EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

CERN-PPE/90-178
29 November 1990

wInelastic JAy Production in Deep Inelastic Scattering from Hydrogen and
Deuterium and the Gluon Distribution of Free Nucleons

THE NEW MUON COLLABORATION (NMC)

Bielefeld University! +, CERN?, Freiburg University’+, Max-Planck Institute Heidelberg?, Heidelberg University’ *,
Indiana UniversityS, University of Mainz’ *, Mons UniversityS, Neuchétel University? NIKHEF- K10++,
Oxford Universityl ! University of California, Santa Cruz!2, PSI3, Torino University and INFN Torino?,
Uppsala U m'versity} 3, Institute Jor Nuclear Studies, Warsawl6* Warsaw Universiryl ™ Wuppertal Uni ver.rityl 8+

D. Allasial4, P. Amaudruz132), M, Ameodo!4, A. Arvidsonl3, B. Badelekl7, G. Bauml,

I, Beaufayleb) 1.G. Bird4, M. Botjel3, C. Bro in®, W. Briickne#, A. Briill3, W.J. Burger!3,
J. Ciborowski 10, R. Cnttendcnﬁ. R.van Dant21g ,» H. Dobbelin 4°)J Dommg013 d), J. Drinkard! 2
A. Dzierbaf, H. Engehen?’ ML F'erl‘ero14 L. Fluri?, P Grafstrom!15€), E. Hagberg!3, D.von Harrach4f)
M.van der Heudcn ,C. Heuschl2, Q. Ingram13, A. Jacholkowska58), K. Janson15 M.de Jongl0,

E.M. Kabu4, R. Kalser3 T.J. Ketelm F. Klein’, B. Korzenl8 U. Kmnexl S. Kullander!5,
U. Land raf3, . Lettenstrsm! 2, T, Lindgist13, G.K .Mallot, C. Manom14
G.van Middelkoop?:1 Y Mizuno™V, J. Nassalskil0, D. Nowomy4 N. Pavel181) , H. Peschellsl)
C. Peronil4, U. Pletrzyklgk) B. Povh4:3, R. Rjeger7 K. R:lh4 K. Réhrich/D, E Rondiol7,
L. Ropelewskil7, A. Sandacz16, C. Schol, R. Schumacher! 3m), U, Sennhauser!30), F, Severl0),
T. A Shibata, M Siebler!, A. Simon#, A Stalanc; G. Taylor“l'-’)
M. Treichel4®), J.L. Vu111eum1er9 T. Walcher’, K. WcIch6 R. Windmolders8

{To be submitted to Physics Letters)

ABSTRACT

We present results on inelastic 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/W production in deuterium and hydrogen was found to be
R(Do/Hj) = 1.01 + 0.15. The Colour Singlet model is shown to provide a good description of
the observed differential 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 is measured in the range of x = [0.02 , 0.30]. The normahscd
gluon distribution of free nucleons thus found can be parametrised as: xG(x) = __._(1 X)
withn = 5.1 £ 0.9 (stat.).

For footnotes see next page.
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Deep inelastic lepton scattering (DIS) experiments provide information about the
structure of the target hadrons. This substructure can be interpreted in terms of partons.
From inclusive lepton scattering experiments it is known that half of the nucleon momentum
is carried by charged partons {1]. In the quark-parton description, the other half of the
nucleon momentum is considered to be carried by gluons.

The JAy production in DIS (fig. 1a) can be related to the gluon distribution in the
nucleon via the process of photon-gluon fusion [2,3,4,5,6]. In the Colour Singlet model (CS)
[4,5,6] the JAy is represented by a definite wave function of the cc system, which describes a
colour singlet state with JF = 1~ and the JAy rest mass [4]. In this model, the amplitudes of the
process vg, — JAV g2 (fig. 1b) are calculated under the assumption that the virtual photon
fuses with a gluon in the target nucleon and colour conservation is required explicitly. For
inelastic J/y production, the gluons g1 and g; are hard enough for the effects of multiple soft
gluon emission to be negligible [4]. Since the initial gluon carries a small fraction of the
nucleon momentum, the JAy is produced in the forward rapidity region in the photon-nucleon
centre-of-mass frame.

Diffractive photoproduction of vector mesons lighter than the J/y is 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/y production by including the Drell-Yan
mechanism (DY) [8,9]. In this process, the photon couples to a light vector meson which
then interacts with the target nucleon and produces a JAy via a DY-like process in which the
time-like photon is replaced by a gluon which couples to a J/y (fig. 1c). The light vector
meson and the target nucleon contribute equally to its momentum. This causes the rapidity
distribution of the J/y to be centred around zero in the photon-nucleon centre-of-mass
system. This behaviour is distinctly different from that given by the CS model.

