Volume 258, number 3,4 PHYSICS LETTERS B 11 April 1991

Inelastic J/y production
in deep inelastic scattering from hydrogen and deuterium
and the gluon distribution of free nucleons
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We present results on 1nelastic J/y production from muon interactions with hydrogen and deuterium at an incident muon
energy of 280 GeV The measured cross section ratio per nucleon for muon-induced J /y production 1n deuterium and hydrogen
was found to be R(D,/H,)=101%£0.15 The colour singlet model 1s shown to provide a good description of the observed differ-
ential cross section apart from a normalisation factor The comparison between the observed cross section and the colour singlet
model prediction allows the extraction of the gluon structure function G(x) of the nucleon The momentum fraction x of the
nucleon carried by the gluon 1s measured 1n the range of x=[0 02, 0 30] The normalised gluon distribution of free nucleons thus
found can be parametrised as xG(x) =4 (n+1)(1—x)", with y=5.1+0 9(stat )
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Deep 1nelastic lepton scattering (DIS) experi-
ments provide information about the structure of the
target hadrons. This substructure can be interpreted
in terms of partons. From inclusive lepton scattering
experiments 1t 1s known that half of the nucleon mo-
mentum 1s carried by charged partons [1]. In the
quark—parton description, the other half of the nu-
cleon momentum 1s considered to be carried by
gluons

The J/y production in DIS (fig. 1a) can be related
to the gluon distribution 1n the nucleon via the pro-
cess of photon-gluon fusion {2-6]. In the colour sin-
glet model (CS) [4-6] the J/y 1s represented by a
definitive wave function of the c¢ system, which de-
scribes a colour singlet state with J=1~ and the
J/y rest mass [4]. In this model, the amplitudes of
the process yg, —»J/yg, (fig. 1b) are calculated under
the assumption that the virtual photon fuses with a
gluon 1n the target nucleon and colour conservation
1s requuired explicitly. For inelastic J/y production,
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Fig 1 Diagrams for muon induced 1nelastic J/y production (a)
The kinematics of the reaction (b) The colour singlet model [4]
(c) The vector meson dominance model with the Drell-Yan
mechanism [8,9]

the gluons g, and g are hard enough for the effects of
multiple soft gluon emission to be negligible [4]
Since the 1nitial gluon carries a small fraction of the
nucleon momentum, the J/y 1s produced 1n the for-
ward rapidity region 1n the photon-nucleon centre-
of-mass frame.

Daffractive photoproduction of vector mesons
lighter than the J/y 1s often interpreted in terms of
vector meson dominance (VMD) [7] The VMD
model has been extended to give a description of non-
diffractive and inelastic J /v production by including
the Drell-Yan mechanism (DY) [8,9] In this pro-
cess, the photon couples to a light vector meson which
then interacts with the target nucleon and produces a
J/y via a DY-hke process in which the time-like pho-
ton 1s replaced by a gluon which couples to a J /vy (fig.
1¢). The hight vector meson and the target nucleon
contribute equally to 1its momentum. This causes the
rapidity distribution of the J/y to be centred around
zero 1n the photon-nucleon centre-of-mass system.
This behaviour 1s distinctly different from that given
by the CS model.

In this paper we present differential cross sections
for J/y production obtamned from p* iteractions
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with hydrogen and deuterium at an incident energy
of 280 GeV. The kinematics of the J/y production
process was reconstructed from the detection of both
J/y decay muons together with the incident and scat-
tered muon (fig. 1a).

The experiment was performed 1n the M2 muon
beam at the CERN SPS using an upgraded version of
the EMC forward spectrometer [10]. The target sys-
tem was composed of two complementary sets of tar-
gets, each consisting of two 3 m long target vessels
filled with hquid hydrogen and deuterium respec-
tively The two sets differed only in the ordering of
the vessels with respect to the beam direction. Both
sets were exposed alternately to a beam of 280 GeV
muons. The beam intensity was monitored by a ded-
1cated beam trigger. With this trigger the integrated
effective 1ncident muon flux was measured to be
(3.05+0.06) x 10'%, corresponding to a total lumi-
nosity of 125 pb~'. Data were collected using the
standard single arm trigger (T1) which accepted
muons with scattering angles larger than 10 mrad.
Events with three or more outgoing tracks were se-
lected 1n the analysis also including tracks at angles
smaller than 10 mrad. The invanant mass of any pair
of oppositely charged particles was calculated for each
event. In order for the event to be accepted two con-
ditions for these track pairs had to be fulfilled: (1) at
least one particle had to be 1dentified as a muon 1n
our apparatus, and (11) the invariant mass of the pair
had to be consistent with the J/y mass. The scattered
muon was selected from the remaining reconstructed
tracks with the same charge as that of the incident
muon. In 10% of the events more than one candidate
for the scattered muon was found. These events were
subjected to a further selection 1n which the muon
with the highest energy was chosen whenever its en-
ergy was at least 50% higher than the energy of any
other candidate. Otherwise, the track with the small-
est scattering angle was taken. For this class of events
Monte Carlo studies showed that the scattered muon
was misidentified 1n less than 10% of the cases using
these criteria

