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The E760 collaboration at Fermilab has studied the reaction pp ---t ~2 ---t ~7. We 
obtain values for the branching ratio and partial width to two photons of BR(xz + 

7~) = (1.54 f 0.47) x 1O-4 and P(xz --+TT) = (0.304 zt 0.097) KeV. 

PACS numbers : 14.40.Gx, 13.20.Gd, 13.75.C~ 

Typeset Using REVTEX 
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This paper reports a measurement of the yy decay of the xz (“Pz) charmonium 
resonance formed in i?p annihilation. Within the framework of perturbative QCD [l], 
the ratio of the partial widths r(xz +gg)/r(xz + yy) can be used to obtain a value 
for the coupling constant LY, at the charm quark mass. 

Experiment E760 utilizes an internal hydrogen gas jet target which intersects a 
cooled beam of antiprotons circulating in the accumulator ring at Fermilab. The size 
of the interaction region is determined transversely by the beam size, 6 mm diameter, 
and longitudinally by the gas jet size, 6.3 mm for 95% containment. The detector [Z] 
is optimized for the identification of the e+e- + X and multi-y final states. It covers 
the complete azimuth (4) and the polar angle (0) from 2” to 70”. It consists of 
two sets of scintillator hodoscopes (Hl, H2), a forward charged particle veto (FCV), 
a multicell threshold &renkov counter for electron identification, several layers of 
charged tracking detectors, and central (CCAL) and forward (FCAL) electromagnetic 
calorimeters. 

For the identification of the ~7 final state the central calorimeter [3] is the essential 
part of the detector. It must distinguish between y7 events and the large background 
from hadronic processes in particular pp + #?y’, pp + x’y, and pp + ~“7 which 
have cross sections up to lo3 times that of the y-y channel. The 1280 module lead 
glass &renkov counter array, 20 counters in 6’ by 64 counters in 4, is arranged in a 
pointing geometry and covers the region 11” 5 6 2 70”. The average rms angular 
resolution is 7 mrad in 0 and 11 mrad in 4. The average rms energy resolution is 

G.O%/JE(Gev) + 1.4%. 

E760 has collected a total integrated luminosity of 2.58 pb-’ at the xz formation 
energy, 4 = 3556 Mel/. The yy background is measured using 23.3 pb-’ of data 
taken at various values of fi from 3523 MeV to 3686 MeV where resonant yy 
production is not expected. 

The luminosity is obtained by counting recoil protons from forward elastic scat- 
tering with silicon detector located at 0 = 86.5”. The luminosity is extracted from 
knowledge of the pp elastic cross section and the detector acceptance. The estimated 
error in the absolute luminosity, rt 4%, is included as a systematic error in this mea- 
surement 

The trigger for the experiment consists of two levels. At the hardware level a 
topological trigger requires at least two energetic clusters in the central calorimeter 
separated by 2 90” in azimuth (PBGl) [4]. E vents with charged particles are vetoed 
by requiring no hits in the Hl or FCV scintillation counters. The calorimeter data 
are read into online processors which compute the invariant masses of all “photon” 
pairs (M,,) and the total energy deposited in the calorimeters. Events with any 
M,, 2 2.0 GeV/c’ are recorded on tape. 

There are two sources of inefficiency in the trigger. The first comes from the 
PBGl requirement and the other from the random veto of neutral events due to 
the high rate of charged particles in the scintillator counters. The PBGl efficiency 
is found to be > 98% from analysis of pp + Jill, + e+e- events collected with a 
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trigger which uses only the hodoscope and Cerenkov data. The inefficiency due to 
the charged particle veto is measured by removing the veto requirement from the 
trigger, reconstructing pp + &‘K’ events, and determining how often the trigger bits 
for the vetoes are set (with a correction for Da&e decays and conversions in the beam 
pipe). The data used to measure this inefficiency were collected with an instantaneous 
luminosity of 3.5 X 103’ c7V2s-’ while the data used in the ~2 + yy analysis were 
collected at luminosities in the range 2.5 - 6.2 x lo3 ~m-~g-‘. The cross section 
for yy candidates (after preliminary cuts) binned by instantaneous luminosity shows 
no luminosity dependence at the few percent level. We include a 3% systematic 
error in the trigger efficiency, and a comparable error in the analysis efficiency, to 
provide for possible luminosity dependence. The trigger efficiency is determined to 

be Etrigger = 0.91 * 0.03 & 0.03. 
Offline, the central calorimeter clustering algorithm looks for local maxima (blocks 

with more energy than their eight nearest neighbors) and forms 3 by 3 clusters around 
these. Energy thresholds of 5 MeV for the central blocks and 20 MeV for the 9 block 
regions are used. For some events spurious clusters are formed, primarily due to 
the tails of signals from previous interactions. To identify such clusters 160 signals 
(20 in 0 by 8 in 4), used primarily for triggering, are discriminated and latched 
with a narrow time gate (30 nsec). This system allows for accurate classification 
of clusters above 200 Mel/ as in-time or out-of-time, while below this energy they 
remain undetermined. 

