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Abstract
We report on a study of the angular distributions in the radiative decay of the x.; and x.o states
formed in pp annihilations. These distributions depend on the dynamics of the formation process
and the multipole structure of the radiative decay. Using 2090 x.; and 5908 x.o events, we have
measured the fractional magnetic quadrupole amplitude to be as(x.1) ~M2/E1= 0.002+0.032, and
az(xe2) = —0.09370932 . We have also measured the square of the helicity 0 fractional amplitude

in the . formation process to be B3 = 0.13+0.08.

PACS numbers: 14.40.Gx,13.20.Gd,13.40.Hq,13.75.Cs



I. INTRODUCTION

Experiment E835 at Fermilab [1] is a continuation of the study of charmonium states
started by Experiment E760 [2], with a substantial upgrade to facilitate higher luminosity
operation. During the 1996-97 run, E835 collected data corresponding to an integrated
luminosity of 5.8 pb~! in the y.; energy region, and 11.2 pb~! at the Y. In this paper we

present the results of the analysis of the angular distribution for the processes:

PP = Xet, Xe2 = /¢ v = etey (1)

The angular distribution for this production/decay sequence is sensitive to the features of the
pp annihilation process, the properties of the ¢¢ bound state and the nature of its radiative
decay. The study of exclusive charmonium production and decay channels has long been
recognised as a good testing ground for bound state models. The coupling between the set
of charmonium y states and pp is described by four independent helicity amplitudes. x.q is
formed only through the helicity 0 channel, x.; can be formed only through the helicity 1,
and x. can couple through both; the relative strength of these last two amplitudes can be
measured only from the study of the angular distribution.

The x. radiative decay is dominated by the dipole term E1. The higher multipoles, M2
and E3, arise in the relativistic treatment of the interaction between the electromagnetic
field and the quarkonium system (see, for example,[3]). These terms give contributions at a

few percent level to the radiative width:
L(xe = J/¥7) = |[BLP + |[M2P + |E3[* = |E1]°(1 + O(E}/m)) = |[E1[(1 + O(107%))

The study of the radiative decay angular distributions of the x.; and y.o states allows the
measurement of the deviation from pure E1 transition[4], through the E1-M2 and E1-E3
interference terms.

The fractional electric octupole amplitude, labeled as a3 ~ E3/E1, can contribute only
to the x.o decay, and is predicted to vanish in the single quark radiation model [5], if the
J/1 is a pure S-wave state. Even if there is an admixture of D-wave, a3 is expected to be
negligibly small [6, 7].

In the description of the y,. radiative decay, the dominant terms of both E1 and M2
amplitudes contain the same overlap integral of the initial and final states radial wavefunc-

tions; relativistic effects on the wavefunctions are expected to cancel out in the fractional



amplitudes, labeled as ay ~ M2/E1 . A relativistic calculation [6] at order (v./c)? yields the

relations !:

E 3 FE
aZ(Xcl) = _4 - (1 + /’ic) a2(XC2) = _% 4WZ (1 + HC)

The parameter k. measures the deviation of the magnetic moment from that of a free Dirac
charm quark (i.e. p. = %ﬁ, with Ai=c=1). Using £,=389.6 MeV and 429.4 MeV for the x
and y.o decays respectively, and assuming m.=1.5 GeV/c?, we have ay(x.1) = —0.065(1+ k)
and as(xe2) = —0.096(1 + £.).

The ratio between the fractional M2 amplitudes measured for the two decays can provide
a check of the basic assumptions of the derivation; it gives:

az(Xe1) _ éEfy(Xcl)
a2(XC2) th 3 E’y(Xc?)

= 0.676 (2)

In fact, present data are not in agreement with this prediction but the comparison requires
taking measurements from two quite different experiments, E760 (aa(x.2), ref.[8]) and Crys-
tal Ball (a2(xc1), ref.[9]), and may be considered sensitive to different systematics. E835 has

now measured both these quantities with adequate precision in one experiment.

