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Differential cross sections ofJ/¢ and ¢’ in 800 GeVLt p-Si interactions
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We present thexg and p; differential cross sections od/¢ and ¢’, respectively, in the ranges
—0.05<x£<0.25 andp;<3.5 GeVk. The data samples are constituted by about 12J0@and 200’
produced in proton-silicon interactions at 800 Geéhd decaying into opposite sign muons. Heand pt
distributions are compared with recent results from experiments E789 at the same energy and to leading order
QCD predictions using the MRS DO parametrization for the parton structure function. The measured shapes of
the differential cross sections, except for the/dx at smallxg, agree very well with the prediction, even
though their value is quite a bit larger than the prediction. We also present thelifi@sential cross section
of the J/¢ which indicates unpolarized production in contrast with color octet models predictions.
[S0556-282197)01605-9

PACS numbg(s): 13.85.Ni, 13.60.Le

I. INTRODUCTION model in the past couple of yedik 2]. One of the features of
this model is that it predicts high transverse polarization of
Hadronic production of charmonium states is one of thequarkonium states.

most studied processes in high energy physics. In spite of The study of inclusivel/ production is complicated by
this experimental effort, the mechanisms of quarkonium proadditional contributions from radiative decays of higher-
duction are not well understood, and calculations of highemass states)(_q,,and¢’) to the direct production, mak-
order contributions are still missing. In addition, the forma-ing comparison with theory more difficult. In this paper we
tion of thecc bound states is a nonperturbative QCD processeport on thexg and p differential cross sections fal/
and requires some understanding of the evolution from theand ¢’ in the ranges —0.05<xg<0.25 and p;<3.5
guark-antiquark color octet to the physical quarkoniumGeVic. We compare these cross sections with the recent
states. The renewed interest in these subjects, owing to Tevpublished results of experiment E788] obtained at the
tron collider result§3], has led to a better theoretical under- same energy, and with leading order QCD calculations using
standing of these mechanisms with the development of a neMartin-Roberts-Stirling(MRS) [5] parton distributions. We
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also report on measurement of the differential angular distri-
bution of theJ/ and compare this to the color octet predic-
tions.

b
[

Il. EXPERIMENTAL SETUP

Events/ (25 MeV/c)

A. Beam and target

The data were collected at the High Intensity Laboratory
in a primary proton beam at Fermilab with the E771 spec-
trometer during a short run of 5 weeks.

The 800 GeW beam, of average intensity=4x 10’
proton/s per 23 s spill every 57 s, 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 of an ion chamber and
beam silicon strip detectors placed along the beam line,
which gave a total integrated number of live protons on tar-
get of 1.313 10 with an error of approximately 5% domi-

e b b e b b b e e

nated by the uncertainty in the efficiency of the beam silicon 28 3 32 34 36 38 4 42

detector. (GeV/c?)
B. Spectrometer FIG. 1. Invariant mass spectrum of the .~ pairs. The dashed

The E771 spectrometé8,7] was optimized for the obser- line is the continuum background as described in the text.
vation of dimuons coming frorﬂlt//’s_ generated_i_n the qle- dipole with 185¢90 cn? aperture, provided @; kick of
cays of heavy quark states. It consisted of a silicon microsy g5 Geve in the horizontal plane,

trip detector, a tracking section upstream and downstream of The muon detector. located ddwnstreafnao:% m thick

an analysis magnet, an electromagnetic calorimeter, and gydron absorber, made of stéebpper in the central part
muon detector placed after a hadron absorber. Neither theynsisted of three planes of resistive plate count@RC'S
microstrip detector nor the calorimeter was used for theynd three planes of scintillators separated by steel, concrete,
analysis described here. and lead absorbers. The RPC’s are thin gapmm) gas
The tracking section consisted of 22 planes of multiwiredevices operating in the streamer mode under a high uniform
proportional chamberMWPC's), 9 planes of drift cham- electric field (40 kV/cm). The charge produced by the
bers to define the charged particle trajectories upstream aftreamer process is picked up by external copper paids
the analysis magnet, 12 planes of drift, and 6 of drift-f&d The single and dimuon triggers, entirely based on the
chambers downstream of the magnet. All chambers are dea®PC signals, define a muon as the triple coincidence among
ened in a region around the beam axis with a resulting minia projective set of pads belonging to the three RPC planes
mum acceptance angle of 25 mrad. The analysis magnet,[40,11. The minimum momentum required for a muon to

TABLE I. J/¢ cross section for each bin &t andp;. There is an overall systematic error of 8%.

