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Abstract

We have searched for radiative decavs of the T(1S) resonance, Y(1S) — v X,
where X is one of the mesons 7. n’. f,(1270), f2(1720), or a narrow resonance
with mass less than 3 GeV /c? which decays into either 7°7° or 1. The mesons
are identified in their all-neutral decay modes. Since we do not find any
such decays, we calculate upper limits on the corresponding branching ratios.
These limits are compared to theoretical predictions and to the corresponding

branching ratios measured in radiative J/y* decays.
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Introduction

The main decay modes of a heavy narrow vector meson like the YT(1S) result
from the annihilation of its constituents, a heavy quark and antiquark. The decay
mode with the largest rate is described in lowest order QCD by a three gluon
intermediate state which fragments with probability one into hadrons. Another
important decay mode proceeds similarly except that one of the gluons is replaced
by a photon [1]. The two gluons hadronize into ordinary mesons or they may
form gluonium states, which consist in lowest order of two gluons. Therefore the
study of radiative decays of heavy bound QQ states may provide insight into the
formation mechanism and the gluonic content of light mesons. Radiative decays
of the J/v" have been measured [2] with branching ratios of the order of 1073
and have revealed two gluonium candidate states [3.4', the 1(1440) and f,(1720).
Thus it is of considerable interest to also search for radiative decays of the Y(1S)
resonance to these gluonium candidates and to other light mesons.

Radiative decay rates can be calculated {5.6.7 within the framework of QCD.
The coupling of gluons to heavy quarks can be treated perturbatively, whereas
the coupling of gluons to light quarks has to be determined with 10w-eﬁergy
non-perturbative matrix elements. By forming ratios of decay rates for differ-
ent quarkonia states, the uncertain matrix elements cancel and the ratios will
depend on quark masses mg only. In particular. the Y(1S) radiative branching
ratio B(Y — ~X) is found in most theoretical calculations [5,6,7) to be sup-
pressed by about (ey/€.)*(m./ms)* ~ 1/40 with respect to the J/¢' branching
ratio B(J/y» — 4X), where eg is the charge and mg the mass of the quark.

Therefore, rather large data samples are needed to study radiative T(1S) decays.

Data Sample and Detector

The analysis presented here is based on 46 pb™! of data collected on the Y(1S)
resonance, corresponding to (476 £ 20) x 10* produced Y(1S) mesons. A second
data sample of 20 pb™! on the Y(4S) resonance was used for background studies.
The data were collected with the Crystal Ball detector at the eTe™ storage ring
'DORIS 11 at DESY. Photon energies and directions are measured in the main part
of the detector, a spherical shell of 672 Nal(Tl) crystals covering 93% of 4n. For
electromagnetically showering particles the energy resolution 1s gi\;en by og/E =
(2.7 0.2)%/ VE/GeV, and the polar angular resolution is o¢ = 2° to 3°, slightly
depending on energy. Photons, electrons and positrons yield a rather symmetric

lateral energy deposition pattern with typically 70% of the energy deposited in



one crystal and about 98% in 13 contiguous crystals. Proportional tube chambers
surrounding the beam pipe detect charged particles. A more detailed description
of the detector can be found in reference [8].

Because of its good photon energy resolution, the Crystal Ball detector is well
suited to search for radiative decays of the Y(1S) resonance to mesons which
decay with large branching fractions into all-neutral final states. In particular
those final states are used which contain 7°’s [B(7° — ~v) = 98.8%] and 7’s
B(n — 17) = 39% and B(n — 37°) = 32% [2]]. The following decay modes, all
measured on the J/i» with a substantial branching ratio, were searched for on the

T(1S):

Y(1S) — 7y
Y(1S) — ' , ' mi? (1)
T(1S) — v f2(1270) , f2(1270) — n°n°

Y(1S) — v f2(1720) . f2(1720) — 77 .

