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From a study of 2.7X106 I/g decays with the Mark III detector at the SLAC storage ring

SPEAR, we determine branching ratios for decays of the g, to gm+m, m
—E+Es, m+m m+m

m+m K+EC, pp, the previously unobserved modes g'~+a, m K+K, E K —m+, E EC, and

new upper limits on pp, toto, Sw, Aqtr, fbi, and rtKK. When combined, the different measurements

of the g, mass yield 2980.2+1.6 MeV/c . In the decays q, ~vector+vector, a strong increase of
the decay rate with the number of strange quarks in the final state is observed,

I. INTRODUCTION

The sk is expected to have numerous decay modes into
two- and three-hadron final states. ' To lowest order in
perturbation theory, the g, decays through annihilation
into two gluons [the annihilations into one gluon and into
one photon are forbidden, respectively, by color-SU(3) and
C invariance]. Much information on gluon dynamics can
be obtained by studying the systematics of the ri, mesonic
decays. For example, the relative contributions of the
three different mechanisms relevant to the decays
ri, ~VV (Fig. 1) can be determined, once all branching ra-
tios to VV final states are measured. Comparison with
J/P decays, which occur mostly via annihilation into
three gluons or one virtual photon, should be particularly
interesting. Thus far only six hadronic decay modes of
the q, had been observed, with sxoall statistics, and a

single measurement of the ri, total hadronic width had
been reported.

We present branching-ratio measurements for decays of
the qc to g~+~-, ~-E+SCs, ~+~-~+~-, ~+~-X+X
pp, for the previously unobserved decay modes q'n. +tr
troK+K, K oK n+ (including the conjugate mode
K K+tr ), K K', and new upper limits for the de-

cays p p, toto, qK+K, A2 n.+, rif, and 5+a+ Anew— . .
determination of the g, mass is presented, and limits are
set on the g, total width.

Section II of this paper concerns the experimental de-
tails of the analysis and determination of branching ratios.
In Sec. III we discuss interpretations of the data.

». DETAII.S OF THE A+AX.VSIS

The Mark III spectrometer is a general-purpose mag-
netic detector designed for detailed studies of exclusive fi-
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FIG. 1. Various mechanisms for g, ~VV decay. In (b) the
produced mesons are color-octet states, but final-state interac-
tions (i.e., exchange of soft gluons) are assumed to turn them
into color singlets.
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nal states in the SPEAR (SLAC storage ring) ener y re-

gian. The detector is described in detail elsewhere. We
limit ourselves here to a brief description of the relevant
features. The axial and transverse views of the detector
are shown in Fig. 2. A low-mass inner drift chamber sur-
rounding the beryllium beam pipe provides tracking and a
first-level trigger. The main drift-chamber system, in a
0.4-T magnetic field, measures the momentum of charged
tracks over 84% of the solid angle with a resolution of
crz/p=0. 015(1+@ )'/ (p in GeV/c). Two stereo layers
and charge division on four of the axial layers provide a
measure of the dip angle. Charged-particle identification
is obtained with a system of 48 time-of-flight (TOF)
counters. These counters, which cover 80% of the solid
angle, have a time resolution cr, of —190 psec for had-
rons. This provides a 3om/E separation for momenta up
to 800 MeV/c.

Between the TOP counters and the solenoid coil is a
highly segmented gas sampling calorimeter consisting of
24 layers of alternating proportional counters and —,

' radi-

ation length lead sheets. End-cap shower counters of
similar design extend the photon detection capability to
94% of the solid angle. The shower counters measure
photon angles with a resolution os of 10 mrad and photon
energies with a resolution crz/E of 0.17/V E (E in GeV).
The shower counter is fully efficient for photon energies
greater than 100 MeV. This feature is crucial for the
reconstruction of J/P~yg, decays whose radiative pho-
ton has an energy of 114 MeV in the J/iI'/ rest frame.

We now turn to a discussion of the details of the

FIG. 2, The Mark III detector: (a) vie~ transverse to the
beam axis; (b) parallel.

analysis for each channel. Branching ratios and upper
limits obtained from our sample of 2.7X10 produced
J/P's are given in Table I.

