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Abstract

The diffractive photoproduction ofJ/ψ mesons is measured with the H1 detector at theep collider HERA using an integrate
luminosity of 78 pb−1. The differential cross section dσ(γp→ J/ψY)/dt is studied in the range 2< |t | < 30 GeV2, where
t is the square of the four-momentum transferred at the proton vertex. The cross section is also presented as a func
photon–proton centre-of-mass energyWγp in threet intervals, spanning the range 50< Wγp < 200 GeV. A fast rise of the
cross section withWγp is observed for eacht range and the slope for the effective linear Pomeron trajectory is measured
α′ = −0.0135± 0.0074(stat.)± 0.0051(syst.) GeV−2. The measurements are compared with perturbative QCD models
on BFKL and DGLAP evolution. The data are found to be compatible withs-channel helicity conservation.
 2003 Published by Elsevier B.V. Open access under CC BY license.
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1. Introduction

The diffractive photoproduction ofJ/ψ mesons
with large negative momentum transfer squaredt at
the proton vertex is a powerful means to probe
parton dynamics of the diffractive exchange. The va
able t provides a relevant scale to investigate
application of perturbative QCD (pQCD). The diffra
tive photoproduction of vector mesons can be m
elled in the proton rest frame, where the photon fl
tuates into aqq̄ pair at a long distance from the proto
target. The colour singlet exchange between theqq̄
fluctuation and the proton is realised in lowest or
QCD by the exchange of a pair of gluons with oppos
colour. In the leading logarithmic (LL) approximatio
this process is described by the effective exchange
gluonic ladder. At sufficiently low values of Bjorkenx
(i.e., large values of the centre-of-mass energyWγp),
the gluon ladder is expected to include contributio
from BFKL evolution [1], as well as from standar
DGLAP evolution [2]. Compared with other channe
which have been used to search for BFKL evolut
[3–8], the measurement of diffractiveJ/ψ production
at large|t| provides an experimentally clean signatu
in which the accurate measurement of theJ/ψ four-
momentum allows the kinematic dependences of
process to be determined precisely.

In this Letter, an analysis of the diffractive ph
toproduction processγp → J/ψY is presented, ex
tending into the hitherto unexplored region of lar
|t| (2< |t| < 30 GeV2). Here, the systemY repre-
sents either an elastically scattered proton or a di
ciated proton system. For the range of|t| studied in
this analysis, the contribution from elasticJ/ψ pro-
duction may be neglected due to its steep|t| depen-
dence [9]. The cross section is measured differenti
as a function of|t| and as a function of the photon
proton centre-of-mass energyWγp in different regions
of |t|, using theJ/ψ decay into two muons. To obtai
information about the helicity structure of the intera
tion, the spin density matrix elements are extracted

2. Perturbative QCD models

Perturbative QCD models for the photoproduct
of J/ψ mesons have been developed in the lead
logarithmic approximation using either BFKL [10–1
or DGLAP [13] evolution. In the BFKL LL model the
cross section depends linearly on the parton dist
ution of the proton and the gluon ladder couples
a single parton (dominantly a gluon) within the pr
ton. The BFKL amplitude is expanded in terms
log(xhW2

γp/W
2
0 ), wherexh is the fraction of the pro

ton momentum carried by the parton struck by the
fractive exchange. The scale parameterW0 is chosen
to be half the vector meson massMV . The value ofαs
is fixed in the model to a value consistent with that
tracted from a fit [12] to proton dissociativeρ, φ and
J/ψ photoproduction data at HERA [14]. The BFK
LL model predicts an approximate power-law beh
iour for the t dependence of the form dσ/dt ∝ |t|−n,
wheren is a function of|t|. For the kinematic rang
studied here,n increases from around 3 to 4 with in
creasing|t| and the approximation to a power-law im
proves as|t| increases. The calculation predicts a f
rise of the cross sectionσ ∼Wδγp with δ ∼ 1.4, which
has little or no dependence on the value oft . In a recent
paper [15], the LL calculations have been extende
incorporate the effects of higher conformal spin [1
Although the full next-to-leading order terms of th
BFKL amplitude have yet to be calculated for no