Xg bin range do/dxg pr bin range do/dp?
(nb/nucleon (GeVrk) [nb(GeVk) ?/nucleor

—0.05—0.03 130978 0.0-0.3 197 17
—0.03—0.01 1352-70 0.3-0.6 17589.8
—0.01-0.01 132%56 0.6-0.9 134.45.9
0.01-0.03 1242 48 0.9-1.2 101.14.2
0.03-0.05 113444 1.2-1.5 64.Z22.8
0.05-0.07 963 46 1.5-1.8 41523
0.07-0.09 77635 1.8-2.1 22.61.6
0.09-0.11 70136 21-2.4 12.31.4
0.11-0.13 59% 35 24-2.8 4.80.5
0.13-0.15 50834 2.8-3.2 1.840.27
0.15-0.17 463 39 3.2-3.6 0.5¢0.20
0.17-0.19 42F 38

0.19-0.21 35340

0.21-0.23 25428

0.23-0.25 294 39
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TABLE Il. ¢’ cross section for each bin @ andp. There is an overall systematic error of 23%.

X bin range do/dxe pr bin range do/dp?
(nb/nucleon (GeVr) [nb(GeVk) 2/nucleor

—0.06—0.02 14859 0.0-0.4 25.£8.0
—0.02-0.02 19945 0.4-0.7 23.35.4
0.02-0.06 12730 0.7-1.0 15.34.0
0.06-0.10 8225 1.0-1.4 13.62.2
0.10-0.14 8% 18 1.4-2.4 2.40.7
0.14-0.18 5412 2.4-3.4 0.5%0.26
0.18-0.22 3t17

0.22-0.26 3213

penetrate the absorbers and produce a signal in the third RR&aussians was considered as background because an inde-
plane is 10 GeW in the central part and about 6 GeVat  pendent study showed that events in the wider Gaussian were

wider angles. primarily cases in which the reconstructedwas more than
Further details of the E771 spectrometer can be foun®o different than the generated ones. The ranges:adnd
elsewherd7]. pr over which the experiment is sensitive are, respectively,
—0.05<xg<0.25 andp;<3.5 GeVk. The average relative
I1l. DATA ANALYSIS resolutions are 6.0% vz and 6.7% inp;. The range for the

. , angular distribution is- 0.8<c0s<0.8.
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 IV. EXPERIMENTAL RESULTS
events were processed with a fast filter program which, start- Figure 1 shows the invariant mass spectrum of the se-

ing from muon candidates, defined as the coincidence of gt teq opposite sign dimuons. A total of 11 66039/
least 4 out of the 3 RPC and 3 scintillator planes, recony 4 21g- 244" are obtained from fits to the background sub-

structed only the muon tracks downstream of the analySiga teq number of events in the two peaks. The dashed line
magnet. _In the subsequent analysis, these muons were ful )épresents the background, fitted to the function
tracked in all chambers and through the analysis magnet.

Opposite sign dimuons, constrained to a common vertex, a
were selected. Only the pair with the best vertex constrained ——exp(—bm,,) , (1)
fit x> was considered for this analysis. wp

The overall reconstruction efficiencies and acceptances
were obtained by generating about®IMonte Carlo(MC)  which is mainly due to muons fronr andK decays, to the
events for thel/y and 18 for the ¢'. The first iteration Drell-Yan process and to charm production. Contributions
differential distributions used in the MC were taken from from B mesons are negligible.
earlier experiments at lower energy. The mesons were as- The mass resolution of the spectrometer dependsggn
sumed to decay isotropically. The decay muons were propaanging from 20 MeW? at x.= —0.05 to about 100 MeV/
gated through &EANT simulation of the E771 detector tak- c? at x=0.25, while it is totally independent of the trans-
ing into account the measured chamber and triggewerse momentum, in agreement with Monte Carlo simula-
efficiencies[9—11] and the contribution of multiple scatter- tion.
ing. To simulate realistic noise in the detector, the generated The differential distributions have been extracted by fit-
events were superimposed on real events. In the high-ertthg the mass spectra in each of tkeand py bins with the
X bins, the distribution of reconstructed masses was fit withresolution functions of the two resonanadise sum of two
two Gaussians while the mass distribution on the midrang&aussians for thé/ ¢ and a single Gaussian for tlye) over
bins was fit with three Gaussians. In the latter case the wideshe described background. The use of two Gaussians for the