A. q, ~q~+~-

The i) is identified by its decay into two photons and
candidate events with the topology yyym+n are select-
ed. The identification of photons is difficult because
charged particles often interact in the shower counters
producing clusters of hits ("split offs") which can be mis-
taken for photon signals. The energy distribution of spht
offs peaks at zero, and its tail extends up to -600 MeV.
To minimize the confusion between real photons and split
offs, only the three-highest-energy showers are used in the
reconstruction, and the energy of each additional photon,
if any, is required to be less than 20 MeV. The events are
kinematicaHy fitted by imposing energy and momentum
constraints [four-constraint (4C) fit]. At least one of the
three yg effective-mass combinations must lie within 30
MeV/c of the g mass. A five-constraint (5C) fit to
J//~yam. +m, g~yy is then applied. The combina-
tion with the highest confidence level is retained, and the

probability is required to be larger than 0.04. The dis-
tribution of the cosine of the angle (8) between the pho-
tons and q momentum directions in the q center-of-mass
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TABLE I. Branching ratios of hadronic decay modes of the q, . The upper limits are given mth a
90% confidence level. The statistical and systematic errors have been combined quadratically. Branch-

ing ratios for three- and four-body final states include contributions from two- and three-body inter-
mediate states.

Decay mode
x

5—~++

frl

gK+K
~-'K+K,
ii'X+X-
8+m fr+ad

PP
a ~+
&+~-K+K-
E K n.++c.c.
K"K"

'From Ref. 7.

Number of
events

75+11
& 14.3
g 22.9

13.7+3.8
g16

63+14
32+12
25+9

g 9.3
(9.3
110+17
63+10
9+4

(5.9
16+4
23+11

Efficiency
(%)

15+3
15%3
15%3

4.8+0.6
7.7+1.4
18+2

9.5+1.6
5.7+0.8
5.7+0.8
5.7+0.8
15%2
14+2
13%2

5.6%0.8
5.8+0.6
62+6

Branching ratio
8 {J/f~ yrk, g, ~X}

{4.6%1.1)X 10
~ 8.8 X 10 /8(5 —+pm)

( 1.4X 10
(3.5+1.1)X 10

& 2.0X 10
(1.9*0.5)X 10-'
(1 3+0 5)X10
(1.6S0.6) X 10-4

&0.6X 10
& 1.7X 10

(2.7a0.4) X 10-4
{2.6~0.6)X 10-'
{0.6+0.3)X 10-4

~ 3.9X 10
(1.02+0.29) X 10-4
(1.4+0.7)X 10-'

g, Mass
(MeV)/e )

2976+5
2970+7
2982+3

2983+5
2982+5
2969+6

2976+8
2982%4

system is expected to be uniform. Fake il's reconstructed
from a low-energy split off and a real photon have values

of jocose ~

close to one. These background events are re-

moved by the cut 1cos8
~

&0.94. All three yy effective-

mass combinations must satisfy 1m„„m~1 &—30

MeV/c .
The rlm+m effective-mass distribution is shown in Fig.

3. A prominent peak (75+9 events) is observed at the
mass of the il, . Two features, common to most of the
channels analyzed, characterize the shape of the back-

ground: a peak centered at the mass of the J/i' and a
background which decreases slowly with increasing mass.
The Jlg peak is due to nonradiative J/g decays; its tails

extend into the i}, mass region. A fit to a Breit-Wigner
curve, convoluted with a Gaussian to take into account
the mass resolution of 20 MeV/c, plus a polynomial for
the background' yields a mass of 2977+4 MeV/c and a
width equal to 11+16MeV/c for the rI, . Because of the

presence of background under the il, peak, the observa-

tion of possible two-body intermediate states is difficult.
There is no evidence for the decays: rl, ~5+n.+, -

and rj, ~fg, f~rr+n . Upper limits for
these decay modes are given in Table I.