The cluster position is determined from a parameterization of the shower profile 
using the sum of two exponent&. When two clusters overlap the energy of the blocks 
in the overlapping region is shared between them using an iterative procedure. The 
fraction of energy assigned to each shower is based on the shower profile parameteri- 
z&ions, and the procedure is iterated until the shower centroids and shower energies 
are stable at the level of the intrinsic detector resolution. 

The major sources of background to the yy signal are #&’ and joy events in 
which the K” decay is either nearly symmetric or highly asymmetric. Symmetric 
decays produce showers which can be mistaken for single photon showers. In order 
to identify such cases a mass is calculated for each shower, 

where Ei is the energy deposited in the z ‘th block, p7 = E&, and z?c^; is the unit vector 
from the interaction point to the center of the z ‘th block. Showers from symmetric 
?y” decays have large mass values while those from single photons (or electrons) do 
not. Any shower with m 2 100 MeV/c’ is split into two clusters, each representing 
an individual photon from the K’. Fig. 1 shows the mars distributions for showers 
from J/ii, electrons and for showers from pp + x0x0 events. The low mass showers 
from #s in Fig. 1 are due to photons which are well separated in the calorimeter. 
Comparison of pp + ?r ’ ?r a data with a Monte Carlo simulation indicates that the 
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efficiency for identification of symmetric K’ decays based on the ma.ss cut is better 
than 99%. 

The y-y analysis begins with events with two central calorimeter clusters with 
invariant mass A& 2 2.5 Gel//c ‘. Up to two additional low energy clusters, classified 
as out-of-time or undetermined, are allowed in the central calorimeter. No clusters are 
allowed in the forward calorimeter. A 4C kinematical fit to the yy hypothesis is done 
and events with a fit probability CL 5 5 x 10e3 are rejected. An invariant mass cut 
at &lo%& is imposed, corresponding to 30 of the mass resolution as inferred from 
J/+ + efem and $J’ + e+e- events. The masses calculated by pairing any additional 
low energy clusters with each of the high energy clusters associated with the yy 
candidate are plotted in Fig. 2. Events with any mass in the ?y” (80 - 170 MeV/c’) or 
7 (410-690 MeV/c’) window are rejected. The inset in Fig. 2 shows the7 mass region 
after the removal of events with a ?r”, indicating that there is a small contribution of 
events with an 7. 

Fig. 3 shows the center of mass angular distributions for the remaining yy can- 
didates at the ~2 and for the background data taken at fi z 3525 MeV (scaled 
to the luminosity taken at the x2 and corrected for the energy dependence of the 
background). The expected angular distribution for pp ---f xz --) yy events, discussed 
below, is shown in the inset. Due to the rapid increase of the background with Icos~*~, 
the acceptance is restricted to the region IcosS*~ 5 0.40. Various values of this cut 
from Icos6’*l 5 0.25 to Icos6”~ 5 0.50 give consistent results. 

The results of this analysis are reported in table I and displayed in Fig. 4. The 
data taken at q’X = 3525 MeV have been combined in table I and Fig. 4. 

A maximum likelihood analysis of the data was performed using a power law 
dependence for the background, (rhkgr. = .4(fi)B and a Breit-Wigner line shape 
convoluted with the beam energy distribution. The data were fitted for the 
background parameters, A and B, and for the parameter cr = ~BRi,BR,,, x 
efficiency x acceptance. The mass and total width of the resonance were fixed 
at M = 3556.15 Mel/ and l? = 1.98 MeV, the values obtained from our analysis of 
the radiative decay xz --t J/4 y [2]. The results are: 

chbkgr, = (11.8 & 0.7 pb) x [3556~V]7’3*4’8 

LT = 14.8 f 3.6 f 0.5 pb. (3) 

The systematic error in c reflects the uncertainty in the mass and total width of the xz 
resonance and the uncertainty in the absolute scale of the beam energy, N 5120 KeV. 
The data and fitted curve in the ~2 region arc shown in the inset in Fig. 4. 