http://creativecommons.org/licenses/by/3.0/
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zero t , an estimate of the non-leading (NL) corre
tions was obtained using kinematic constraints. In
DGLAP LL model, the cross section depends on
squared gluon distribution of the proton. The mo
predicts a non-exponentialt dependence and a ste
energy dependence which flattens as|t| approaches
M2
V due to the limited phase space available for e

lution.
In the pQCD models [10–13,15], a non-relativis

approximation [17] for theJ/ψ wavefunction is used
in which the longitudinal momentum of the vect
meson is shared equally between the quark and
antiquark. In this approximation, the vector mes
retains the helicity of the photon such thats-channel
helicity conservation (SCHC) is satisfied [18].

3. Data analysis

The data presented here were recorded in
years 1996 to 2000 and correspond to an integr
luminosity of 78 pb−1. The majority of the data wer
collected when HERA was operated with positro
of energy 27.5 GeV and protons of 920 GeV. The
data are combined with smaller data samples in wh
either the proton energy was 820 GeV or the positr
were replaced by electrons.

3.1. The H1 detector

A detailed description of the H1 detector can
found in [19] and only a short overview of the detec
components most relevant to the present analys
given here. Thez-axis of the H1 detector is define
along the beam direction such that positivez values
correspond to the direction of the outgoing prot
beam.

Charged particles emerging from the interact
region are measured by the central tracking de
tor (CTD) in the pseudorapidity range−1.74< η <
1.74.20 The CTD comprises two large cylindrical ce
tral jet drift chambers (CJC) and twoz-chambers
arranged concentrically around the beam-line with
solenoidal magnetic field of 1.15 T. The CTD also p

20 The pseudorapidityη of an object detected with polar angleθ
is defined asη= − ln tan(θ/2).
vides triggering information based on track segme
in the r–φ plane from the CJC and thez-position of
the vertex from a double layer of multiwire propo
tional chambers. The energies of final state parti
are measured in the liquid argon (LAr) calorimet
which surrounds the tracking chambers and covers
range−1.5< η < 3.4. The backward region (−4.0<
η < −1.4) is covered by a lead—scintillating fibr
calorimeter (SPACAL [20]) with electromagnetic an
hadronic sections. The calorimeters are surrounde
the iron return yoke of the solenoidal magnet. T
tracks of muons which penetrate the main dete
are reconstructed from streamer tubes placed wi
the iron in the range−2.5< η < 3.4. The luminos-
ity is measured using the small angle Bremsstrahl
process (ep→ epγ ) in which the final state photon i
detected in a calorimeter, close to the beam-pipe
103 m from the nominal interaction point.

3.2. Kinematics

The kinematics for diffractive charmonium pr
duction ep → eJ/ψY are described in terms of th
ep centre-of-mass-energy squareds = (k + p)2, the
virtuality of the photonQ2 = −q2 = −(k − k′)2,
the square of the centre-of-mass energy of the in
photon–proton systemW2

γp = (q + p)2 and the four-

momentum transfer squaredt = (p−pY )2. Herek (k′)
is the four-momentum of the incident (scattered) l
ton andq is the four-momentum of the virtual photo
The four-momentum of the incident proton is deno
by p andpY is the four-momentum of the systemY .
The event elasticity is defined asz = (p · pψ)/(p · q)
wherepψ is the four-momentum of theJ/ψ . In the
proton rest framez is equal to the fractional energy o
the photon transferred to the vector meson.