The reconstruction efficiency is obtained from a de-

tailed Monte Carlo simulation of the detector. The angle

(8) between the e+ and rj, directions in the laboratory is

generated according to a l + cos 8 distribution, and a uni-

form phase-space distribution is used for the three-body

decay rj, ~rjrr+n(The detection .ef.ficiency depends

only weakly on this assumption. This is true for all

three-body decay modes analyzed here. } As the Monte
Carlo simulation does not accurately simulate splits offs,
the loss associated with the use of the three highest-energy
showers and the energy cut on a11 additional photons

(37+9)% is determined by measuring the fraction of
events with additional photons, and the energy distribu-
tion of these photons, in two clean samples of J/g~yil',
r}'~rlrr+rr, and J/p~p rr decays. The product of
branching ratios 8(J/1(~yrl, )8(rI, ~rlm+ir ) is given
in Table &. The systematic error, which has been com-
bined quadratically with the statistical error in Table I, in-
cludes contributions from the Monte Carlo simulation of
the detector (10%%uo), the photon selection, and the split-off
energy cut (10%},the uncertainty in the background sub-

40

J/f = yqvr+vr

) 10

0 I 1 1 1

2.5 2.6 2.7 2.8 2.9 5.0 5.1

M~77-+~- IGeV/C~)

FIG. 3. The g~ m effective-mass distribution for
J/f~yrlm+rr decays. The curve is the result of a fit to a
Breit-%'igner form convoluted ~ith a Gaussian plus a second-
order polynomial. The fit does not include events with pm+~
effective mass larger than 3.06 GeV/c~.
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FIG. 4. The m K+X effective-mass distribution for

J//~yes E+E decays. The curve is the result of a fit to a
Breit-%'igner form convoluted moth a Gaussian plus a second-
order polynomial.

traction (10%), the total number of produced J/P's
(5.8%) (Ref. 11}, and the reported uncertainty in the
branching ratio B(ilyy), all added in quadrature.

B. q, ~e E+E and rI, ~rr~E+Es

The decay r), ~n K+K is observed in the final-state

topology yyyK+K . The selection of photons is identi-

cal to that used for the rjn+m. channel (Sec. IIA). The
energies of the showers associated with the two charged
tracks are required to be less than 1.1 GeV to reject
background events produced by Bhabha scatterings.
Both kaons are identified by the TOF system

(
~
t«~«~ —t~,~«~ ~

& 3a where rr is the TOF resolution
for hadrons}. A 4C fit to yyyK+K is applied, and at
least one photon pair is required to have an effective mass

equal to that of the m (within 25 MeV/c ). The photon
pair with effective mass closest to the rr mass is used in a
5C fit to J/g~yn K+K, rr ~yy. Events whose X
probability is less than 0.05 are rejected. The direct decay
J//~K'~K+, K*+~K+pro has -a large branching ra-
tio' and is the main source of background, as low-energy

split offs are easily mistaken by the 5C fit for the radia-

tive photon produced in the decay J/lt ~yrI, . To
suppress this background, the momentum of each kaon is

required to be less than 1.3 GeV/c.
The K+K n.o effective mass is presented in Fig. 4.

The number of J/f~yrj„r}, +rr K+K—events is es

timated from a fit to a constant (for the background} plus
a Breit-Wigner form convoluted with a Gaussian to take
into account the mass resolution. The uncertainty in the
background shape results in a large systematic error on
the number of events, and forbids determination of the rI,
width. The amount of background at the rI, mass hinders

the observation of the two-body decays rt, ~K'~K+.
The reconstruction efficiency (16+2}% is obtained from
the Monte Carlo simulation; a uniform phase-space distri-
bution is assumed for the de;ay rt, ~m K+K . The loss
associated with the photon selection (39+7)% is estimated
from the effect of the same selection on the sample of
J//~K' +E+, K'+~K—+m -event—s-

l20

cU 80

40

UJ

0.46 0.48 0.50 0.52 0.54
M ~+~-

FIG. 5. The m+m effective-mass distribution for the pair of
tracks selected as j q, after all cuts, in the decay
J/P~yn~E+Ez. The curve is a Gaussian fit to the distribu-

tion.