II. ANGULAR DISTRIBUTION IN THE HELICITY FORMALISM

The angular distribution of reaction (1) is a function of three angles 0, 6’ and ¢, which

are defined as follows (see Fig. 1):

0: the polar angle of the J/v with respect to the antiproton, in the pp center-of-mass

system;

¢': the polar angle of the positron in the J/v rest frame with respect to the .J/v direction

in the x center of mass system,;

¢': the azimuthal angle between the J/¢ decay plane and the y. decay plane, defined by

the expression 2:
(PJ/w X Pp) . (Bs/y X Pet)
| By X By | || Bajg X Pe+ ||

cos ¢ =

!'We have corrected a misprint in Eq.41 of ref. [6].
2Since the positron cannot be distinguished from the electron in our detector, #' is allowed to range from

0 to 7/2; since all the distributions are symmetric in ¢', ¢’ can range from 0 to =
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Using the helicity formalism and the above definitions, the angular distribution for reac-

tion 1 can be written as [10, 11]
W(©.0.9) = 2 Ki(Bawxo Anaoan)Ti0: ¢, ¢) (3)

where the coefficients K; depend upon the helicity amplitudes and the T;’s are functions of
the observed angles 0,6, ¢'. The index A(p) — A(p) is equal to the projection of the x. spin
on the p direction, and A(J/v) — A(7) is the projection of the x. spin on the .J/1 direction.

The detailed expression for the angular distribution is given in the Appendix. The helicity
amplitudes Bj\p)—ap)| and Ajxj/y)-x(y)| Parametrize the dynamics of the formation and of
the decay processes, respectively. In the formation process of the y.;, charge conjugation
(C) invariance requires By = 0, and B; = —B_;. For the x., C invariance implies that
By = B_;; By can differ from zero.

The helicity amplitudes Ay, .., A can be expressed as linear combinations of the multipole
transition amplitudes aq, ..., a; 41 (see Appendix, eqs.7 and 8), which are related to the total
angular momentum carried away by the photon. Since x.; and J/v have opposite parities,
the amplitudes ay, as and a3 correspond to electric dipole (E1), magnetic quadrupole (M2)
and electric octupole (E3) transitions, respectively.

The normalization conditions

1 7 J+1
Y BI=1; Y A=) a,=
i=—1 k=0 m=1
imposed on the helicity amplitudes further reduce the number of independent parameters.
Conventionally as(Xe1), aa(Xe2), Ba(Xe2) and az(x.2) are chosen as the independent param-

eters to be determined, and a;(x.1) and a;(x.2) are taken to be positive.

ITI. EXPERIMENT LAYOUT
A. The E835 target and antiproton beam

The experiment is located in the AP-50 straight section of the Fermilab Antiproton
Source complex. Stochastically cooled antiprotons stored in the Accumulator collide with
an internal molecular hydrogen jet target [12]. The interaction region measures 5mm X
5mm x 6mm. An instantaneous luminosity L ~ 2 x 103'e¢m 257! was achieved during most

of the data taking.



B. The detector

The detector (see Fig. 2) is a non-magnetic, large acceptance spectrometer with cylindrical
symmetry about the beam axis. It is optimized for the detection of electromagnetic final
states and allows the rejection of the very high hadronic background. The detector has been
substantially upgraded with respect to the one used for the E760 experiment, by adding pulse
shaping and TDC readout on all the counters, to allow for the higher interaction rate. The
central detector is built in concentric cylindrical layers. Two sets of scintillator hodoscopes
H1 and H2 (with 8-fold and 32-fold azimuthal segmentation, respectively) are used for
charged event triggering. Four layers of straw tubes [13] provide azimuthal information for
charged tracks and a pair of layers of scintillating fibers [14] provide information on the polar
angle.

A threshold Cerenkov counter [15], with 8-fold azimuthal and 2-fold polar segmentation,
is used for electron identification and covers the full azimuth and the polar range 15° <
0100 < 65°. The septum between the two polar regions was modified for E835 to avoid any
loss of efficiency in the septum region.