In this paper we present differential cross sections for JAy production obtained from p+
interactions 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 JAy decay muons
together with the incident and scattered muon (fig. 1a). _

The experiment was performed in the M2 muon beam at the CERN SPS using an
upgraded version of the EMC forward spectrometer [12]. The target system was composed
of two complementary sets of targets , each consisting of two 3 m long target vessels filled
with liquid hydrogen and deuterium respectively. 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 dedicated beam trigger.
With this trigger the integrated effective incident muon flux was measured to be
(3.05£0.06) x 1012, corresponding to a total luminosity 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 selected in the analysis also
including tracks at angles smaller than 10 mrad. The invariant mass of any pair of oppositely
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charged particles was calculated for each event. In order for the event to be accepted two
conditions for these track pairs had to be fulfilled: i) at least one particle had to be identified
as a muon in our apparatus and ii) the invariant mass of the pair had to be consistent with the
JAy 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 in which
the muon with the highest energy was chosen whenever its energy was at least 50% higher
than the energy of any other candidate. Otherwise, the track with the smallest scattering
angle was taken, For this class of events Monte Carlo studies showed that the scattered muon
was misidentified in less than 10% of the cases using these criteria.

The relevant kinematical variables are defined in table 1 together with the cuts applied
in the present analysis. The cuts were optimised so as to minimise the background and to
exclude regions of poor acceptance. The upper cut on z and the lower cut on P?r ensured that
the JAy production is inelastic and incoherent.

Table 1
Kinematic variables of the JAr production process
-Q2 = @2 Invariant mass squared of the virtual photon.
q°*pPN LAB E B .
v = My = Wow Energy of the virtual photon.

Pljy* PN LAB EJ/\p

z = Elasticity parameter of the J/y production
9°PN vV process.
— - 2
2 - 12 (P9
Pr = ]PJ/w’

-——=7—— Transverse momentum squared of the JAy
|(l| meson with respect to photon direction,

Applied cuts in the event selection

15 GCV = Eu'

10 GeV < Edecay muon

60 < Y < 240 GeV
0.2 < A < 09

0.1 < Pt < 10 (GeV/c)?

Invariant mass cut

2.90 < Muﬂl— < 3.30GeV/c2




Figure 2 shows the invariant mass My*,- distribution of the selected track pairs. The
sum of a gaussian distribution and an exponentially falling background was fitted to the mass
spectrum obtained for hydrogen and for deuterium (smooth curves in 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 parametrised by the exponential curve had
been subtracted. This yielded 85 + 10 and 194 + 15 events for the hydrogen and deuterium
respectively., The average fitted value of the peak position was found to be 3093 + 5 MeV/c2.
The width of the gaussian distribution 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 hydrogen was found to be R(D2/H3) = 1.01 £ 0.15. The quoted error is
statistical only. Geometrical acceptance and efficiency corrections cancel in the calculation
of the ratio as do the integrated beam fluxes. The frequent exchange of the target sets also
minimises the effects of possible time dependent changes in the apparatus acceptance and
efficiency. The systematic error on the ratio of target densities was estimated to be less than
1%. The effect of radiative corrections on the ratic was estimated to be small compared to
the statistical error. The result is consistent with equal J/y production rates for neutron and
proton. The hydrogen and deuterium data were therefore combined in the subsequent
analysis, resulting in 279 reconstructed J/y events and 41 background events.

To obtain absolute cross sections from the experimental counting rates, the acceptance
was calculated using a Monte Carlo simulation including a complete description of the
apparatus and detector efficiencies. The Monte Carlo events were subjected to the same
analysis procedure as the real data events. The branching ratio of the JAy decay into Py~ was
taken to be 6.9 £ 0.9 % [23]. Radiative effects on the measured cross sections give rise to
small corrections, typically 5% or less [20,21]. Although the mass resolution is 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 inelastic JAy
signal through ' production and subsequent decay was estimated to be less than 15%,
assuming that the cross section of y' production is 20% of that of J/y production [13] and
taking into account the known branching ratio of 0.57 for y' decay into JAy [23]. The
measured cross section was not corrected for the above-mentioned effects. Only statistical
errors are given; the combined systematic error due to the uncertainty on the target densities
and the integrated muon flux was estimated to be less than 2%.

Figure 3 shows the observed differential cross section do(uN — L'J/wX)/dy. The
rapidity y of the J/y is defined as y = 1/2 In(IE+p,J/[E-p/]), where E and p, are the JAy
energy and longitudinal momentum with respect to the virtual photon calculated in the
photon-nucleon centre-of-mass system. The J/y production is clearly peaked in the forward
direction.