We now turn to the analysis of the rj, ~rr+ K+K-z chan-
nel. The Kz is identified by its decay to rr rr . The first
selection requires one to five photon candidates in the
shower counters and at least one pair of tracks, assumed
to be pions, whose effective mass is consistent with that of
the Kz within 50 MeV/c . If so, one of the two remain-
ing tracks has to be identified as a kaon by the TOF sys-
tem. To remove background events from channels con-
taining n 's or rI's, a cut is made on the variable
U=E; P;„(E—;„and P; are the missing energy
and momentum calculated from all the charged tracks ),

~

U
~

&0.2 GeV. The Ks selection proceeds in the fol-
lowing way: pairs of tracks in the Kz mass range are re-
quired to have a vertex displaced by more than 1 mm
from the interaction point in the plane perpendicular to
the beams. The angle between the momentum vector of
the two tracks and the vertex displacement vector (with
respect to the interaction point) must be smaller than 11'.
If more than one good Ks candidate is found, the one
with mass closest to the Ks mass is kept. A 4C fit to the
hypothesis J/f~yrr+m K~K+ is applied, and the gi
probability is required to be greater than 0.05. The chan-
nels J/g~rr+n K+rr+ and J/P~-yyn+nK+ n.+ .are-
the major sources of background. Cuts on the X proba-
bility of 4C fits to n.+rr K +m+ [prob(Xi)&-0. 001] and

yyrr K+m+ [prob+ -) &0.02] remove most of the back-
ground events. The @+A effective-mass distribution for
the pair of tracks selected as Kz is shown in Fig. 5, and
the ir—K+K+ effective mass distribution is presented in
Fig. 6. Note that all background events from J/itj
~rr-+K+K@ decays have been removed. The mass of the

r), and the number of events (Table I) are deterinined as in
Sec. IIA. The large systematic error reflects the uncer-
tainty in the background shape. The observation of two-
body intermediate states, q, ~E '+—E+ or g, ~E OK+,

is hindered by the presence of background events and the
small number of r), ~m~K+Ks events. The Monte Carlo
simulation assumes a phase-space distribution for the
three-body decay of the r), . The ratio of branching ratios
B(rj,~n K+K )/B(r, ~m —+K+Ks) is 0.7+0.3, in agree-
ment with the value 0.5 expected from isospin symmetry.

In this channel, the q' is identified by its decay g'~yp
where p ~m.+m . As split offs are produced close to
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25

~ 20

J/y = y q'7T+77.

l5

IO

charged tracks, showers are ignored when their angle to
the closest charge track is smaller than 18'. Events
with two or three photons are selected from our
four-prong sample and fitted to the hypothesis
J/f~yym+rr m+m . The X probability is required to
be larger than 0.02. The background is reduced by two
cuts: energies greater than 60 MeV for the two selected
photons and smaller than 60 MeV for the additional
one, if any. At this stage of the analysis, most of the
events in the sample are J/g~n. n+rr m+n or
J/g~qn+n n+n decays. These are removed by re-

quiring the two-photon effective mass to be different from

m+ and mz by more than 65 MeV/c . The effective

mass distribution of the yn. +n triplet whose n+m ef-
fective mass is the closest to that of the p is shown in

Fig. 7. The peak at the g' mass corresponds to the decays

l00—

E9
Cd
C)
O

M

Z.'
Ld

4J

80

60—

40—

20—

0 0.5 ~.O t.5 2.0 2.5
M y~+ ~- (Gev/c~)

FIG. 7. The ye+a effective-mass distribution for events of
the type J/g~yyn+n n+m . The m+n pair used is the one
whose mass is the closest to that of the po t'2 entries/event).

I I I I

2.5 2.6 2.7 2.8 2.9 5.0 '5.
t

MK, „'-„+ ( GeV/cs)

FIG. 6. The m —+E+ECq effective mass distribution for
J/g~yEqE +n+ dec—ays. The curve is the result of a fit to a
Breit-Signer form convoluted with a Gaussian plus a second-
order polynomial.

0
2.5 2.6 2.7 2.8 2.9 5.0

M, , (Gev/c~)

FIG. 8. The g'm+e effective-mass distributions for
J/P~y rl'n+n decays.

J/g~yrj'mr+~, rI'~yp, p ~m+m . However, as
most of the events have more than one n+m pair con-
sistent with a p (partly because of the large p width), the
combination with the smallest distance 5 (Ref. 13) to the
(p1 0 i&i& ) point in the (m +,m + ) plane is chosen.

