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Abstract. The electroproduction of J/¢ and 1(2S5) mesons is studied in elastic, quasi-elastic and inclusive
reactions for four momentum transfers 2 < Q> < 80 GeV? and photon-proton centre of mass energies
25 < W < 180 GeV. The data were taken with the H1 detector at the electron proton collider HERA in
the years 1995 to 1997. The total virtual photon-proton cross section for elastic J/1 production is measured
as a function of Q2 and W. The dependence of the production rates on the square of the momentum transfer
from the proton (¢) is extracted. Decay angular distributions are analysed and the ratio of the longitudinal
and transverse cross sections is derived. The ratio of the cross sections for quasi-elastic ¢(2S5) and J/v
meson production is measured as a function of Q?. The results are discussed in terms of theoretical models
based upon perturbative QCD. Differential cross sections for inclusive and inelastic production of J/1
mesons are determined and predictions within two theoretical frameworks are compared with the data, the
non-relativistic QCD factorization approach including colour octet and colour singlet contributions, and
the model of Soft Colour Interactions.



The H1 Collaboration: Charmonium production in deep inelastic scattering at HERA 375



The H1 Collaboration: Charmonium production in deep inelastic scattering at HERA

1 Introduction

The high energy electron-proton collider HERA has re-
newed the interest in the study of light and heavy vector
mesons produced in processes with quasi real and virtual
photon exchange. Several production mechanisms valid in
limited kinematic regions have been discussed in the liter-
ature for such processes and a unified picture is not avail-
able. The topics of the present paper are studies of elas-
tic and inelastic production of J/¢ mesons and of quasi-
elastic production of (2S5) mesons for four momentum
transfers 2 < Q2 < 80 GeV? and photon-proton centre of
mass energies 25 < W < 180 GeV.

Leptoproduction of J/¢¥ mesons has previously been
studied in several fixed target experiments and at HERA
in different kinematic regions [1-3]. In photoproduction,
which corresponds to the limit Q% ~ 0, and at low and
medium Q2 the production of J/v mesons, e +p — e +
J/¥+ X, is found to be dominated by processes where the
hadronic system X is either a proton (elastic J/% produc-
tion) or has a low mass M. These processes show char-
acteristics of diffraction as observed in hadron—hadron in-
teractions and in photoproduction of light vector mesons
at lower energies. However, the experiments H1 and ZEUS
have found that at HERA energies the dependence of the
elastic J/v cross section on W in the photoproduction
limit is steeper than measured in soft diffractive processes
[4,5].

In recent years it has been demonstrated that elastic
photo- and electroproduction of J/v¢ mesons (Fig. la, c)
can be calculated within perturbative QCD (pQCD) [6-9].
In these calculations the elastic cross section is related to
the square of the gluon density in the proton and the fast
rise of elastic J/1 production with W reflects the increase
of the gluon density in the proton at low values of Bjorken
x [10]. According to these models elastic J/¢ meson pro-
duction consequently offers a sensitive way to probe the
gluon density. Further predictions of such models concern,
for example, the fraction of longitudinally polarized J/4
mesons, the dependences of the slope of the ¢ distribution
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(t is the square of the momentum transfer from the pro-
ton) and of the ratio of 1(2S) to J/¥ meson production
on kinematic variables. The latter ratio is also predicted
in an approach based upon colour dipole phenomenology
[11].

Inelastic J/v production, which can be described by
the formation of ¢¢ states via boson gluon fusion (Fig. 1d,
e), was previously studied in fixed target experiments [1,
12] and was analysed in the framework of the Colour Sin-
glet Model [13]. At HERA inelastic J/¢ production has
been analysed in photoproduction [4,14] and was success-
fully described by predictions of the Colour Singlet Model
in next-to-leading order [15]. On the other hand, mea-
surements of the production of J/¢ mesons in hadronic
collisions [16] have shown that the Colour Singlet Model
cannot account for the observed cross section. A good de-
scription of these data can, however, be achieved using a
factorization approach in the framework of non-relativistic
QCD (NRQCD) [17], where also colour octet states con-
tribute. These colour octet processes are also expected to
contribute in electroproduction. First analyses of HERA
data showed that the color octet contribution in the pho-
toproduction regime is less than expected [18]. In order to
shed further light on the production process we present
a fully inclusive analysis of J/1 meson production in the
range 0.2 < z S 1, where z is the ratio of the energies
of the J/v and the exchanged photon in the proton rest
frame. In addition we extract inelastic cross sections in the
same z range. The data are compared to calculations of
lepton proton scattering in leading order performed in the
NRQCD formalism [19] and to a phenomenological model
incorporating Soft Colour Interactions [20] in the Monte
Carlo generator AROMA [21].

The paper is organised as follows: after a discussion of
different charmonium production models relevant for the
present analysis and a description of the event selection,
the total and differential cross sections for the elastic re-
action e+p — e+ J/1+ p are presented with an extended
kinematic reach compared to our previous measurement
[2] and with statistics increased by an order of magni-
tude. We then report on the first measurement of 1 (25)
production in deep inelastic scattering at HERA and ex-
tract the ratio of the ¥(25) to the J/¢ meson production
cross section as a function of Q2. Finally differential and
total cross sections for inclusive and inelastic J/v produc-
tion are presented.

2 Models and phenomenology

The experimental distinction between the various J/
production mechanisms discussed in the literature is not
unambiguous and the following terminology will be
adopted here. The process

e+p—e+J/Yp+X

will be called “elastic” if X is a proton. Since the proton
is in general not observed we use the term “quasi-elastic”
for events in which only the tracks of the J/v decay lep-
tons are present in the main detector. This data sample
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comprises in addition to elastic events those in which the
proton is diffractively excited into a system X dominantly
of low mass, which subsequently dissociates (Fig. 1b). The
decay or fragmentation products of this low mass system
in general escape detection in the main detector. If a high
mass system X is produced the emerging hadrons are usu-
ally detected and the process is called “inelastic”. The
term “inclusive” is used if only the presence of a J/v¢ is
demanded irrespective of the production and detection of
other particles.

Elastic charmonium production. Elastic photoproduc-
tion of light vector mesons, p, w and ¢, is characterized
by a weak dependence of the cross section on the photon-
proton centre of mass energy W and by a diffractive peak,
i.e. small scattering angle of the vector meson with respect
to the incident photon direction. This behaviour is well
described by vector meson dominance and Regge theory
in terms of soft pomeron exchange (Fig. la). However,
the cross section for elastic production of J/1) mesons
by quasi-real photons (Q? ~ 0) at HERA is observed to
rise steeply with W. Parameterizing the dependence as
W9, § is measured to be of order 1 for J/1) mesons [4,
5], while light vector mesons show an energy dependence
compatible with expectations from pomeron exchange in
soft, hadronic processes corresponding to § ~ 0.22 — 0.32
(see [22]).

Modifications of the simple soft pomeron exchange
model were subsequently proposed to describe the HERA
data [23]. Alternatively an approach in the framework of
pQCD [6-9] was pursued. In the models based on pQCD
the interaction between the proton and the c¢ pair is medi-
ated by a system of two gluons (Fig. 1c) or a gluon ladder
and the fast increase of the cross section is related to the
rise of the gluon density in the proton at small values of
Bjorken z. Since the gluon density enters the cross section
quadratically the sensitivity is large. In these calculations
the scattering amplitude is obtained from the convolution
of three contributions which are characterized by different
time scales: the fluctuation of the (virtual) photon into
a cc pair, the scattering of this hadronic system on the
proton, and the formation of the final state vector meson.

The H1 Collaboration: Charmonium production in deep inelastic scattering at HERA

Fig. la—e. Charmonium produc-
tion mechanisms: a elastic and
b proton dissociative production
via pomeron exchange; c elastic
production via two-gluon exchange;
d leading order diagram in the
Colour Singlet Model (the c¢ pair is
produced in a colour singlet state);
e leading order Colour Octet Model
(the c¢ pair is produced in a colour
octet state)

In contrast to photoproduction where the charm quark
mass offers the only hard scale (at low values of |t]), elec-
troproduction of .JJ/1) mesons has an additional scale, Q?,
and at high Q2 the predictions of perturbation theory are
expected to become more reliable. Electroproduction of
heavy vector mesons within pQCD was recently studied
in great detail by Frankfurt et al. [9]. Important correc-
tions were found concerning, for example, the choice of
the scale at which the gluon density is probed, concerning
the gluon distribution and the wave function for the vec-
tor meson and the importance of corrections due to Fermi
motion of the quarks within the vector meson.

Inelastic charmonium production. In the Colour Singlet
Model photo- or electroproduction of J/t¢ mesons is as-
sumed to proceed via boson gluon fusion into c¢ pairs
which emerge in a colour singlet state due to the emis-
sion of an additional hard gluon (Fig. 1d). The failure
of the Colour Singlet Model in describing hadroproduc-
tion of quarkonia at large transverse momenta led to new
approaches for the description of J/¢ production which
include contributions from c¢ pairs in colour octet states.
The approach by Bodwin, Braaten and Lepage (BBL) [17]
based on a factorization approach in NRQCD was sug-
gested to describe the large hadroproduction rates for J/v
and ¥(25) production at large p; measured at the Teva-
tron [24].

