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Abstract

We present the xF and pT di�erential cross sections of J= and  0 respectively

in the ranges �0:05 < xF < 0:25 and pT < 3:5 GeV=c. The data samples

are constituted by about 12000 J= and 200  0 produced in proton-silicon

interactions at 800 GeV/c and decaying into opposite sign muons. The xF

and pT distributions are compared with recent results from experiments E789

at the same energy and to leading order QCD predictions using the MRS

D0 parametrization for the parton structure function. The measured shapes

of the di�erential cross sections, except for the d�=dxF at small xF , agree

very well with the prediction, even though their value is quite larger. We

also present the cos� di�erential cross-section of the J= which indicates

unpolarized production in contrast with color octet models predictions [1,2].
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I. INTRODUCTION

Hadronic production of charmonium states is one of the most studied processes in high

energy physics. In spite of this experimental e�ort, the mechanisms of quarkonium produc-

tion are not well understood, and calculations of higher order contributions are still missing.

In addition, the formation of the c�c bound states is a non-perturbative QCD process and

requires some understanding of the evolution from the quark-antiquark color octet to the

physical quarkonium states. The renewed interest in these subjects, owing to Tevatron col-

lider results [3], has led to a better theoretical understanding of these mechanisms with the

development of a new model in the past couple of years [1,2]. One of the feature of this new

model is that it predicts high transverse polarization of quarkonium states.

The study of inclusive J= production is complicated by additional contributions from

radiative decays of higher-mass states (�i=0;1;2 and  0) to the direct production, making

comparison with theory more di�cult. In this paper we report on the xF and pT di�erential

cross sections for J= and  0 in the ranges �0:05 < xF < 0:25 and pT < 3:5 GeV=c.

We compare these cross sections with the recent published results of experiment E789 [4]

obtained at the same energy, and with leading order QCD calculations using MRS [5] parton

distributions. We also report on measurement of the di�erential angular distribution of the

J= and compare this to the color octet predictions.

II. EXPERIMENTAL SET-UP

A. Beam and target

The data were collected at the High Intensity Laboratory in a primary proton beam at

Fermilab with the E771 spectrometer during a short run of 5 weeks in December 1991.
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The 800 GeV/c beam, of average intensity � 4 � 107 proton/s per 23s spill every 57s,

interacted with a silicon target consisting of 12 foils, each 2 mm thick and spaced 4 mm

apart, for a total of 5.3 % of an interaction length. The resulting average interaction rate

was approximately 2 MHz.

The beam was monitored by means an ion chamber and beam silicon strip detectors

placed along the beam line, which gave a total integrated number of live protons on target

of 1:313 � 1013 with an error of approximately 5 % dominated by the uncertainty in the

e�ciency of the beam silicon detector.

B. Spectrometer

The E771 spectrometer [6,7] was optimized for the observation of dimuons coming from

J= 's generated in the decays of heavy quark states. It consisted of a silicon microstrip

detector, a tracking section upstream and downstream of an analysis magnet, an electro-

magnetic calorimeter and a muon detector placed after a hadron absorber. Neither the

microstrip detector nor the calorimeter was used for the analysis described here.

The tracking section consisted of 22 planes of MWPC and 9 planes of drift chambers to

de�ne the charged particle trajectories upstream of the analysis magnet and of 12 planes of

drift and 6 of drift-pad [8] chambers downstream of the magnet. All chambers are deadened

in a region around the beam axis with a resulting minimum acceptance angle of 25 mrad.

The analysis magnet, a dipole with 185�90 cm2 aperture, provided a pT kick of 0.82 GeV/c

in the horizontal plane.

The muon detector, located downstream of a 3 m thick hadron absorber, made of steel

(copper in the central part), consisted of three planes of resistive plate counters (RPCs) and

three planes of scintillators separated by steel, concrete and lead absorbers. The RPCs are

thin gap (2 mm) gas devices operating in streamer mode under a high uniform electric �eld

(40 kV/cm). The charge produced by the streamer process is picked up by external copper

pads [9].
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The single and dimuon triggers, entirely based on the RPC signals, de�ne a muon as the

triple coincidence among a projective set of pads belonging to the three RPC planes [10,11].

