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Abstract 

We present a study of the radiative decay J/w + -y&$ in the yK+Ii’-K+K- 

and yK+K-K~I<~ final states. A pseudoscalar state is observed in the $4 in- 

variant mass spectrum at 2.22 GeV/c2 with a width of 150 MeV/c2. The product 

branching ratios are B(J/$ + -yX) * B(X + q!$) = (3.3 f 0.8 f 0.5) x 10e4 for the 

yK+K-I<+K- mode and B( J/G + yX) - B(X + q%$) = (2.7 f 0.6 f 0.6) x 10m4 

for the yli’+I<-I<~I<~ mode. No evidence for 2++ states below 2.4 GeV/c2 is 

found in this radiative J/w decay mode. 
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Interest has focused recently on the $4 system produced in radiative J/lc, de- 
_- 

= cays, since this process may produce glueballs, hybrids or four quark states.‘) 

Structures in the $4 invariant mass spectrum have been observed by several ex- 
-: 

periments in the reaction r-p t &ha. 2, One group, after performing a partial 

wave analysis, has resolved three broad 2++ resonances near &I threshold. These ._ 
states have been claimed to be glueballs,3) since the production process is Okubo- 

Iizuka-Zweig (OZI) supp ressed. If this hypothesis is correct, these states should 

- also be produced in radiative J/$ decays’). The DM2 group4) has reported the 

observation of a low-mass enhancement in J/1c, t 744 at 2.25 GeV/c2 with a 

preferred spin-parity of Jp = O-. Other pseudoscalar states near threshold as well 

as at higher mass have been observed 5, in radiative J/lc, decays to pp and ww; 
- the ~(2100) is the only state kinematically accessible to ~$4 . We present herein ._ ~ 

a study of J/$ --+ ~$4 in the rK+K-K+K- and yK+K-KgKi final state$), 

using 4.9 x lo6 produced J/v,b events recorded with the Mark III detector’) at the 

SLAG e+e- st orage ring SPEAR. 

The study of the yli’+K-K+K- channel is made difficult by kaon decays which 

severely affect the detection efficiency, especially at low &$ masses (m+4), where 

kaon momenta are smallest. For ~~44 below 2.4 GeV/c2, 60% of all events with four 

observed charged tracks suffer from momentum mismeasurements because of track 

kinks due to decays in flight. A four constraint (4C) kinematic fit to the hypothesis 

J/$ + yK+K-K+K- t ypically fails for these events. A substantial increase 

in detection efficiency can be obtained with 1C kinematic fits to the hypothesis 

J/ll, + yK+K-K*(K~,ss), where the most poorly-measured track is excluded 

from the fit. To ensure a consistent procedure for events with four well-measured 

tracks, a 1C fit is performed to all three-track combinations by omitting one track 

at a time, retaining the fit with the lowest x 2. In events with several isolated photon 

candidates’), the radiative photon is always chosen to be the shower closest to the 

direction of the missing momentum of the four charged tracks. Candidates are 

selected from events which have: at least two well-identified kaon tracksg), no pion 

candidate ‘) (unless two like-sign kaons are found), a 1C fit probability greater 

than 2%, and less than five isolated photons. 
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Figure la shows a scatter plot of the invariant masses mK+K- versus mK*K~ . -- miss 

c A clear &$ signal is observed, providing evidence for the process J/ll, + r&h, since 

the modes J/lc, -+ 44 and J/$ -+ d&r’, are forbidden by C-invariance. The fi- 
-: 

._ 

nal &$ sample is extracted by requiring lrnK~ - rnd[ 5 3a, where the measured 

resolutions are flK+K- = 3.8 MeV/c2 and cKKmiSS = 5.9 MeV/c2. The resulting 

$4 invariant mass spectrum for the 1C fit events, shown in Figure 2a, contains a 

total of 168 events. The mass resolution, determined by Monte Carlo simulation, 

varies from 12 MeV/c2 at 2.2 GeV/c2 to 19 MeV/c2 in the Q region. Potential 

- background sources consist of modes such as yqSK+K-, cjK+K-, cjK+K-n’, 
and K+K- n+a- + ny. The background is estimated from the events inside 

the lightly-shaded areas in Figure la, after subtracting the contribution from the 

darkly-shaded areas and correcting for feedthrough from real Y&#J events as de- 
- termined from a Monte Carlo simulation. The background, amounting to 9%, is 

. uniform in rn+4. 

Figure 2c shows the &,4 invariant mass spectrum after efficiency correction. A 

prominent structure around 2.2 GeV/c2 is visible, as is the Q. The mass spectrum 

is fitted to a relativistic p-wave Breit-Wigner line shape with a mass dependent 

width “1 but without a form factor, a non-relativistic Breit-Wigner line shape for 

the qc, a uniform background and three-body phase-space. Table I summarizes the 

results. For the low mass state, 11) the mass, width and product branching ratio are 

M = 2230 f 25 f 15 MeV/ c2 and r = 150z3,0,0 f 60 MeV/c2 and B( J/$ + yX) . 