When applied to J/1 electroproduction [19], the cross
section in the BBL formalism can be expressed as:

ole+p—e+J/+ X)
= ch(e+p—> e + ccln] +X)<(’),‘{/w>,

n

(1)

where c¢[n] denotes an intermediate c¢¢ pair in a definite
colour, spin and angular momentum state n. For each n,
the cross section factorizes into a short distance part ¢,
calculable in a perturbative QCD expansion in the strong
coupling parameter a; and a long distance matrix ele-
ment <(’);{/ w) representing the probability for the c¢[n] pair
to evolve into a colour singlet J/¢ meson and additional
soft gluons. The long distance matrix elements are not
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calculable in perturbation theory and have to be deter-
mined experimentally or by lattice calculations, but they
are thought to be universal.

The relative importance of the terms in (1) is deter-
mined by NRQCD scaling laws with respect to v, the typ-
ical relative velocity of the charm quarks in the c¢ system.
In contrast to the Colour Singlet Model in which all ¢,, not
corresponding to colour singlet c¢ states are neglected, the
BBL formalism includes states where the c¢ system is in
a colour octet state (Fig. le); therefore it is often called
the “Colour Octet Model”. However, colour octet contri-
butions are suppressed by powers of v2. Since v is small,
(v?) ~ 0.3 [17], they only become important when the cor-
responding short distance coefficients ¢,, are large. In the
limit v — 0 the Colour Singlet Model is restored.

Soft colour interactions. The model of Soft Colour Inter-
actions (SCIT) was originally developed as an alternative to
Regge phenomenology and pomeron exchange to describe
diffractive scattering at HERA [25]. The model was suc-
cessfully applied to quarkonia production at the Tevatron
[20].

For electroproduction the model was implemented in
the Monte Carlo program AROMA [21] which generates c¢
pairs via photon gluon fusion according to the leading or-
der matrix elements approximating higher orders by par-
ton showers. At a scale below the cut-off for pQCD addi-
tional interactions take place: quarks and gluons generated
in the hard process interact non-perturbatively with the
partons of the proton remnant; the latter are also allowed
to interact with each other. In these soft colour interac-
tions the momenta of the partons are not affected, only
their colour states may change, which leads to a modifi-
cation of the hadronic final state.

In such a model the conversion of a primary c¢ pair
— which is in a colour octet state — into an observable
colour singlet state such as J/v, x., etc. may occur if the
mass corresponds to the mass of the produced charmo-
nium particle. The probability for this to happen is not
constant as, for example, assumed in the Colour Evapo-
ration Model [26] but depends on the final partonic state
and, in the Lund string model, on the string configuration.

3 Detector, event selection, kinematics
and simulations

The data presented here correspond to an integrated lumi-
nosity of 27.3-+0.4 pb~'. They were collected in the years
1995 to 1997 using the H1 detector which is described in
detail in [27]. HERA was operated with 27.5 GeV positrons
and 820 GeV protons.

3.1 Detector and event selection

J/1 mesons are detected via the decays J/v — ptpu~
and J/1 — ete™ with branching fractions of 6.01 (6.02) +
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0.19%, respectively [28]. For (2S) mesons the decay
¥(2S) — J/ T~ is used (branching ratio 30.2 + 1.9%
[28]) with the subsequent decay of the J/1 into utu~ or
ete™. The criteria for the data selection are summarised
in Table 1; further details of the analysis can be found in
[29].

In the Q? range studied here, the scattered positron is
identified by its energy deposition in the backward elec-
tromagnetic calorimeter SpaCal [30] situated 152 cm back-
ward from the nominal interaction point of the beams'.
The SpaCal covers the polar angles 155° < 6 < 178° and
has an energy resolution of op/F ~ 7.5%/\/E/GeV &
2.5%. A minimal energy deposition of 14 GeV is required
and cuts are applied to the cluster position and cluster
shape in order to ensure high trigger efficiency and a good
quality positron measurement. To keep acceptance correc-
tions small, the Q2 range is limited to 2 < Q2 < 80 GeV?.
A drift chamber (BDC) in front of the SpaCal is used to
reconstruct the polar angle 6. of the scattered positron in
combination with the interaction vertex.

The decay leptons of the J/1 meson are detected in the
central tracking detector (CTD), consisting mainly of two
coaxial cylindrical drift chambers, which have a length of
2.2 m and outer radii of 0.45 m and 0.84 m. The charged
particle momentum component transverse to the beam di-
rection is measured in these chambers by the track cur-
vature in the 1.15 T magnetic field generated by the su-
perconducting solenoid, with the field lines directed along
the beam axis. Two polygonal drift chambers with wires
perpendicular to the beam direction, which are located re-
spectively at the inner radii of the two chambers, are used
to improve the measurement of the particle polar angle.
The tracking system is complemented in the forward direc-
tion by a set of drift chambers with wires perpendicular to
the beam direction which allow particle detection for po-
lar angles 6 = 7°. Multiwire proportional chambers serve
for triggering purposes.

In the present analyses, two oppositely charged tracks
with transverse momenta p; larger than 0.1 GeV are re-
quired to be reconstructed in the CTD with polar angles in
the range 20° < 6 < 160° where the detection efficiency is
high. For each event, the vertex position in z is determined
using tracks reconstructed in the CTD. To suppress back-
ground from interactions of the beam with residual gas in
the beam pipe, the vertex must be reconstructed within
40 cm from the nominal interaction point corresponding
to 3.5 times the width of the vertex distribution.

For the study of elastic J/v¢ production to suppress
background from inelastic reactions no track, except a
possible track from the scattered positron, is allowed to
be present in addition to the tracks from the two decay
leptons. In the 1(25) analysis exactly two tracks, assumed
to be pions, with transverse momenta above 0.12 GeV and
opposite charge are required in addition to the two decay
leptons (an additional track from the scattered positron

! H1 uses a right handed coordinate system, the forward (+z)
direction, with respect to which polar angles are measured, is
defined as that of the incident proton beam, the backward
direction (—z) is that of the positron beam
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Table 1. Summary of selection criteria for the different data sets

I. Quasi-Elastic J/¢ CTD-CTD

40 < W < 160 GeV, 2 < Q? < 80 GeV?

Tracks Exactly 2 tracks in CTD?

Reconstructed event vertex with |zye —

Znom| < 40 cm

Opposite charges, 20° < 0 < 160°, p; > 0.1 GeV

Decay leptons

> 1 p identified in LAr Cal. (LAr) or Central Muon Detector (CMD) or
2 e identified in LAr Calorimeter

Forward untagged:

h
Other Forward tagged:

Ei?:,« <1 GeV and Nprr =0 and Nrpyp < 2

E% >1GeV or Npgrr > 0 or Npap > 2

II. Quasi-Elastic J/¢ FMD-CTD (FMD-FMD)

25 < W < 40 GeV, 2< Q? <6 GeV?

1 g in FMD and 1 g in CTD+LAr/CMD as in 1. or
Decay u 2 p in FMD

Opposite charges
Other No tracks except those associated with the decay muons *

II1. Quasi-elastic ¥(2S)

40 < W < 180 GeV, 1 < Q% < 80 GeV?

Exactly 4 tracks in CTD?®
Decay particles

Reconstructed event vertex with \zvtz — z,wm| < 40 cm

2 p identified in LAr or CMD or 2 e identified in LAr
Opposite charges of the two leptons and of the two additional tracks (pions)
20° < 6 < 160°, p; > 800 MeV (leptons), p; > 120 MeV (z+, n7)

IV. Inclusive and Inelastic J/

40 < W < 180 GeV, 2 < Q? < 80 GeV?

Tracks

Reconstructed event vertex with |zviz — Znom| < 40 cm

Decay leptons

2 p identified in LAr or CMD or 2 e identified in LAr
Opposite charges, 20° < 6 < 160° and p; > 800 MeV

Inelastic selection | Efywq > 5 GeV

General

Scattered et E. > 14 GeV identified in

SpaCal

Final state S(E —pz) > 45 GeV

@ Any additional track associated with the scattered e™ is not considered here

is allowed). In the study of inclusive J/¢ production no
requirement on the track multiplicity is imposed. An in-
elastic data set is defined by the additional requirement of
an energy deposition of E¢,qg > 5 GeV in the forward re-
gion of the liquid argon (LAr) calorimeter at polar angles
0 < 20°.

The J/¢ decay leptons are identified by the LAr
calorimeter surrounding the tracking detectors and sit-
uated inside the solenoid. The LAr calorimeter is seg-
mented into electromagnetic and hadronic sections and
covers the polar angular range 4° < 6 < 154° with full
azimuthal coverage. Muons which are identified as mini-
mum ionizing particles in the LAr calorimeter can in ad-
dition be identified by track segments reconstructed in
the instrumented iron return yoke (central muon detector
CMD, 4° < 0 < 171°) and in the forward muon detector

(FMD, 3° < 0 < 17°). The FMD provides track segments
in front of and behind a toroidal magnet with a field of
B = 15— 1.75T, thus allowing a determination of the
muon momentum with a precision of about 25%.

The lepton selection criteria vary for the different data
sets, depending on the amount of background. For the
quasi-elastic event selection, the identification of one
muon or two electrons is required. For the (2S5) and the
inclusive data sets two identified leptons with transverse
momenta p; > 0.8 GeV are required.