In addition, 5 is required to be smaller than two to remove
background events. Finally, a 5C fit to J/P-+yrl'm+rr
rl'~ye+a. is applied, and the X probability is required
to be greater than 0.02. The rl'm+n effective-mass dis-
tribution is presented in Fig. 8. To study the mass distri-
bution of the background, the i)' mass is changed by +160
MeV/c in the 5C fit, and the events are submitted to the
same set of cuts. The background shape is smooth, and
-1 background event is expected under the g, peak. The
decays J/f~p rl' and J//~curl' are two potential
sources of background. However their branching ratios
are sma11, ' and their contributions can be neglected. The
number of events and the mass of the rl, are given in
Table I. In the calculation of the efficiency, the three-
body decay of the rl, is assumed to be uniform in phase
space. The loss associated with the cuts on the number of
additional photons and their energies (7+6)% is estimated
from the effect of the same cuts on our sample of
J/g~n+nn+m de.cays.

D. q, ~+~-m+~-

The main difficulty in the event selection for this chan-
nel is to separate radiative decay J/p~y~+~ ~+~
events f«m Jlf~~ m+n m+n events in which one of
the photons from the m. decay is not detected or has a
very small energy. Events with four charged tracks and
at most two photon showers are selected. Only one of the
two photons is allowed to be outside a cone with half-
angle 18 around charged tracks and must have a detected
energy of at least 10 MeV. A 4C fit to ym. +m m+m. is
applied, and the g probability is required to be larger
than 0.3. Tight cuts on the quantities U and I', are'y
applied:

~

U
~

&0.03 GeV and I', (0.0005 (GeV/c)
[P, =284 sin(1/2) where P& is the magnitude of the
four-pion momentum vector, and g is the acollinearity an-
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gle between the photon and the four-pion momentum vec-
tor']. The U cut is applied at —le of the resolution on
U. The effect of this cut on the branching ratio is dis-
cussed below. According to the Monte Carlo simulation,
74% of Jlttl~yg„rl, ~m+n. n.+mevents have a I',
less than 0.0005 GeV/c . Finally, all events containing
two pairs of tracks whose effective masses are consistent
(within 20 MeV/c ) with the Ks mass are removed. Evi-
dence for the decay J/P~yrl„rl, ~n+n n+m is
presented in Fig. 9. The background from the decay pro-
cess J/P~m tr+n n+m can be estimated from the P,
distribution, and has been subtracted. ' To determine the
number of events, the mass distribution is fit using a
Gaussian plus a constant background betwo:n 2.5 and
3.02 GeV/c . The peak at the J/g mass, which is pro-
duced by J/g~n+tr n'+m decays, has been excluded
from the fit. The detection efficiency (7.7+0.'8)% is ob-
tained from Monte Carlo simulation assuming a uniform
phase-space distribution for the decay g, ~m+m m+m

The loss due to the cuts on the number of photons and on
their energies (26+8)% is estimated from a sample of
J/g~tr+n m+m events. The systematic error on the
branching ratio takes into account a 20% uncertainty in
the number of background events. The branching ratio
does not change (within errors) when the U cut is
loosened to

I
U

I
&0.1 GeV. A search is made for the

two-body decays q, -+p p, p m+n, and g, Az~m+,

A2 ~purr +(Ref. 14). No-signals are observed, and upper
limits are given in Table I.

E. g, —+e+e E+E

Four-prong events are required to have at least one
track identified as a kaon by the TOF system and one or
more photon showers. In this decay mode, the processes
J/f~rr+n K+K and J/p ~mo~+n K+K are the
main sources of background. A cut is applied on the
cosine of the angle (P) between the direction of the photon
and the direction of the charged particles's total momen-

50
J/g = yvr+Tr K+K

0 ~ +~~K+K~ ee

0

Al
20 eI

~ ~

Op

I I I I I

I

(b)
'L.