B(X + 44) = (3.3f0.8f0.5) x 10w4. The systematicerrors includes uncertainties 

in the luminosity measurement, event selection, background subtraction, efficiency 

determination and fit. We have also made fits which include a production and 

decay form factor using both Blatt-Weisskopf and Gaussian shapes. A dispersion 

relation was used 12), to ensure a proper form-factor cutoff at infinity. Within 

errors, the mass and width remain the same, but the branching ratio increases by 

up to a factor of two, as the fit attempts to accommodate the cluster of events 

around 2.5 GeV. This is not, however, a realistic description, since the events 

around 2.5 GeV are not Jp = O- (see below). For the qc, the mass and width 

are found to be in good agreement with nominal values, *13) the product branching 

ratio is consistent with the previous Mark III result, which was based on the first 

half of the data sample. 14) The total branching ratio for radiative 44 production 

is B( J/lc, + y@) = (7.5 f 0.6 f 1.2) x 10S4. 
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There are 80 events which have satisfactory 4C kinematic fits to the 
_- 

c yK+K-K+K- h ypothesis. Due to the small detection efficiency at low rn44 the 

qc is the only significant signal observed in the &$ mass spectrum. The events 
-. 

._ 

in the low mass region, however, are consistent with the signal events in the 1C 

fit. The qc mass so obtained, 2969 f 4 f 4 MeV/c2, and product branching ratio, 

B(J/1cI + 7%) - wlc + 44) = (0.94 f 0.23 f 0.16) x 10m4, agree well with the 

results from the 1C fit. 

Since the KL detection efficiency is low and difficult to determine, I<L detection 

is not required in the yK+I(-I$K~ channel. Candidates are instead selected by 

1C kinematic fits to the hypothesis J/lc, + ~K+K-~+TT-(K’&~,,, identifying 

kaons and pions by TOF and dE/d x. If several kaon- or pion-pair combinations 

- exist, we choose that which best matches a $J or a Kg. All isolated showers are 

. considered as candidates for the radiative photon. Due to the poor photon-energy 

resolution, the x2 of the 1C fit does not alone provide a sufficient background 

rejection. The radiative photon is chosen to be that photon for which the quantity 

x2 + ((mK+h’- - m~)/w+d2 + ((~K;K; - m#w;K;J2 

- is minimal. In order to improve the KgKl mass resolution, a 2C kinematic fit 

is performed by adding the Ki constraint. Candidates are retained if the 2C fit 

probability is greater than l%, the event contains either two well-identified kaons 

or one well-identified kaon and two well-identified pions, and less than four isolated 

photons are present. 

Figure lb shows the scatter plot of mK+K- versus rnK;K; . A 44 enhancement 

is again visible. The $# ‘g 1 si na events are selected as above, using the measured 

resolutions of flK+K- = 3.5 MeV/c2 and UK;K; = 5.6 MeV/c2. The resulting 

44 invariant mass spectrum contains a total of 119 events (see Figure 2b). The 

&$ mass resolution varies from 13 MeV/c2 at 2.2 GeV/c2 to 30 MeV/c2 at the 

qc. In this case, the background contribution, estimated as above, originates from 

modes such as y~K+K-, 4K+K-, and dK+K-r’, with $ + KiKI, and from 

events containing two kaons, two pions and photons. The background (18%) is 

again uniform. The hadronic background J/t/ -+ $KgKg with Kg + X’R’ and 

4 + K+K- contributes at most one event in the region above 2.8 GeV/c2. 
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Figure 2d, showing rn44 in the yli’+l(-K~.K~ mode after efficiency correction, 
_- 

c confirms the yK+K-K+K- result. The spectrum is fit with the same function 

used above. In order to obtain stable fits, it was necessary to fix the width of the 
-. 

low-mass Breit-Wigner to the value obtained in the yK+K-K+K- mode. The 

mass and product branching ratio for the low mass state are M = 2214 f 20 f 

15 MeV/c2 and B(J/ll) + yX) - B(X + ~$4) = (2.7 f 0.6 f 0.6) x 10m4. The 

results, summarized in Table I, confirm those in yK+IC-K+K- . 

The distributions of the angle between the 4 decay plane in the $$ rest frame,x, 

and the polar angle of the I<+ (or Kg) in its 4 rest frame, OK, provide a spin-parity 

analyzer of states decaying into two vector mesons. 15) Including a background term 

a, the angular distributions are given by: 

- 

~ W(X)oca+(l-+[l+pcos2~] and 

5 w(cos 0,) CX (2 + (1 - U) ’ [l + $3 COS2 OK - l)] 

Both /3 and [ are functions of the helicity amplitudes characterizing the spin-parity 

of the intermediate state decaying into C#X$ . Thus a measurement of p determines 

- the parity, since 0 2 P/3 5 1. For a pseudoscalar, p = - 1 and 5 = -1. 

Figures 3a,b show the x and cos0K distributions between threshold and 

2.40 GeV/c2 after efficiency correction for both modes combined. While the ef- 

ficiencies in x and cos 6~ for both pairs K*Kzi,, and ri-~li-~ are uniform, the 

cos 6~ efficiency for the other KSIC- pair drops near ] cos 6~ I= 1 by 20%. 