3.3. Event selection

In this analysis, theJ/ψ mesons are detecte
via their decay into two oppositely charged muo
(branching fraction 5.88 ± 0.10% [21]). The data
were selected by a combination of triggers based
muon and track signatures. The selected events
required to have a vertex located inz within 40 cm
of the nominal interaction point. Events with tw
tracks of opposite charge in the CJC, each associ
with the event vertex and each with pseudo-rapid
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|η| < 1.74 and transverse momentumpT > 0.8 GeV
are used to formJ/ψ candidates. Both decay muo
are identified in the instrumented iron or as minimu
ionising particles in the LAr calorimeter.

Photoproduction events are selected by the abs
of a scattered beam lepton candidate in the LAr
SPACAL calorimeters. The accepted photoproduc
event sample covers the rangeQ2 � 1 GeV2 with
an average〈Q2〉 ∼ 0.06 GeV2, as determined from
Monte Carlo simulations.

In order to select diffractive events, the analy
is restricted to the region of elasticityz > 0.95. For
the range oft andWγp studied in this Letter, the cu
z > 0.95 restricts the invariant mass of the syst
Y to be in the rangeMY � 30 GeV, through the
relation z � 1 − (M2

Y − t)/W2
γp . The measuremen

of z is obtained from(E − pz)J/ψ/
∑
(E − pz)

where
∑
(E − pz) is calculated from all detecte

particles in the calorimeters and the CJC includ
the decay products of theJ/ψ . The variableWγp is
reconstructed usingW2

γp = ∑
(E − pz)2Ep where

Ep is the energy of the incident proton beam.
the kinematic region studied, the variablet is well
approximated by the negative transverse momen
squared of the vector meson, i.e.,t � −p2

t,J/ψ .

3.4. Monte Carlo simulation

Monte Carlo simulations are used to correct
data for the effects of resolution, acceptance and
ciency losses. Samples of events from signal and b
ground processes are passed through a detailed s
lation of the detector response, based on the GEA
program [22], and through the same reconstruc
software as was used for the data.

The Monte Carlo generator used for the simu
tion of proton dissociative diffractiveJ/ψ production
is HITVM [23], which generates events according
the BFKL model described in [10,11]. The events
generated using the GRV94-HO parton density fu
tions [24] and the partonic system is fragmented
cording to the Lund string model implemented with
the JETSET program [25]. The generatedMY distrib-
ution in HITVM has an approximate exponential d
pendence dσ/dMY ∼ e−0.1MY . SCHC is assumed fo
the photon to vector meson transition.

The final sample of events contains backgrou
from resonant and non-resonant sources. The reso
-

t

background is produced indirectly through the de
of ψ(2S) mesons. This contribution is simulated u
ing a Monte Carlo sample ofψ(2S) mesons gener
ated using the DIFFVM Monte Carlo generator [2
according to theψ(2S) t distribution and cross sec
tion ratio toJ/ψ production measured at lower valu
of |t| [9]. A contribution of 4% is observed with n
significantt dependence. The main contribution to t
non-resonant background is from the QEDγ γ → µµ

process, which is simulated using the LPAIR [2
Monte Carlo generator.

3.5. Signal extraction

The invariant mass spectrum for all events in
range|t| > 2 GeV2, 50< Wγp < 150 GeV andz >
0.95 is shown in Fig. 1. The LPAIR non-resona
background is normalised to the data in the si
bands outside the mass regions of theJ/ψ and
ψ(2S) resonances. The number of signal events
determined from the number of events in the m

Fig. 1. Theµ+µ− invariant mass distribution in the kinemat
region 50< Wγp < 150 GeV,z > 0.95 and |t| > 2 GeV2. The
histogram shows the sum of the Monte Carlo simulations ofJ/ψ

production using HITVM (open histogram), the contribution fro
lepton pair production as simulated by the LPAIR program (d
shaded histogram) and the contribution from diffractiveψ(2S)
events as simulated with the DIFFVM program (light shad
histogram).
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window of 2.9<Mµ+µ− < 3.3 GeV, after subtracting
the contributions of the resonant and non-reson
backgrounds. The resulting number ofJ/ψ candidate
events for the total sample shown in Fig. 1 is 846±
30 (stat.).