The f2(1720) resonance, a strong gluonium candidate. was originally discovered 4]
in the channel n7. Therefore we have extended our search for other narrow res-
onances X with width Ty < 50MeV and mass less than 3GeV/c? in the decay
chains: '
' T(1S) = +X |, X — 7n°n° o
T(1S) = +X , X — 1. (2)
The advantage of a search for 7°7° over 7 n~ arises from the fact that iso-vector
resonances do not decay into the former channel. Thus a possible feed-down from
Y(1S) decays to m°p°, 7°p°(1600) and 7°p35(1690) will be absent.
 If the meson X produced in radiative decays has a mass small compared to the
Y(1S) mass My, its Lorentz boost is given by Ex/my ~ My /2mx > 1. Due to
this rather large boost all the meson decay products tend to cluster in a narrow
cone opposite to the radiative photon. This can be seen in Fig. 1 for a typical
Monte Carlo event [9] of the type Y(1S) — ~7', n' — nn°n°, n — 37°. Only
two energy clusters appear in the detector. It is obvious that even with the finely
segmented Crystal Ball detector it is not possible to disentangle the energies and
impact points of all 10 individual photons from the decay of the n'. However.
the invariant mass of the 10 photons and thus the mass of the 7' meson can be
‘reconstructed to good approximation. This is achieved with the “Global Shower
Technique”[10}, by which the invariant mass of a shower is estimated from the
second moment of the enérgy deposition. This will be discribed in detail in the
next section.

Another algorithm called “PIFIT™ [10] is used which performs maximum like-

lihood fits to the pattern of energy deposition using the hypotheses that either two



photons or one photon created the shower, respectively. For an energy deposition
of multi-photon origin the two-photon hypothesis will also be very likely. Thus the
difference in the log-likelihood /11" of the two hypotheses is used as a quantitive
measure whether a shower is more consistent with multi-photon or one-photon
origin.

For the particular decay mode Y(1S) — vn, n — 27 one energy cluster is due
to exactly two photons. In this case the difference in the log-likelihood from PIFIT
alone can be used to discriminate between showers arising from a single photon
and from two photons. For overlapping showers originating from two photons
PIFIT yields in addition an estimate on the impact point of the two photons, thus
allowing the reconstruction of an invariant mass. The analysis for this specific

channel involving the PIFIT algorithm alone will be presented in a later section.

Global Shower Analysis

The Global Shower Technique uses an energy cluster, defined as a contiguous
region of crystals where each crystal has more than 10 MeV of deposited energy
E;. The total energy in the cluster is given by E = ¥, Ej, where the sum extends
over all crystals in the cluster. The direction of the center of gravity of each
energyv cluster is defined by ¢ = %S,- ¢; E; where ¢; 1s the unit vector pointing to
the center of the i!" crystal. The second moment of the cluster is calculated with
S = % S.(¢—¢é;)?E,. The invariant mass M of the cluster is then obtained from the
‘relation M = f E \/§T§ where S, = 4.0 x 10"*rad? is a measure of the average
width of a single photon cluster. The non-vanishing value of S, arises mainly from
the granularity of the detector and is determined with Monte Carlo methods based
on the Electron Gamma Shower program EGS [12]. The function f absorbs the
contribution from higher ordersin A E. Over the mass range investigated it was
found to be constant to a good approximation, f = 1.08. If the decay products of
a meson form more than one energy cluster, each cluster is assigned an invariant

mass, an energy. and a direction and thus a four-vector. These four-vectors are

then combined to obtain the invariant mass of the decaying meson.

For illustration, this method is applied to the Y(1S) — 7' Monte Carlo event
of Fig. 1. The Global Shower Technique yields an invariant mass of 46 MeV /c? for
the photon candidate on the left hand side. The cluster on the right side stems
from the decay of the 7' and has an invariant mass of 937 MeV/c?. Given a mass
resolution of about ¢ = 50 MeV /c? these results are consistent with zero photon

mass and with the nominal #’ mass of 958 MeV /c?, respectively.
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Figure 1: Mercator-like projection of the Crystal Ball detector for a Monte Carlo
event of the type: Y(1S) — 7', ' — nn°x°. 5 — 37°. The dotted lines are
‘the boundaries between groups of 9 crystals. These boundaries have no physical
significance and are shown for orientation only. The size of the dots indicates the
energy deposition in a crystal according to the scale given in the upper right part of
the plot. The solid lines surrounding the energy depositions show the boundaries
of the energy clusters as defined in the text. All 10 photons from the 5’ go into
the energy cluster on the right hand side of the projection.