The relevant kinematical variables are defined in
table 1 together with the cuts applied 1n the present
analysis. The cuts were optimised so as to minimise
the background and to exclude regions of poor accep-
tance. The upper cut on z and the lower cut on P3
ensured that the J/y production is 1nelastic and 1n-
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Table 1
Kinematical variables of the J/y production process

—Q?=q? invariant mass squared
of the virtual photon
LAB
= 3‘4& = E,—-E, energy of the virtual photon

LAB
—— Piry PN EJ/V

elasticity parameter

q Pn v of the J /v production process
(Piyy 4)° Transverse momentum squared
TR of the J/y meson

with respect to photon direction

2
Pr= |pJ/w|2_

Applied cuts 1n the event selection

15GeV<E,

10 Gengdccay muon
60 < r<240 GeV
02<z<09
01<P2<10(GeV/c)?

Invaritant mass cut

2 90< M, +,- <330 GeV/c?

coherent (see also below).
Fig. 2 shows the invariant mass M, - distribu-
tion of the selected track pairs The sum of a gaussian

100 T Y T T 100 T T T T
B, H,
80 | 4 80L |
60 - 4 6ot 4
wv
€
Q
>
W40+ 4
+
20 4

25 3 35 &4 25 3 35 &4
pru Mass (GeV/dd)
Fig 2 Invaniant mass distribution of selected p*u~ pairs for
deuterium and hydrogen The smooth curves are the sum of a

gaussian and an exponentially falling background fitted to the
observed distributions
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distribution and an exponentially falling background
was fitted to the mass spectrum obtained for hydro-
gen and for deutertum (smooth curves 1n fig. 2). the
J/y signal from hydrogen and deuterium was given
by the sum of the events in the defined mass interval
(see table 1) from which the background events par-
ametrised by the exponential curve had been sub-
tracted. This yielded 85+ 10 and 194 £ 15 events for
the hydrogen and deuterium respectively. The aver-
age fitted value of the peak position was found to be
3093+ 5 MeV/c2 The width of the gaussian distri-
bution corresponds to the experimental momentum
resolution of 1%.

The ratio of the cross sections per nucleon for
muon-induced J/y production in deuterium and hy-
drogen was found to be R(D,/H,)=1.01£0 15. The
quoted error 1s statistical only Geometrical accep-
tance and efficiency corrections cancel 1n the calcu-
lation of the ratio as do the integrated beam fluxes.
The frequent exchange of the target sets also minim-
1ses the effects of possible time dependent changes 1n
the apparatus acceptance and efficiency. The system-
atic error on the ratio of target densities was esti-
mated to be less than 1%. The effect of radiative cor-
rections on the ratio was estimated to be small
compared to the statistical error. The result 1s consis-
tent with equal J/y production rates for neutron and
proton. The hydrogen and deuterium data were
therefore combined in the subsequent analysis, re-
sulting 1n 279 reconstructed J/y events and 41 back-
ground events

To obtain absolute cross sections from the experi-
mental counting rates, the acceptance was calculated
using a Monte Carlo simulation including a complete
description of the apparatus and detector efficien-
cies. The Monte Carlo events were subjected to the
same analysis procedure as the real data events. The
branching ratio of the J/y decay into p*u~ was taken
to be (69+0.9)% [11] Radiative effects on the
measured cross sections give rise to small correc-
tions, typically 5% or less [12,13]. Although the mass
resolution 1s good enough to separate the J/y signal
from heavier cc resonances, different sources of charm
production can contribute to the observed signal
strength. The contribution to the observed 1nelastic
J/y signal through vy’ production and subsequent de-
cay was estimated to be less than 15%, assuming that
the cross section of y' production 1s 20% of that of
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Fig 3 Cross section for J/y muoproduction as a function of the
rapidity. The solid curve shows the CS model prediction multi-
plied by a factor of 2 4 and the dashed curve shows that of the
VMD model in combination with the DY mechanism

J/y production [14] and taking into account the
known branching ratio of 0 57 for y’ decay into J/y
[11] The measured cross section was not corrected
for the above-mentioned effects. Only statistical er-
rors are given; the combined systematic error due to
the uncertainty on the target densities and the 1nte-
grated muon flux was estimated to be less than 2%
Fig. 3 shows the observed differential cross section
do(uN—-p’ J/y X)/dy The rapidity y of the J/y 1s
defined as y=4 In[ (E+p,)/(E—-p,)], where E and
p, are the J/y energy and longitudinal momentum
with respect to the virtual photon calculated 1n the
photon-nucleon centre-of-mass system. The J/y
production s clearly peaked in the forward direction
The dashed line 1n fig. 3 represents the prediction
of the VMD model in combination with the DY
mechanism for an incident energy of 280 GeV The
calculation was performed using eq. (3) of ref. [8],
to which a multiplicative factor of } was apphed, rep-
resenting the fraction of c¢ pairs going to J/y [2].
The muoproduction cross section was obtained from
the photoproduction cross section by multiplication
with the virtual photon flux factor [8] computed fol-
lowing the convention introduced by Hand [15] The
cross section of the subprocess qq—J/y was inte-
grated from the charm quark mass threshold up to
the D-meson mass [2]. Values for the input param-
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eters were taken from ref. [11], with the strong cou-
pling constant chosen to be o (M3, )=0.3, the
charm quark mass m.= j M,,, and the quark distri-
butions taken from ref. [8]. These parameter values
were used throughout the present paper. Although our
apparatus accepts only events with positive rapidity,
1t 15 clear that the computed distribution cannot ac-
count for the signal strength for y> 1.

