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Radiative T(lS) decays
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We report on a study of exclusive radiative decays of the Y(1S) resonance. We have considered
decays into 6nal states of the form f~yn(h+h ), with {h+h ) denoting a charged-hadron pair
(either m+m. ,It +EC, or pp), and n denoting the number of such pairs in the event. We measure
branching ratios for n =2, 3, and 4, and search for structure in the recoiling hadronic system. For
the n =1 case, we present upper limits. No evidence is observed for two-body radiative decays of
the Y(1S)meson in any of the above channels.
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I. INTRODUCTION

A particularly interesting class of Y(1S) decays are the
radiative decays, which could show evidence for the same
type of two-body decays as have been observed in

hatt
de-

cay. ' Simple scaling arguments estimate suppressions of
order [(qb/q, )(m, /mb )] in the relative branching ratios
for such decays between the Y(1S) and the g; more so-
phisticated calculations can be found in the literature.
In particular, if the recoil state is a pseudoscalar glueball
instead of a conventional hadronic state, the mass
suppression may vary as a power of 6 rather than 2. We
have conducted a search for such exclusive radiative de-
cays of the Y(1S) using the CLEO detector at the Cornell
Electron Storage Ring (CESR).

The data sample consists of 15.5 pb
' of Y(1S}data

collected with the initial form of the CLEO detector, and
21.0 pb

' of Y(1S) data collected with the recently im-

proved CLEO detector. The full data sample corre-
sponds to 825000 Y(1S) decays and 150000 hadronic-
continuum e e annihilation events under the reso-
nance. We use a sample of 101 pb

' collected on the
continuum below the Y(4S) for background studies (cor-
responding to 380 000 hadronic-continuum events).

The CLEO detector in its initial configuration has been
described in detail elsewhere; here we will briefly de-
scribe the recent modifications to the central tracking
system. Charged-particle tracking is performed inside a
superconducting solenoid of radius 1.0 m which produces
a 1.0-T magnetic field. Three nested cylindrical drift
chambers measure momenta and specific ionization for
charged particles. The innermost part of the tracking
system is a three-layer straw tube vertex detector which
gives position accuracy of 70 jum in the r /plane. -The
middle ten-layer vertex chamber measures position with
an accuracy of 90 pm in the r )plane an-d specific ioniza-
tion (dE/dx) to 14%. The main drift-chamber system
contains 51 layers, 11 of which are strung at stereo angles
of 1.9' to 3.5' to the z axis, providing an r-P position ac-
curacy of 110pm and dE/dx to 6.5%. Measurements of
the track coordinates along the beam position (z) are
achieved by using the stereo layers and cathode-strip
readouts in the middle vertex detector and the main drift
chamber. The system achieves a momentum resolution
given by (5p/p) =(0.23%p) +(0.7%), where p is in

GeV/c. For all the data used in these analyses, photon
detection is performed with the barrel electromagnetic
calorimeters, which cover 47%%uo of the solid angle and give
an energy resolution oz/E =21%/+E(GeV). The an-

gular resolution of the calorimeter is approximately 10
mrad.

extrapolated beyond the drift chamber into the barrel
calorimeter.

(c) None of the charged tracks in the event are
identified as leptons.

(d) The sum of the observed photon energy plus the en-
ergies of the drift-chamber tracks (allowing for all possi-
ble permutations of m+~, K+K, and pp pairs) must,
under at least one event-type hypothesis, lie within three
standard deviations (taking into account photon energy
and track momentum resolutions) of the total center-of-
mass energy.

(e) For n =1 candidates, we require that the opening
angle P between the two tracks satisfy the condition
cosP) —0.5. This condition, previously employed in a
similar analysis, is very effective at removing QED back-
grounds, where two leptons often emerge approximately
anticollinear from the interaction point.

We also collect events satisfying criteria (b), (c), and
(d), but with ~q„,~=l for the purposes of doing back-
ground studies.