The outermost component of the central detector is a lead glass electromagnetic Central
Calorimeter (CCAL) [16], with full azimuthal acceptance and uniform polar acceptance
from 10° to 70°. It consists of 1280 counters pointing to the interaction region, which
are arranged into 20 polar “rings” and 64 azimuthal “wedges”. The CCAL measures the
energy of electrons and photons, with a resolution og/FE ~ 0.014 + 0.06/1/E(GeV), and,
coupled with the known position and size of the interaction region, provides a measurement
of the polar and azimuthal angles, with resolutions 0y = 6 mrad and o, = 11 mrad. The
forward region is instrumented with an 8-element scintillator hodoscope (used as a charged
particle veto at trigger level), and a Forward Calorimeter (FCAL), which was not used in
this analysis.

The absolute luminosity is measured by an array of three solid state detectors [17], which

count recoil protons scattered elastically at 6;,, >~ 86.5°.



IV. TRIGGER AND EVENT SELECTION
A. Trigger requirements

The first level of the trigger logic is designed to select high mass objects decaying to
ete™ with high efficiency [18]. The essential elements entering the trigger are: logic signals
from the 16 Cerenkov cells, the scintillator hodoscopes (H1 and H2), and a matrix of 5 (6;4)
X 8 (¢ap) analog sums from the Central Calorimeter. The analog sums from the central
calorimeter coarsely define the positions and energies of electromagnetic showers (clusters).

The primary trigger requires that a Cerenkov signal be associated with each of two
charged tracks originating from the interaction region, as defined by an appropriate coinci-
dence between elements of the H1 and H2 hodoscopes. In order to select two body decays
of massive objects, it requires two clusters in the CCAL, separated by more than 90° in
azimuth and with energies above thresholds which depend on the polar angle. The num-
ber of accompanying charged particles is limited by the requirement of < 5 hits in the H2
hodoscope.

Two additional triggers are implemented to monitor and study Cerenkov and CCAL
efficiencies. The first auxiliary trigger (AT1) requires that only one of the two charged
tracks be tagged as an electron by the Cerenkov, while in the second auxiliary trigger (AT?2)
the requirement on the CCAL is removed. In both cases, to keep the rate to a reasonable
level, only events with charged particle multiplicity of 2 (defined by the number of H2 hits)
are accepted, with the coplanarity constraint requiring the two charged tracks back to back
in azimuth within 22.5°. An additional veto on charged tracks in the forward region is
imposed on trigger AT2.

The primary trigger selects 96% of the events, while 4% are recovered by the auxiliary
trigger AT1. The loss of events related to the tighter coplanarity requirements in AT1 is
negligible. Event loss due to CCAL inefficiency is also negligible.

The efficiency of the coincidence HI®H2 was studied [18] with a set of dedicated runs
and monitored throughout the data taking with samples of minimum bias events. The
dedicated runs were also used to evaluate possible biases due to #-dependent efficiencies of

the hodoscopes. No significant effect was observed.



B. Software event selection

The selection of x — J/1y — ete v events is based on the number of clusters and on a
5C kinematic fit. We require that the three final state particles be detected in the CCAL.
One extra cluster is allowed, if its energy is smaller than 200 MeV, to avoid rejection of the
fraction of events (about 10%) where one bremsstrahlung photon is emitted by the electron
or positron.

Fiducial cuts on the electrons (15° < 6,4, < 60°) and on the photon (12° < 64, < 68°)
are imposed to avoid edge effects. An additional cut ( |cosf'| < 0.95) is used to discard
events where the CCAL clusters for the electron and the photon overlap.

A 5C fit is performed using the measured energies and directions of the two electrons and
the photon. The low background level allows us to set a low threshold on the kinematic fit
probability (CL> 10?) thus reducing any systematic effects from imperfect knowledge of
the calorimeter resolution.

The numbers of events surviving these cuts are 2090 at the x.;, and 5908 at the y.o; we
estimate that 1.1 to 1.8 percent of the event samples are background (mostly due to non

resonant 37° events), as measured from the event rate outside the resonance region.

