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We report on a study of the angular distributions in the radiative decay of thand ., states formed in
Ep annihilations. These distributions depend on the dynamics of the formation process and the multipole
structure of the radiative decay. Using 20909, and 5908y, events, we have measured the fractional
magnetic quadrupole amplitude to &g x.,)=M 2/E1=0.002+0.032, anda,(xc,) = —0.093 595, We have
also measured the square of the helicity O fractional amplitude iryghdormation process to bB(2)=0.13

+0.08.
DOI: 10.1103/PhysRevD.65.052002 PACS nuntgerl4.40.Gx, 13.20.Gd, 13.40.Hq, 13.75.Cs
I. INTRODUCTION T (xe—J/1hy) =|E1|2+|M 2|2+ |E3|?
. . . . . _ 2 2
Experiment E835 at Fermilal] is a continuation of the =|E1[7[1+O(E5/mg)]

study of charmonium states started by Experiment 260
with a substantial upgrade to facilitate higher luminosity op-

eration. During the 1996—-1997 run, E835 collected data cor-h dv of the radiative d lar distributi f th
responding to an integrated luminosity of 5.8 phin the '€ Study of the radiative decay angular distributions of the

Xe1 €nergy region, and 11.2 pb at the y.,. In this paper  Xct and ., states allows the measurement of the deviation

we present the results of the analysis of the angular distribd(-rom pureE1 transition[4], through theE1-M2 andE1-E3

tion for the processes: mterference_ terms. . .
The fractional electric octupole amplitude, labeledaas

=E3/E1, can contribute only to thg., decay, and is pre-
Ho_s . - dicted to vanish in the single quark radiation modslif the
PP—Xe1, Xea I/ y—erery. @ JI i is a pureSwave state. Even if there is an admixture of
D wave,a; is expected to be negligibly smdi,7].
The angular distribution for this production/decay sequence N the description of the radiative decay, the dominant

. itive 1o the feat £ ting inilati th terms of bothE1 andM2 amplitudes contain the same over-
is sensitive to the features of tixp annihilation process, the lap integral of the initial and final states radial wave func-

properties of thecc bound state and the nature of its radia- tions; relativistic effects on the wave functions are expected

and decay channels has long been recognized as a good testyj2/E1. A relativistic calculation[6] at order ¢./c)?

ing ground for bound state models. The coupling between th?ields the relationg:

set of charmoniumy states andpp is described by four

independent helicity amplitudego is formed only through E 3

the helicity O channely., can be formed only through the ay(xc1)=— = (1+ke), ax(xe2)=——=

helicity 1, and y.» can couple through both; the relative 4me V5

strength of these last two amplitudes can be measured only

from the study of the angular distribution. The parametek. measures the deviation of the magnetic
The x. radiative decay is dominated by the dipole termmoment from that of a free Dirac charm qualke. u.

E1. The higher multipoled12 andE3, arise in the relativ- =2(e/2m.) with A=c=1]. Using E,=389.6 MeV and

istic treatment of the interaction between the electromagnetié29.4 MeV for they.; and x., decays, respectively, and

field and the quarkonium systeifsee, for example[3]).

These terms give contributions at a few percent level to the

radiative width IWe have corrected a misprint in E@l1) of Ref. [6].

=|E1|[1+O(10 ?)].

&, 1+
4mc( KC)'
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where the coefficient&; depend upon the helicity ampli-
tudes and theT;'s are functions of the observed angles
0,60",¢'. The indexA (p) —A(p) is equal to the projection of
the x. spin on thep direction, and\(J/#)—\(y) is the
projection of they,. spin on thel/ direction.
The detailed expression for the angular distribution is
FIG. 1. Definition of the anglesd in the y rest frame and given in the Appendix. The helicity amp“tUdésh(E)*h(p)l_
0', ¢' inthe/y rest frame. andAy a1y -\ (y)| Parametrize the dynamics of the formation
and of the decay processes, respectively. In the formation
process of they.;, charge conjugatiorfC) invariance re-
quiresBy=0, andB,;=—B_;. For the y.,, C invariance
implies thatB;=B_;; By can differ from zero.
The helicity amplituded\y, ... ,A; can be expressed as
ear combinations of the multipole transition amplitudes

assumingm.=1.5 GeVk?, we havea,(x.;)=—0.065(1
+ k) andas(xcz) = —0.096(1+ k).