III. ANALYSIS AND RESULTS: f—+ y n (h +h ), n ) 1

(
2

8
-Q.997

-Q.998

-Q.995
-P.996

For n & 1 candidate events, we define pz as the magni-
tude of the net momentum of the charged tracks. In real
Y~yn (h+h ) decays, the energy of the photon must
equal p&, and the angle 8 between the photon direction
and the direction of the net charged momentum vector

p& must be 180'. Defining 5 =(Er —
pz )/o z as the devi-

ation between the energy of the observed photon (Er )

and the net momentum of the charged tracks in units of
the resolution o E of the electromagnetic calorimeter, we

plot 5 vs cos6I. Event candidates are expected to popu-
late the region near cosO= —1.0 and 5 =0.0. The plot
for the case n =2 is shown in Fig. 1.

II. EVENT SELECTION -P.ggg
—l.ooo

cos 8

We search for events satisfying the kinematics of the
processes Y~yn(h h ) using the following criteria.

(a) The net charge (q„,) of the tracks observed in the
drift chamber is required to be zero.

(b} There must exist at least one electromagnetic
shower observed in the barrel calorimeter which does not
match (within 0.1 rad) the position of any charged track

FIG. 1. Number of observed Y~y2(h+h ) events as a
function of cosO and 5~, where cosO is the cosine of the opening
angle between the charged-particle net momentum and the pho-
ton direction, and 5~ is the difference between the photon
momentum and the charged-particle momentum normalized to
the detector resolution. The peak bin contains 16 events.
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FIG. 2. (a) Projections onto cos8 axis for n =2, 3, and 4; and
(b) projections obtained for events with total charge of magni-
tude 1.

By selecting the band with ~5 ~
(2.0 and projecting

onto the cos8 axis, we obtain Fig. 2(a). Overplotted are
the projections obtained using continuum (open trian-
gles), and the signal shape expected from Y~yn (h+h )

Monte Carlo events (dashed line) arbitrarily normalized
to data. The continuum data have been scaled for lumi-
nosity and energy difFerences in order to correspond to
the nonresonant portion of the data taken at the Y(1S)
energy. Also shown are the projections obtained by car-
rying out this procedure for the cases n =2, 3, and 4. Ex-
trapolating a linear background from the region
cos8~ —0.9995 into the two leftmost bins on these plots
(corresponding to the region cos8~ —0.9995), we ob-
serve clear evidence for an excess for the cases n =2, 3,
and 4 (in all that follows, we will consider as our signal
events those events above the fiat background in the in-
terval cos8& —0.9995 and ~5~ ~

(2.0). In Fig. 2(b), we
show the projections we obtain using ~q„,~=l events;
these are considered to be representative of the shape of
the background which arises from events where there is
at least one undetected particle in the event. We note
that the total charge-one events give spectra which are
not peaked in the signal region.

In order to establish how many of the signal events for
n =2, 3, and 4 are due to radiative Y(1S) decays, we
study possible background sources and subtract their
contributions. The numbers of signal and background
events are summarized in Tables I-III.

One possible background source of y+hadrons is the
continuum process e e ~qqy, in which the photon is
emitted from one of the incident leptons. We have
verified that our continuum data near cos8= —1.0 are
numerically consistent with this process by using a
Monte Carlo program with QED corrections to generate
continuum e +e events. From this study, we predict
34+8 such events in the n =2 continuum data sample for
the region cos8 —0.9995, whereas we actually observe
an excess of 27+6 events in the continuum data above
background.

We have attempted to establish whether an observed

TABLE I. Summary of T2 and of Y~y2(h +h ) analysis.

Generated Y
Y2 =2vr2K Y3 =2m2p Y4 =4K

Observed X& =4m.