A dedicated analysis has been carried out to extend
the analysis of elastic J/¢ production towards small W
(25 < W < 40 GeV) using the FMD (“Low W analy-
sis”). Two data sets are selected. The events of the first
set which are required to have one decay muon in the
FMD and the other one in the CTD (FMD-CTD) are
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used for a cross section determination. In the second data
set both muons are measured in the FMD (FMD-FMD)
with an additional loose vertex requirement to suppress
muons originating from the proton beam halo. The lat-
ter set (20 < W < 35 GeV) serves as a control sample
for the FMD efficiency which was also determined from
a larger photoproduction J/1 sample. Due to statistical
limitations, the low W analysis is restricted to the low (2
(2 < Q% < 6 GeV?) region.

The triggers in all analyses require a total energy de-
position in the SpaCal above a threshold of 6 — 12 GeV.
The value of the threshold depends on the topology of
the energy deposition and on the presence of additional
requirements, such as signals from the central drift cham-
bers and/or the multiwire proportional chambers.

In order to minimise the effects of QED radiation in the
initial state, the difference between the total energy and
the total longitudinal momentum Y (E—p,) reconstructed
in the event is required to be larger than 45 GeV. If no
particle, in particular a radiated photon, has escaped de-
tection in the backward direction, the value of > (E —p,)
is twice the incident positron energy, i.e. 55 GeV.

Forward region. After requiring exactly two tracks cor-
responding to the J/i¢ decay leptons the event sample
includes two main contributions: elastic events and events
with proton dissociation. It is possible to identify most of
the proton dissociation events with the components of the
detector in the forward region, namely the forward part
of the LAr calorimeter, 4° < 6 < 10°, the forward muon
detector FMD and the proton remnant tagger (PRT, an
array of scintillators 24 m downstream of the interaction
point, 0.06° < 6 < 0.17°). When particles from the diffrac-
tively excited system interact with the material in the
beam pipe or with the collimators, the interaction prod-
ucts can be detected in these forward detectors. Events
are “tagged” as candidates for proton dissociation by the
presence of a cluster with energy E7 4, larger than 1 GeV
at an angle 8 < 10° in the LAr calorimeter, or by at
least 2 pairs of hits in the first three layers of the FMD
(Npmp > 2), or by at least one hit in the proton remnant
tagger (Npgpr > 0). The forward detectors are sensitive
to Mx = 1.6 GeV.

3.2 Kinematics

The kinematics for charmonium production is described
with the standard variables used for deep inelastic inter-
actions, namely the square of the ep centre of mass energy,
s=(p+k)?, Q? = —¢?> and W = (p+q)?, where k, p and q
are the four-momenta of the incident positron and proton
and of the virtual photon. In addition, the scaled energy
transfer y = p - q/p - k (energy fraction transferred from
the positron to the hadronic final state in the proton rest
frame) and the Bjorken variable x = Q?/2p - q are used.
Neglecting the positron and proton masses the following
relations hold: Q% = zys and W2 = ys — Q2.
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In the case of elastic J/1 and quasi-elastic 1(25) pro-
duction the kinematic variables are reconstructed with the
“double angle” method [31], where Q? and y are computed
using the polar angles 6 and v of the positron and of the
vector meson in the HERA laboratory frame of reference,
which are well measured:

siny(1 4 cos )

2 2
=4F
@ siny + sin @ — sin(y + 6)’

(2)
sin @(1 — cos~y)

sinvy + sin 6 — sin(y + 6)’ ®)
FEy denotes the energy of the incident positron. The mo-
mentum components of the J/¢ and the ¥ (2S) mesons
are obtained from their measured decay products.

Since the fractional energy loss of the proton is negligi-
ble, the absolute value of the four momentum transfer ¢ is
given to a good approximation by the following relation?:

|t| = (ﬁtp)Z = (ﬁte +ﬁtv)27 (4)

where pyp, pre and py, are, respectively, the momentum
components transverse to the beam direction of the final
state proton, positron® and vector meson. The resolution
obtained from the Monte Carlo simulation for the recon-
struction of W ranges from 4 to 9% depending on Q2. For
Q? it is about 2%, and for ¢t on average 0.10 GeVZ.

The variable > (E — p,) is computed as:

Z(E _pz) = (Ee + Ev) - (pze +pzu)7 (5)

FE. and FE, being the measured energies of the scattered
positron and of the vector meson, and p,. and p,, their
momentum components parallel to the beam direction.

For inclusive J/1 production, the “eX” method [32] is
used to reconstruct the event kinematics, which combines
the measurement of both the scattered positron and the
full hadronic final state to obtain good resolution over the
entire kinematic region. The variable Q2 is reconstructed
from the scattered positron. For the calculation of y and
the elasticity z = (py - p)/(¢q - p), where p, denotes the
J/v four-momentum, the observed final state is used in
addition. Thus

_ 2nedlEmps) o (Bopa)y
2(E —p:) > rad(E —p2)’

where the sums run over all particles observed in the fi-
nal state, but excluding the scattered positron in those
indicated by “had”. For the calculation of the sums in
equation (6) a combination of tracks reconstructed in the
CTD and cells in the LAr and SpaCal calorimeters is used.
The resolution is good (2 — 5%) for the variables Q?, piw
and y*, the rapidity of the J/1 in the v*p centre of mass
frame. For z (W) the resolution is 2% (3%) for z > 0.9
and on average 17% (9%) for z < 0.9.

(6)

z

2 The lowest [t| value kinematically allowed, tmin =~ (Q2 +
my)? mp /y°s”, is negligibly small
The momentum of the scattered positron is here computed
from Q? and y, which provides better precision than the direct
SpaCal energy measurement
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3.3 Monte Carlo simulations

To take account of detector acceptance and efficiencies,
smearing effects, losses due to the selection criteria, and re-
maining backgrounds, corrections are applied to the data
using Monte Carlo simulations. The H1 detector response
is simulated in detail, and the simulated events are passed
through the same reconstruction and analysis chain as the
data.

The correct description of the data by the simulation
has been checked extensively by independent measure-
ments and was adjusted where necessary. In particular,
the trigger efficiencies have been determined using inde-
pendent data sets, the efficiency of the central drift cham-
bers has been measured using cosmic ray muons, and the
lepton identification probabilities have been determined
using control samples in which the J/v is reconstructed
identifying only one or no lepton. Remaining differences
between data and simulation are used to estimate system-
atic uncertainties.

Typical efficiencies are: lepton identification ~ 80% per
lepton, track recomnstruction ~ 96% per track, and iden-
tification of the scattered positron 99%. The total trigger
efficiency is determined to be 97% on average.

The following event generators are used:

— The DIFFVM program [33] is based on the Vector
Meson Dominance Model and permits variation of the
Q2, W and t dependences, as well as a variation of the
value of R = o, /or. In addition to the elastic process,
vector meson production with proton dissociation is
simulated where the dependence of the cross section
on the mass Mx of the dissociated hadronic state X
is parameterized as 1/M%15. High mass states are as-
sumed to decay according to the Lund string model
[34]. In the resonance domain, the mass distribution is
modelled using measurements from target dissociation
on deuterium [35], and resonance decays are described
using their known branching ratios.

— EPJPSI [36] implements inelastic J/v production ac-
cording to the Colour Singlet Model taking into ac-
count relativistic corrections and parton showers.

— The LPAIR generator [37] simulates QED electron-
and muon-pair production, vy — ete”™ and vy —
™, where the photons originate from the positron
and proton respectively. Elastic and inelastic processes
are simulated.

Radiative corrections. The measured cross sections are
given in the QED Born approximation for electron inter-
actions. The effects of higher order processes — mainly
initial state radiation — are estimated using the HECTOR
program [38].

Radiative corrections for the double angle reconstruc-
tion (elastic J/v and quasi-elastic ¢(2S5) production) are
about 2 — 3%, and are weakly dependent on Q2 and W. A
systematic uncertainty of 3% is obtained by variation of
the Q2 and W dependences of the v*p cross section within
the uncertainties of the measurement. For the reconstruc-
tion of kinematics according to the e method (used in the

The H1 Collaboration: Charmonium production in deep inelastic scattering at HERA

Table 2. Slope parameters b of the elastic J/v¢ meson ¢ distri-
bution for different Q* and W domains

40 < W < 160 GeV
2 < Q? <8 GeV? 8 < Q% < 80 GeV?

b=44+04404GCGeV™2 b=254+0.6=+0.6GeV~?

2 < Q? <80 GeV?
40 < W < 100 GeV 100 < W < 160 GeV

b=4.0+04+04GCGeV™2 b=414+05+05 GeV 2

Table 3. Integrated cross sections for 40 < W < 180 GeV,
Q? < 80 GeV? and z > 0.2 in two kinematic regions, Q* >
2.0 GeV? and @Q? and piw > 4.0 GeV2. Results are given for
the inclusive selection and for two inelastic selections, Mx >
10 GeV and z < 0.9

olep—eJ/iy X) [nb]
D
ata set Q? > 2.0 GeV? Q2 p2, > 4.0 GeV?
Inclusive 1.304£0.06£0.24  0.50 =+ 0.04 %+ 0.09
Mx >10 GeV  0.514+0.04+0.09  0.17+0.02+0.03
2 <09 0.46+0.04+0.09  0.13+0.02 £ 0.02

inclusive J/1 analysis) the radiative corrections amount
to 6 — 8%, and again are only weakly dependent on Q2
and W.