3.6. Comparison of data and simulation

The HITVM model gives a reasonable descripti
of the data which is further improved through sm
adjustments to theWγp andt distributions. After these
adjustments a comparison between the simulation
the data, before background subtraction, is given
Fig. 2 for the region|t| > 2 GeV2, 50< Wγp <
150 GeV,z > 0.95 and 2.9<Mµ+µ− < 3.3 GeV. Dis-
tributions are shown for the polar angle and transve
momentum of the decay muon tracks, for the rec
structed value of the elasticityz (where the cut onz
is not applied), forWγp , for the decay angular distr
butions cosθ∗ and φ∗ (see Section 4.2) and for th
e

e
n of the
Fig. 2. Kinematic distributions of the dimuon sample in the mass range 2.9<Mµ+µ− < 3.3 GeV. (a) The polar angleθµ and (b) the transvers

momentumpµt of the muon tracks. (c) The elasticityz and (d) the photon–proton centre-of-mass energyWγp . (e) The distribution of the cosin
of the polar angle and (f) the azimuthal distribution of the positively charged decay muon in the helicity frame. (g) The distributio
squared dimuon transverse momentum.
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squared transverse momentum of the dimuon sys
p2
t,µ+µ− . The structure in theφ∗ distribution (Fig. 2(f))

is due to the low acceptance for one of the muo
which has a low transverse momentum in the labo
tory frame, when theJ/ψ meson production and de
cay planes coincide (φ∗ ∼ 0◦ or φ∗ ∼ ±180◦).

3.7. Systematic uncertainties

The uncertainties in detector effects and in the m
elling of the underlying physics processes contrib
to the systematic uncertainties in the cross sec
measurements. The following sources of system
error are taken into account.

– The uncertainty in the acceptance correction
estimated by reweighting theWγp distribution
by W±0.35

γp and thet distribution by t±0.85. The
resulting systematic uncertainties on the cr
section measurements range from 1 to 5%.

– The uncertainty in the mass distribution of t
proton dissociative systemY is estimated by
reweighting theMY dependence in HITVM by
e±0.06MY . This results in a variation of the cros
section of about 4%, increasing up to 19% at
largestWγp and|t|.

– The effect of possible deviations from SCH
is estimated by modifying the simulated cosθ∗
distribution. The cross sections alter by 5%
average.

– The uncertainty on the trigger efficiency, obtain
from an independently triggered sample of eve
gives a contribution to the systematic error of 6

– The uncertainty in the identification efficienc
of muons is estimated by detailed comparis
of the data and simulation efficiencies for
independent data sample. The resulting system
uncertainty is 6%.

– The uncertainty due to the reconstruction e
ciency of the central tracker for the two trac
leads to an error of 4%.

– The uncertainty in the non-resonant backgrou
subtraction is estimated by using a data si
band subtraction as an alternative to the Mo
Carlo subtraction. A difference of∼ 2% is found
between the two methods and assigned to
systematic error.
– The uncertainty in the subtraction of theψ(2S)
background leads to an error of 2%, obtained
varying the normalisation and exponentialt slope
of theψ(2S) cross section in the simulation.

– Other sources of systematic error are the un
tainty in the hadronic energy scale of the liquid
gon calorimeter, the uncertainty in the luminos
measurement and the uncertainty in the bran
ing fraction for the measured decay channel [2
Each of them is responsible for an error of no m
than 1.7%.

The total systematic error for each data point
been obtained by adding all individual contributio
in quadrature. It has a small dependence ont with
an average value of 12% and increases from aro
11% at lowWγp to 20% at highWγp . The part of the
uncertainty which is uncorrelated between differ
data points contributes 8.5% to the systematic erro
The statistical error is larger than the systematic e
in the region|t| � 5.5 GeV2.