The ratio between the fraction®12 amplitudes measured
for the two decays can provide a check of the basic assumpy,

tions of the derivation; it gives ai, ...,a;.1 [see the Appendix, Eq§A2) and(A3)], which
are related to the total angular momentum carried away by
a J5E ) the photon. Sincey.; and J/¢ have opposite parities, the
2lxct) = AXer =0.676. (2 amplitudesa,;, a,, and a; correspond to electric dipole

22(xe2) | 3 EylXe2) (E1), magnetic quadrupoléM2) and electric octupoleg3)

transitions, respectively.

In fact, the present data are not in agreement with this pre- The normalization conditions
diction but the comparison requires taking measurements ]
from two quite different experiments, E76@,(x.,), Ref.

[8]] and Crystal Bal[a,(xc1), Ref.[9]], and may be con- izz—l Bf=1, kzo AZEmEzl an=1
sidered sensitive to different systematics. E835 has now

measured both these quantities with adequate precision i

one experiment.

J+1

mwposed on the helicity amplitudes further reduce the
number of independent parameters. Conventionally
az(Xc1): @2(Xc2): Bf(xc2) andas(xcz) are chosen as the

IIl. ANGULAR DISTRIBUTION IN THE HELICITY independent parameters to be determined, @j{g.,) and
FORMALISM a,(xc») are taken to be positive.

The angular distribution of reactiofi) is a function of
three angle®, 6’ and¢’, which are defined as followsee
Fig. D: 6 is the polar angle of thd/¢ with respect to the A. The E835 target and antiproton beam

antiproton, in thepp center-of-mass systend; is the polar The experiment is located in the AP-50 straight section of
angle of the positron in th&/ rest frame with respectto the the Fermilab Antiproton Source complex. Stochastically
J/4 direction in they center of mass system; anfl is the  ¢copled antiprotons stored in the Accumulator collide with an
azimuthal angle between theyd/decay plane and thg:  internal molecular hydrogen jet target?]. The interaction
decay plane, defined by the expreséion region measures 5 mr5 MmMX6 mm. An instantaneous
luminosity L~2x10*' cm 2s ! was achieved during most
of the data taking.

IIl. EXPERIMENT LAYOUT

_ (5J/¢X 55) _ (E’Jhpx Pe+)
I3y X Ppll - P31y X Per | B. The detector

The detectol(see Fig. 2 is a non-magnetic, large accep-
Using the helicity formalism and the above definitions,tance spectrometer with cylindrical symmetry about the
the angular distribution for reactiofl) can be written as beam axis. It is optimized for the detection of electromag-
[10,17] netic final states and allows the rejection of the very high
hadronic background. The detector has been substantially up-
graded with respect to the one used for the E760 experiment,
2Since the positron cannot be distinguished from the electron iy adding pulse shaping and time to digital conve(T@pC)
our detector,d’ is allowed to range from 0 ter/2; since all the readout on all the counters, to allow for the higher interaction
distributions are symmetric ig’, ¢’ can range from O tar. rate. The central detector is built in concentric cylindrical

cos¢’
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FIG. 2. E835 equipment layout.

layers. Two sets of scintillator hodoscopes H1 and(i2h IV. TRIGGER AND EVENT SELECTION
8-fold and 32-fold azimuthal segmentation, respectivatg
used for charged event triggering. Four layers of straw tubes
[13] provide azimuthal information for charged tracks and a  The first level of the trigger logic is designed to select
pair of layers of scintillating fiberfL4] provide information high mass objects decaying ®"e~ with high efficiency

on the polar angle. [18]. The essential elements entering the trigger are logic

A threshold @renkov countef15], with eightfold azi- signals from the 16 €renkov cells, the scintillator hodo-

muthal and twofold polar segmentation, is used for electrorscopes(H1 and H3, and a matrix of 5 @jap) X8 (éjan)
identification and covers the full azimuth and the polar rangetnalog sums from the central calorimeter. The analog sums
15°< 6,,,=<65°. The septum between the two polar regionsfrom the central calorimeter coarsely define the positions and

was modified for E835 to avoid any loss of efficiency in the €nergies of electromagnetic showéctusters.

