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Abstract. We have searched for radiative decays of
the Y{1S) resonance, ¥{(1S)— yX, where X is one of
the mesons #, 7', f,(1270), f,(1720), or a narrow reso-
nance with mass less than 3 GeV/c? which decays
into either z°n° or x##. 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 com-
pared to theoretical predictions and to the corre-
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sponding branching ratios measured in radiative J/{
decays.

Introduction

The main decay modes of a heavy narrow vector me-
son like the Y(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 frag-
ments 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
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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 con-
tent of light mesons. Radiative decays of the J/iy have
been measured [2] with branching ratios of the order
of 1072 and have revealed two gluonium candidate
states [3, 4], the #(1440) and f,(1720). Thus it is of
considerable interest to also search for radiative de-
cays of the Y{(1S) resonance to these gluonium candi-
dates and to other light mesons.

Radiative decay rates can be calculated [5-7]
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 low-energy non-perturbative
matrix elements. By forming ratios of decay rates for
different quarkonia states, the uncertain matrix ele-
ments cancel and the ratios will depend on quark
masses mgy only. In particular, the Y{1S) radiative
branching ratio B(Y— yX) is found in most theoreti-
cal calculations [§5, 6, 7] to be suppressed by about
(ep/e.)? (m,/my)* ~1/40 with respect to the J/iy branch-
ing ratio B(J/y —yX), where e, is the charge and
my, the mass of the quark. Therefore, rather large data
samples are needed to study radiative Y{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 e*e” storage
ring DORIS II at DESY. Photon energies and direc-
tions are measured in the main part of the detector,
a spherical shell of 672 Nal(Tl) crystals covering 93%
of 47. For electromagnetically showering particles the
energy resolution is given by oy /E=(2.7

4_—0.2)%/4|/ E/GeV, and the polar angular resolution
is g4 =2° to 3°, slightly depending on energy. Photons,
electrons and positrons yield a rather symmetric later-
al 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 radia-
tive 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(z°—77)=98.8%] and #’s

[B(n—>7yy)=39% and B(y—3n%=32% [2]]. The
following decay models, all measured on the J/iy with

a substantial branching ratio, were searched for on
the Y(15):

(18)—>yn

YA8)-yy, n-nnzn’

Y(1S) =7 £,(1270),  £,(1270) > n°n°

Y(18)—y f,(1720),  £,(1720) - nn. (1

The f,(1720) resonance, a strong gluonium candidate,
was originally discovered [4] in the channel ##.
Therefore we have extended our search for other nar-
row resonances X with width Iy <50 MeV and mass
less than 3 GeV/c? in the decay chains:

18)-»yX, X-=nxn°
nis)y-yX, X-ny. 2

The advantage of a search for n°n° over z* n~ arises
from the fact that iso-vector resonances do not decay
into the former channel. Thus a possible feed-down
from X(1S) decays to =°p° =°p°(1600) and
7° p3(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 E,/my~M,/2my> 1. Due
to this rather large boost all the meson decay prod-
ucts tend to cluster in a narrow cone opposite to
the radiative photon. Even with the finely segmented
Crystal Ball detector it is not possible to disentangle
the energies and impact points of all the individual
photons from the decay of the meson. However, the
invariant mass of the photons and thus the mass of
the decaying meson can be reconstructed to good ap-
proximation. This is achieved with the “global shower
technique” [9], by which the invariant mass of a
shower is estimated from the second moment of the
energy deposition. This will be discribed in detail in
the next section.

Another algorithm called “PIFIT” [9] is used
which performs maximum likelihood fits to the pat-
tern of energy deposition using the hypotheses that
either two photons or one photon created the shower,
respectively. For an energy deposition of multi-pho-
ton origin the two-photon hypothesis will also be very
likely. Thus the difference in the log-likelihood [10]
of the two hypothesis is used as a quantitive measure
whether a shower is more consistent with multi-pho-
ton or one-photon origin.