J
"

~ ~
) 5

C)

)0
(A

iZ
4J

LLJ
K*K m

0
K* K (c)

turn, cosP& —0.8, to remove background events which
contain a m . If several photon showers are present,
at least one has to satisfy the cut. Note that this
cut does not reject J/g +—m+ @K+K decays and
J/g~non+m K+K events in which one of the two
photons produced in the decay of the m. has a very low
energy. The particle identification is done in the follow-
ing way: a 4C fit to ym+n K+K is applied (all four

J/f =- y7T 77 Vr 7T

2 k

e ~

1I ~

1

II II

IO
O
O

I

l. . .
' I'

I I I-5
2.5 2.6 2.7 2.8

M~+ ~-~+~-

I

29
IGeV/'c~ )

3.0 5. I

FIG. 9. The m+m ++m effective-mass distribution for
J/g~ym+m n+n decays. Background events from
J/f~m n+n n+mdecays have been. subtracted (Ref. 14).
The curve is the result of a fit to a Gaussian plus a constant for
the background.

I k I I I

2.5 2.6 2.7 2.8 2.9 3.0 3.I

MWSS (GeWc')

FIG. 10. J/g~~+~ K+K decays: (a) the n+n K+K
effective-mass distribution. (b) the E E m+ effective-mass
distribution (including the conjugate mode E E+n. ). A Em

pair is taken to be a K* if its effective mass is equal to 0.892
GeV/c within 80 MeV/c . The nonresonant background from
m+m E+K decays has not been removed. (c) The K E
effective-mass distribution. Nonresonant backgrounds have not
been subtracted. The curves are the results of a fit to a Breit-
Wigner form, convoluted with a Gaussian, plus a polynomial
for the background (see text).
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possible particle identity assignments are tried), and the
sum of chi-squared X =(X4C q&)+(XToF), where

2 (& —& )measured predicted
TOP 2

charged TOF
tracks

is used to select the best particle identification. A X
probability greater than 0.05 is then required from the 4C
fit to the chosen combination. To remove split offs,
showers are ignored if they lie close to charged tracks (an-
gle to the closest charged track smaller than 11'). Further
background rejection is achieved by two cuts on ratios of
X (the fit hypothesis is given in parentheses):

X'(J/y ~+~ K+-K )-
&6

X (J/g~yn+ir K+K )

and

X'(J/q ~'~+~ K+K )--
&8.

X (J/P~yn+ir K+K )

The ir+ir K+K effective-mass distribution is shown in
Fig. 10(a). The 21, can decay via the two- and three-body
intermediate states K' K m+ (and K * K+n ) and
K' K' . The K'Kn. and K' K' effective-mass distri-
butions are presented in Figs. 10(b) and 10(c); a Kir pair is
considered to be a K' when

l m)r —mz, l
& 80 MeV/c .

A peak at the mass of the 2)c is evident in all three distri-
butions. A scatterplot of the Kn effective masses, m +
versus m +, is shown in Fig. 11. Two K' bands and a
cluster of events at their intersection are apparent. The
number of nonresonant events (n+n K+K decays in
the K'Km sample of events; n.+m K+K and K'Kn de-

cays in the K'OE'0 sample) is estimated from the total
number of events in each of the three peaks and from the
effect of the K' cut on three samples of

n+n K+K, 2), ~K'Kn, and rt, K' K' Monte
Carlo generated events. The reconstruction efficiency is
estimated separately for the three decay sequences. In the
simulation of the decay process ric~K'Kn, the Km pair
is assumed to be in a J =1 state, with a relative angular
momentum l. =1 with respect to the K'. (The two-

1,1

j
1 1 1

j
1 11

t
1

I ) ) ) I

0.8 I.P. l.6
MK. — (Gev~c~)

FIG. 11. Scatterplot of m + versus m + for

J/P~yrr+m K+K decays.

pseud oscalar En. system can be only in a
J =0+,1,2+,3, . . . state. In addition, all J =even+
states are forbidden by parity conservation. ) The decay

m+m K+K was generated according to a uniform
phase-space distribution. The branching ratios are given
in Table I.

qZ+ j;-
The analyses of the qK+K and m.oK+K channels

are very similar. The photon selections are identical, and
the kaon identifications are slightly different. In the
riK+K channel, one of the two charged tracks has to be
identified as a kaon:

E
I rmeasured rpredicted l

& 2 4r2'
&

and probability to be a kaon greater than probability to be
a pion. One of the three photon pairs must have an effec-
tive mass equal to that of the 21 within 50 MeV/c, and,
to remove background events from J/P~m K+K de-
cays, all three pairs are required to differ by more than 35
MeV/c from the mass of the n No si.gnal is observed
at the ric mass in the rIK+K effective-mass distribution,
and an upper limit on the branching ratio is given in
Table I. In the calculation of the efficiency, the decay

gc +2)K+K -is assumed to have a uniform Phase-sPace
distribution, and the samples of J//~K' ~K+,

K'+-~K+@ events are used to estimate the loss associat-
ed with the photon selection (45+6)%.