The mass resolution obtained with this technique has been determmned with
Monte Carlo generated events. The photon angular distribution for the decay
into the pseudoscalars n and 7' was chosen to be 1 + cos?6,, where 6, is the
angle of the photon with respect to the beam direction. The angular distributions
of the subsequent decays n — 37° and ' — 7n7°7° were generated isotropically
since no evidence has been found {13,14’ for deviations from phase space. As the
helicity structure for Y(1S) radiative decays to spin 2 mesons is unknown, we chose
isotropic distributions for the production and decays of f,(1270) and f,(1720). The
X states were also generated isotropically and with zero intrinsic width. Finally,
the interaction of the final state photons in the detector was simulated using the
Electron Gamma Shower program EGS [12].

The event selection criteria to be discribed in the following section were then
applied to the Monte Carlo events. For mesons with a narrow width (n, 7'. X) fits
to the Monte Carlo invariant mass spectra yield Gaussian line shapes positioned
within =10 MeV /c? of the nominal meson masses. The widths of the Gaussians
were found to be independent of the number of energy clusters produced by the
meson. However, the width increases with increasing meson mass and ranges from
50 MeV for low mass mesons to 90 MeV for high mass mesons. Due to the larger
natural widths [9] of the f,(1270) and f,(1720) mesons, the Monte Carlo mass
resolutions also turn out to be larger: 127 MeV and 144 MeV, respectively, but

consistent with Gaussian shapes.

Event Selection

We are looking for events of the type T(1S) - 37X — ny with all of the energy
deposited in the detector. Events are selected with at least 8.5 GeV of total de-
tected energy. and having two, three or four energy clusters. The neutrality of
each cluster is ascertained by the requirement that there is no correlated track in
the proportional chambers. For each energy cluster in the event we calculate ¢ and
M. The total momentum of all clusters is then given by p=Y_; ¢;E;, where E; 1s
the energy of the ;' cluster with direction ¢; defined as above. To ensure approx-
imate momentum balance we require the transverse momentum [p,| < 1.5GeV/c
and the longitudinal momentum |p.| < 2.0 GeV/c. The larger cut for p. takes into
account the width ¢, = 1.2cm of the distribution of the production vertex. which
cannot be corrected for event-by-event. For events with exactly two clusters we
require at least one cluster with an invariant mass larger than 200 MeV.

The definition of the radiative photon candidate is straightforward. For events



with two energy clusters. the photon candidate is the cluster with the lower invari-
ant mass. For events with three or four energy clusters, the photon candidate is
the cluster most isolated in space. To reduce background, we require the photon
candidate to be within |cos#, | < 0.8. Background arises mainly from (radiative)
QED events € e~ — 79(7) and €*¢~ — eTe " (7), where in the latter case both,
the final state electron and positron, are not detected by the proportional cham-
bers due to inefficiency. Both processes are peaked towards the beam direction.
Background from hadronic events is very small due to the multiplicity cut of less
than four clusters.

We now turn to the analysis of those clusters originating from the meson decay
products opposite to the photon candidate. Mesons produced in the radiative
decay of the Y(1S) get a Lorentz boost inversely proportional to their mass. Thus
the decay products of light mesons tend to produce fewer energy clusters in the
detector than do heavier mesons. To maximize the signal-to-noise ratio we group
the events according to the number of clusters produced and analyze the two groups
~ with somewhat different cuts. Light mesons are sought in events containing two or
three neutral energy clusters (2-3), i.e. one or two clusters from the meson decay
plus an additional cluster from the radiative photon. Events containing three or
four clusters (3-4) are used to search for heavier mesons. In the intermediate
mass region, around 1.5 to 2GeV /c?. both analyses yield consistent results. In
the following we refer to the two analyses by the cluster content, (2-3) or (3-4).
respectively.

To ensure that at least one cluster opposite to the photon candidate indeed
originates from overlapping photons, a maximum likelihood fit using PIFIT is
performed to test the hypothesis of many photon vs. one photon origin. For
events with two energy clusters the meson candidate is required to have a log-
likelihood difference AL for the two-photon and one-photon hypotheses [11] of
larger than 2.5. Three cluster events are treated differently for the (2-3) and
(3-4) cluster analvses. The (2-3) analysis requires the highest of the two energy
clusters from the meson decay to have AL > 2.5. In the high mass (3-4) analysis
however, the highest energy cluster is often due to a single photon from the meson
decay fragments. Therefore we require the second highest energy cluster to satisfy
AL > 1.5. No constraint .is necessary for the four cluster topology because of
smaller background. The resulting data sample consists of 458 events for the (2-3)

analysis. Due to softer cuts, 1314 events pass the (3-4) analysis.