The analysis efficiency has been measured using background free samples of +‘+ 
e+e- and J/ll, + efe- events, selected using the hodoscopes and the &renkov data. 
These events are indistinguishable from yy events in the calorimeter. The efficiencies 
calculated from the $J’ and two 4 samples are in good agreement. The efficiency of 
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the analysis of these data, prior to the acceptance cut, is ~,,,,l,,~i~ = 0.79 f 0.02 i 0.04. 
The overall efficiency is E = ctrigger x ~,,+~i~ = 0.72 f 0.04 * 0.06. 

The angular distribution for the reaction pp + xz --f yy is needed in order to ex- 
tract the partml width I’(xz + yy) from a measurement over the restricted angular 
region IcosS’l 5 0.40. Due to the limited statistics of the data and the strong angu- 
lar dependence of the background we are unable to extract the angular distribution 
directly. From the analysis of the reaction pp + xz + J/I,!J y + e+e- y [5] we find 
that the initial state is dominated by helicity=l, with an upper limit (95% CL) of 
20% for the h&city=0 component. Non-relativistic models predict that the decay, 
~2 + yy, is purely helicity=2. With relativistic corrections the h&city=0 component 
is predicted to be 5 5% of the partial width [6,7]. If we assume pure helicity=l in 
the initial state and pure helicity=2 in the final state then the angular distribution 
assumes the simple form H’(V) = (5/4)[1 - cos48*]. Integrating over Icosti*l 5 0.4, 
the fraction of the total cross section observed is 0.50 f 0.02, where the estimated 
error is associated with the uncertainties in the neglected h&city=0 components. 

Correcting our results for efficiency and acceptance we find that 

BR(x~+~p)BR(xz-+y~) = (1.54 f 0.38 & 0.14) x 1O-8 (4) 

BR(xz+yy) = (1.54 f 0.40 & 0.24) x 1O-4 (5) 

r(x2 +-yr) = (304 -+ 84 4~ 49) eV (f-5) 

We have used this experiment’s measurements of BR(xz --t pp) = (1.00 * 0.09 * 
0.13) x 1O-4 and r&z) = 1.98 i 0.17 f 0.07 Mel/ [2, 81 to obtain the last two 
values. A comparison of our results with previous measurements and with theoretical 
predictions appears in table II. 

Perturbative QCD expressions for the decay rates of charmonium into gluons and 
photons with next-to-lowest order corrections can be found in Ref. [l]. The strong 
coupling constant cx.(m,) can be derived from the ratio 

Using this measurement of the my width and our value of l?(xz ---f gg) = 1.71 & 
0.21 MeV [2], a value a,(m,) = 0.36 f 0.04 is obtained from the expression above. 
It should be noted that the lowest order correction to the two photon rate of the xz 
is very large, [l - 16a,/3x] = 0.49 f or 01, = 0.3 and that potentially large relativistic 
corrections have not been taken into account. 
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TABLES 

TABLE I. Final 77 candidates. 

d (Mew Events S L: W-‘1 Events/J L (pb) 

3522.7-3527.0 204 15.893 12.8 

3555.3 7 0.304 23.0 

3555.9 55 2.103 26.2 

3556.6 2 0.169 11.8 

3590.8 9 0.924 9.7 

3594.6 5 0.827 6.0 

3612.8 5 1.167 4.3 

3615.9 13 1.276 10.2 

3618.9 7 0.575 12.2 

3621.1 16 1.216 13.2 

3667.7 2 0.372 5.4 

3686.0 14 0.995 14.1 

TABLE II. Comparison with other measurements and theory. 

r(xz ~7) WV) BNXZ -77) (10 

Experiment 

E760 0.30 * 0.08 * 0.05 1.5 * 0.4 f 0.2 

R-704 [9] 2.9’;:; f 1.Y 11+s f 4a -4 
CLEO [lo] < 1.0 (95% CL) 

TPC [ll] < 4.2 (95% CL) 

DASP [8] < 1.6 (90% CL) 

Theory 

PQCD ill 0.70 It 0.13b 

B.A. [7] 0.56 

B.B.L. [12] 4.1+ 1.1 (f36%) 

a Uses isotropic angular distribution and l?(xz) = 2.6’::: MeV. 
b Using r(x2 + gg) = 1.71 f 0.21 MeV. 
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