4. Results

4.1. Cross sections

The differential cross section dσ/dt for the process
ep→ eJ/ψY is obtained from the number of da
events in each measurement interval after correct
for backgrounds and detector effects, divided by
integrated luminosity, the branching fraction and
width of the interval. The cross section for the ph
toproduction processγp→ J/ψY is obtained by di-
viding the differentialep cross section by the effec
tive photon flux [28] integrated over theWγp and
Q2 ranges of the measurement. QED radiative effe
are estimated to be less than 1% and are negle
The differential photoproduction cross section dσ/dt
is shown in Fig. 3 and Table 1 for the kinematic r
gion 50< Wγp < 150 GeV andz > 0.95. The data
are plotted at the mean value in eacht interval ac-
cording to a parameterisation of the data. In the
gion |t|> 3.45 GeV2, the data in Fig. 3 are adequate
described by a power-law dependence of the fo
A · |t|−n wheren= 3.00± 0.08 (stat.)± 0.05 (syst.).
When the power-law fit is repeated, each time incre
ing the starting value of|t| in the fit, the value ofn is
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Fig. 3. The photon–proton differential cross section dσ/dt for
J/ψ production in the kinematic range 50< Wγp < 150 GeV,

|t|> 2.0 GeV2 andz > 0.95. The inner error bars correspond to t
statistical error and the outer error bars are the statistical and
tematic errors added in quadrature. The solid line shows the pr
tion from the BFKL calculation in the leading logarithmic approx
mation for fixedαs [15]. The dashed (dotted) curve corresponds
the BFKL calculation including non-leading corrections and us
a fixed (running)αs [15]. The dashed-dotted curve, shown in t
range|t|<M2

J/ψ
, shows a calculation based on the DGLAP eq

tion in the leading logarithmic approximation [13].

Table 1
The differential photoproduction cross section dσ/dt in the kine-
matic range 50< Wγp < 150 GeV andz > 0.95. The first uncer-
tainty is statistical and the second is systematic

|t| range 〈|t|〉 dσ/dt
(GeV2) (GeV2) (nb/GeV2)

2–3 2.43 5.10±0.29± 0.65
3–4 3.45 3.08±0.23± 0.39
4–5 4.46 1.47±0.15± 0.18
5–6 5.47 0.87±0.12± 0.11
6–7 6.47 0.610±0.099± 0.074
7–9 7.92 0.285±0.046± 0.034
9–12 10.4 0.151±0.026± 0.017

12–15 13.4 0.093±0.020± 0.010
15–21 17.7 0.0236±0.0067± 0.0027
21–30 25.0 0.0045±0.0023± 0.0005
found to increase systematically up to a value ofn =
3.78± 0.17 (stat.)± 0.06 (syst.) for |t|> 10.4 GeV2.
The data are incompatible with an exponential beh
iour dσ/dt ∝ ebt which was found to give a reasonab
description of the proton dissociativeJ/ψ cross sec-
tion at lower values of|t| (|t|< 5 GeV2) [9].

In Fig. 3 the data are compared with the pred
tions from pQCD calculations in the BFKL leadin
logarithmic approximation [15] (solid curve), includ
ing non-leading corrections with fixedαs [15] (dashed
curve) and including non-leading corrections with ru
ningαs [15] (dotted curve). Thet dependence and no
malisation of the data are well described by the BF
LL approximation when the parameters of the mo
are set to values consistent with those extracted f
a fit [12] to various vector meson proton dissociat
data at HERA covering a smaller|t| range [14], i.e.,
the scale parameter is set toW0 = MV /2 andαs is
fixed at 0.18. The normalisation uncertainty due to t
choice ofW0 is large. For example, usingW0 =MV /4
(W0 =MV ) leads to an increase (decrease) in the n
malisation of the prediction by a factor of approx
mately two. The inclusion of NL corrections with
fixed strong couplingαs leads to only a small differ
ence with respect to the LL prediction. However, w
a runningαs the t dependence becomes steeper
the prediction is unable to describe the data ac
the wholet range. The uncertainties in the choice
the scale parameter, proton parton density and o
parameters used in the NL calculation have onl
small effect on the shape of the predictions in co
parison to the treatment ofαs . The data are also com
pared with calculations in the DGLAP LL approxim
tion [13] (dashed-dotted curve) in the region of val
ity for the model|t| < M2

J/ψ . The data are well de
scribed in shape and normalisation when the sep
tion parametert0, which represents the value oft at
which the prediction for proton dissociation match
the elastic cross section, is set to−0.60 GeV2.