V. ANALYSIS OF THE ANGULAR DISTRIBUTION

The maximum likelihood method is used to estimate the values of the angular distribution
parameters. As mentioned at the end of section II, we fit for helicity amplitudes in the
formation process and multipole amplitudes in the decay. The unbinned likelihood function

is defined as
Ne'uents

La)= [ Pjlo;y)
j=1
where €, spans the variable space {cos#;,cos 9;., gb;.}, and « spans the fit parameter space:

{as}(xe1) and {B§, az,a3}(Xc2). The probability density P; of observing an event at Q; is a

function of the parameters, and is given by

‘ o Wi Q) - ace(©;)
G T W(a; Q) - acc(Q2) dQ (4)

Here W is the theoretical distribution function (Eq. 3), acc(Q2) is the geometric acceptance

function, and the integral in the denominator is performed over the entire variables space.



The difficulty of performing a 3-dimensional integral for each point in the o space in order
to maximize the likelihood function can be overcome if we recall that W can be factorized
into angle-dependent and amplitude-dependent terms (see Eq. 3). Using this property, the

denominator of Eq. 4 can be written as
/W(a; Q) - ace(Q)dQ=> K;(a)- F;

where the terms F; = [T;(Q2) - acc(Q2) dQ are independent of the dynamics, and can be
calculated for any acceptance configuration using a Monte Carlo integration method. The
estimates of the angular distribution parameters a are found by maximizing the logarithm
of L(«).

The goodness of fit is estimated using the x? method. The data are binned into 120 bins,
6 in cosf (-0.81 to 0.81, 0p;,=0.27), 5 in cos@ (0 to 0.95, §p;,=0.19), and 4 in ¢’ (0 to m,
Spin=m/4), and the x? is calculated using [19]

120
= SR ) 4 20 )
i=1
where n%s is the observed and n?"*? is the expected number of events in the i-th bin,

normalized t0 Neyents-

VI. RESULTS

The results of the likelihood fits are summarized in tables I and II. The statistical errors
are determined from the contour on which the likelihood function has decreased by a factor
e 2. The x? for all fits is satisfactory and the best fit values derived by minimizing the
x? are consistent with those obtained maximizing the likelihood. The number of degrees of
freedom varies with the number of free parameters, and with the number of bins within the

acceptance.

A. Results for the y

The full x.; angular distribution is given in the Appendix. The E1-M2 interference term
is given by:

AW = ajay(cos® @ — cos® §')
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For a pure dipole transition, a;=1, the angular distribution is given by:
1
W (cosf,cost', ¢') = 5 (1 — cos® @ cos® @' — sin @ cos Osin 0 cos & cos ¢')

The effect of ay # 0 would be to introduce an asymmetry between 6 and ¢’ in the angular
distribution. The observed numbers of events are compared in Fig.3 with the best fit ex-
pectations. Each table shows the ¢', cos @' event numbers for one cos 6 bin; the binning is
defined in section V.

In Fig.4, we show the projections of the y.; angular distribution, on the three observables
cosf, cos @ and ¢'. The shaded histograms give the observed number of events, uncorrected
for acceptance. The dots indicate the event numbers after acceptance corrections, and the
line histograms show best fit predictions.

As an illustration, if ay = 0, the projections of the angular distributions reduce to:

W(cos) ~ 1 — %00529 ;. Wi(cost) ~1— %COSZ ¢’
After the acceptance corrections, the ¢’ projection is expected to be flat for any value of a,.

The best fit value of a, for the x.; resonance is a, = 0.002 £ 0.032, as reported in Table
I. The x? is 87.3, with N4 ;=96.

Minimum x? and maximum likelihood methods give fully compatible results
(az(likelihood)-ay(x?)=-0.002) . Fig.5 shows that -In(£) is smooth and well behaved over
the whole parameter space; local minima of -In(L£) are also visible at a; = £1 (i.e. a; = 0),
with x? ~ 140.