For the particular decay mode Y(1S)—>yn, n—2y
one energy cluster is due to exactly two photons. In
this case the difference in the log-likelihood from PI-
FIT alone can be used to discriminate between show-



ers arising from a single photon and from two pho-
tons. 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=2X, E;,
where the sum extends over all crystals in the cluster.
The direction of the center of gravity of each energy

1 . .
cluster is defined by c=-E~ Z,; ¢, E; where ¢ is the unit
vector pointing to the center of the i crystal. The
second moment of the cluster is calculated with S

1 . .
=z Z.(¢—¢&)?E,. The invariant mass M of the cluster

is then obtained from the relation M=fE])/S—S,,
where §,=4.0 x 1073 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 meth-
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Fig, 1a, b. Distributions of the shower mass a and the difference
in log-likelihood b for Monte Carlo events of the type Y(15)— vy,
0 = nn°x°, 4 — 3n°. The solid histograms are the distributions from
the radiative photon, whereas the dashed histograms are from single
energy clusters originating from the decay products of the #. The
bin size in b is 0.1 and 1.0 for the photon and #' histograms respec-
tively
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ods based on the electron gamma shower program
EGS [11]. The function f absorbs the contribution
from higher orders in M/E. Over the mass range in-
vestigated it was found to be constant to a good ap-
proximation, f=1.08. If the decay products of a me-
son form more than one energy cluster, each cluster
is assigned an invariant mass, an energy, and a direc-
tion and thus a four-vector. These four-vectors are
then combined to obtain the invariant mass of the
decaying meson.

Figure 1a illustrates the result of such an analysis
for Monte Carlo events [12] of the type Y(1S) - vy,
' —»nn°n° n—3n° The solid histogram represents
the mass distribution for the radiative photon. The
depletion of events at low masses is due to the Jacobi
transformation from the second moment to the invar-
iant mass. The y’ decay products forming one energy
cluster yield the mass distribution shown as the
dashed histogram. It is consistent with a Gaussian
positioned at 960 MeV/e? and with a width of
60 MeV. Figure 1b shows the difference in PIFIT log-
likelihood, A%, for the two-photon and one-photon
hypotheses for the same Monte Carlo events. A bin
size of 0.1 was chosen for the solid histogram from
the radiative photon. The dashed histogram repre-
senting the energy cluster from the # however is
shown with a larger bin size of 1.0. Little overlap
exists between single-photon and multi-photon clus-
ters. In this case a cut of A% >2.5 will retain 86%
of the multi-photon clusters.

The Monte Carlo events for Y'radiative decay into
the pseudoscalars # and ' were generated with a pho-
ton angular distribution of 1 +coszé)y, where 0, is the
angle of the photon with respect to the beam direc-
tion. The angular distributions of the subsequent de-
cays - 37° and #' - nn°n° were generated isotropi-
cally 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 un-
known, we chose isotropic distributions for the pro-
duction 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 [11].

The event selection criteria to be described in the
following section were then applied to the Monte Car-
lo events. For mesons with a narrow width (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 Gaus-
sians 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
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for high mass mesons. Due to the larger natural
widths [12] 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 con-
sistent with Gaussian shapes.

Event selection

We are looking for events of the type Y(1S) »yX —-ny
with all of the energy deposited in the detector. Events
are selected with at least 8.5 GeV of total detected
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=2;¢; E;, where E;
is the energy of the j™ cluster with direction ¢; defined
as above. To ensure approximate momentum balance
we require the transverse momentum |p,| < 1.5 GeV/c
and the longitudinal momentum |p,(<{2.0 GeV/c. The
larger cut for p, takes into account the width o,
=1.2 cm 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 clus-
ters, the photon candidate is the cluster with the lower
invariant mass. For events with three or four energy
clusters, the photon candidate is the cluster most iso-
lated in space. To reduce background, we require the
photon candidate to be within |cos 8,| <0.8. Back-
ground arises mainly from (radiative) QED events
ete —yy(y)and et e —e* e (7), where in the latter
case both, the final state electron and positron, are
not detected by the proportional chambers 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 orig-
inating from the meson decay products opposite to
the photon candidate. Mesons produced in the radia-
tive 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 accord-
ing to the number of clusters produced and analyze
the two groups with somewhat different cuts. Light
mesons are sought in events countaining two or three
neutral energy clusters (2-3), i.e. one or two clusters
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Fig. 2a, b. Spectra of invariant masses recoiling against the radiative
photon for data collected on the ¥{1S) resonance (solid histogram)
and on the Y(4S) (dashed histogram). a shows the result from the
dat set with two and three energy clusters (2-3), b with three and
four energy clusters (3-4). The bin size is 54 MeV

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
2 GeV/c?, both analyses yield consistent results. In
the following we refer to the two analyses by the clus-
ter content, (2-3) or (3-4), respectively.