septum region. The primary trigger requires that ae€enkov signal be
The outermost component of the central detector is a lea@ssociated with each of two charged tracks originating from

glass electromagnetic central calorimet@CAL) [16], with the interaction region, as defined by an appropriate coinci-

full azimuthal acceptance and uniform polar acceptance frord€nce between elements of the H1 and H2 hodoscopes. In
10° to 70°. It consists of 1280 counters pointing to the in-order to select two-body decays of massive objects, it re-

teraction region, which are arranged into 20 polar “rings” 9“"9_5 two CIUSterS in the QCAL' separated by more than 90°
and 64 azimuthal “wedges.” The CCAL measures the energ)}n azimuth and with energies above thresholds whlch depend
of electrons and photons, with a resolutio /E~0.014 on the polar angle. The number of accompanying charged

. o particles is limited by the requirement &f5 hits in the H2
+0.06A\/E(GeV), and, coupled with the known position and hodoscope.

size of the interaction region, provides a measurement of the Twq additional triggers are implemented to monitor and
polar and azimuthal angles, with resolutiong=6 mrad  g¢,qy Grenkov and CCAL efficiencies. The first auxiliary
ando,=11 mrad. The forward region is instrumented with trigger (AT1) requires that only one of the two charged tracks
an 8-element scintillator hOdOSCOp%ed as a Charged par- pe tagged as an electron by ther€nkov, while in the sec-
ticle veto at trigger leve] and a forward calorimeter ond auxiliary trigger(AT2) the requirement on the CCAL is
(FCAL), which was not used in this analysis. removed. In both cases, to keep the rate to a reasonable level,
The absolute luminosity is measured by an array of thre@nly events with charged particle multiplicity of @lefined
solid state detectorgl7], which count recoil protons scat- by the number of H2 hijsare accepted, with the coplanarity
tered elastically a),,,,=86.5°. constraint requiring the two charged tracks back to back in

A. Trigger requirements
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azimuth within 22.5°. An additional veto on charged tracks TABLE I. Results at they;: the first error is statistical, the
in the forward region is imposed on trigger AT2. second is systematic.

The primary trigger selects 96% of the events, while 4% "
are recovered by the auxiliary trigger AT1. The loss of eventst X“INgot
r_el_ated to the tighter coplanarity r(_aquqe_ments_ in ATl is N€gy 002+ 0.032+ 0.004 87 3/96
ligible. Event loss due to CCAL inefficiency is also negli-
gible.

The efficiency of the coincidence HIH2 was studied  and{B2 a,,as}(xc,). The probability density; of observ-

[18] with a set of dedicated runs and monitored throughou;ng an event at); is a function of the parameters, and is
the data taking with samples of minimum bias events. Theyiyen by

dedicated runs were also used to evaluate possible biases due
to #-dependent efficiencies of the hodoscopes. No significant W(a;Q);)-acq()))
effect was observed. Pi(a; Q)=

- 4

fW(a;Q)'acc(Q)dQ
B. Software event selection

The selection ofy—J/¢y—e*e y events is based on Here W is the theoretical distribution functiofEq. (3)],

the number of clusters and on a 5C kinematic fit. We requirécc€2) is the geometric acceptance function, and the integral
that the three final state particles be detected in the CCALIN the denominator is performed over the entire variables
One extra cluster is allowed, if its energy is smaller than 200°Pa¢€- _ . . .

MeV, to avoid rejection of the fraction of evert@bout 10% The difficulty of performing a 3-dimensional integral for

where one bremsstrahlung photon is emitted by the electrofi@ch Pointin ther space in order to maximize the likelihood
or positron. function can be overcome if we recall thatcan be factor-