The ZEUS Collaboration has recently publish
data on the diffractive production ofJ/ψ mesons with
proton dissociation in the range 1.2< |t|< 6.5 GeV2,
80< Wγp < 120 GeV andxh = |t|/(W2

γp(1 − z)) >
0.01 [14]. When the present analysis is performed
this kinematic region, good agreement between the
and ZEUS results is observed.

In Fig. 4 and Tables 2–4, the cross sect
σγp→J/ψY is presented as a function ofWγp for three
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Fig. 4. The photon–proton cross section as a function ofWγp in
three bins of|t|. The inner error bars correspond to the statisti
error and the outer error bars are the statistical and systematic e
added in quadrature. The solid lines show the predictions from
BFKL calculation in the leading logarithmic approximation a
the dashed lines correspond to the BFKL calculation includ
non-leading corrections using a fixedαs [15]. The dashed-dotted
curve is the result of a calculation based on the DGLAP equatio
the leading logarithmic approximation [13].

Table 2
The photoproduction cross section as a function ofWγp integrated
over the kinematic range 2< |t| < 5 GeV2 andz > 0.95. The first
uncertainty is statistical and the second is systematic

Wγp range 〈Wγp〉 σγp
(GeV) (GeV) (nb)

50–68 58.4 7.26±0.57± 0.85
68–86 76.5 8.11±0.68± 0.90
86–104 94.6 9.22±0.87± 1.06

104–122 113 13.5±1.4± 1.7
122–140 131 13.0±1.8± 1.9
140–160 150 14.0±2.2± 2.4

ranges oft in the kinematic regionz > 0.95. The data
in eacht range are consistent with a power-law d
pendence of the formσ ∝ Wδγp and the results o
power-law fits forδ are given in Table 5. The contr
Table 3
The photoproduction cross section as a function ofWγp integrated

over the kinematic range 5< |t|< 10 GeV2 andz > 0.95. The first
uncertainty is statistical and the second is systematic

Wγp range 〈Wγp〉 σγp
(GeV) (GeV) (nb)

50–82.5 64.4 1.24± 0.18± 0.14
82.5–115 97.4 2.75± 0.35± 0.31
115–147.5 130 3.98± 0.69± 0.57

147.5–180 163 3.26± 0.98± 0.58

Table 4
The photoproduction cross section as a function ofWγp integrated
over the kinematic range 10< |t|< 30 GeV2 andz > 0.95. The first
uncertainty is statistical and the second is systematic

Wγp range 〈Wγp〉 σγp
(GeV) (GeV) (nb)

50–100 71.0 0.499±0.093± 0.060
100–150 122 0.94±0.19± 0.13
150–200 173 1.62±0.52± 0.38

Table 5
The value ofδ obtained when applying a fit to the data of the fo
σ(Wγp)∝Wγpδ for each|t| range, together with the correspondin
value of α obtained fromα = (δ + 4)/4. The first uncertainty is
statistical and the second is systematic

|t| range 〈|t|〉 δ α

(GeV2) (GeV2)

2–5 3.06 0.77± 0.14± 0.10 1.193± 0.035± 0.025
5–10 6.93 1.29± 0.23± 0.16 1.322± 0.057± 0.040