To ensure that at least one cluster opposite to
the photon candidate indeed originates from overlap-
ping 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 4.% for the two-photon and
one-photon hypotheses [ 10] of larger than 2.5. Three
cluster events are treated differently for the (2-3) and
(3—4) cluster analyses. The (2-3) analysis requires the
highest of the two energy clusters from the meson
decay to have A% >2.5. In the high mass (3—4) analy-
sis 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 4% >1.5. No constraint is necessary for
the four cluster topology because of smaller back-
ground. The resulting data sample consists of 438
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) analyses in Fig. 2a,
b as the solid histogram. The magnitude of the spec-
trum 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 MeV originates
from the invariant mass cut for two cluster events.
The (3-4) spectrum, Fig. 2b, shows a peak around
400 MeV, which is 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 de-
cays dominantly into pairs of B-mesons. Radiative
decays are suppressed by the ratio of total widths
[2] L, (Y(18))/I,,(Y(4S))~2 x 10~* and are thus un-
observable with our present sensitivity. The mass
spectra obtained from this data sample are shown
in Fig. 2 for both analyses as the dashed histo-
grams. Fitting the shape of the Y(1S) data to that
of the Y{4S) data yields a y* of 67 and 86 for
59 degrees of freedom for the (2-3) and (3—4) cluster
data sets, respectively, and normalization factors of
0.4340.03 (2-3) and 0.43 +0.02 (3-4). We expect that
the background arises mainly from QED processes.
Therefore these values should be in agreement with
the ratio of luminosities times cross section, where
the cross section scales with inverse mass squared
of the Y mesons: (L,s/L,s)%(M32s/M2s)=(20/46)
% (9.46/10.577)> =0.35. The discrepancy between data
and expectation reflects the varying performance of
the proportional chambers. A small change in detec-
tion inefficiency for charged particles results in sub-
stantial additional background from the large Bhabha
scattering cross section. Therefore we do not subtract
the normalized spectra but rather use the uncorrected
Y(1S) spectra for further analysis.

Both invariant mass spectra from ¥{1S) data in
Fig. 2 show no structure consistent with our experi-
mental 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 accommo-
date the background shape. The mass interval fitted
was at least 1 GeV/c? wide, corresponding 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
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n' the fit yields an amplitude of N=5.5+8.3 events,
corresponding to a 90% CL upper limit of Nggo,
=17.5 events.

Efficiency determination

The efficiency &, 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 #, ' and
for low mass states X decaying into n°xn°. With in-
creasing 7°n® invariant mass the (2-3) cluster analysis
becomes less efficient; above 1.5 GeV/c? we therefore
use the (3-4) cluster analysis with an efficiency of 30%,
nearly independent of mass. The efficiency for the yxn
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 e* e” s e*e” £,(1270), f, > n°n® >4y
and the QED processese*e”™ —»e* e andete™ - 2y.
The weighted average of both methods yields an effi-
ciency of &,=(93.3 + 1.5)% for the detection of a pho-
ton as a neutral energy cluster. The error arises from
the quadratic addition of statistical and systematic
uncertainties. This neutral probability per photon in-
cludes the effects 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 e., =&} where n is the total
number of photons for the event. As we analyzed
two decay modes of the #,1—7yy and y—37°, the
final efficiency e,.,, for a particular ¥{1S) decay to
survive the cluster neutrality requirement, is the
branching ratio times acceptance weighted average
of &,,. For radiative decays into 7n%s only, &,y 18
identical to ¢, .

Results

With the number of produced Y{(1S) events, Ny
=(476+20) x 103, the selection efficiency eye, the
neutral efficiency &,.,,, and the 90% CL upper limit
Nygo, on the observed number of events we calculate
the 90% confidence level upper limit on the branching
ratio with the formula

Nogeo 1.2
< 509, X (1+ 8are1).

éMc €neut NY

B 3)

G, 1s 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
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Fig. 3. 90% confidence level upper limits for B(1S) x By=B(Y(LS)
—9X)x B(X »7n°n°% (solid line) and B(18)x By=B(X{18)—yX)
x B{X — n#) (dashed line) for narrow resonances X (Iy < 50 MeV).
To guide the eye, the data points were connected with a line

light mesons into all-neutral final states. With the fac-
tor 1+1.280,, we convert the product eycé,ene Ny
into its value at 90% CL. We obtain:

B(X(1S)—>y+n)<3.5x107*

B(X(1S)>y+1)<13x 1072

BOY(1S) =y +£,(1270))<8.1 x 10™*
BY(1S) =7+ f,(1720), fo—nn)<43x107%  (4)