4 Elastic J /1 production

The distributions of the invariant mass my; for the se-
lected events in the J/v region with two tracks in the
central region are presented in Fig. 2a and b, for the
putu~ and the et e~ decay channels, respectively (data set
CTD-CTD, I. in Table 1) . A clear signal is observed at
3.090+£0.005 GeV, compatible with the nominal J/1) mass
of 3.097 GeV [28]. The peak width is compatible with the
expectation obtained from the detector simulation. The
mass spectra for the events in the low W analysis where
one or both muons are reconstructed in the forward muon
detector (FMD) are shown in Fig. 3a and b (data sets
FMD-FMD and FMD-CTD, II. in Table 1).

For the events with two tracks in the central detector
the J/v signal region is defined by the condition |my —
my| < 250 MeV, where my, is the nominal J/¢ mass.
The non-resonant background under the J/1) peak is de-
termined by fitting the sidebands using an exponential
distribution and is found to be 12 4+ 3% on average. The
error includes the uncertainties of the resonance parame-
terization and of the background shape where the latter
was estimated using a power law as alternative. The non-
resonant background is mainly due to dilepton production
by two photons as simulated by the Monte Carlo genera-
tor LPAIR, but there is also a contribution from hadrons
misidentified as leptons. Some distributions for events in
the signal region are shown in Fig. 4 as well as the pre-
dictions from a diffractive simulation, DIFFVM. The dis-
tributions for the scattered positron and for the recon-
structed J/t¢ meson are reasonably well described by the
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Fig. 2a,b. Mass spectra for events of the quasi-elastic J/¢
selection: a u™ ™~ pairs, b ete™ pairs. Both particles are de-
tected in the central region. The full lines are the results of
a fit using a Gaussian distribution for the signal region (con-
voluted with an exponential tail to account for energy loss in
the case of di-electron decays) and an exponential distribution
for the non-resonant background. The mass spectra from two
photon processes (LPAIR simulation) are shown as hatched
histograms. Ny is the number of J/1) events obtained from the
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Fig. 3a,b. Mass spectra for events of the J/v selection in the
low W analysis: a 4™~ pairs for the FMD-FMD sample and
b for the FMD-CTD sample. The open histogram represents
the prediction of a Monte Carlo simulation including diffrac-
tively produced J/v mesons (DIFFVM) and muon pairs from
two photon processes (LPAIR) which are also shown separately
as hatched histograms

simulation. Remaining differences between data and sim-
ulation were checked to have a small impact on the results
and are accounted for by the systematic uncertainty.

The distribution of the quasi-elastic J/1 events from
the three data sets (CTD-CTD, FMD-CTD and FMD-
FMD) in the kinematic plane x versus Q? is displayed in
Fig. 5 before applying Q% and W cuts.

4.1 Cross sections as functions of W and Q2

In order to measure the elastic cross section, the quasi-
elastic data sample is divided into two non overlapping
classes, forward untagged and forward tagged (see Table 1,
I.), which are enriched in elastic and proton dissociation
processes, respectively. The data are binned in Q% and
W and the non-resonant background is determined and
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Fig. 4a—d. Control distributions for the quasi-elastic J/1 se-
lection (data set I. in Table 1). a Polar angle and b energy
of the scattered positron, ¢ polar angle and d momentum of
the reconstructed J/v candidates. The error bars on the data
points are statistical only. Results of a diffractive Monte Carlo
simulation (DIFFVM) normalised to the data are shown as
histograms
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Fig. 5. Distribution of quasi-elastic J/v¢ candidates in the
kinematic (z,@?) plane (data sets I. and II. in Table 1), be-
fore applying Q2 and W cuts. Lines of constant W, energy E.
and polar angle 6. of the scattered positron are shown and the
different analysis regions are indicated
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subtracted for each bin. The “true” numbers of elastic
and proton dissociative events N¢; and N,q are extracted
by unfolding them from the number of events with and
without a tag of the forward detectors (see Sect. 3.1). The
efficiencies for tagging and for non-tagging of elastic and
proton dissociative events are determined by studying the
response of the forward detectors and are incorporated in
the detector simulation. The tagging efficiency for proton
dissociative events with Mx =2 1.6 GeV is found to be
92% on average*. Note that in this procedure no assump-
tion is made for the absolute or relative cross sections of
the two processes.

A small correction (=~ 3%) due to the presence of spuri-
ous hits in the FMD which are not described by the Monte
Carlo simulation is applied. Further corrections account
for the contamination from decays of the (2S) meson
into a J/1 and undetected neutral particles (based on the
results of section 5) and for initial state radiation (sec-
tion 3.3). Using the integrated luminosity and the sum of
the branching fractions for the J/¢ meson to decay into
urp~ or eTe”, an integrated ep cross section is calculated
for each Q% and W bin.

In the Born approximation, the electroproduction
cross section is related to the y*p cross section by

d*c(ep — eJ /¢ p)
dy dQ?

=To(v'p— J/Up)
=Tor(y'p = J/Yp)(1+eR), (7)

where R = op/or, or and oy are the transverse and
longitudinal v*p cross sections. I" is the flux of transverse
virtual photons [39] and ¢ is the flux ratio of longitudinally
to transversely polarized photons, given by

LV )

Qem, 2
(14 (1 — ; E= ——F—.
(14 (- —

[=_-—<m_
2my Q2

Virtual photon-proton cross sections are computed using
equation (7) after integrating over the Q% and W bins used
in the analysis. The difference between o(v*p — J/¢p) =
or +eoy, and oot (Y*p — J/Up) = op + o, is negligible
here since () = 0.99.

For the analysis in which both tracks are detected in
the central detector the systematic uncertainties of the
cross sections are estimated to be 17% in total, and are
only slightly dependent on the kinematics. They consist
of uncertainties due to detector efficiencies and resolu-
tion (10%), uncertainties in the estimation of background
(11%, dominated by proton dissociation and ¥ (2S) de-
cays), radiative corrections and bin centre determination
(4%), the J/v decay branching ratio, and luminosity de-
termination (4%). Part of the systematic error (9%) af-
fects only the overall normalization. The uncertainty aris-
ing from the proton dissociation background is estimated
by varying the cuts to select proton dissociation events, by

4 The contribution of small masses Mx S 1.6 GeV, for
which the tagging efficiency is below 50%, amounts to about
15% of the proton dissociation cross section according to the
Monte Carlo simulation
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changing the M x dependence assumed in the Monte Carlo
simulation, and by changing the model used for the frag-
mentation of the system X. The uncertainty due to the
subtraction of non-resonant background is determined by
varying the assumed shape of the background and using
alternative methods for its determination, such as side-
band subtraction.

For the low W analysis (one muon in the FMD) a dif-
ferent procedure to extract the cross section was adopted
due to limited statistics. Since the contribution of hadrons
misidentified as muons is negligible here, the non-resonant
background is subtracted using the LPAIR Monte Carlo
simulation. Alternatively it is estimated from the side-
bands of the mass spectrum. The proton dissociation back-
ground is subtracted assuming the same fraction as deter-
mined in the CTD-CTD analysis; this assumption was ver-
ified by comparing the response of the forward detectors,
taking into account the effect of the forward going muon.
The efficiency of the FMD is determined using a sam-
ple of J/v photoproduction events and is cross checked
by the control sample with both muons in the FMD. On
average, the FMD efficiency is found to be ~ 81%. The
total systematic uncertainty of the cross section in the low
W analysis is 25%, dominated by the uncertainties in the
subtraction of non-resonant and proton dissociation back-
grounds and by the uncertainty of the FMD efficiency.

The v*p cross sections are shown in Fig. 6 and are
given in Table 4 as functions of W in three bins of Q?
(2 < Q?<6GeV? 6 < Q% < 18 GeV? and 18 < Q2 <
80 GeV?). Also shown are measurements of the ZEUS col-
laboration® at similar values of Q2. The cross sections of
the present analysis are quoted at values of W and Q? af-
ter applying bin centre corrections using the measured W
and Q? dependences. The W dependence, which in pQCD
based models is related to the = dependence of the gluon
density in the proton, is found to be similar to that ob-
tained in the photoproduction limit at HERA (also shown
in Fig. 6). When parameterized in the form W?, fits to H1
and ZEUS photoproduction data yield § = 0.77 + 0.18,
while the H1 data for Q? > 0 yield § = 0.84 & 0.20 at
Q? =35GeV? and § = 1.3+ 0.4 at Q2 = 10.1 GeV?,
where the errors include statistical and systematic uncer-
tainties. The fits are shown in Fig. 6.