10–30 16.5 1.28± 0.39± 0.36 1.322± 0.097± 0.090

bution from correlated systematic errors is calcula
by shifting the data points according to each sou
of uncertainty and repeating the fits. The values
the powerδ in eacht range are similar to the resul
from the proton elastic process forJ/ψ mesons at low
|t| measured over a similar range ofWγp [29]. In a
Regge pole model, the power-law dependence ca
expressed as dσ/dt = F(t)W4α(t)−4

γp whereF(t) is a
function of t only. The value ofα(t) at eacht value
is obtained fromα = (δ + 4)/4 and is also shown
in Table 5. Assuming a single effective Pomeron t
jectory of the linear formα(t) = α(0) + α′t , a fit to
the threeα values yields a slope ofα′ = −0.0135±
0.0074(stat.) ± 0.0051(syst.) GeV−2 with an inter-
cept of α(0) = 1.167± 0.048(stat.) ± 0.024(syst.).
The value of the slope parameterα′ is lower than that
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observed for the elastic photoproduction ofJ/ψ
mesons at low|t| [30]. It is also significantly differen
from observations at low|t| in hadron-hadron scatte
ing, where a value ofα′ = 0.26± 0.02 GeV−2 [31]
was obtained.

In Fig. 4 the data are compared with the BFK
theoretical predictions for the LL approximation (so
curve) and the LL+ NL prediction with fixed αs
(dashed curve). The data are also compared with
DGLAP LL predictions (dashed-dotted curve). T
BFKL LL contribution gives a reasonable descripti
of the energy dependence, except for the lowes|t|
range where it is steeper than the data. The BF
LL + NL prediction with fixedαs is similar to that
of the BFKL LL prediction. The DGLAP LL model
which is valid in the range|t| <M2

J/ψ , describes the
energy dependence in the lowest|t| range, 2< |t| <
5 GeV2. In the region 5< |t| < 10 GeV2, where|t|
approachesM2

J/ψ , the description becomes worse.

4.2. Spin density matrix elements

The polar (θ∗) and azimuthal (φ∗) decay angula
distributions are measured in the rest frame of theJ/ψ

with the quantisation axis taken as the direction
the meson in the photon–proton centre-of-mass fra
(helicity frame). The normalised two-dimensional a
gular distribution for the decay of theJ/ψ meson to
fermions is written in terms of spin density matrix e
ementsr04

00, r04
1−1 and Re{r04

10} [32] as

1

σ

d2σ

d cosθ∗dφ∗

= 3

4π

(
1

2

(
1+ r04

00

) − 1

2

(
3r04

00 − 1
)
cos2 θ∗

+ √
2Re

{
r04
10

}
sin 2θ∗ cosφ∗

(1)+ r04
1−1 sin2 θ∗ cos2φ∗

)
.

The one-dimensional distributions are obtained
integrating over cosθ∗ or φ∗ and give dσ/d cosθ∗ ∝
1 + r04

00 + (1 − 3r04
00)cos2 θ∗ and dσ/dφ∗ ∝ 1 +

r04
1−1 cos2φ∗. Under the assumption ofs-channel he-

licity conservation (SCHC), theJ/ψ meson in pho-
toproduction is expected to be fully transversely p
larised and the matrix elementsr04

00, r04
1−1 and Re{r04

10}
are zero.
The spin density matrix elements are extracted
a two-dimensional log likelihood fit of the data
Eq. (1). The normalised single differential distrib
tions in cosθ∗ andφ∗ are shown in Fig. 5 for thre
ranges oft . The dashed curve on the figure shows
expectation from SCHC and the solid curves show
results of the two-dimensional fit. The values of t
three extracted matrix elements are shown in Fig
and Table 6 as a function of|t|. Measurements from
the ZEUS Collaboration of the spin density mat
elements for the photoproduction ofρ0 and J/ψ
mesons [14] are also shown in the figure. In cont
to the ρ0 meson, the measured spin density ma
elements of theJ/ψ meson are all compatible wit
zero, within experimental errors, and are thus com
ible with SCHC. TheJ/ψ results are therefore con
sistent with the longitudinal momentum of the phot
being shared symmetrically between the heavy qua
Hence, the approximations made in the pQCD m
els [10–13,15] for theJ/ψ wavefunction are satisfac
tory for the present data.