TABLE lll. Results of the fits performed on the differential distributions as described in the text.

Meson Function A n x*/DOF
NIEY A(L—|xg))" 1424+ 31 nb 6.54-0.23 1.65
NN A(L—|xg))" 1386+ 33 nb 6.38-0.24 0.92
W' A(1—|xg)" 178+29 nb 6.7-1.3 0.24
W' A(l—|xg)" 172+17 nb 6.38fixed) 0.26
NN Aexp(—np?) 182+5 nb(GeVk) 2 0.54+0.01 (GeVE)? 0.93
i Aexp(—np?) 185+5 nb(GeVk) 2 0.55+0.01 (GeVE)? 0.60

W' Aexp(—np?) 27+4 nb(GeVk) ? 0.61+0.08 (GeVk) 2 1.02
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FIG. 2. Differential cross sections fd/y and ' vs xg. The FIG. 4. Ratio B(y' —u u )Xoy to
8% (J/+4) and 23% ') systematic uncertainties due to the nor- B(J/¢—u*u™) X a(I/ ) vs xg andpr.
malization are not shown. Superimposed on the data are the fits
described in the text. The dashed line is a fit to gfiedata with the Thedo/dxg cross sections per nucleon are shown in Fig.
exponential parameter fixed to the corresponding valuelfgr 2 as a function of the fractional longitudinal momentxm

L _ of the J/ and ¢'. The data have been fit with an empirical
J/y, suggested by Monte Carlo studies, is motivated by the ,tion of the form

different quality of the information obtainable in highly
populated hit regions.

In order to minimize systematics, the procedure for ex-
tracting the differential distribution was iterated by inserting
into the Monte Carlo the extracteq and py distributions, ] ] . )
corrected for the resulting acceptances and efficiencies, untiine fit parameters are shown in Table Ill. The first row in the
convergence and Stab|||ty of the result was reached. table shows the results of a fit to all the data pOlntS, while the

The differential cross sections have been computed bgecond row(corresponding to the line fit of Fig) hows the
assuming an atomic We|ght dependeno@a, with fit eXCIUding the two negatiVEF values. The fourth row in
a=0.920+0.008[12]. The choice of this value is justified Table Ill lists the fit parameters fa#’' whenn is forced to be
by the adequate description of the available dag] for a  equal to the corresponding value of they fit.
silicon target A=28) and, because in our range xf and Analogously, thedo/dpf cross sections per nucleon ver-
pr, a appears to be fairly constaft2,13. The values of sus the transverse momentum of the produced meson, for
the branching ratio8(J/¢—pu"n™) andB(y' —ut ™) both charmonium states, are shown in Fig. 3. The data were

da'_

axg AL X" )

have been taken from Rgfl4]. parametrized by
The measured differential cross sections for each of the
Xg andpy bins are listed in Table | for thd/¢ and in Table do )
Il for the . In addition to the errors shown there are overall dp? =Aexp(—npy). ©)

systematic uncertainties of 8% for tliés and 23% for the

¢', due to the uncertainties in luminosity, branching ratios,zgain the fit parameters are listed in Table Iil. The fifth row

and acceptance. in the table shows the results of a fit to all data points. The fit
for the J/¢ has been also performed by excluding the last

~
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H two points in order to directly compare our result to the one
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FIG. 3. Differential cross sections fafy and ¢’ vs pr. The e