The dashed line in 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 1/8 was applied , representing the -
fraction of cc pairs going to JAy [2]. The muoproduction cross section was obtained from the
photoproduction cross section by multiplication with the virtual photon flux factor [8]
computed following the convention introduced by Hand [16]. The cross section of the
subprocess qq — J/y was integrated from the charm quark mass threshold up to the D-meson
mass [2]. Values for the input parameters were taken from ref. [23] , with the strong coupling
constant chosen to be otg( Mfm) = (.3, the charm quark mass m; = 1/2 Mjpy and the quark
distributions taken from ref. [8]. Although our apparatus accepts only events with positive
rapidity, it is clear that the computed distribution cannot account for the signal strength for
y21.

The solid line in fig. 3 represents the prediction of the CS model for inelastic and
incoherent J/y production. For comparison with the data a normalisation factor of 2.4 was
applied. The calculation was performed according to ref. [17], with a QCD radiative
correction factor to the leptonic width T+~ (J/y) of (1-160sMy, )/37) [18]. Values for the
input parameters used in the present calculation were taken from ref. [23], with the same
value for aS(Mi’w) and m; as in the VMD+DY calculation and a gluon distribution
G(x) = 3/x (1-x)>. From fig. 3 it can be seen that the cross section of J/y production as a
function of the rapidity is well described by the CS model. The QCD radiative correction to
the leptonic width takes into account half of the previously measured discrepancy of a factor
of 5 between model and data [5,10]. In the present analysis however, the CS model still
underestimates the observed signal by a factor of 2.4. Note that the normalisation of the CS
model is sensitive to the mass of the charm quark and proportional to the square of the strong
coupling constant [4]. Furthermore, the calculation of the cross section is performed by
using a non-relativistic description of the cc bound state. It is expected that relativistic effects
might distort this description through corrections of order Y152, with B estimated to be 0.5
[19].

The normalised differential cross section 2R/gdo(UN — WJ/y)/dé, where ¢ is the
azimuthal angle between the muon scattering plane and the JAy production plane, is shown in
fig. 4. The solid curve is a fit of the function (1+Bcos¢+Ccos2¢) to the measured
distribution. The results of the fit are given in table 2 together with the CS model predictions
for scalar and vector gluons [11].



Table 2
The azimuthal angle distribution (1+Bcos¢+Ccos2¢)

Experimental Results CS Model (<Q?>=1.5GeV?)
P P .-
nguon = 0+ nguon =1
B = -013 = 0.08 +0.12 -0.14
C = -0.02 = 0.08 -0.11 - 0.08

The results, when compared with the predictions of the CS model computed at the average
Q2 of the data (1.5 GeV?2), are consistent with JP = 1° for the gluon. The same results
disfavour the description of J/y production as presented in ref. {3], in which the predictions
of the model [2] are extended to second order terms without explicit colour conservation.

Since the CS model provides a good description of our data it has been used to extract
the gluon distribution of free nucleons. The measured differential cross section
do(UN — p'TX)/dx , with x = §/s where S and s are the centre-of-mass energies in the
photon-gluon and the photon-nucleon reference frames, was divided by that calculated in the
CS model [6,20]. In the latter, the gluon distribution xG(x) was set to unity. The variable x
given in the CS model by x = 1/s [Mﬁw/ z+ P-zr/ z(1-z)] can be interpreted as the momentum
fraction of the nucleon carried by the probed gluon. The function ¢ % (1-x)M was fitted to
the data; the result of the fit wasc =2.4 £ 0.4 and M =5.1+£0.9. The value of ¢ corresponds
to the previously introduced normalisation factor and 7} represents the shape of the gluon
distribution. The extracted normalised gluon distribution is shown in fig. 5 together with is
parametrisation xG(x) = %l- x)". The results of EMC from the analysis of J/y production
on NHj [20], also shown in fig. 5, are in good agreement with the present data.

Gluon distributions have also been obtained previously from QCD analyses of.
structure function measurements. These yield parametrisations that allow a large spread of n|
values ranging from 3 to 11 [22]; this uncertainty in 1 has been discussed in ref, [24].

In the present work we have shown that the CS model is able to describe inelastic J/y
production and consequently that it is possible to extract the gluon distribution directly.
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Figure Captions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Diagrams for muon induced JAy production.

a) The kinematics of the reaction.

b) The Colour Singlet model [4].

¢) The Vector Meson Dominance model with the Drell-Yan mechanism [8,9].

Invariant mass distribution of selected Pt~ pairs for deuterinm and hydrogen. The
smooth curves are the sum of a gaussian and an exponentially falling background
fitted to the observed distributions.

Cross section for JAy muoproduction as a function of the rapidity. The solid curve
shows the CS model prediction and the dashed curve shows that of the VMD model
in combination with the DY mechanism.

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 is
a fit of the function [1+Bcos¢ + Ccos29] to the observed distribution.

The nucleon gluon distribution xG(x) from the present experiment and ref. [20].
The solid curve is a parametrisation of xG(x) discussed in the text.
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