The invariant mass of the meson candidates is plotted for the (2-3) and (3-4)
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Figure 2: Spectra of invariant masses recoiling against the radiative photon for
data collected on the Y(1S) resonance (solid histogram) and on the Y(4S) (dashed
histogram). Fig. 2a shows the result from the data set with two and three energy
clusters (2-3), Fig. 2b with three and four energy clusters (3-4). The bin size is
54 MeV.



analyses in Fig. 2a,b as the solid histogram. The magnitude of the spectrum in
Fig. 2a is dominated by the two cluster sub-sample. Broad clusters from shower
fluctuations and overlapping photons cause the enhancement at low invariant mass.
The sharp rise at 200 Me\” originates from the invariant mass cut for two cluster
events. The (3-4) spectrum. Fig. 2b, shows a peak around 400 MeV, which i1s due
to configurations of clusters located closely in space. These arise from radiative
QED events with shower fluctuations in the detector.

To verify that the distributions are compatible with background from QED
and hadronic events, we performed the same analysis on 20 pb~! of data accu-
mulated on the Y(4S) resonance. The Y(4S) state decays dominantly into pairs
of B-mesons. Radiative decays are suppressed by the ratio of total widths [2]
Dot (Y(1S))/ T, (Y(4S)) =~ 2 x 1072 and are thus unobservable with our present
sensitivity. The mass spectra obtained from this data sample are shown in Fig. 2
for both analyses as the dashed histograms. Fitting the shape of the T(1S) data
to that of the Y(4S) data yields a % of 67 and 86 for 59 degrees of freedom
for the (2-3) and (3-4) cluster data sets, respectively. and normalization factors of
0.43+0.03 (2-3) and 0.43+0.02 (3-4). These values are in agreement with the ratio
of luminosities 20/46 = 0.44, indicating that the major source of the background
arises from QED processes which scale with luminosity. Given the uncertainty
in the cluster neutrality determination due to varying chamber performance we
do not subtract the luminosity normalized spectra but rather use the uncorrected
Y(1S) spectra for further analysis.

Both invariant mass spectra from Y(1S) data in Fig. 2 show no structure con-
sistent with our experimental resolution. To obtain upper limits we fitted the
spectra with Gaussians of fixed mass and width as determined from the Monte
Carlo events. Legendre polynomials up to third order were used to accommodate
the background shape. The mass interval fitted was at least 1 GeV/c? wide, corre-
sponding to more than 12 standard deviations of our resolution. No signals with
more than two standard deviations were found. For each individual fit, the 90%
confidence level (CL) upper limit on the observed number of events was obtained
by integrating the likelihood function up to 90% of its total area between N = 0
and infinity. As an example, at the position of the n' the fit yields an amplitude
of N = 5.5 & 8.3 events, corresponding to a 90% CL upper limit of Nggy, = 17.5

events.



Efficiency Determination

The efficiency ey for all selection cuts except the requirement of neutrality was
determined with the Monte Carlo generated events. Efficiencies of about 40%
were found for radiative decays into 7, ' and for low mass states X decaying
into 7°7°. With increasing 77 invariant mass the (2-3) cluster analysis becomes
less efficient; above 1.5GeV/c? we therefore use the (3-4) cluster analysis with
an efficiency of 30%, nearly independent of mass. The efficiency for the vyn7 final
state using the (2-3) cluster analysis decreases from 30% to 15% between threshold
and 2.2 GeV/c?; at this mass the (3-4) cluster analysis takes over with a constant
efficiency of 15%.