In Fig. 3 we show as solid points the upper limit on
the product branching ratio for the decay chain
118) - yX, X »n°n° or X —nn. For the upper limit
calculation, the total width of X was assumed to be
Iy <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 104 to 5x 107,

Special search for Y(1.5) - yn - 3y

The preceeding results have been obtained analyzing
the moments of multi-photon energy depositions. If
such depositions are due to exactly two photons, the
maximum likelihood method PIFIT can be employed
to disentangle the two photons creating this shower.
Such an approach is especially suited for the decay
Y(18) = y#, n — 2y where the two decay photons from
the # merge to create one single energy cluster; only
very asymmetric n decays result in the two photons
forming distinct clusters. The log-likelihood difference
[10] from PIFIT alone is used to discriminate be-
tween 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) — yn decay.
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Fig. 4a, b. Invariant mass of energy depositions consistent with orig-
inating from two photons. a Monte Carlo generated events of the
QED process e™e” —y7(y), b X{1S) experimental data

We have selected our data for events with two
neutral energy clusters well within the fiducial volume
of the detector, |cos 6,| <0.75, where 0, 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 4. <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,
>0.80E,.,, and of the # candidate to be E,
>0.65Ecam-

Monte Carlo generated events of the QED process
ete” - vyy(y) indicate that the contribution of this
background to a possible # signal is most prominent
for the more asymmetric # 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 E*™ <1.4 M., removes less
than 25% of an expected # signal but significantly
reduces the QED background. Figure 4a shows after
all cuts the invariant mass spectrum from the QED
Monte Carlo events corresponding to the same inte-
grated luminosity as the real data. The large peak
on the left hand side is due to events from process
ete” —yy, where PIFIT has converged on a local
minimum for the two-photon hypothesis despite a
onephoton origin. The cut in A% forces this peak



to be offset from zero invariant mass. The entries
above 200 MeV arisc from e*e” annihilation into
three photons. No enhancement at the position of
the » mass is visible.

Figure 4b shows the invariant mass spectrum of
the meson candidate for the Y{1 S) 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 Gaus-
sian of fixed width =63 MeV, determined from
Monte Carlo simulation, yields 12.445.7 events at
M, =(548 +28)MeV/c?, consistent with the nominal
n mass. As the significance is only 2.3 standard devia-
tions, we prefer to calculate an upper limit at 90%
confidence level and obtain

B(Y(185)—>y+7)<3.9x1074, (5)

This result is in agreement with the upper limit ob-
tained using the global shower technique.

Discussion and summary

The results for Y(1S) radiative decays to », ', f,(1270)
and f,(1720) are presented in Table 1 together with
a result obtained by CLEO [15] and various theoreti-
cal predictions. Our results on radiative Y{1S) decays
to n and #' 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 effi-
ciency for the n* n~ decay mode, which they use.
CLEO has also searched for the f,(1720) in the chan-
nel KK~ and obtained a limit on the product
branching ratio of 3.2 x 1075,

Two different approaches have been used to calcu-
late radiative decay widths of a heavy vector meson
to light mesons. Both approaches yield predictions
for J/y radiative decays which are in good agreement
with the measured branching ratios. However, the
predictions for Y{1S) radiative decays differ substan-
tially. 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 corresponding experimental J/i branching ra-
tios. 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/. Otherwise, the devia-
tions between these predictions reflect the implicit un-
certainties in the QCD approach. In contrast to the
QCD calculations, Intemann [17] has studied radia-
tive decays within the framework of an extended vec-
tor meson dominance model and obtained predictions
which are substantially lower than those from the
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Table 1. Experimental results (upper limits at 90% confidence level)
and theoretical predictions for branching ratios in units of 107 °
for radiative decays of the Y(15). Also included are the correspond-
ing branching ratios for the J/y, which are taken from the Particle
Data Group [2] except for the branching ratio to the f,(1720),
which is taken from [16]

is)— v+ v+ y+£(1270)  y+/,(1720)
frmonn

Crystal Ball <35 <130 <81 <43

CLEO [15] < 48

Deshpande, 15 100

Eilam [6]

Korner et al. [5] 3 16 14 ~1

Tye [73 2 11 5 ~1

Intemann [17] 0.06 0.25

I — v+n o oy 7+ 2(1270)  y+f2(1720)
fonn

From [2, 16] 86+8 420+50 160+20 26+11

QCD inspired methods. The smallness of the branch-
ing ratios is primarily due to a dynamical suppression
of the y— Y 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 de-
cays of the Y{1S) resonance into the light mesons
1, 11, f>(1270) and f,(1720). Although the present ex-
perimental sensitivity is more than sufficient to probe
the ranges of the corresponding J/yy 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 n°n°
or into #7. The latter channel is of interest for gluon-
inm states in general and the giuonium candidate
f>(1720) in particular. Overall, our measured upper
limits are smaller than the branching ratios measured
on the J/y, indicating a suppression of radiative de-
cays on the Y{(1S) resonance. Due to the coupling
of the photon to the quark, a natural suppression
factor of (e,/e)”>=1/4 is expected, which is approxi-
mately 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,/my)*.