Observed X2 =2m2K
Observed X3 =2n2p
Observed X4 =4K
Net Y efficiency

0.104
0.014
0.006
0.001
0.124

0.016
0.084
0.027
0.001
0.127

0.001
0.030
0.098
0.001
0.129

0.001
0.019
0.014
0.091
0.125

Decay mode X =2m2K X=2~2p X=4K Sum n =2

Observed events
Continuum events
Other background
Net excess
Calculated branching ratio (10 )

LUND-model branching ratio (10 )

41+6
14+4
1+1

26+7
2.5+0.7+0.5

38+6
8+3
1+1

29+8
2.9%0.7+0.6

28+5
4+2
2+2

22+6
1.5+0.5+0.3

3+1
1+1
0+1
2+2

0.2+0.2

110+8
27+6
4+3

80+12
7.021.121.0

5.9+0.9
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TABLE II. Summary of T3 and of Y~y3(h+h ) analysis.

Observed X& =6m
Observed X2 =4~2K
Observed X3 =4m2p
Net Y efficiency

Y, =6m

0.064
0.014
0.003
0.082

Generated Y
Y2 =4m.2K

0.010
0.066
0.013
0.089

Y3 =4m2p

0.000
0.015
0.077
0.092

Decay mode

Observed events
Continuum events
Other background
Net excess
Calculated branching ratio (10 )

LUND-model branching ratio (10 )

2325
422
2%1
17%5

2.5+0.9%0.8

2926
4%2
7k3
1817

2.4%0.9+0.8

X =4m2p

27+6
7k3
14+4
7%6

0.420.4%0.4

Sum n =3

79+9
15+5
23h6
39+11

5.4+1.5+1.3
6.920.9

shower is due to one photon or two overlapping photons
by determining the energy-weighted spread of each
shower. We find, as shown in Fig. 3, that the average
value of this parameter for Monte Carlo-produced
merged photons from m decay is well separated from the
values obtained for photons from true radiative Bhabha
events and photons from our candidate exclusive Y(lS)
decay sample. The distribution in this shower-width pa-
rameter favors the single-photon interpretation for our
exclusive radiative decay event candidates.

In addition, by generating 825000 LUND (Ref. 10)
Monte Carlo events of the type Y(1S)~ggg, we have at-
tempted to quantify the background due to merged pho-
tons from decays of m 's produced in three-gluon frag-
mentation. For each m which falls within our geometric
acceptance, we use an energy-dependent probability that
the m will appear as a single shower" [obtained from
EGs (Ref. 12) Monte Carlo photon showers] in our
calorimeter, and we thereby derive the background to the
signal Y~yn(h+h ) from decays Y~m n(h+h ).
Figure 4 depicts the observed photon energy spectrum
for our event candidates (n =2), with the backgrounds
due to continuum and Y~n 2(h+h ) overplotted. The
background expected from the last source is less than
seven events.

Finally, we have considered the possibility that asyrn-
metric m decays, which produce one high-energy photon
and one soft photon, are contaminating our signal. In
such a case, we expect the mean of the 5 distribution to
be shifted off' center (to negative values), since the high-

20 I l I I
I

l f I I
I

I

, IVIC merged ~ s
Doto Rodiotive 8hobho Events

O Doto n = 2 signal events

I5-

V)

0
0
LLI

energy photon will always have less than the expected en-
ergy. Figure 5 shows that the observed 5~ distribution
for our signal candidates fits well to a Gaussian with zero
mean and unit width, as expected for a true signal. Using
Monte Carlo simulations, we quantitatively estimate the
contamination to the n =2 signal from this source as less
than three events.

We use a Monte Carlo simulation to determine the
efficiency for reconstructing a radiative Y(1S)event. The
LUND Monte Carlo program, after being tuned to give a
photon spectrum which matches experimental measure-
ments of the photon spectrum from the Y(1S),'3 is used
to simulate fragmentation of the recoil gluons. The net
efficiency for observing our signal is obtained by using a
detector simulation to determine geometric and tracking
efficiencies. We use these efficiencies to calculate the
branching ratios for these modes.

TABLE III. Summary of Y~y4(h +h ) analysis.

