~ T(15)) x B(T(1S) > e¢*e”) = (4.9 £ 0.4 + 1.0) x 1073,

With the average leptonic branching ratio!” By {T(15)) =(2.9 £ 0.3)% we
obtain B{T(25) — xtx~ T(15)) =(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(T(25) — ata~ T(15)) = (18.8+£1.0)% derived
from exclusive 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 common systematic uncertaint.y in the number

of produced Y(2§) resonance decays cancels. We find %_ﬂ)}——;——%% =

0.47 + 0.11, again consistent with an I = 0 assignment for the #x system.

Summary

We conclude that for the decay T(25) — x%x% T(15) our measurements
of the branching ratio, the shape of the invariant #x mass spectrum, the an-
gular distribution of the #x system, and its decay distribution are consistent
with those we obtain for the charged decay T(2S) — »*x~ T(15). In addi-

tion we find agreement between our results and those of other experiments.

T'he ratio of the branching ratios of the neutral pion decay mode to the
charged mode indicates consistency with isospin conservation for this decay.

The measured angular distributions are consistent with those expected for
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a spin zero di-pion system emitted in an S-wave. Partial conservation of
axial-vector current {PCAC) together with the observed isotropic angular
distributions predicts® the invariant #x mass spectrum to be peaked at high

values. This is indeed what we obser_ve.
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Table 1. The results of the fit of the M,, mass distributions to different
theoretical expressions.

Model Maas Distribution &":43‘: *%x° Result =12~ Result

Yan « K{(M2, - 2M3)?
HENME, - 2M2) [(M2, — aM?) |5 = -0.15%013 | B = +0.04*348

+2(MZ, + 2M3) 5 1+ o(81))

(Ko = (M3 + M2, - M3)/(2M~)]

Voloshin- o« K(M2, - aM3)? A= 80l | A= 1803
Zakharov

Novikov— | K[M?, — (M — MrJ(1+ 22 )7 | = 013728 | x = 008092
Shifman® +0(x?)

* References 8 and 19
% Reference 14
¢ Reference 15

where K = [((My + M1)? — M2 )((Mx: — M1)? — M2 }(M?, — 4M?)]} is the phase
space factor. ’
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Figure Captions:

Fig. 1. Scatter plot of the observed m,., masses of the Avyptu~ and
~4+yyvete™ samples {three entries per event). The box indicates the bound-
aries of the cut.

Fig. 2. The mass difference AM = M(T(25)} — M,.cou where M, .., is the
mass recoiling against the 4 system. The solid curve is the Monte Carlo
expectation from energy and angular resolution. The sideband regions are
indicated.

Fig. 3. Theé summed efficiency of the x%x%te~ and x97%u* 4~ decay modes
as a function of the invariant di-pion mass.

Fig. 4. The invariant x%°x° mass distribution. The histogram is the data
without acceptance correction. The solid curve represents the fits to the data
of the theoretical expressions folded with the acceptance curve of Fig. 3. The
confidence level of all fits is greater than 79%. The dashed curve shows the
phase space distribution folded with the acceptance. The agreement between
the data and the expectation from phase space has a confidence level of less
than 1075,

Fig. 5. Angular distributions of the x%x° system. The histograms are the
data without acceptance correction. The curves represent isotropic distri-
butions corrected for acceptance and normalized to the number of events.
a) cos@yeee distribution. b) cos@), 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.

Fig. 6. The invariant x*x~ mass distribution . The histogram is the data
without acceptance correction. The solid curve represents the fits to the

data of the theoretical expressions folded with the nearly flat acceptance,

The confidence level of all fits is greater than 7%.

Fig. 7. Angular distributions of the »*x~ system. The histograms are the
data without acceptance correction. The curves represent isotropic distri-
butions corrected for acceptance and normalized to the number of events.
a} cosBy+,- distribution. b} coaf; distribution. For a description of the
angles see the text. Note that we do not distinguish between positive and
negative pions. The confidence levels of the agreement between the data and
the curves are 43% and 89%, respectively.
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