The probability for events to pass the neutrality requirement was studied using
the very clean two-photon process "¢~ — €* ¢ f,(1270). f» — 7°7° — 45 and

Te~ — eve” and €Te” — 24. The weighted average of both

the QED processes ¢
methods vields an efficiency of €, = (93.3+£1.5)% for the detection of a photon as a
neutral energy cluster. The error arises from the quadratic addition of statistical
and systematic uncertainties. This neutral probability per photon includes the
eflects of photon conversion in the beam pipe or chambers and from accidental
tagging due to random chamber hits. The neutral efficiency per event is then
given by €. = € where n is the total number of photons for the event. As we
analyzed two decay modes of the 5, 7 — v and 7 — 37°, the final efficiency €peur
for a particular Y(1S) decay to survive the cluster neutrality requirement, is the

branching ratio times acceptance weighted average of €. For radiative decays

into 7°'s only. €,y 1s 1dentical to e.,.

Results

With the number of produced Y(1S) events, Ny = (476 = 20) x 10°, the selection
efficiency eprc, the neutral efficiency €,.., and the 80% CL upper limit Nggy on
the observed number of events we calculate the 90% confidence level upper limit

on the branching ratio with the formula

Noow, x (1 +1.280,.)

.
EMC €neut ]\'T

B < (3)

0,e is the quadratically combined fractional error of the efficiencies, the number
of Y(1S) decays and the errors on the measured branching ratios [2] of the light

mesons into all-neutral final states. With the factor 1 + 1.28 ¢, we convert the

a
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Figure 3: 90% confidence level upper limits for By(1S) x By =
B(Y(1S) — 4X) x B(A — #°%°) (solid line) and By(1S) x By =
B(Y(1S) — 9X) x B(X — =nn) (dashed line) for narrow resonances X
(Tx < 50 MeV). To guide the eye, the data points were connected with a line.

product €pc €ncur Ny into its value at 90% CL. We obtain:

B(Y(1S) -+ +17n) < 3.5x107*

B(T(1S) =~ +7') < 1.3x1073

B(Y(1S) — v + f»(1270)) < 8.1 x107*
B(Y(1S) — 5 + f2(1720), f» — nn) 4.3 x 1074,

(4)

N

In Fig. 3 we show as solid points the upper limit on the product branching ratio
for the decay chain T(1S) —» 7 X, X — #°7° or X' — 757n. For the upper limit
calculation, the total width of X was assumed to be I'y < 50 MeV and a step size
of 100 MeV was chosen in the X mass corresponding to about our resolution. For

both X decay modes the upper limit is in the region of 1 x 10™* to 5 x 1074,

Special Search for Y(1S) — 9 — 3+

The preceeding results have been obtained analyzing the moments of multi-photon
‘energy depositions. If such depositions are due to exactly two photons, the max-
imum likelihood method PIFIT can be employed to disentangle the two pho-
tons creating this shower. Such an approach is especially suited for the decay
Y(1S) — v, n — 27 where the two decay photons from the n merge to create
one single energy cluster; only very asymumetric n decays result in the two photouns

forming distinct clusters. The log-likelihood difference 11} from PIFIT alone is



used to discriminate between showers arising from a single photon and from two
photons. Application of this method provides a mass spectrum with significantly
less background and thus a.more direct approach to search for the Y(15) — n
decay.

We have selected our data for events with two neutral energy clusters well
within the fiducial volume of the detector, cos#@,{ < 0.75, where 6, is the angle
with respect to the beam direction. The difference of the PIFIT log-likelihoods
for the two-photon and one-photon hypotheses was required to be AL < 2 for
the photon candidate and larger than 2 for the meson candidate. Furthermore we
demand the energy deposition of the photon candidate to be E., > 0.80 Ej,,,», and
of the 1 candidate to be E, > 0.65 Epeqm-

Monte Carlo generated events of the QED process €” ¢~ — 44(7) indicate that
the contribution of this background to a possible 7 signal is most prominent for
the more asymmetric n decays. To remove such events we utilize the fact that
the fitting procedure PIFIT also yields the most probable directions and energies
of the photons and thus an invariant mass. Monte Carlo studies show that a cut
on. the lower of the two photon energies Ei°* < 1.4 M.. removes less than 25%
of an expected 7n signal but significantly reduces the QED background. Fig. 4a
shows after all cuts the invariant mass spectrum from the QED Monte Carlo events
corresponding to the same integrated luminosity as the real data. The large peak
on the left hand side is due to events from process ¢ ¢~ — 45, where PIFIT
has converged on a local minimum for the two-photon hypothesis despite a one-
photon origin. The cut in AL forces this peak to be offset from zero invariant
mass. The entries above 200 MeV arise from ¢* ¢~ annihilation into three photons.