Observed signal size
Continuum background
Other background
Signal (background subtracted)
Efficiency (Y—+y4(h+h ))
Topological branching ratio (10 )

LUND predicted branching ratio ( 10 )

73+9
7+3
30+6
36+12
0.069

7.4+2.5+2.5

9.0+1.3

II II
s I

0.20

II og
s ~ O.Q IZI II

0.35
Energy-Weighted Shower Spread (m)

FIG. 3. Lateral spread of showers in electromagnetic
calorimeter for single photons and merged m 's.
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To determine the charged-particle types recoiling
against the photon, we use the particle identification
capabilities of the main drift chamber in conjunction with
an energy-conservation criterion to differentiate between
particle hypotheses. We select the most likely charged-
particle assignment for each event in the following
manner: We require that oppositely signed particles, tak-
en pairwise, both have dE/dx pulse-height depositions in

the inner drift chamber which are within +2.50'dEyd of
the assumed particle identities (either n+~, K+X, or
pp). We then calculate, for n =2 and 3 events, the
difference between the known event energy and the sum
of the measured photon energy and the charged-particle
energies under the particular combination of charged-
particle mass assumptions. We retain as the most likely
particle mass assignments the hypothesis which best ap-
proximates energy conservation. The number of possible
event types becomes prohibitively large for the n =4 case
and in this instance, we drop the identification require-
ment and consider only the simplest case with all parti-
cles considered to be pions.

Using this criterion for n =2 and n =3, we find that,
for n =2, all of our events are classified as either
Y~ym+m m. +m, Y~y~+m. K+K, Y~ym. +m pp,
or Y~yK K K+K . Since a true Y—+ye++ m+m

event will sometimes be classified as something other
than an Y~ym+m m+~ event, we unfold from our ob-
served event-type distribution the true distribution as
follows: Equal numbers of Monte Carlo events of
the varieties Y~ym+~ m+m, Y~ym+m K+K
Y~ym+~ pp, and Y~yK+K K+K were used to
determine a transformation matrix Tz, which provides,
for each type of event generated, the likelihood of it being
classified as one of the four possible event types. Thus,
the matrix T& operates on a vector of true Monte Carlo
events Y to give an observed event-type distribution vec-
tor X = Tz Y. By inverting this matrix, and then applying
it to the observed event-type distribution X, we unfold
these observed distributions to obtain the true event
types.

We tabulate the signal size for each of the particle mass
assumptions for the resonant data, the continuum data,
and also the background from events with undetected
particles (using the ~q„,~ =1 events) which populate the
region under the signal. Subtracting the various back-
grounds, we obtain the net signal size. We then apply theT„'matrices to these observed excesses to determine the
branching ratios. Results, including a summary of the
transformation matrices T„for n =2 and n =3, ' are
given in Tables I-III. Also presented are the branching
ratios as predicted by the tuned LUND Monte Carlo simu-
lation of Y(lS)eggy. The Monte Carlo prediction is in
general agreement with our measurements. The sys-
tematic errors which we present are due to several
sources: our uncertainty in photon finding eSciency, our
uncertainty in the photon position resolution, our uncer-
tainty in the dE/dx calibration used to identify particles
(which afFects the number of particle-type permutations
we consider as candidates), and our uncertainty in model-
ing the particle momentum distributions.

The n =2 data sample was also examined for the possi-
bility that the final-state hadrons were being produced
through some intermediate state (either po, E ', 5, or P ).
Figure 6 shows the M(h+h ) vs M(h h+) (h here
represents either a pion, kaon, or proton) invariant-mass
scatter plots, as well as their projections onto one axis.
No obvious substructure is observed in the m+m, pm.
or K+K invariant-mass plots; however, we notice an
apparent clustering of events in the Y~ym+m K+K
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event sample which suggests Y(lS)~yK* K' . In par-
ticular, we find 7.4+3.3 events' which fit this hypothesis
in our Y(1S)data sample. No such clustering is observed
in the continuum data set. The intermediate state
Y(1S}~yK ' K ' therefore accounts for (26+11}% of
our observed Y~y~+m. K+K decay rate.