Fiducial cuts on the electrons (15%),,<60°) and on ized into angle_-depe_ndent and amplitudeidependent terms
the photon (122 6,,,<68°) are imposed to avoid edge ef- [see Eq(3)]. Using this property, the denominator of Ed)

fects. An additional cut |60s¢’|<0.95) is used to discard C©&n e written as

events where the CCAL clusters for the electron and the

photon overlap. f W(e;Q)-acdQ)dQ =2, Ki(a)-F;
A 5C fit is performed using the measured energies and i

directions of the two electrons and the photon. The low back-

ground level allows us to set a low threshold on the kine-Vhere the terms; = JT;(€2) -acc(2)d(} are independent of

matic fit probability (C.L>102) thus reducing any system- the dynamics, and can be calculated for any acceptance con-

atic effects from imperfect knowledge of the calorimeterf'gurat'on using a Monte C_arlc_> integration method. The esti-
resolution. mates of the angular distribution parametarare found by

The numbers of events surviving these cuts are 2090 gpaximizing the Iogar_|thm of_C(a). ing %
the x.1, and 5908 at the.,; we estimate that 1.1% to 1.8% The goo.dness.of fit is est.|mate.d using method. The
oL cer data are binned into 120 bins, six in ¢o&—0.81 to 0.81,
of the event samples are backgrougmostly due to non- 5. —0.97). five i ¢ (0100958 —019 d four |
resonant 3° eventg, as measured from the event rate out-“bin > ). five in cog’ (0 f0 0. 5’ pin— Y ), and four in
side the resonance region. ¢’ (0tom, Oy,=ml4), and they is calculated using19]

120
V. ANALYSIS OF THE ANGULAR DISTRIBUTION x2= 2, [2(nPre9—nP°P%)+ 2n°PS|n(nfPYnPred)]
i=1

The maximum likelihood method is used to estimate the
values of the angular distribution parameters. As mentionem\/heren?bS is the observed anlcliprEd is the expected number
at the end of Sec. Il, we fit for helicity amplitudes in the of events in thdth bin, normalized ta\
formation process and multipole amplitudes in the decay.
The unbinned likelihood function is defined as VI. RESULTS

N

events-

events

_ The results of the likelihood fits are summarized in Tables
La)= J.Hl Pi(a; Q) I and Il. The statistical errors are determined from the con-
tour on which the likelihood function has decreased by a
where ; spans the variable spacgcosé,cosd],é/}, factore™ 2. The y? for all fits is satisfactory and the best fit
and « spans the fit parameter spacefas}(xc1) values derived by minimizing thg? are consistent with

TABLE Il. Results at they.,: the first error is statistical, the second is systematic.

B3 ap as x*Ngos
0.16°39%8+0.01 —0.076 5525+ 0.009 0.0203:335+0.009 98.9/93
0.13+0.08+0.01 —0.093'9:53%+0.006 =0 99.4/94
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X angular distribution

w T w [
088 - 17/26 | 24721 | 3/3 088 - 32/35 | 23/32 | 24/22 | 12
| 28/30 | 30/26 | 9/7 | 42/35 | 34/34 | 17/20
06 0.6 —
[ 32/31 | 24/29 | 6/12 [ 17/17 | 36/35 | 14/21
04 04
[ 18/20 | 33/30 | 16/18 [ 53 37/35 | 24/23
02 = 02 =
[ 35 21/29 | 28/25 L 22/31 | 22/27
0 0
0 n/2 ¢/(radjt 0 2 ¢’(radf
¢050=(-0.81,-0.54) €050=(-0.54,-0.27)
%[ %[
098 - 40/34 | 34/35 | 30/33 | 27/21 008 F17/15 | 27/33 | 38/35 | 37/36
L L FIG. 3. The angular distribution at tl :
F17/13 | 34/35 | 47/32 3/3 F 26/30 | 36/35 | 20/21 9 ey
0.6 - 06 - the numbers of observed/expected events are
C i given, for six bins in co8 The expected numbers
L 31| 29/34 | 28/30 L 36/28 | 34/35 | 3/5 of events are corrected for acceptance. The num-
04 = 04 = ber of observed/expected events are omitted in
i 29/31 | 32/28 i 31/28 | 33/34 | 01 the bins which are outside the detector accep-
02 02 = tance.
i 37/29 | 31/28 i 29/29 | 29/31
0 . 0 b7l
0 2 ¢/( radff 0 2 ¢’(ra dF
¢0s89=(-0.27,0) ¢086=(0,0.27)
%[ %[
S 19/21 | 29/32 | 26/35 S 2/4 | 17715 | 1417
08 — 08 —
L 27/20 | 35/34 | 40/37 L 13/7 | 16/17 | 19/20
06 0.6
L 25/23 | 49/35 | 17/25 [ 14/10 | 15/19 | 21/21
04 04 =
L 26/26 | 36/36 5/8 N 19/14 | 25/19 | 18/15
02 = 02 =
i 33/30 | 26/34 11 i 22/18 | 16/19 3/4
0 0
0 n/2 ¢/(I_a af 0 n/2 ¢/(ra af
€059=(0.27,0.54) ©€059=(0.54,0.81)