8% (J/¢) and 23% (/') systematic uncertainties due to the nor-

malization are not shown. Superimposed on the data are the fits FIG. 5. E771 differential cross sections &y and ¢’ vs xg
described in the text. The dashed line is a fit to fth¢s data per- compared with the E789 results and with MRSDO theoretical pre-
formed by excluding the last two points. dictions, arbitrarily normalized to E771 data.
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FIG. 7. co9 differential cross section. Superimposed on the data
of Fermilab E7894] where a smaller range qf; is used. is the fit described in the text.
The parameters of this fit are listed in the sixth row of Table

. o o . decaying inJ/¢ [14]. The Martin-Roberts-Stirling set DO
_Itis worth noticing that, within experimental errors, both (MRS DO) [5] for the parton structure function has been used

differential cross sections for the two charmonium states argysy comparison with our data.

described by the same parameters, suggesting that they aregoth the shapes and the scale of the theoretical predic-

produced by the same mechanisms. In fact, Fig. 4 shows thghns disagree with our data for thkr/dxe cross sections.
there is no evident dependence xynand py of the ratio: The K factors needed to normalize the curves re4 for

J/y and K~16 for ¢’ while the disagreement in shape is
, . - , mainly at smallxg .
By —p p)o(y) 4) The shape oflo/dp? cross sections is in good agreement
B/ p—p n)a(dlh) with our data, but still needs a scale factor for the normal-
ization. In this cas&~9 for J/ ¢, while for ' K~ 14 needs

to be used. Thesdo/dp% predictions are obtained by as-

in which the uncertainties in the absolute normalization an%uming an intrinsiq; Gaussian distribution for the partons
the systematics arising from the knowledge of the branching\lith (p$>=0 5 (Ge\T/b)2 To eliminate the divergences at

ratios cancel out. These results seem to disagree with res .

: g ow pr due toy, and y, states we had to apply an arbitrar
cently publl§hed _data_1 at same gne{g} where a mild in- cuto?fTat 0.6 é(:eVof fé(rzthe J/¢ and at O.4pgg\d for the g
crease in this ratio witie andpy is reported. J'. In fact, the listedK factors depends strongly on the

In Fig. 5 and Fig. 6 we compare oM and py distribu- . . .
. . . choice of this cut and therefore are experiment dependent.
tions for thed/¢ and ¢’ with those of Fermilab E7894]. We also computed the total cross sections Jof and

The cross sections of the two experiments differ by an over-

. : ". Assuming that Eq(2) describes all the range, we get
all scale factor because of a different choice of the paramete‘? — o
o (E789 usesy=0.9, instead ofv=0.92 which gives a dif- <>/ ¥)=375+4=30 nb ando(y’)=46*3=10 nb. These

ference of about 11% for the E789 target whk- 197). values are consistent with those obtained in a previous analy-

. 5 : sis [17] and with a recent computation of the total cross
While the shapes ado/dp7 are in very good agreement, section using the color octet model].

the xg distributions  show some discrepancy o ;
- . . y the same procedure was used to obtain the
(Ne7go=4.91+0.18, Ne77;=6.38+0.24). The nature of this y4cog differential cross section shown in Fig. 7. The

in_consistency_is un_known. Nuclear effects due to_the Veryanglee is defined as the angle between the positive muon
different atomic weights of the targt2] would predict an and beam direction in th& s rest frame. In this case the fit

even larger differenc_e in the value of though, in this range has been performed with the functiéx1+ «co<6) obtain-

of XFt' a? already pointed out, the values®tan be assumed ing a=—0.09+0.12. This result is in disagreement with the

constant. color octet mode|2] which predicts a sizabld/ ¢ transverse

E'polarization, emphasizing the need for the inclusion of
higher twists terms in the description of quarkonium produc-

theoretical predictiond15] computed using perturbative
QCD to leading order for both differential distributions of tion
the two charmonium states. These predictions are still basecP '
the on color singlet modg!L6], because the differential dis-
tribution for the most advanced model developed in the last
years, the color octet mechanigdl, are not yet available at

low py. The contributions of various quarkonium states to We thank M. L. Mangano for his support and the discus-
the inclusiveJ/« cross section are taken into account bysions about the QCD theoretical distributions. We acknowl-
using the known branching ratio of thg 1, and ¢’ states edge the invaluable help of the Fermilab staff including the
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