Results from g(3097) decays have shown that a large
number of radiative decays proceed through exclusive
two-body processes. We have therefore searched for res-
onant structure in the recoil hadronic system opposite the
photon in our data set, using a technique independent of
the mass of the daughter particles. For the two-body de-
cay Y~yX, the mass of the recoil hadronic state X is re-
lated to its momentum p& by the re1ation

In Fig. 7, we present the recoil mass calculated for the
n =2 and n =3 cases, in which the bin width corresponds
to one unit of resolution in this quantity. Plotted verti-
cally is the implied Y(1S) branching ratio. No structure
is observed. '

We have also conducted dedicated searches for the
ri(1430) (formerly i) and the fz(1720) (formerly 8). The
g(1430) is observed in radiative g decay with a relatively
large product branching ratio: 8 (/~yet;ri~KKm)
=(0.47+0.06)%. We look for it in the final state
KzK*m, where the Kz is detected as a charged-track
pair forming a "vee" displaced from the interaction
point. We do not find any candidate events and set a
90%%uo confidence level upper limit of 8.2X10 on the
branching ratio for this decay chain, corresponding to a
suppression of approximately 50 relate. ve to the rate ob-
served from the P for this mode.

The f2(1720) was searched for through the decay chain
Y(1S)~yf2, f2~K+K+. We find one event consistent
with a yE+E~ topology and measure the invariant mass
of the KzKs system to be 2.674 GeVlc . No events are
observed at the f2 mass, yielding an upper limit of
3.6X 10 on this decay mode.
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IV. ANALYSIS AND RESULTS: 'T~yn(h+h ), n =1

Two charged-track events which satisfy the event-
selection requirements of Sec. II are, in addition, subject-
ed to a kinematic fit, imposing overall energy-momentum
conservation under the three possible hadron-type as-
sumptions. We retain events with y &30 (Ref. 17) and
ca1culate the invariant mass of the recoil hadrons.

This invariant mass is plotted in Fig. 8, calculated un-
der the assumption that the recoil tracks are pions, sepa-
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FIG. 8. Dipion invariant mass for radiative two-track Y(1S)
decays.

FIG. 9. n =1 invariant-mass plots for continuum events
satisfying kinematic St criteria with Y(1S)data overplotted.

rately for the data set 1 and data set 2 samples. Owing to
the enhanced electron identification in the data sample 2,
we expect the radiative Bhabha rejection in this sample to
be more efficient than in the sample 1. We therefore only
use the data sample 2 in the calculation of our final
branching ratios and upper limits. We note that our
present result from data set 1 disagrees with our previ-
ously published result' using the same data set. In the
previous analysis, we had attempted to reduce the radia-
tive Bhabha background by rejecting events with large
shower energy or too many unmatched showers. Howev-
er, we underestimated the effects of noise and nuclear in-
teractions of charged pions in the calorimeter, and there-
fore rejected a large number of real e+e ~ym+n.
events. The upper limits presented in the original publi-
cation are therefore too low.

Prominent in both these invariant-mass plots is the
presence of a large p signal, as is expected theoretically
and verified experimentally by other analyses. This is
consistent with our expectation that backgrounds due to
@ED processes (particularly e+e ~qqy, where the qq
system has an invariant mass in the p region) are expect-
ed to be quite large. We have checked this background
by performing an identical analysis on our continuum
data sample to determine the continuum contribution to
our Y(1S) signal. The scaled continuum data are shown
in Fig. 9 with the data collected at the Y(1S) resonance
overplotted. The agreement is good, indicating that,
within errors, the yp rate is wholly accounted for by
continuum production. We use our Y(1S) data to calcu-
late an effective observed cross section over the solid an-
gle covered by 0.56 & Lcos8~ (Ref. 19): o (e+e
~p y)=(3. 12+0.61)X10 nb. This is in agreement
with the analysis by the ARGUS Collaboration. It is
substantially higher than the upper limits for this process
reported by the CUSB Collaboration in an analysis of the
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FIG. 10. Upper limits on Y(1S)~yX,X~h+h

inclusive photon spectrum near the end point which they
used to set limits on two-body radiative decays of the
Y(1S) into a photon plus low-mass hadronic states. 20