By adding events from the samples of data taken above and below the y.; CM energy, we
are able to extrapolate the possible bias on the results of the fits induced by the background.
We do not observe any evidence of a bias on the result from this source, when we allow the
extra background sample to vary from 1 to 2 percent. A systematic error Aa, = 0.004 is
deduced from the fluctuation of the best fit result.

Our measurement of ay(x.;) agrees with the value (a; = —0.00243998) measured by the

Crystal Ball collaboration [9].
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B. Results for the x.»

The full x.o angular distribution is given in the Appendix (see Table V). The angular
distribution, if ay, a3 = 0 and BZ = 0, is given by:

W (cosf,cos',¢') = 15(1+ cos? 6 + cos* § + 2 cos? 0 cos? §' — 3 cos* § cos? ¢/

— cos? 0 sin® @ sin” 6 cos 2¢' + (4 sin 20 — sin 26 cos? 0) sin 26" cos ¢)

The data for the y.o are shown in Fig. 6 and Fig. 7. As for the y.;, Fig. 6 shows the data
compared to the predictions of the fit in the 120 bins of cosf, cos#’ and ¢'. Fig. 7 gives the
projections of the data on cosf, cos@ and ¢'. The histogram, data points and line have the
same meaning as in Fig. 4 above. As an illustration, if a; = 0 and B? = 0, the projections

of the angular distributions reduce to:

W(cosf) ~1— %00529 ;. Wi(cost) ~1+ 1—13 cos®0 ;5 W(¢)~1-— % cos 2¢'

We fit the data for two different hypothesis for the octupole amplitude az. In the first fit,
all three parameters are allowed to vary. The octupole amplitude as is found to be consistent
with 0. The likelihood function is smooth and well behaved over the whole parameter space.
Since the expected value for as is less than 1072, in the second fit ag is set equal to 040.005,
yielding a systematic error of 0.005 on BZ and of 0.003 on ay. In both cases, the results of
minimum x? and maximum likelihood fits differ by less than 0.25 standard deviations.

After performing the fits, we correct for the bias due to the underlying background. By
adding varying numbers of events taken in the h. (10.9 pb') and 7. (7.2 pb™') search

regions, we estimate the bias on the result due to the background to be:

AB2 = —0.03 £ 0.01, Aay = —0.009 +£0.003, (a3 fixed at 0)

AB2 = —0.02 £ 0.01, Aay = —0.006 + 0.004, Aaz = 0.008 £ 0.004
Our best fit results for the a3 = 0 case are B = 0.1340.0840.013 and ay =
—0.09310-03740.006. The contour plots of the likelihood function in the ay-B2 plane for
az = 0 are shown in Fig. 8. The open point shows the uncorrected best fit value, the solid

one shows the final result. The error bars show the systematic error on the final result.

VII. CONCLUSIONS

E835 has studied the formation and radiative decay of x.; and y.o states in pp annihila-

tion. For the decay process, E835 is the first experiment to give a precise measurement of
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the fractional M2 transition amplitude for both J=1 and 2 charmonium P states.

We observe that the value of as(x.2) that we measure is compatible with the predictions
of a simple theoretical model. Our value for the y. amplitude, however, is lower than
expected in this model. Comparing the fractional M2 amplitudes at the x.; and Y. gives

(assuming a3z = 0):
Cl2(Xc1)
a2(X02) E835

which corresponds to a 2 o discrepancy with respect to equation 2. Figure 9 shows a

= —0.02 4 0.34 (5)

comparison of all existing measurements of the ay; amplitude; pp experiments indicate a
smaller M2 contribution to the Y. radiative decay, compared to the Crystal Ball result.
The observed 2 o discrepancy could indicate the presence of competing mechanisms, leading
to the reduction of the M2 amplitude at the y,;.