The observed x distributions peak at large angles, indicating Jp = (even)-. 

The cos L~K distributions exhibit a strong sin2 IRK dependence, identifying the low- 

mass structure clearly as a pseudoscalar. A fit, using W(x) and W(cos0K) with 

a = 0.11 yields p = -0.85 f 0.11 and 5 = -0.85 f 0.13. To check the reliability 

of this technique, the x and cos 6K distributions are examined in the Q region 

(2.90 < “44 _< 3.05 GeV/c2). Th e resulting distributions are characteristic of a 

pseudoscalar (see Figures 3c,d). A fit with a = 0.1 yields /3 = -1.0 f 0.2 and 

5 = -0.70 f 0.19. Th e parameter p measured in 100 MeV/c2 mass intervals, is 

shown in Figure 4. The pseudoscalar component dominates below 2.4 GeV/c2 and 

at the qC. 



_- In order to set a limit on g(2230) and gg’ production in J/T/I + rqiq5, a max- 

c imum likelihood fit is performed using W(x). Assuming that, in addition to a 

pseudoscalar, partial waves with positive parity are present, the fraction of the _. 
P = +l components is given by f = (1 - a). (1 + p)/(l + &), where ,L$ is the 

average amplitude for the P = +l components and ,B is the limit determined by in- 

tegrating the log likelihood over the 90% confidence level interval. Due to unknown 

_ - phases and relative fractions for the three gT states, a determination of pp is not 

_ possible. We therefore assume ,Bp = 0, which yields the most conservative limit. 

The resulting upper limits for gT and [(2230) production presented in Table II are 

obtained by multiplying the observed number of events by f and normalizing the 

result to the total number of produced J/t,b events after correcting for the detection 
~-- efficiencies and $ decay branching ratios. The limit is a factor of eight higher than 

._ . . a model-dependent prediction for gT production in radiative J/T+!I decays. r7) 

- 

In summary, we have observed a pseudoscalar state about 0.15 GeV/c2 above 

$4 threshold in the radiative decay J/ll, + ~$4 in two decay channels. This 

state may correspond to the 200 MeV/c2 wide pseudoscalar state, q(2100), seen in 

J/$Y -+ ypp at 2.138 GeV/c 2 11) Additional pseudoscalars have also been seen in . 

J/$ + ypp and J/lc, + yww. The nature of these pseudoscalars is not presently 

understood. Possibilities include the second and third radial excitations of the 

pseudoscalar mesonsr8) as well as qqg hybridsrg) or qqqq states2’)). 
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Table I. Fit Results for the &$ Mass Spectra from the yK+K-K+K- and yK+K-KiKi final states 

final state Mass [MeV] Width [MeV] B(J/11, + -rx> . w + NJ+ 
yK+K-K+K- 2230 f 25 f 15 150 ‘“,“,” f 60 (3.3 f 0.8 f 0.5) x 1O-4 

c 

-. yK+K-I@<; 2214 f 20 f 15 150 fixed (2.7 f 0.6 f 0.6) x 1O-4 

yK+I--K+K- 2981 f 8f 3 10.3 fixed (0.93 0.16) f 0.20 f x 1O-4 

yK+K-I@(; 2956 f 12 f 12 10.3 fixed (0.85 f 0.27 f 0.18) x 1O-4 

t The systematic errors in the branching ratios include the following contributions which are 

added in quadrature: uncertainties in the luminosity measurement (8.5%), uncertainties from the 

event selection, background subtraction and efficiency determination (13% for yK+II’-K+II’- 

and 18% for -yK+II’-I/!$ ), and uncertainties in the fit (6%). 

Table II. Upper limits for gT and t(2230) production in J/$J + 740 

Mass region [GeV] Number of events pp cyK+K-K+K- c++K-KOKO B(J/~c, + yX) . B(X + $q) 

gT (2.04-2.40) 122 0.29 0.12 0.14 < 1.16 x low4 at 90% CL. 

[(2230) (2.20-2.26) 32 0.39 0.12 0.15 < 0.38 x 10m4 at 90% CL. 
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Figure Caption 
_- 

c Figure 1. Scatter plots for J/$ + y4K: a) mK+K- versus mK*Kzi,,; b) mK+K- versus 

-. mK;K;- Events in the shaded regions are used for background estimated. 

Figure 2. The observed 44 invariant mass spectra from (a) J/t) + yK+K-K+K- and 
._ (b) J/$ --t yK+K-K;K;; c,d) th e corresponding ~$4 invariant mass spectra 

after efficiency correction. Shaded histograms show background estimates; 

dashed curves show detection efficiencies denoted by 6; solid curves show fits 

described in the text. 

Figure 3. Angular Distributions for J/$ + ~$4 after efficiency correction for both 

modes combined: a,b) The x and cos 0~ distributions for the low-mass state 

~.- (2.05-2.39 GeV/c2), c,d) The x and cos 8~ distributions for the qC (2.92- 
._ . . 3.04 GeV/c2). Th e solid curves show fits described in the text. 

Figure 4. The amplitude ,L? as a function of rndd. 
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