Although the decay Y(1S)~p y is prohibited by
charge conjugation, the hadronic decay Y(1S)~pan is
allowed. In the case where the two photons emerge
suf6ciently close to one another that they produce
showers which merge in the outer calorimeter, the decay
Y(1S}~pox will produce the same observed topology as
Y(1S}—+p y. It is therefore possible that some of the p
events which we observe arise from such Y(1S) hadronic
decays. We have checked this possibility in a direct
search for the decay Y(1S)~p n Since our .caloriineter
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TABLE IV. Summary of Y~y(h h ) 90%-C.L. upper limits.

Reaction

B(Y(1S)~yfg(1270))B(f~(1270)~m+n + )
B(Y(1S)~yf2(1525))B(fp(1525)~K+K *)
B{Y~yg(1430) )B(g~K +m +Ks )

B(Y(1S)~y f 2(1720))8(f~(1720)~KsoKso)
B(Y(1S)~yf, (1720))B(fi(1720)~K+K+ )

Prediction (Ref. 2)

=7X 10-'
=2X 10-'

Upper limit

1.2X 10
SX 10-'
8.2X 10-'
3.6X &0-4

1.2X 10

is located 2.5 m from the interaction point, and the spa-
tial resolution for the position resolution of showers is of
order 2 cm, the angular resolution is quite good; for a n
of energy 4.5 GeV, the two photons should remain dis-
tinct 35% of the time. We find no events consistent with
our hypothesized decay, and, given a detection elciency
of 4% (including the efficiency for resolving the photons),
we set an upper limit of 6.6X10 (90% confidence level)
for this branching ratio based on this direct search.

The efficiency for detecting Y~y(h+h ) candidate
events is determined with the use of Monte Carlo simula-
tions. For low-mass objects, where the two tracks tend to
emerge very close to one another, the event detection
efBciency is primarily limited by the geometrical accep-
tance of the barrel calorimeter. For higher-mass objects,
the eiciency decreases since the two tracks are less likely
to both point towards the fiducial volume of the detector;
in addition, as the hadronic recoil mass increases, the
photon energy diminishes. Below a photon energy of 2
GeV, the trigger efficiency, largely based on the total
pulse height in the calorimeter, begins to drop. The
overall detection eSciency is well approximated by a
linearly decreasing function of recoil mass, starting at ap-
proximately 40% for recoil masses at threshold, and
dropping to close to zero for recoil masses 5 GeV/e
above threshold.

After performing a continuum subtraction, no obvious
structure is observed in the recoil mass plot. Limits on
branching ratios for exclusive radiative decays of the
Y(1S}into a photon plus another particle decaying into
two charged tracks are presented in Fig. 10 for the
three-~article species, and are consistent with other anal-
yses. ' ' The only region of the invariant-mass plot sug-
gestive of an excess above the continuum appears in the
region rn =1.4 GeV/c; where we count ten events in
the interval 1.2 GeV&rri „(1.6 GeV/c; the back-
ground in the same region corresponds to two events.

However, there is no radiative decay of the f which pro-
duces a corresponding resonance in this mass region.
Comparison of our results with theoretical predictions is
presented in Table IV.

V. SUMMARY

In summary, we have observed exclusive radiative de-
cays of the Y(lS) meson in decay modes into a photon
plus four, six, or eight charged tracks. Topological
branching ratios are consistent with those predicted by
the LtJND Monte Carlo simulation of the process
Y(1S)eggy. Despite difficulties in ascertaining definite
final states, we have observed positive evidence for the
production of baryons in exclusive radiative decays. An
analysis of the Y~ym+~ K+I|." mode indicates that
roughly one-quarter of these decays are proceeding
through the mode Y(1S)~yK' K' . For the decay
Y~y(h+h },no structure is observed in the recoil had-
ron mass, and upper limits are set which are on the order
of theoretical predictions.
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