those obtained maximizing the likelihood. The number ofThe effect ofa,#0 would be to introduce an asymmetry

degrees of freedom varies with the number of free parambetweend and ¢’ in the angular distribution. The observed

eters, and with the number of bins within the acceptance. numbers of events are compared in Fig. 3 with the best fit
expectations. Each table shows tié, cosf’ event num-

A. Results for the xc, bers for one cagbin; the binning is defined in Sec. V.
The full x.; angular distribution is given in the Appendix. ~ In Fig. 4 we show the projections of thg; angular dis-
The E1-M2 interference term is given by tribution on the three observables apscosd’ and ¢’'. The
shaded histograms give the observed number of events, un-
AW=a,a,(cos6—cos6’). corrected for acceptance. The dots indicate the event num-

bers after acceptance corrections, and the line histograms
show best fit predictions.

As an illustration, ifa,= 0, the projections of the angular
distributions reduce to

For a pure dipole transitiorg;=1, the angular distribution
is given by

1
W(cos6,cos8’,¢')= = (1—cos #cos?s’

(

’ W(cos8)~1— ~co28, W(cosh')~1— —cos’
. . cos#)~1— =cos 6, cos')~1— =cosé’'.

—sin#d cosf sinf’ cosh’'cose’). ( ) 3 ( ) 3
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350 A3 350 |- cl
300 300 300 - + +
250 250 250 &, | |+|+' +| i FIG. 4. Projections of the an-
._§ T ﬂ T gular distribution at they.,: the
Z 200 200 200 = + + data sample, corrected for accep-
§ I %E tance (dot9, is compared to the
® 150 150 |- | 150 - — best fit prediction(solid line). The
L F F g raw data setshaded histograms
100 100 100 - & also shown.
50 50 50 - =
’ % 05 1 %0 w2, =
cosO cosf ¢ '(rad)
After the acceptance corrections, tig¢ projection is ex- B. Resullts for the x,

pected to be flat for any value ab. The full x., angular distribution is given in the Appendix

The best fit value ofa, for the x.; resonance iR,  (see Table V. The angular distribution, if,,a;=0 andB2
=0.002+0.032, as reported in Table I. Th¢ is 87.3, with  _q s given by

Ndof:96-
Minimum y? and maximum likelihood methods give fully W(cos,cos’,¢")
compatible result§a,(likelihood)—a,(x?)=—0.002. Fig-
ure 5 shows that-In(£) is smooth and well behaved over =
the whole parameter space; local minima-oh(£) are also 10
visible ata,= =1 (i.e. a;=0), with y*~140. —3c0é0cos26’ — coL6sin26sir? 6’ cos 2’
By adding events from the samples of data taken above
and below they.; c.m. energy, we are able to extrapolate the
possible bias on the results of the fits induced by the back-
ground. We do not observe any evidence of a bias on the

result from this source, when we allow the extra backgroundrpe data for they., are shown in Figs. 6 and 7. As for the

sample to vary from 1% to 2%. A systematic erda, . Fig. 6 shows the data compared to the predictions of the
=0.004 is deduced from the fluctuation of the best fit resultsit i the 120 bins of co#, cos#’ and¢’. Figure 7 gives the

Our measurement ad,(x.1) agrees with the valueag  projections of the data on c@s cos®’ and ¢'. The histo-
= —0.002+ 5550 measured by the Crystal Ball Collaboration gram, data points and line have the same meaning as in Fig.
[9]. 4 above. As an illustration, i&,=0 andBSzO, the projec-
tions of the angular distributions reduce to

1+ cog0+co 6+ 2coLhcos?’