The measurement of B2 (.2) completes the set of experimental parameters characterizing
the coupling of charmonium triplet P states to pp. Theoretical predictions on the helicity
structure of the coupling can be found in the framework of the diquark model [20]. We
summarize our information on the helicity dependence of the coupling of pp to charmonium
in Table ITI. We characterize the strength of the coupling by the hadronic branching ratio,
BR;, = T'(xes — Pp)/T'(Xcs — hadrons). Our present measurement shows that the helicity
0 coupling in the Y. is small (13%) compared to the helicity 1 contribution. This may be
considered consistent with the fact that the x.» and x.; coupling to pp are quite similar. We
note however that the y. which couples only through the helicity 0 channel has as large a

pp coupling as the other states.
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FULL EXPRESSION FOR THE ANGULAR DISTRIBUTION

The angular distribution for the reactions (1) can be written as

W(,0', ¢ ZK (Bx)-i)» Ay -ao)Ti(0, 0, 6') (6)

with N=5 at the y., and N=11 at the y.o. Tables IV(for the x.;) and V(for the y.2)
give the full expressions (from ref. [10]) for the coefficients K; and the functions 7; that
appear in Eq. 6. The parameter R is defined as:

2B?
R=_——L - =2B}=1- B}
B + 2B} ! 0

The helicity amplitudes A; are linear combinations of the multipole amplitudes a; :

1 1
(AO Vo \/5“2) (7)
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az XQ/Ndof

0.002+0.032+0.004 87.3/96

TABLE I: Results at the x.i: the first error is statistical, the second is systematic.

B? as az x?/Naos

0.16759940.01 —0.07673:9234+0.009 0.020*3-9324+0.009 98.9/93

0.13+0.08£0.01 —0.0931-057+0.006 =0 99.4/94

TABLE II: Results at the x.o: the first error is statistical, the second is systematic.

State Helicity 0 Helicity 1 BRj, * 10*

Xez  0.1320.08 0.8740.08 1.2+ 0.2 [2]
Xel 0 1 12402 2]
Xco 1 0 1.5-5 [21]

TABLE III: Couplings between c¢ P-states and pp

i Ty(0,0', ') K;(Ao, A1)
11 :

2 cos? 6 %(A% — 43)
3 cos? ¢’ %(A% - A})

4 cos? 6 cos?6

N[

5 sin20sin 20’ cos ¢ —TAgA;

TABLE IV: Coefficients K; and functions T; at the x.;
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{ T'i(oaolaqsl) KZ(Ra AOaAlaAZ)

11 $(2A3 + 343 — R(243 — 443 + A3))

2 cos? 6 3(—2A% + 447 — A3 + R(4A% — 6A7 + A3))

3 cos? @ +(6A3 — 8A% + A2)(3 — 5R)

4 cos? @' $(2A3 + 343 — R(2A% + 443 + A3))

5 cos? @' cos? 0 3(—2A43 — 447 — A3 + R(4A3 + 647 + A3))

6 cos? 6’ cos* 0 +(6A3 + 8A% + A2)(3 — 5R)

7 sin? 0 cos 2¢/ @(R —1)ApAs

8 cos® @sin @' cos 2¢' %(4 —6R)ApAs

9 cos' #sin? @' cos 2¢' %(5}{ —3)ApA2
10 sin 20 sin 20’ cos ¢’ ~VB(AgAr + /34145 — R(2A0Ar +,/34,4y)

11 cos? 6 sin 20 sin 26’ cos ¢’ —ﬁ(E)R —3)(340A; + \/gAlAg)

TABLE V: Coefficients K; and functions T; at the xo

16



FIG. 1: Definition of the angles: 6 in the x rest frame, and €', ¢' in the J/1) rest frame.
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FIG. 2: E835 equipment layout.
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FIG. 8: Contour lines of InL(as, BZ), corresponding to 1,2,3... standard deviations around the best
fit value for the .2, when a3 is set equal to 0. The open marker indicate the best fit result before

correcting for the bias. The error bars show the size of the total systematic error.
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FIG. 9: Results from Crystal Ball [8], E760 [7] and E835 for as(xc1,Xc2)
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