G. 'g ~Alto

Events of the type J/f~y y yy ym +nm+n ar.e.
selected by requiring exactly four charged particles and
five to seven photon showers, separated from the charged
tracks, with energies greater than 10 MeV (Ref. 15). A
6C fit to the hypothesis J//~yes a+a ~ mr+a

~ ~yy is applied. All combinations are tried, and the
one with the smallest X is kept. Background events from
the process J/g~n m m n+n n+n are removed if the
X probability of the fit for this hypothesis is greater than
that for J/itr~y2(n m+m ), or if one of the additional
photons has an energy greater than 80 MeV. Because m 's

are sometimes falsely reconstructed from a high-energy
photon and a low-energy split off, events with asymmetric

decays 'are rejected [ l (Ez) E&2)/E~ l
& 0.9—for either

no's]. Finally, the X probability of the 6C fit is required
to be greater than 0.15. Note that the processes

Jg/~coco and J/g~m coco are forbidden by C invari-
ance. Thus, the presence of two co's is direct evidence for
the radiative decay J/g —+ycoco. A n n+m triplet is con-
sidered to be an ar if its effective mass lies within 30
MeV/c of that of the co. The coco effective mass distribu-
tion is shown in Fig. 12. The absence of a signal at the 21c
mass yields the upper Iirn. it given in Table I.

Events are required to have exactly two charged tracks,
at least one identified as a proton:
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FIG. 12. The toro effective-mass distribution for J/g~ycuco
decays. The curve corresponds to the 90%-C.I.. upper hmit
given in Table I.

rmettsttted r pf dlceted

F1G. 13. The pp effective-mass distribution for J/g~ypp
decays. The continuous line is a result of a fit to a Breit-signer
form convoluted arit a Gaussian, plus a polynomial for the
background. The dashed line is a 1ow estimate of the J//~ply
background, and the broken-dashed line is a low estimate of
nonresonant J/g~yplmt background.

a —
&i 'ea' m I & l.gtT ~

Background events from the decay process Jlt)(t-+p, +tu

are rejected if the total number of hits in the muon system
is greater or equal to three. The energies of the showers
associated with charged tracks are required to be smaller
than 1.1 GeV to remove background events produced by
Bhabha scatterings. The direct decay J/f-+pJp is the
principal source of background in the mass region of the

g, (Ref. 16}. To remove these background events, all pho-
ton showers are ignored when the angle between the pho-
ton direction and the direction of the closest charged
track is smaller than 18' for protons, and 26' for antipro-
tons. Two additional cuts are apphed: the X probability
of a 4C fit to J/tt(tripp has to be smaller than 5X10
and the cosine of the angle between the proton and the an-
tiproton directions is required to be greater than —0.999.
In the mass region of the r}„the number of background
events from the decay J/g~ppmc is small since there is
little available phase space. The mass of the r}, is greater
than the largest pp effective mass allowed in the decay
J/g~ppn . However, mismeasurement of the photon
energies can pull the pp effective mass higher. For this
reason, events containing two photons with effective mass
between 0.1 and 0.2 GeV/c are rejected. Finally, a 4C fit
to J/1(t~ypp is applied, and the X probability is required
to be greater than SX 10

The pp effective-mass distribution is shown in Fig. 13.
The number of events in the i}, peak (result of the usual
maximum-likelihood fit) is 22.9+8.7. The mass resolu-
tion was fixed at the value determined by the Monte Carlo
simulation, 7 MeV/c, and a six:ond-order polynomial
was used for the background shape. The width I z, al-

lowed to vary in the fit, is equal to 10.1 MeV/c . The
likelihood function is integrated over I z to set 90%-
confidence level upper and lower limit on the g, width:

BI. DISCUSSION AND SUMMARY

Using the branching ratio6 8(J/g~yrj, ) =(1.27
+0.36}X 10 i, we obtain the set of g, branching ratios
given in Table II. Approximately 20% of the rl, decay
modes have been observed. For all three-body decay
channels, except E'En, the amount of background events
and the small statistics forbid the observation of two-body
intermediate states. When combined, our different mea-
surements of the i}, mass yield 2980.2+1.6 MeV/c .