In Fig. 6 also predictions of the model by Frankfurt et
al. [9] are included. Gluon densities from GRV(HO) [40]
and MRSR2 [41] are used at an effective scale depend-
ing on Q2 and on the separation of the quarks within the
J/1. The prediction using MRSR2 describes the slope of
the data well while the calculation using GRV(HO) is too
steep at low values of Q2. At small Q2, Q? 5 10 GeV?,
the absolute magnitudes of the predictions are very sen-
sitive to the input value for the charm quark mass (m. =
1.4 GeV was chosen here), as is indicated by the arrows
in Fig. 6: For Q% = 0 and W = 200 GeV, for example, a

5 In the present paper, we do not use fixed target data for
comparison because experimental conditions and methods are
different and lead to uncertainties in the comparison: for exam-
ple most experiments used heavy nuclei as targets and define
elastic processes differently



The H1 Collaboration: Charmonium production in deep inelastic scattering at HERA 383
Table 4. Cross sections for the elastic process v*p — J/v¢ p in bins of
W for three Q2 regions: 2 < Q? < 6 GeV?, 6 < Q% < 18 GeV? and
18 < Q% < 80 GeV?
Q% W interval (W) o(v*'p— J/¢p)
[GeV?] [GeV] [GeV] [nb]
25 - 40 32.0 11.7 =+ 3.2 (stat.) =+ 2.9 (syst.)
40 - 60 49.3 225 £4.0 + 3.6
35 60 - 80 69.5 26.3 £+ 3.9 + 4.2
’ 80 — 100 89.6 33.1 +5.1 + 5.2
100 - 120 109.6 30.7 +538 + 4.8
120 - 160 138.6 54.9 £+ 8.9 + 8.8
40 - 80 57.5 54 +1.3 + 0.9
10.1 80 — 120 98.4 10.3 £22 + 1.7
120 - 160 138.6 178 +£4.2 + 3.1
33.6 40 -~ 160 844 134 4037 +0.24
£ S GRV(HO) (FKS) ‘8 W = 90 GeV |
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Fig. 6. Cross sections for elastic J/v production as a function
of W at different values of Q2, measured at HERA in this and
other analyses [2-5]. Data for Q% > 0 have been scaled by fac-
tors 5, 50 and 100 as indicated. The inner error bars on the
points from this analysis indicate the statistical errors, while
the outer bars show the statistical and systematic uncertain-
ties added in quadrature. The dash-dotted lines are the results
of fits of the form W?® to the data for each Q2. For Q% > 0 the
fits are for H1 data only. The full and dashed lines are results
of calculations from Frankfurt et al. [9] using different param-
eterizations of the proton gluon densities. The small arrows at
W = 200 GeV indicate the sensitivity of this prediction to a
change of the charm quark mass from 1.4 GeV to 1.5 GeV

change from m, = 1.4 GeV to m. = 1.5 GeV reduces the
prediction by more than 40%.

The Q? dependence of the cross section for W=90 GeV
(40 < W < 160 GeV) is shown in Fig. 7 and given in
Table 5. It is well described by a fit oc (Q* +m?,)™" with

1 10

Q% [GeV’]
Fig. 7. The cross section for elastic J/v production at W =
90 GeV as a function of Q2. The inner error bars on the points
from this analysis indicate the statistical errors, while the outer
bars show the statistical and systematic uncertainties added
in quadrature. Also shown are previous measurements in pho-
toproduction (indicated by Q% = 0) [4,5] and deep inelastic
scattering [2,3]. The full line is a fit of the form (Q* +m3,) ™",
yielding the result n = 2.38 £ 0.11. The dashed line is the
prediction of Frankfurt et al. [9] using the MRSR2 [41] gluon
density

n = 2.38 £ 0.11. In order to study a possible change in
the observed Q? dependence, which may be an indication
for the importance of non-perturbative effects, the fits are
repeated in two Q? regions leading to n = 2.12 4 0.20 for
Q? <12 GeV? and n = 2.97+0.51 for Q% > 12 GeVZ. The
errors contain statistical and systematic uncertainties. In
Fig. 7 the model of Frankfurt et al. with the MRSR2 gluon
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Table 5. Q2 dependence of the elastic cross section o(y*p —

J/v p)

Q? interval  (Q%)  o(v*p — J/vp) (W =90 GeV)
[GeV?] [GeV?] [nb]
2.0 - 3.2 2.6 319 + 2.5 (stat.) =+ 5.1 (syst.)
32 - 5.0 4.1 26.8 £ 2.4 + 4.2
5.0 — 8.0 6.4 172 £ 1.7 + 3.0
8.0 — 12.7 10.1 115 +£1.3 + 2.0
12.7 — 20.1 16.0 6.4 £1.0 +1.1
20.1 - 31.8 25.0 2.20 £ 0.55 + 0.38
31.8 — 80.0 50.0 0.57 £ 0.20 £ 0.10

distribution which was seen to give a good description of
the W dependence (Fig. 6) is also compared to the data.
The @Q? dependence is reasonably well described by the
prediction.

4.2 t distribution and elastic slope parameter

The elastic slope parameter b is determined assuming that
the t dependence of the elastic J/v cross section can be pa-
rameterized by a single exponential distribution e*. Three
contributions are fitted to the forward untagged J/1 sam-
ple, corrected for acceptance, losses and smearing effects.
These are:

— One exponential distribution e’ with a slope b as free
parameter describing elastic J/¢ production.

— The non-resonant background is described by the sum
of two exponential distributions contributing in total
12%. The t-slopes of the non-resonant background are
determined using the sidebands of the J/v mass dis-
tribution. The background fraction depends strongly
on t. For the estimation of the systematic uncertainty,
the total amount is varied within the range 5 — 16%.

— The proton dissociation background is described by
one exponential with a slope parameter 1.4 GeV 2.
This is compatible with studies of the forward tagged
data set taking into account non-resonant background.
The total contribution is fixed to 13% and is varied
between 5% and 28% to estimate the systematic er-
ror, while the slope was varied between 0.8 GeV 2 and
2.0 GeV 2.

No correction for background from (25) decays is ap-
plied since the total contribution is small at low Q2%. The
result of the fit which is carried out up to [t| = 1.2 GeV?
is shown in Fig. 8 (x2/NDF = 1.6/4). The elastic slope
parameter is

b=4.1=+0.3 (stat.) & 0.4 (syst.) GeV 2 9)

for mean values (W) = 96 GeV and (Q?) = 8 GeV?. The
systematic uncertainty was estimated by varying the fit
range by +0.4 GeV? and by varying the background con-
tributions and the corresponding slopes within the ranges
given above.

The H1 Collaboration: Charmonium production in deep inelastic scattering at HERA

T10*F ‘ | -
> o 2<Q*<80GeV ]
[ 40 < W< 160 GeV 1
° e H1 data
\ N
% - Fit
3
107 — elastic fraction
-------- p diss. fraction ]
----- non—res. fraction |
102 b E
b =4.1+0.3+ 0.4 GeV?
\ N B R Ly
1.5 2

0 0.5 1
It [GeV?]

Fig. 8. |t| distribution for the forward untagged J/+¢ sam-
ple, corrected for acceptance, losses and smearing effects. The
dashed line is the result of a fit taking the background con-
tributions into account as described in the text. The full line
corresponds to the elastic contribution assuming an exponen-
tial distribution. The contributions from proton dissociation
and non-resonant background are shown separately. The error
bars on the data points are statistical only

This result for b is compatible with the values obtained
by H1 [4] and ZEUS [5] for elastic J/1 photoproduction
at similar values of W: b = 4.4 + 0.3 GeV~2 (H1) and
b=4.6+0.6 GeV~? (ZEUS), as well as the ZEUS mea-
surement [3] of b = 5.14£1.3 GeV 2 for 2 < Q? < 40 GeV?
and 55 < W < 125 GeV.

In order to study a possible Q2 or W dependence of
the slope parameter, the data sample was divided in two
bins in Q% and W, respectively, and the fitting procedure
was repeated. With the present statistics no significant de-
pendence of the b-parameter on W is found (see Table 2);
there is however an indication for a decrease of b with Q2.

4.3 Decay angular distributions
for quasi-elastic J/v production

In order to investigate the helicity structure of J/% meson
production [42] the angular distributions of the decay lep-
tons in the helicity frame are used. In this frame, the J/¢
direction in the v*p centre of mass system serves as the
quantisation axis. Three angles are defined: the polar (6*)
and azimuthal () angles of the positive decay lepton in
the J/ rest frame. The third angle is the angle ¢ between
the normals to the J/v production plane (defined by the
J/1 and the scattered proton) and the electron scattering
plane in the v*p centre of mass system.
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Fig. 9a—d. Angular distributions for the positive J/¢ decay
lepton in quasi-elastic production processes e+p — e+J/¢+X
with 40 < W < 160 GeV. a cosf* for 2 < Q% < 8 GeV?
and b for 8 < Q% < 80 GeV?; ¢ and d the polarization angle
¥ in the same Q? regions. The inner error bars indicate the
statistical errors, while the outer bars show the statistical and
systematic uncertainties added in quadrature. The lines are fits
to the data as described in the text

The one-dimensional distributions in cosf* and the
polarization angle ¥ = ¢ — ¢ are extracted. If the helicity
of the virtual photon is retained by the J/i) meson (s-
channel helicity conservation hypothesis, SCHC), the full
angular distribution is a function of cos#* and ¥ only.

The acceptance corrected cosf* and ¥ distributions
are shown in Fig. 9. Both the forward tagged and un-
tagged event samples are used, since the helicity structure
is expected to be independent of whether the proton dis-
sociates or not, a hypothesis supported by the data. The
cos 0* distribution is related to the spin density matrix
element 74, the probability of the J/1) meson to be lon-
gitudinally polarized, according to

do

Tooogs 1700+ (1= 3r() cos® 0.