Acknowledgments. We would like to thank the DESY and SLAC
directorates for their support. This experiment would not have been
possible without the dedication of the DORIS machine group as
well as the experimental support groups at DESY. The visiting
groups would like to thank the DESY-laboratory for the hospitality
extended to us while working at DESY. Z.J, B.N,, and G.N. thank
DESY for financial support. D.W. acknowledges support from the
National Science Foundation. E.D.B., R H., and K.S. have benefit-



206

ted from financial support from the Humboldt Foundation. The
Nijmegen group acknowledges the support of FOM-ZWO. The Er-
langen, Hamburg, and Wiirzburg groups acknowledge financial sup-
port from the German Federal Minister for Research and Technolo-
gy (BMFT) wunder the contract numbers 054 ER 11P(5),
054 HH 11P(7), 054 WU 11P(1) and from the Deutsche Forschungs-
gemeinschaft (Hamburg). This work was supported in part by the
U.S. Department of Energy under Contract No. DE-AC03-
81ER40050 (CIT), No. DE-AC02-76ER03066 (CMU), No. DE-
AC02-76ER03064 (Harvard), No. DE-AC02-76ER03072 (Prince-
ton), No. DE-AC03-76SF00515 (SLAC), No. DE-ACO03-76SF00326
(Stanford), and by the National Science Foundation under Grants
No. PHY75-22980 (CIT), No. PHY81-07396 (HEPL), No. PHY82-
08761 (Princeton).

References

1. T. Appelquist et al.: Phys. Rev. Lett. 34 (1975) 365; S.J. Brodsky
et al.; Phys. Lett. 73 B (1978) 203; H. Fritsch, K.H. Streng: Phys.
Lett 74B (1978) 90; A. Billoire et al.: Phys. Lett 80B (1979)
381

2. Particle Data Group, Review of Particle Properties: Phys. Lett.
170B (1986) 1

3. D.L. Scharre et al.: Phys. Lett. 97 B (1980) 329; C. Edwards et al.:
Phys. Rev. Lett. 49 (1982) 259

4. C. Edwards et al.: Phys. Rev. Lett. 48 (1982) 458
5. 1.G. Korner, J.H. Kihn, M. Krammer, H. Schneider: Nucl. Phys.
B 229 (1983) 115; J.H. Kiihn: Phys. Lett. 127B (1983) 257

6. N.G. Deshpande, G. Eilam: Phys. Rev. D25 (1982) 270

7.S.H. Tye: Proc. 1982 DPF Summer Study on Elementary Parti-
cle Physics and Future Facilities, Snowmass, Colorado, R. Don-
aldson, R. Gustafson, F. Paige (eds)

. M. Oreglia et al.: Phys. Rev. D25 (1982) 2259; E.D. Bloom, CW.
Peck: Ann. Rev. Nucl. Part. Sci. 33 (1983) 143; D. Antreasyan
et al.: Phys. Rev. D36 (1987) 2633

. R.A. Lee: Ph.D. Thesis Stanford University, SLAC-282 (1985)
(unpublished)

10. The difference in the logarithm of the likelihoods is defined as

AF =In L(1y)—In L(2y)

11. R.L. Ford, W.R. Nelson: SLAC report SLAC-0210 (1978) (un-
published)

12. For the Monte Carlo generation of all decay chains we used
the masses, widths and decay fractions of the produced reso-
nances from the Review of Particle Properties [2]. The f,(1720)
width used in generating Monte Carlo events was taken to be
177 MeV

13. C. Baglin et al.: Nucl. Phys. B22 (1970) 66

14. M. Cerrada et al.: Nucl. Phys. B126 (1977) 189

15. A. Bean et al.: Phys. Rev. D34 (1986) 905

16. K. Konigsmann: Phys. Rep. 139 (1986) 243

17. G.W. Intemann: Phys. Rev. D27 (1983) 2755

oo

=]