The minimum momentum required for a muon to penetrate the absorbers and produce a

signal in the third RPC plane is 10 GeV/c in the central part and about 6 GeV/c at wider

angles.

Further details of the E771 spectrometer can be found elsewhere [7].

III. DATA ANALYSIS

The collected data amounted to about 130 million dimuon triggers and 60 million single

muon triggers recorded on 1200 exabyte cassette tapes. The 130 million dimuon trigger

events were processed with a fast �lter program which, starting from muon candidates, de-

�ned as the coincidence of at least 4 out of the 3 RPC and 3 scintillator planes, reconstructed

only the muon tracks downstream of the analysis magnet. In the subsequent analysis, these

muons were fully tracked in all chambers and through the analysis magnet. Opposite sign

dimuons, constrained to a common vertex, were selected. Only the pair with the best vertex

constrained �t �2 was considered for this analysis.

The overall reconstruction e�ciencies and acceptances were obtained by generating about

106 Monte Carlo (MC) events for the J= and 105 for the  0. The �rst iteration di�erential

distributions used in the MC were taken from earlier experiments at lower energy. The

mesons were assumed to decay isotropically. The decay muons were propagated through

a GEANT simulation of the E771 detector taking into account the measured chamber and

trigger e�ciencies [9{11] and the contribution of multiple scattering. To simulate realistic

noise in the detector, the generated events were superimposed on real events. In the high end

xF bins the distribution of reconstructed masses was �t with two gaussians while the mass

distribution on the midrange bins was �t with three gaussians. In the latter case the widest

gaussians was considered as background because an independent study showed that events

in the wider gaussian were primarily cases in which the reconstructed xF was more than 3�
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di�erent than the generated ones. The ranges of xF and pT over which the experiment is

sensitive are respectively, �0:05 < xF < 0:25 and pT < 3:5 GeV=c. The average relative

resolutions are 6.0 % in xF and 6.7 % in pT . The range for the angular distribution is

�0:8 < cos� < 0:8.

IV. EXPERIMENTAL RESULTS

Fig. 1 shows the invariant mass spectrum of the selected opposite sign di-muons. A

total of 11660�139 J= and 218�24  0 are obtained from �ts to the background subtracted

number of events in the two peaks. The dashed line represents the background, �tted to the

function:

a

m3
��

exp(�bm��) ; (1)

which is mainly due to muons from � and K decays, to the Drell-Yan process and to charm

production. Contributions from B mesons are negligible.

The mass resolution of the spectrometer depends on xF , ranging from 20 MeV=c2 at

xF = �0:05 to about 100 MeV=c2 at xF = 0:25, while it is totally independent of the

transverse momentum, in agreement with Monte Carlo simulation.

The di�erential distributions have been extracted by �tting the mass spectra in each of

the xF and pT bins with the resolution functions of the two resonances (the sum of two

gaussians for the J= and a single gaussian for the  0) over the described background. The

use of two gaussians for the J= , suggested by Monte Carlo studies, is motivated by the

di�erent quality of the information obtainable in highly populated hit regions.

In order to minimize systematics, the procedure for extracting the di�erential distribu-

tion was iterated by inserting into the Monte Carlo the extracted xF and pT distributions,

corrected for the resulting acceptances and e�ciencies, until convergence and stability of the

result was reached.

The di�erential cross sections have been computed by assuming an atomic weight depen-

dence A�, with � = 0:920 � 0:008 [12]. The choice of this value is justi�ed by the adequate
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description of the available data [12] for a silicon target (A=28) and, because in our range

of xF and pT , � appears to be fairly constant [12,13]. The values of the branching ratios

BR(J= ! �+��) and BR( 0

! �+��) have been taken from Ref. [14].

The measured di�erential cross sections for each of the xF and pT bins are listed in Table I

for the J= and in Table II for the  0. In addition to the errors shown there are overall

systematic uncertainties of 8 % for the J= and 23 % for the  0, due to the uncertainties in

luminosity, branching ratios and acceptance.