(10)

A x? fit to the data shown in Figs. 9a and b yields, for an
average (W) = 96 GeV:

(Q%) =4 GeV?, (11
Q% =16 GeV?. (12)

rog = 0.154+0.11  for

r9s =048 +0.15  for

The ¥ distribution is related to the spin density matrix
element r{_;:

d
7 x1- er]_y cos2W.

1 (13)
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A fit to the data shown in Figs. 9c and d yields

ri_; = 0.50+0.08  for
ri_, =0.39+0.13  for

(Q%) =4 GeV?, (14)
(Q?) =16 GeV?. (15)

In the case of s-channel helicity conservation and nat-
ural parity exchange (NPE) the matrix elements rj3 and
ri_, are related by r{_; = %(1 —708). Using this relation
and the measured values for rJ3, one obtains values for
ri_, which agree to within one standard deviation with
those obtained from the ¥ angular distributions, thus sup-
porting the SCHC and NPE hypotheses.

Under the assumption of SCHC the measurement of
the 793 matrix element can be used for the determination
of R, the ratio of the longitudinal to the transverse cross
section:

Rziz

gy, 1 7‘83‘ (16)
orT g

Using this relationship and the cos8* distribution R is
determined in two Q? regions:

R =018 for

R=094%075  for

(@) =4 GeV? and (17)
(Q?) = 16 GeV? (18)

with (W) = 96 GeV. A measurement of R = 0.417035

by the ZEUS experiment [3] at (Q?) = 5.9 GeV? and
(W) = 97 GeV is compatible with these values. Taking
into account the photoproduction measurements of R =
0.17 £ 0.14 [4] and R = —0.01 £ 0.09 [5], which are com-
patible with the expectation R = 0 for Q% = 0, a rise of
R with increasing Q? is suggested by the data.

The measured values of the R parameter are signifi-
cantly smaller for J/1 than for elastic p meson production
at HERA [2,3,43] at similar Q?; but they are of the same
order if compared at the same value of Q*/m3,, where my
is the mass of the p or the J/1.

5 Quasi-elastic ¢(2S) production

For the selection of ¢)(2.5) mesons the decay channel ¢(25)
— J/Yptr™, where the J/1 decays either in two elec-
trons or two muons, is used. In this case no separation
between elastic and proton dissociation is attempted due
to limited statistics. The goal is to derive the ratio of cross
sections for J /v and ¥(2S) production as a function of Q2.
The lower Q? cut is reduced to 1 GeV? since the Q? de-
pendent acceptance corrections cancel almost completely
in the cross section ratio.

The signals in the quasi-elastic 1(25) selection are dis-
played in Fig. 10. For the determination of the ¥(25) to
J/1 ratio the non-resonant background is subtracted us-
ing the sidebands of the di-lepton mass spectrum in the
case of the J/¢ meson and using the sidebands of the
Am = my(as) — my distribution for the 1(25) meson.

The data are divided in three Q2 bins: 1 < Q2 < 5 GeV?,
5 < Q% < 12 GeV? and 12 < Q? < 80 GeVZ. The cross
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b Am = my2g) — my for the ¢(2S5) candidate events, i.e. for
events with |my —m.y| < 300 MeV. The DIFFVM Monte Carlo
simulations for the signals are shown for comparison
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Fig. 11. Ratio of cross sections for the quasi-elastic produc-
tion of 1(2S) and J/v) mesons as a function of Q* for this
analysis and for the H1 photoproduction measurement [44],
corrected for the most recent branching fraction BR(¢(2S) —
J/YprTrT) =30.2+1.9% [28]. The inner error bars on the H1
points from this analysis indicate the statistical uncertainty,
while the outer bars show the statistical and systematic uncer-
tainties added in quadrature. The prediction from [11] based
on colour dipole phenomenology is also displayed

section ratio is shown in Fig. 11. The systematic uncer-
tainty of the ratio amounts to 16% in total and is dom-
inated by the contribution from the track reconstruction
efficiency for the low momentum 77~ pair.

The measurement at low Q2 agrees well with the H1
photoproduction measurement [44]. An indication of a rise
with Q2 at the level of two standard deviations is observed
which is also predicted in models by Frankfurt et al. [§]
and Nemchik et al. [11]. In [8] an asymptotic value of
0y (25)/ 0y = 0.5 is expected for Q% > m3,.
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6 Inclusive and inelastic J /v production

Inclusive J/1 production is studied in the kinematic range
2 < Q% < 80 GeV? and 40 < W < 180 GeV covering
0.2 < z $ 1.0 for the muonic decay of the J/v, while for
the decay to electrons z > 0.5 is required. The restricted
z region for J/¢ — eTe™ is due to the smaller acceptance
for electrons and larger background at low z values. The
elasticity z (defined in Sect. 3.2) denotes the ratio of ener-
gies of the J/v and of the exchanged photon in the proton
rest frame. Two sets of differential cross sections are de-
termined. First an inclusive cross section is derived where
in the given kinematic region all J/¢ mesons are selected
irrespective of the production mechanism, thus including
inelastic and elastic contributions. The inclusive cross sec-
tions are compared to the predictions of the Soft Colour
Interaction Model [20]. A second set of differential cross
sections is derived for inelastic J/¢ production which can
be compared to the predictions within the NRQCD fac-
torization approach [19] containing colour octet contribu-
tions.

An “inelastic” production process can be defined ex-
perimentally in several ways. In previous photoproduction
analyses [4,14] cuts in the variable z, e.g. z S 0.9, were
used to suppress elastic and proton dissociative events.
In the present analysis a different approach is chosen be-
cause colour octet contributions are, in leading order in
g, predominantly expected at large z. This is because
the cé pair can be produced with no other particles in the
final state, i.e. z ~ 1 (see Fig. le). Its non-perturbative
evolution into the J/v meson reduces the value of z only
slightly, and applying a z cut as done previously would
reduce the expected colour octet contributions together
with the quasi-elastic ones by an unknown amount. In the
present analysis a cross section is determined suppress-
ing contributions of low mass Mx following a suggestion
of [19]. This suppression of low masses is achieved indi-
rectly by requiring a minimal calorimetric energy in the
forward region of the detector. This requirement selects
high masses and suppresses elastic and proton dissociative
events characterised by small Mx corresponding to small
energy deposits in the forward direction. Colour octet con-
tributions are expected to have Mx 2 15 GeV [19] and
are retained.

6.1 Data analysis

The selection criteria as described in Table 1 are used. The
di-lepton mass spectra of the selected events are shown in
Fig. 12 separately for 0.2 < z < 0.6 and 0.6 < z 5 1,
both for the inclusive and the inelastic selection (E fwd >
5 GeV). Since the non-resonant background increases with
decreasing z the background fraction is determined from
the mass spectra in bins of z by fitting the signal and
background as in section 4. For the determination of the
differential cross sections a correction is applied according
to the z values of the events.

Acceptance and efficiencies are determined using a sim-
ulation tailored to describe the data, which consists of a
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Fig. 12a,b. Di-lepton mass spectra for events of the inclusive
(points) and inelastic (histogram) J/1 selection: a 0.2 < z <
0.6, b 0.6 < z $ 1. The curves are the results of fits of Gaussian
distributions for the signal (convoluted with an exponential tail
to account for energy loss in the case of di-electron decays) and
an exponential distribution for the non-resonant background
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Fig. 13a—f. Comparison between data and Monte Carlo sim-
ulations for inclusive J/¢ production after all selection cuts
in Table 1 and after background subtraction. Shown are dis-
tributions of a Q%, b W, c the square of the J/i¢ trans-
verse momentum in the laboratory frame pf’w, d the elastic-
ity z, e the energy Ef,q deposited in the LAr calorimeter
for # < 20°, and f the energy Econe in a cone with radius
R = /(An)2 4+ (A¢)? = 1 (n = —Intan(f/2)) around the
J/4 direction of flight. The results of the combined Monte
Carlo simulation (DIFFVM and EPJPSI, full lines) and of the
DIFFVM simulation only (dashed lines) are shown. The error
bars on the data points are statistical only
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Fig. 14. Distribution of simulated J/v events as a function
of the generated value of the mass Mx. The mixed Monte
Carlo sample (DIFFVM and EPJPSI) is shown before (full
histogram) and after (dashed histogram) applying the cut
E¢wa > 5 GeV. The diffractive contribution as simulated by
DIFFVM before the cut is also shown (dotted histogram)
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Fig. 15a—e. Differential cross sections for the inclusive (open
points) and inelastic (Mx > 10 GeV, black points) ep —
e J/1 X process. a do/dQ*, b do/dpfw (see also footnote
8 concerning the theoretical prediction), ¢ do/dz, d do/dy*
and e) do/dW. The kinematic region is 2 < Q% < 80 GeV?,
40 < W < 180 GeV and z > 0.2. The inner error bars are
statistical, the outer error bars contain statistical and system-
atic uncertainties added in quadrature. The dotted histogram
gives the prediction from the SCI model in AROMA 2.2 [21,
45] for inclusive J/¢ production. The curves are predictions
for inelastic J/4 production within the NRQCD factorization
approach [19] for the colour singlet contribution (dashed line)
and the sum of singlet and octet contributions (full line)
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mix of diffractive events generated by DIFFVM [33] and of
inelastic events generated by EPJPSI [36]. The diffractive
events are composed of elastic and proton dissociative con-
tributions in a ratio consistent with the signals observed
in the forward detectors (compare Sect. 4). EPJPSI gen-
erates events according to the Colour Singlet Model. Both
models were previously shown to describe quasi-elastic
and inelastic data respectively (see for example [4]). Con-
tributions from other processes such as b-decays or the
hadronic component of the photon are expected to con-
tribute only for z < 0.4 and are estimated to be negligible.