If fiavor-SU(3) symmetry were exact, the reduced
branching ratios 8(q, ~tI)tI)), 8(g, ~p p ), 8(rl, ~~~),

uld all be equal. ' The results
given in Table I yield

,'8(rl, E' E' )—
=0.22+0. 13, (3.1)

8(q,
&0.64 (90% C.L.), (3.2)

8(g, -+cirro) (0.34 (90% C.L. ) . (3.3)

The values of these ratios suggest that the g, —+VV re-
duced decay rate increases with the number of strange
quarks in the final state. This SU(3)-breaking pattern is
very different from the one observed in J/P~PV de-

1.9~1'z ~43. 1 MeV/c . The background shape is a

complicated combination of the decreasing mass distribu-
tion of nonresonant J/g-+ypp decays and of the increas-
ing J//~pe mass distribution of nonresonant J/t((t~ypp
decays and of the increasing J/1(~pp mass distribution.
To account for these uncertainties, a systematic error of
seven events is added to the total number of events.
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TABLE II. g, branching ratios. The uncertainty in the
branching ratio B(J//~yak) (Ref. 6) used in the determina-
tion of 8(g, ~X), contributes an overall 28% normalization un-

certainty which is not included in the errors in this table. Upper
limits are given at the 90% confidence level. The q, ~mKK
branching ratio is the average of 8(g, ~m —+K+Es) and
B(g,~n K+K ) (the relevant isospin factors have been taken
into account). Branching ratio for three- and four-body final
states include contributions from two- and three-body inter-
mediate states.

B(r/~ ~coco) =0.36+0.05, (3.5)

where 1(i (0} is the wave function at the origin of the
vector meson. We have used I ( V~e+e )

=16sra2etI
~
pv(0)

~
/mi with 9e~ ——9, 1, and 2 for p, to,

and ((), respectively. ' Similarly,

Decay mode

g, —+X
Branching ratio 8(g,~X)

(Po)

B(s),~to ) =0.60+0.05 .
B(s),~(()P)

(3.6)

PP
COCO

5m

A2n'

'9

'go'ir

7l'mm

mECK

EKE
E OK m++ c.c.
n+m m+m

m+m K+K
PP

'From Ref. 7.

0.8+0.2
0.9+0.5

g 1.4
& 0.31
& 1.0/& (6~g~)
& 2.0
( 1.1

5.4+1.3
4.1%1.3
4.8+1.1

(3.1
2.0+0.5
1.3+0.5
2.1 +0.3
0.11+0.06

These results are consistent with the observed dominance
of the P mode. On the other hand, the fact that
q, ~K' K ' is seen at the rate given by Eq. (3.1) implies
that the above picture is too simple. It is clear that the di-
agram of Fig. 1(b) does not contribute to the K'K' final
state, whereas diagrams 1(a) and 1(c) can contribute. The
three mechanisms can be treated in a purely phenomeno-
logical way by noting that while VV final states
( V=p, to, g) can arise from all three diagrams, K'K ' can
only arise from Figs. 1(a) and l(c), and to(() can arise only
from Fig. 1(b). Eventually, the relative contributions of
the three mechanisms could be determined experimentally
once all the above modes are measured.

=0,48+0.07, (3.4)

cays"' whose reduced decay rates decrease with the num-
ber of strange quarks in the final state. A detailed under-
standing of the dynamics of these decays is needed in or-
der to explain these different SU(3)-breaking patterns.
For example, consider the three different mechanisms
relevant to the decay ri, ~VV shown in Fig. 1. In order
to understand Eq. (3.2}, it would seem that the graph of
Fig. 1(b) must dominate, as it implies'

B(rk~p p )
~ gz(0)

~

2ttt&I'(p~e+e )

B(rk pp) ~
t/r~( )0~ 9rrt~ I'(p +e+e —)
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