5. Summary

The differential cross section dσ/dt for the dif-
fractive photoproduction ofJ/ψ mesons has bee
measured as a function of the momentum tran
squaredt from |t| = 2 GeV2 up to values as large a
|t| = 30 GeV2 in the kinematic regionz > 0.95 and
50< Wγp < 150 GeV. The data are well describ
in this region by pQCD calculations [15] using th
leading logarithmic BFKL equation with paramete
consistent with a fit to vector meson proton dissoc
tion data at HERA [14]. The addition of non-leadin
corrections preserves the description of the data if
strong couplingαs is held fixed. The data in the regio
|t|<M2

J/ψ are well described by a model [13] bas
on DGLAP evolution.

The cross section has also been measured
function of Wγp in three t intervals. The energ
dependence shows a similar steep rise to that obse
for elastic J/ψ production at low|t| [29] and the
rise persists to the largest|t| values studied. The
energy dependence is reasonably described by
BFKL model with the chosen parameters, except
the lowest |t| range (|t| < 5 GeV2). The DGLAP
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Fig. 5. Normalised decay angular distributions forJ/ψ meson production in three bins of|t|: (a), (b) 2< |t| < 5 GeV2; (c), (d)
5< |t| < 10 GeV2 and (e), (f) 10< |t| < 30 GeV2. The left column (a), (c), (e) shows the azimuthal distributions of the positively charged
decay muon in the helicity frame and the right column (b), (d), (f) shows the polar angle distributions. The inner error bars show the statistical
error and the outer error bars show the statistical and systematic errors added in quadrature. The solid lines show the results of a two-dimensional
fit to the data (see text). The shaded band represents the statistical uncertainty for the fit. The dashed line shows the expectation froms-channel
helicity conservation.

Table 6
The spin density matrix elements for the kinematic range 50<Wγp < 150 GeV andz > 0.95. The first uncertainty is statistical and the second
is systematic. The data are quoted at the average|t| values over the ranges given in Table 5

〈|t|〉 r04
1−1 r04

00 Re{r04
10}

(GeV2)

3.06 −0.047±0.067± 0.009 0.01± 0.12± 0.04 0.022±0.069± 0.035
6.93 −0.07±0.14± 0.07 −0.03± 0.17± 0.02 0.06±0.12± 0.05

16.5 −0.19±0.22± 0.12 0.04± 0.28± 0.04 −0.08±0.19± 0.08
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expectation
Fig. 6. The three spin density matrix elements (a)r04
1−1, (b) r04

00 and (c) Re{r04
10} for theJ/ψ as a function of|t|. The inner error bars represe

the statistical uncertainty and the outer error bars the combined statistical and systematic uncertainties. The dashed line shows the
from SCHC. The results from the ZEUS Collaboration for the photoproduction ofJ/ψ andρ0 mesons [14] are also shown.
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model describes the energy dependence in the r
|t|< 5 GeV2.

The measurement of the effective Pomeron tra
tory at large|t| yields a slope ofα′ = −0.0135±
0.0074(stat.) ± 0.0051(syst.) GeV−2. This is lower
than that observed for elasticJ/ψ photoproduction a
low |t| [30] and also lower than the slope obtain
from hadronic scattering (α′ = 0.26 ± 0.02 GeV−2

[31]). The observation of the effective slope bei
small is compatible with the predictions of mode
based on BFKL evolution [11].

The spin density matrix elements of theJ/ψ have
been extracted in three regions oft . The results
are found to be consistent withs-channel helicity
conservation within the experimental uncertaint
and, therefore, are compatible with models [10–13,
in which the longitudinal momentum of the photon
shared symmetrically between the quarks of theJ/ψ .
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