The EPJPSI contribution is normalized to the data in
the interval 0.4 < z < 0.8 and the DIFFVM contribution
is added to describe the data in the region z > 0.95 (com-
pare also Fig. 13d). Numerous checks were carried out to
ensure that all important aspects of the data are well de-
scribed by this mix. Comparisons between the data and
the Monte Carlo simulation are shown in Fig. 13.

The systematic errors in this analysis are typically
18% and are dominated by uncertainties in the accep-
tance corrections, mainly due to the model uncertainty
of the Monte Carlo description, the subtraction of non-
resonant background, and reconstruction efficiencies. The
largest systematic uncertainty (up to 32%) is found for
large z and small pfﬂp values.

In a second step inelastic cross sections are determined
for events with a large energy deposition in the forward
region of the LAr calorimeter, namely Eyt,q > 5 GeV
for polar angles § < 20°. This requirement is an indi-
rect cut on the mass of the hadronic system X. Its ef-
fect can be seen for simulated events in Fig. 14 where
the My distribution is shown for the mixed simulation
(EPJPSI+DIFFVM) and for the fraction of the diffractive
simulation (DIFFVM) separately. The latter dominates at
low values of Mx and is suppressed efficiently by the cut
on Ef,q. The differential cross sections for Mx > 10 GeV
are thus determined by applying the cut Ey,q > 5 GeV
and then correcting to Mx > 10 GeV using the Monte
Carlo simulation.

6.2 Differential cross sections

Inclusive cross sections and soft colour interactions.

Differential ep cross sections for inclusive J/1 production
are given in Table 6 and shown in Fig. 15 (open points)
as functions of Q?, piw, z, y* (the rapidity of the J/¢
in the v*p centre of mass system) and W. The prediction
of the Soft Colour Interaction Model (dotted histogram
in Fig. 15) which is computed using a modified version
of AROMA [21,45]%, is compared to the data. Although
the model gives a reasonable description of the shapes of
several distributions, there are major discrepancies in the
z distribution and in the absolute values of the measured
and predicted cross sections. For small z, the SCI model

6 The following parameters are used in addition to standard
settings: charm mass m. = 1.4 GeV, GRV(HO) parton densi-
ties and R = 0.5, where R parameterizes the probability of a
colour exchange between partons
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as implemented in AROMA is expected to fall below the
data due to the missing hard contributions of the Colour
Singlet Model which should also be taken into account
[45]. At large z the AROMA SCI prediction is below the
measured cross section by approximately a factor of four.

Inelastic cross sections and NRQCD factorization ap-
proach. The differential cross sections for inelastic J/1
production, that is for Mx > 10 GeV, are also displayed
in Fig. 15 (full points). In comparison with the inclusive
cross sections the effect of requiring a high mass is most
significant in the shapes of the distributions of z and y*.

The results of the calculations by Fleming and Mehen
[19] who applied the NRQCD factorization approach to
electroproduction of J/v¢ mesons are shown in Fig. 15 for
comparison. The predicted cross sections include the con-
tributions from the colour octet states 3Py, 1Sy which are
of order O(ay) and the colour singlet state 3S; (of or-
der O(a?))”. The sum of these contributions shown in
Fig. 15 is computed using GRV(LO) [40] parton densities;
the colour singlet contribution is also shown separately.
Note that these predictions are for c¢ pairs from the hard
subprocess and do not include any hadronisation effects.
The hadronisation of the colour octet ¢ pairs into a colour
singlet J/1 is believed to proceed via emission of soft glu-
ons®.

The colour octet contribution dominates the cross sec-
tion for all Q? (Fig. 15a). The colour singlet contribution
(dashed curves in Fig. 15) is seen to fall below the data by
factors 2 — 3 while the prediction for the sum (full curves
in Fig. 15) is overall too large in absolute magnitude by
up to a factor 3. The shapes of the data distributions are
not well reproduced by the calculation: the predicted Q>
and pf_’w distributions are steeper than the data and the y*
distribution increases towards larger values of y* instead
of falling. The W distribution agrees in shape but over-
shoots the data. The full prediction of the z distribution is
at present not calculable [19] and is therefore not shown.

The observed differences in magnitude between the
predicted and measured cross sections probably call for
an overall adjustment of the fitted transition matrix el-
ements while the shapes may be influenced by a rela-
tive adjustment of the individual contributions. There is
a hint that these differences increase towards low Q? (see
Fig. 15a, full points and full curve). The theoretical pre-
dictions are also expected to be more precise for larger Q>
and pfﬂ/) [19]. Therefore the comparison was repeated for

T Spectroscopic notation is used: 2*'L; where S, L and J
denote spin, orbital and total angular momentum of the c¢ sys-
tem that is produced in the hard process. The following values
for non-perturbative long range transition matrix elements are

used: (O} (381)) = 1.1 GeV®, (0¥ (*S0)) = 0.01 GeV?, and

(O(JS/)w(SPo»/mz = 0.005 GeV®. The octet matrix elements

(Og;p) were estimated from fits to the CDF data performed
in [46] while the singlet matrix element is calculated from the
measured electronic decay width of the J/¢

8 The sharp edge observed in Fig. 15b in the theoretical pf’w

curve is a consequence of the missing hadronisation
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Table 6. Inclusive and inelastic (Mx > 10 GeV) differential cross sections for the process
ep — eJ/4 X in the kinematic region 2 < Q% < 80 GeV?, 40 < W < 180 GeV and z > 0.2

Q* do(ep — eJ/¥X)/dQ>  [pb/GeV?]
[GeV?) inclusive Mx > 10 GeV
2.8 269 £ 16 (stat.) =+ 43 (syst.) 95.5 + 8.8 (stat.) £ 15.3 (syst.)
5.0 127 =+ 8 + 20 444 £+ 43 + 7.1
9.1 395 £32 + 6.3 16.4 =+ 2.0 + 2.6
17.1 12.0 +£1.3 + 1.9 4.5 =£0.7 + 0.7
31.1 228 £0.40 + 0.36 1.69 =+ 0.37 + 0.27
54.5 0.35 +£0.12 + 0.06 0.25 £0.11 + 0.04
Piy do(ep — eJ/pX)/dpi,  [pb/GeV?]
[GeV?) inclusive Mx > 10 GeV
1.4 177 £+ 20 (stat.) =+ 44 (syst.) 73.7 =+ 11.6 (stat.) =+ 18.4 (syst.)
2.6 180 + 14 + 29 514 £ 7.0 + 8.2
4.8 114 + 8 + 18 30.5 £ 3.8 +49
8.6 434 £ 3.5 + 6.9 16.7 =+ 21 + 2.7
15.5 115 +1.2 + 1.8 5.0 +£0.7 + 0.8
27.0 2.14 £ 0.35 + 0.34 1.28 =+ 0.27 + 0.20
; do(ep = eJ/9pX)/d = [pb]
inclusive Mx > 10 GeV
0.275 690 £ 240 (stat.) =+ 110 (syst.) 660 £ 230 (stat.) £ 110 (syst.)
0.425 460 £+ 110 + 70 420 £+ 130 + 70
0.575 590 £ 80 + 110 550 £ 80 + 100
0.725 590 £ 80 + 160 470 £ 70 + 130
0.850 950 £ 150 + 310 730 £ 130 + 240
0.950 8350 £ 390 £ 2000 1170 £ 110 + 280
. do(ep = eJ/pX)/dy"  [pb]
inclusive Mx > 10 GeV
1.77 73 £ 25 (stat.) + 17 (syst.) 71 £ 24 (stat.) + 16 (syst.)
2.24 396 £ 38 + 91 277 £ 31 + 64
2.68 737 £ 53 + 133 343 £ 35 + 62
3.00 746 £ 51 + 134 244 £ 28 + 44
3.32 702 +£49 + 126 191 £ 25 + 34
3.74 568 £ 62 + 102 115 £ 23 + 21
W do(ep — eJ/9YX)/dW [pb/GeV]
[GeV] inclusive Mx > 10 GeV
50 11.1 £+ 1.1 (stat.) =+ 2.0 (syst.) 4.3 £ 0.8 (stat.) =+ 0.8 (syst.)
70 10.0 =+ 0.8 + 1.8 34 +£04 + 0.6
90 94 +£0.7 + 1.7 39 +£04 + 0.7
110 9.1 +£0.7 + 1.6 33 £04 + 0.6
130 8.0 =£038 +14 34 =+£05 + 0.6
150 90 =£11 + 1.6 40 =£0.6 + 0.7
170 85 =£1.6 + 1.5 3.2 +£038 + 0.6

2 > 4 GeV? and pfﬁ > 4 GeV? (see Table 7), but no
significant change in the conclusions was found.