—+

1
75in20—sin 2000520) sin 26’ cosp’

-
=
F5050 W(cosh)~1— %cosza, W(cosh')~1+ 1%00320’,
5000
I / \ \N/( ! 8 ’
4950 / \ W(¢ )~1—7—1c052¢ .
4900 We fit the data for two different hypotheses for the octu-
/ 2 pole amplitudeas. In the first fit, all three parameters are
4850 allowed to vary. The octupole amplituds is found to be
{ \ consistent with 0. The likelihood function is smooth and well
4300 behaved over the whole parameter space. Since the expected
e value forag is less than 102, in the second fig; is set equal
to 0= 0.005, yielding a systematic error of 0.005 Bf and
-1 -08-06-04-02 0 02 04 06 03 1 of 0.003 ona,. In both cases, the results of minimygh and
: maximum likelihood fits differ by less than 0.25 standard
FIG. 5. For thex.;, —In £L(a,) as function ofas. deviations.
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X angular distribution

) x>y
088 - 83/83 | 76/75 | 9/12 088 1117/105 | 99/107 | 97/84 | 5/6
[ 75176 | 74/78 | 20/23 [ 90/89 | 94/101 | 79/67
0.6 0.6
| 54/67 | 63/74 | 26/34 | 36/40 | 95/95 | 75/64
04 04 =
[ 37/38 | 64/70 | 36/45 [ 6/8 94/91 | 59/66
02 = 02 =
T 79 | 84/67 | 54/57 r 81/81 | 75/71
0 0
0 w2 ¢’(radf 0 2 ¢/(radf
¢050=(-0.81,-0.54) €0s0=(-0.54,-0.27)
% %[
098 H09/102 |115/109 (102/109 | 59/65 008 - 70/51 [102/109| 94/109 | 86/105
i i FIG. 6. The angular distribution at t :
I 36/37 | 91/103 (104/100| 6/6 L 22 99/95 | 97/103 | 56/51 9 hec
0.6 - 06 - the numbers of observed/expected events are
C i shown for six bins in co& The expected numbers
L 2/4 | 93/96 | 75/89 L 80/83 | 100/98 | 11/10 of events are corrected for acceptance. The num-
04 = 04 = ber of observed/expected events are omitted in
i 77/86 | 67/81 i 82/79 | 81/92 11 the bins which are outside the detector accep-
02 = 02 = tance.
i 78/80 | 87/78 i 84/81 | 87/85
0 0
0 n/2 ¢/( radf 0 /2 q)/(l_a af
¢0s9=(-0.27,0) ¢086=(0,0.27)
% %[
008 F 32 81/77 |117/107|123/105 008 F 16/16 | 48/58 | 57/59
L 66/67 | 86/100 | 95/92 L 23/25 | 73/56 | 63/54
06 0.6
L 55/69 | 92/95 | 67/52 L 36/30 | 65/53 | 51/48
04 04
i 69/72 | 96/91 | 23/15 L 36/36 | 63/50 | 30/29
02 = 02 =
i 68/78 | 91/86 01 i 55/44 | 45/48 | 13/8
0 0
0 n/2 ¢/(radjt 0 /2 ¢/(ra af
€0s9=(0.27,0.54) €056=(0.54,0.81)

After performing the fits, we correct for the bias due tothe likelihood function in thea,-B3 plane fora;=0 are
the underlying background. By adding varying numbers ofshown in Fig. 8. The open point shows the uncorrected best
events taken in theh,(10.9 pb') and »; (7.2 pb)  fit value; the solid one shows the final result. The error bars
search regions, we estimate the bias on the result due to thR@ow the systematic error on the final result.
background to be

AB§=—0.03+0.01, VIl. CONCLUSIONS
Aa,=—0.009+0.003, (as fixed at 0 E835 has studied the formation and radiative decay,ef
and x., states inpp annihilation. For the decay process,
AB3=-0.02+0.01, Aa,=—0.006+0.004, E835 is the first experiment to give a precise measurement of
the fractionalM2 transition amplitude for botd=1 and 2
Aaz=0.008+0.004. charmoniumP states.