No enhancement at the position of the n mass is visible.

Fig. 4b shows the invariant mass spectrum of the meson candidate for the
Y(1S) data. This spectrum is consistent in shape and magnitude with the QED
Monte Carlo spectrum, except for a possible slight enhancement around the n
mass. A fit with a Gaussian of fixed width ¢ = 63 MeV'. determined from Monte
Carlo simulation. yields 12.4 + 5.7 events at AL, = (548 = 28) MeV'/c?, consistent
with the nominal 1 mass. As the significance is only 2.3 standard deviations, we

prefer to calculate an upper limit at 90% confidence level and obtain

B(Y(1S) -~ +m7m) - 39x107*%.

—
[ ]
~—

This result is in agreement with the upper limit obtained using the Global Shower

Techmaque.
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Discussion and Summary

The results for Y(1S) radiative decays to 1. n', f2(1270) and f,(1720) are presented
in Table 1 together with a result obtained by CLEO [15] and various theoretical
predictions. Our results on radiative T(1S) decays to 77 and n' are the only available
limits. The CLEO limit on the f,(1270) is much more stringent than ours, due to
the lower background and larger efficiency for the 7% 7~ decay mode, which they
use. CLEO has also searched for the f,(1720) in the channel A ¥ K~ and obtained

a limit on the product branching ratio of 3.2 x 10°°.

Table 1: Experimental results (upper limits at 90% confidence level) and theoret-
ical predictions for branching ratios in units of 107° for radiative decays of the
Y(1S). Also included are the corresponding branching ratios for the J/+", which
are taken from the Particle Data Group 2 except for the branching ratio to the
f2(1720), which is taken from Ref. 116..

T(1S) — y=n o +n = f2(1270) 4 = f2(1720)
) f2 —mm

Crystal Ball < 35 < 130 < 81 < 43

CLEO [15 48

Deshpande. Eilam [6] 15 100

Korner et al. 5] 3 16 14 ~1

Tye |7] 2 11 5 ~ 1

Intemann [17 0.06 0.25

I/ - y+n o +n v+ £(1270) 4 + f2(1720)

f2—mm
from /2,16 86 + 8 420+£ 50 160 = 20 26 + 11

Two different approaches have been used to calculate radiative decay widths
of a heavy vector meson to light mesons. Both approaches yield predictions for
J /v radiative decays which are in good agreement with the measured branching
ratios. However. the predictions for T{1S) radiative decays differ substantially.
Deshpande and Eilam [6;, Korner et al. (5 and Tye |7 use the QCD calculation
for the photon spectrum in radiative decay to two gluons and scale to the cor-
responding experimental J/v' branching ratios. The rather large rates predicted
by Deshpande and Eilam [6] were obtained by introducing an ad hoc factor of 3,
to account for the deviation between the experimental and theoretical inclusive
photon spectrum observed on the J/v'. Otherwise, the deviations between these
predictions reflect the implicit uncertainties in the QCD approach. In contrast

to the QCD calculations, Intemann {17 has studied radiative decays within the

1%




framework of an extended vector meson dominance model and obtained predic-
tions which are substantially lower than those from the QCD inspired methods.
The smallness of the branching ratios is primarily due to a dynamical suppression
of the 7-T coupling when evaluated off mass shell. All the predictions listed in
Table 1 are below our upper limits.

In conclusion, no signal is seen for radiative decays of the T(1S) resonance into
the light mesons 7, ', f2(1270) and f,(1720). Although the present experimental
sensitivity is more than sufficient to probe the ranges of the corresponding J/¢»
branching ratios (Table 1), the experimental upper limits are not yet stringent
enough to test different theoretical models predicting these decays. Also no signal
is seen for radiative decays to mesons which decay into #°7° or into 7. The latter
channel is of interest for gluonium states in general and the gluonium candidate
f2(1720) in particular. Overall. our measured upper limits are smaller than the
branching ratios measured on the J/v, indicating a suppression of radiative decays
on the T(1S) resonance. Due to the coupling of the photon to the quark, a natural
suppression factor of (€,/€.)* = 1/4 is expected, which is approximately observed
for the leptonic branching ratio. However, our limits are not strong enough to test

a further suppression expected to arise from the mass ratio (m./m;)°.
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