The d�=dxF cross sections per nucleon are shown in Fig. 2 as a function of the fractional

longitudinal momentum xF of the J= and  0. The data have been �t with an empirical

function of the form

d�

dxF
= A(1� j xF j)

n (2)

The �t parameters are shown in Table III. The �rst row in the table shows the results of

a �t to all the data points, while the second row (corresponding to the line �t of Fig. 2 )

shows the �t excluding the two negative xF values. The fourth row in Tab. III lists the �t

parameters for  0 when n is forced to be equal to the corresponding value of the J= �t.

Analogously, the d�=dp2T cross sections per nucleon versus the transverse momentum

of the produced meson, for both charmonium states, are shown in Fig. 3. The data were

parametrized by:

d�

dp2T
= Aexp(�np2T ) (3)

Again, the �t parameters are listed in Table III. The �fth row in the table shows the results

of a �t to all data points. The �t for the J= has been also performed by excluding the

last two points in order to directly compare our result to the one of FNAL E789 [4] where

a smaller range of pT is used. The parameters of this �t are listed in the sixth row of Table

III.

It is worth noticing that, within experimental errors, both di�erential cross sections for

the two charmonium states are described by the same parameters, suggesting that they are
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produced by the same mechanisms. In fact, Fig. 4 shows that there is no evident dependence

on xF and pT of the ratio:

BR( 0 ! �+��)�( 0)

BR(J= ! �+��)�(J= )
(4)

in which the uncertainties in the absolute normalization and the systematics arising from the

knowledge of the branching ratios cancel out. These results seem to disagree with recently

published data at same energy [4] where a mild increase in this ratio with xF and pT is

reported.

In Fig. 5 and Fig. 6 we compare our xF and pT distributions for the J= and  0 with

those of Fermilab E789 [4]. The cross sections of the two experiments di�er by an overall

scale factor because of a di�erent choice of the parameter � (E789 uses � = 0:9, instead of

� = 0:92 which gives a di�erence of about 11 % for the E789 target with A=197).

While the shapes of d�=dp2T are in very good agreement, the xF distributions show some

discrepancy (nE789 = 4:91 � 0:18, nE771 = 6:38 � 0:24). The nature of this inconsistency

is unknown. It could perhaps be attributed to nuclear e�ects of the structure functions,

because of the large di�erence in the atomic weights of the targets (AE789 = 197 instead of

AE771 = 28).

In Fig. 5 and Fig. 6 we compare also our results to the theoretical predictions [15]

computed using perturbative QCD to leading order for both di�erential distributions of the

two charmonium states. These predictions are still based the on Color Singlet Model [16],

because the di�erential distribution for the most advanced model developed in the last years,

the Color Octet Mechanism [1], are not yet available at low pT . The contributions of various

quarkonium states to the inclusive J= cross section are taken into account by using the

known branching ratio of the �0;1;2 and  
0 states decaying in J= [14]. The Martin-Roberts-

Stirling set D0 (MRS D0) [5] for the parton structure function has been used for comparison

with our data.

Both the shapes and the scale of the theoretical predictions disagree with our data for

the d�=dxF cross sections. The K factors needed to normalize the curves are K � 4 for J= 
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and K � 16 for  0 while the disagreement in shape is mainly at small xF .

The shape of d�=dp2T cross sections is in good agreement with our data, but still needs

a scale factor for the normalization. In this case K � 9 for J= , while for  0 K � 14 needs

to be used. These d�=dp2T predictions are obtained by assuming an intrinsic pT gaussian

distribution for the partons with < p2T >= 0:5 (GeV=c)2. To eliminate the divergences at

low pT due to �0 and �2 states we had to apply an arbitrary cuto� at 0:6 GeV=c for the J= 

and at 0:4 GeV=c for the  0. In fact, the listed K factors depends strongly on the choice of

this cut and therefore are experiment dependent.

We also computed the total cross sections for J= and  0. Assuming that equation 2

describes all the xF range, we get �(J= ) = 375 � 4 � 30 nb and �( 0) = 46 � 3 � 10 nb.

These values are consistent with those obtained in a previous analysis [17] and with a recent

computation of the total cross-section using the Color Octet Model [2].