_ ) We observe that the value ab(x.») that we measure is
Our best fit results for the;=0 case areB;=0.13+0.08  compatible with the predictions of a simple theoretical
+0.013 anda,= —0.093" 3939+ 0.006. The contour plots of model. Our value for ther,; amplitude, however, is lower
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200 f 800 - 800 -
800 : 700 - _ i
700 | ;

i 600 600 -
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b E best fit predictionsolid line). The

300 - 300 ¢ raw data setshaded histograjis
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100 100
% s 1 % P
cosO cos0 ¢'(rad)

than expected in this model. Figure 9 shows a comparison ofiork of the diquark mod€l20]. We summarize our informa-

all existing measurements of ttee amplitude; pp experi- tion on the helicity dependence of the coupling fyh to
ments indicate a smallé12 contribution to they., radiative ~ charmonium in Table Ill. We characterize the strength of the
decay, compared to the Crystal Ball result. The obserwed 2 coupling by the hadronic branching rati®@R,=1"(x¢;
discrepancy betweem,(x.;) as measured and the prediction _, pp)/T'(y.,—hadrons). Our present measurement shows
(with k.=0) could indicate the presence of competingthat the helicity 0 coupling in the., is small (13%) com-
mechanisms, leading to the reduction of & amplitude at  pared to the helicity 1 contribution. This may be considered
the xc;. consistent with the fact that the., and y; coupling topp

The measurement &3(x.,) completes the set of experi- 4o quite similar. We note, however, that thye, which

mental _parameters characterizing _the COUP"?Q of Charmoc':ouples only through the helicity 0 channel has as large a
nium triplet P states topp. Theoretical predictions on the ¢qypling as the other states.

helicity structure of the coupling can be found in the frame-
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APPENDIX: FULL EXPRESSION FOR THE ANGULAR
DISTRIBUTION

The angular distribution for the reactiofiy can be writ-

ten as
TABLE IV. CoefficientsK; and functionsT; at the x.;.
i Ti(0,0’,¢’) Ki(AOlAl) N
1 1 1 W( 9’9'-¢'):§1 Ki(Bx) -] A -rnP Ti(6: 6, 6")
2 cog 0 3 (A2 (A1)
3 cog ¢' 3 (AS—A2)
4 cog ¢’ cog 9 -1 with N=5 at they.;, andN=11 at they.,. Tables IV (for
. . 1 the x.1) and V (for the x.,) give the full expression§rom
5 sin 29'sin 20'cos ¢’ aro Ref. [10]) for the coefficientsK; and the functionsT; that

appear in Eq(Al). The parameteR is defined as

TABLE V. CoefficientsK; and functionsT; at the y.,.

i Ti(6,6’,¢’) Ki(RvAOvAlvAZ)
1
1 1 5 (2A3+3A3-R(2A5 - 4AT+AY))
3
2 cos 0 7 (7 2A5+4AT- A3+ R(4AT—6AT+AY))
1
3 cod ¢ g(e,Ag—8A§+A§)(3—5R)
’ 1
4 cod 0 5 (2A3+3A3-R(2A5+4AT+AY))
’ 3
5 cog ¢’ cos 6 (- 2A2— 4N~ A2+ R(4AZ+6AZ+AD)
, 1

6 cog ¢’ cos'o §(6A§+ 8AZ+A%)(3—5R)

L , 6
7 Sirf @' cos 2p \/;(R—l)AOAz
8 cog @sir? ¢’ cos 2’ 6

7 (4= 6RIAA,
9 coé 0sir? ¢’ cos2¢’ 6
10 sin 29 sin 26’ cosg’ 3 s 3
~ V7| AcArt V5 AR R| 280+ /5 AA
1 \F

11 co$ #sin 20sin 20’ cosg’ B m(SR_ 3)| 3AcAt \ 5 Ahe
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R——Z—ZZBi =2B7=1-Bj A—\/T +\ﬁ +\/€
~BZ+2B2 Tr R0 0= Vg™ V%' V5%

The helicity amplitudeg\, are linear combinations of the
multipole amplitudes; :

e i\

Ay a \/§a2
(A2)
A—1a+1a A \Fa \ﬁa+\Fa
1= a1t —Zas =\/—a.— \/= .
V2o 2 ) 22 N107t V3T V15
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