The solid line 1n fig. 3 represents the prediction of
the CS model for inelastic and incoherent J/y pro-
duction. For comparison with the data a normalisa-
tion factor of 2.4 was applied. The calculation
was performed according to ref. [16], with a QCD
radiative correction factor to the leptonic width
Fvu-(J/y) of 1 —16a,(M3,,)/3n [17]. Values for
the input parameters used 1n the present calculation
were taken from ref. [11], with the same value for
a,(M3,,) and m, as in the VMD+DY calculation
and a gluon distribution G(x) = (3/x) (1—x)>. From
fig 31t can be seen that the cross section of J/y pro-
duction as a function of the rapidity 1s well described
by the CS model. In the present analysis however, the
CS model underestimates the observed signal by a
factor of 2.4. Since 1n ref. [6] 1t 1s recommended to
ue sharper cuts on P2 and z, 1t was verified that this
factor does not vary within the ranges of the apphed
cuts. Note that the normalisation of the CS model 1s
sensitive to the mass of the charm quark and propor-
tional to the square of the strong coupling constant
[4]. Furthermore, the calculation of the cross section
1s performed by using a non-relativistic description
of the cC bound state. it 1s expected that relativistic
effects might distort this description through correc-
tions of order ./1— f?, with 8 estimated to be 0.5
[18].

The normalised differential cross section (2x/
o)do(uN-p’ J/y)/d¢, where ¢1s the azimuthal an-
gle between the muon scattering plane and the I/y
production piane, 1s shown 1n fig 4. The solid curve
1s a fit of the function (14 B cos ¢+ C cos 2¢) to the
measured distribution. The results of the fit are given
1n table 2 together with the CS model predictions for
scalar and vector gluons [19]. The results, when
compared with the predictions of the CS model com-
puted at the average Q2 of the data (1.5 GeV?), are
consistent with J¥=1- for the gluon. The same re-
sults disfavour the description of J/y production as
presented 1n ref. [3], in which the predictions of the
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Fig 4 Normalised muoproduction cross section as a function of
the azimuthal angle ¢ between the muon scattering plane and the
J/y production plane The solid curve 1s a fit of the function 1 + B
cos ¢+ Ccos 2¢ to the observed distribution

Table 2
The azimuthal angle distnbution ( 1+ B cos ¢+ C cos 2¢)

Parameter Experimental  CS model (( Q%) =1.5GeV?)
results
JgPluon=0+ nguon=l_
B ~013+008 +012 —-014
C —-002+008 —-0.11 —-008

model [2] are extended to second order term with-
out explicit colour conservation.

Since the CS model provides a good description of
our data it has been used to extract the gluon distri-
bution of free nucleons. The measured differential
cross section do(uN—-p’ J/y X)/dx, with x=3§/s
where § and s are the centre-of-mass energies 1n the
photon~gluon and the photon-nucleon reference
frames, was divided by that calculated in the CS
model [6,12]. In the latter, the gluon distribution
xG(x) was set to unity, while the values of the other
mput  parameters were as given  above
(a,(M3,,)=0.3 and m.=4{M,,,) The variable x
given in the CS model by x=(1/s)[M3,/z+
P2/z(1-2)] can be interpreted as the momentum
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Fig 5 The nucleon gluon distribution xG(x) from the present
experiment and ref [12] The solid curve 1s a parametrisation of
xG(x) discussed 1n the text

fraction of the nucleon carried by the probed gluon.
The function ¢ 1 (n+1) (1 —x)" was fitted to the data,
the result of the fit was c=2.4+04and n=5.1209.
The value of ¢ corresponds to the previously intro-
duced normalisation factor and # represents the shape
of the gluon distribution The extracted normalised
gluon distribution is shown 1n fig. 5 together with 1ts
parametrisation xG(x)=4(y+1)(1—-x)". The re-
sults of EMC from the analysis of J /y production on
NH; [12], also shown 1n fig. 5, are in good agree-
ment with the present data.

Gluon distributions have also been obtained pre-
viously from QCD analyses of structure function
measurements. These yield parametrisations that al-
low a large spread of » values ranging from 3 to 11
[20]; this uncertainty 1n 5 has been discussed 1n ref.
[21].

In the present work we have shown that the CS
model 1s able to describe nelastic J /y production and
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consequently that 1t 1s possible to extract the gluon
distribution directly.
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