Finally the same procedure was used to obtain the d�=dcos� di�erential cross-section

shown in Fig. 7. The angle � is de�ned as the angle between the positive muon and beam

direction in the J= rest frame. In this case the �t has been performed with the function

A(1 + �cos2�) obtaining � = �0:09 � 0:12. This result is in disagreement with the color

octet model [2] which predicts a sizeable J= transverse polarization, emphasizing the need

for the inclusion of higher twist terms in the description of quarkonium production.
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TABLES

TABLE I. J= cross section for each bin of xF and pT . There is an overall systematic error of

8 %.

xF bin d�=dxF pT bin d�=dp2T

[nb=nucleon] [GeV=c] [nb(GeV=c)�2=nucleon]

�0:05� �0:03 1309� 78 0:0� 0:3 197� 17

�0:03� �0:01 1352� 70 0:3� 0:6 175:9� 9:8

�0:01� 0:01 1327� 56 0:6� 0:9 134:9� 5:9

0:01� 0:03 1242� 48 0:9� 1:2 101:1� 4:2

0:03� 0:05 1134� 44 1:2� 1:5 64:7� 2:8

0:05� 0:07 963� 46 1:5� 1:8 41:5� 2:3

0:07� 0:09 776� 35 1:8� 2:1 22:6� 1:6

0:09� 0:11 701� 36 2:1� 2:4 12:3� 1:4

0:11� 0:13 591� 35 2:4� 2:8 4:8� 0:5

0:13� 0:15 508� 34 2:8� 3:2 1:84� 0:27

0:15� 0:17 463� 39 3:2� 3:6 0:59� 0:20

0:17� 0:19 427� 38

0:19� 0:21 353� 40

0:21� 0:23 254� 28

0:23� 0:25 294� 39
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TABLE II.  0 cross section for each bin of xF and pT . There is an overall systematic error of

23 %.

xF bin d�=dxF pT bin d�=dp2T

[nb=nucleon] [GeV=c] [nb(GeV=c)�2=nucleon]

�0:06� �0:02 148� 59 0:0� 0:4 25:1� 8:0

�0:02� 0:02 199� 45 0:4� 0:7 23:3� 5:4

0:02� 0:06 127� 30 0:7� 1:0 15:3� 4:0

0:06� 0:10 82� 25 1:0� 1:4 13:6� 2:2

0:10� 0:14 87� 18 1:4� 2:4 2:4� 0:7

0:14� 0:18 54� 12 2:4� 3:4 0:51� 0:26

0:18� 0:22 37� 17

0:22� 0:26 32� 13
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TABLE III. Results of the �ts performed on the di�erential distributions as described in the

text.

meson function A n �2=DOF

J= A(1� j xF j)
n 1424� 31 nb 6:54� :23 1.65

J= A(1� j xF j)
n 1386� 33 nb 6:38� :24 0.92

 0 A(1� j xF j)
n 178� 29 nb 6:7� 1:3 0.24

 0 A(1� j xF j)
n 172� 17 nb 6:38(fixed) 0.26

J= Aexp(�np2T ) 182� 5 nb(GeV=c)�2 0:54� 0:01 (GeV=c)�2 0.93

J= Aexp(�np2T ) 185� 5 nb(GeV=c)�2 0:55� 0:01 (GeV=c)�2 0.60

 0 Aexp(�np2T ) 27� 4 nb(GeV=c)�2 0:61� 0:08 (GeV=c)�2 1.02
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FIG. 1. Invariant mass spectrum of the �+�� pairs. The dashed line is the continuum back-

ground as described in the text.
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FIG. 2. Di�erential cross sections for J= and  0 versus xF . The 8 % (J= ) and 23 % ( 0)

systematic uncertainties due to the normalization are not shown. Superimposed on the data are

the �ts described in the text. The dashed line is a �t to the  0 data with the exponential parameter

�xed to the corresponding value for J= .
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FIG. 3. Di�erential cross sections for J= and  0 versus pT . The 8 % (J= ) and 23 % ( 0)

systematic uncertainties due to the normalization are not shown. Superimposed on the data are

the �ts described in the text. The dashed line is a �t to the J= data performed by excluding the

last two points.
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FIG. 5. E771 di�erential cross sections for J= and  0 versus xF compared with the E789

results and with MRSD0 theoretical predictions, arbitrarily normalized to E771 data.
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FIG. 6. E771 di�erential cross sections versus pT compared with the E789 results and with

MRSD0 theoretical predictions, arbitrarily normalized to E771 data.
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