6.3 Integrated cross sections
and comparison with photoproduction

In Table 3 the integrated cross sections for e +p — e +
J/¢ + X in the kinematic region 2 < Q% < 80 GeV?,

40 < W < 180 GeV and z > 0.2 are summarised. They are
given for the inclusive selection, for the inelastic selection
corresponding to Mx > 10 GeV, and for z < 0.9 as in
previous photoproduction analyses [4,14]. In addition, the
cross sections after imposing the additional cuts Q% >
4.0 GeV? and pf,w > 4.0 GeV? are provided.

The total cross section for v*p — J/1 X is computed
according to equation (7) as a function of the v*p centre of
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Table 7. Inclusive and inelastic (Mx > 10 GeV) differential cross sections for the process
ep — e J/1 X in the kinematic region 4 < Q2 < 80 GeV?, pfyw >4 GeV2 40 < W <
180 GeV and z > 0.2

do(ep = eJ/9X)/d = [pb]

inclusive Mx > 10 GeV
0.275 110 =+ 80 (stat.) =4 20 (syst.) 110 =+ 80 (stat.) + 20 (syst.)
0.425 210 +£80 + 30 190 £ 70 + 30
0.575 180 +£50 + 30 160 £ 50 + 30
0.725 220 +£50 + 60 200 +£50 £ 50
0.850 250 £ 70 + 80 190 £ 70 =+ 60
0.950 3750 £ 240 + 900 530 £ 70 + 130
y* do(ep = eJ/¢pX)/dy"  [pb]
inclusive Mx > 10 GeV
1.77 15 £ 10 (stat.) £ 3 (syst.) 15 =+ 10 (stat.) + 3 (syst.)
2.24 155 £ 22 + 36 95 17 + 22
2.68 328 £33 + 59 126 £ 20 + 23
3.00 317 £ 32 + 57 80 15 + 14
3.32 309 £ 34 + 56 66 + 14 + 12
3.74 169 £ 35 + 30 31 +£13 +6
%% do(ep — eJ/pX)/dW [pb/GeV]
[GeV] inclusive Mx > 10 GeV
50 3.8 =+ 0.6 (stat.) =+ 0.7 (syst.) 1.32 £ 0.42 (stat.) =+ 0.24 (syst.)
70 42 £0.5 + 0.8 1.12 £+ 0.25 + 0.20
90 39 +£04 + 0.7 132 +0.23 + 0.24
110 41 £05 + 0.7 1.30 +0.24 + 0.23
130 32 +£05 + 0.6 1.12 £ 0.25 + 0.20
150 3.5 £06 + 0.6 1.63 =+ 0.35 + 0.29
170 21 =£06 + 04 0.80 =+ 0.33 + 0.14

Table 8. W dependence of the inclusive and the inelastic (z < 0.9) cross sections
o(y*p — J/¥ X) in the kinematic region 2 < Q* < 80 GeV?, 40 < W < 180 GeV and

z> 0.2
w o(y'p— J/YX)  [nb]
[GeV] inclusive z<0.9
50 33.0 =+ 3.2 (stat.) =+ 5.9 (syst.) 16.0 =+ 3.2 (stat.) =+ 2.9 (syst.)
70 43.1 =+ 3.3 + 7.8 129 £+ 19 + 2.3
90 53.8 £4.0 + 9.7 177 +23 + 3.2
110 66.3 £ 5.2 + 119 221 £ 3.1 + 4.0
130 728 £ 7.1 + 13.1 28.0 =£4.5 + 5.0
150 101 £ 12 + 18 336 =£6.0 + 6.0
170 115 =+ 22 + 21 279 £72 + 5.0

mass energy W at (Q?) = 9 GeV? and is given in Fig. 16
and Table 8. The cross section is determined for the inclu-
sive data 0.2 < z $ 1 and, in view of a comparison with
photoproduction, also for an inelastic selection using a cut
2z < 0.9 2. The W dependence is seen to be very similar
to that in the photoproduction data [4,14] also shown in
Fig. 16. The W dependence, parameterized as W?, yields

9 The photoproduction data are given for 0 < z < 0.9. This
was achieved by an extrapolation to z = 0 assuming contribu-
tions from photon gluon fusion only. This contribution at small
z is however negligible in the comparison

6 = 0.95+0.11 for the inclusive data and 6 = 0.8940.20 for
the data with z < 0.9. The photoproduction data, includ-
ing H1 and ZEUS, are described by 6 = 0.91 £ 0.26. The
errors include statistical and systematic uncertainties.

6.4 Decay angular distributions

Measuring the polarization of the J/1 is thought to be
a way of distinguishing the various contributions to .J/1
production. The polar (8*) decay angular distributions in
the helicity frame are shown in Fig. 17 for the fully in-
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Fig. 16. Total cross sections for v* p — J/1 X from this anal-
ysis at (Q?) = 9 GeV?. The inclusive cross section (0.2 <
z 5 1.0) is shown as a function of W (multiplied by a factor
1.5 for clarity), as well as the cross section for 0.2 < z < 0.9.
Photoproduction data [4,14] with similar cuts in z are included
for comparison. The inner error bars on the points from this
analysis indicate the statistical uncertainty, while the outer
bars show the statistical and systematic uncertainties added
in quadrature

clusive case and for the inelastic selection Mx > 10 GeV,
in the kinematic region 2 < Q2 < 80 GeV?, 40 < W <
180 GeV and z > 0.2.

The cos 8* distribution is predicted to have the form

do

2 n*
7dcoso*o<1+acos 0*.

(19)

For J/v production via the colour singlet mechanism
a = 0.5 is expected for the kinematic range studied here
[47]. If colour octet contributions are present, |a| S 0.5
is expected, where a can be negative, zero or positive de-
pending on which intermediate cc state dominates the pro-
duction [19].

The data yield values of a = 0,54458:32

clusive case and a = 0.7770 3% for the inelastic selection

(Mx > 10 GeV), including statistical and systematic un-
certainties. The uncertainties are too large to draw definite
conclusions.

for the in-

7 Summary and conclusions

Measurements of elastic J/i production in deep inelas-
tic scattering (DIS) with 25 < W < 160 GeV and 2 <
Q? < 80 GeV? have been presented. They are more pre-
cise and cover a larger kinematic range than previous
analyses at HERA. The dependence of the cross section
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Fig. 17. Differential cross sections do/dcos@* for ep —
e J/¢ X in the kinematic region 2 < Q? < 80 GeV?, 40 <
W < 180 GeV and z > 0.2. The inclusive cross section and the
inelastic cross section (Mx > 10 GeV) are shown. The inner
error bars indicate the statistical uncertainty, while the outer
bars include the statistical and systematic uncertainties added
in quadrature. The lines are fits to the form ~ 1 + o cos® 8*

a(y*p — J/1¢ p) on W is found to be proportional to W?°
with 0 ~ 1, as was also observed in photoproduction. The
Q* dependence is measured to be oc 1/(Q +m7,)" with

n = 2.38 4+ 0.11. Both the W and Q? dependence are well
described by a model based on perturbative QCD.

Assuming that the ¢ dependence of elastic J/v produc-
tion can be described by one exponential distribution, the
slope parameter is determined to be b = 4.1+0.3 (stat.) £
0.4 (syst.) GeV ™2, compatible with the value found in pho-
toproduction. The helicity structure of quasi-elastic J/v
production in DIS has been investigated and no evidence
is found for a violation of s-channel helicity conserva-
tion. Assuming SCHC the ratio R of the longitudinal to
the transverse cross section has been determined using
the cos#* distribution in two Q2 regimes; the result is
R = 0.18701% for (Q?) = 4 GeV? and R = 0.947073 for
Q%) =16 GeV?, suggesting a rise with Q2.

The first evidence from HERA for quasi-elastic pro-
duction of 1(2S) mesons in DIS has been reported. The
increase of the ratio of cross sections for ¢(25) and J/v
production with Q? predicted by models is supported by
the data.

Data have been presented for the inclusive production
of J/1¢ mesons in deep inelastic scattering, covering the
kinematic region 40 < W < 180 GeV, 2 < Q2% < 80 GeV?
and 0.2 < z < 1. Differential ep cross sections are com-
puted as functions of Q?, pfw, z, y* and W. The model of
Soft Colour Interactions, a non-perturbative phenomeno-
logical approach to the description of inclusive J/v pro-
duction, is compared to the data. The dependences of the
differential cross sections on several variables are reason-
ably well described by the model, but the normalisations
and the z dependence are not reproduced.
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Using a selection cut designed to reject events with
a low mass hadronic system, diffractive events are sup-
pressed and inelastic cross sections (Mx > 10 GeV) are
extracted. A leading order calculation in the NRQCD fac-
torization approach using long range matrix elements de-
termined from J/1 production in pp collisions at the Teva-
tron is confronted with our measurements of differential
inelastic cross sections. The shape and magnitude of the
differential distributions are not described by the theoret-
ical prediction. The comparisons may indicate the need to
decrease the size of the colour octet long distance matrix
elements or to change the relative importance of the dif-
ferent colour octet contributions, and/or to include higher
orders in the NRQCD perturbative expansion. The colour
singlet contribution alone is below the data by factors 2—3.
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