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Abstract

The diffractive photoproduction of /4 mesons is measured with the H1 detector attheollider HERA using an integrated
luminosity of 78 pbrl. The differential cross section do (3 J/¥Y)/dr is studied in the range 2 |¢| < 30 Ge\Z, where
t is the square of the four-momentum transferred at the proton vertex. The cross section is also presented as a function of the
photon—proton centre-of-mass enendy, in threer intervals, spanning the range 50W,, < 200 GeV. A fast rise of the
cross section witt¥,,, is observed for eachrange and the slope for the effective linear Pomeron trajectory is measured to be
a’ =—0.0135+ 0.00746tat) & 0.00516yst) GeV—2, The measurements are compared with perturbative QCD models based
on BFKL and DGLAP evolution. The data are found to be compatible withannel helicity conservation.
0 2003 Published by Elsevier B.V. Open access under CC BY license.

1. Introduction

The diffractive photoproduction of /¥ mesons
with large negative momentum transfer squareat
the proton vertex is a powerful means to probe the
parton dynamics of the diffractive exchange. The vari-
able ¢ provides a relevant scale to investigate the
application of perturbative QCD (pQCD). The diffrac-
tive photoproduction of vector mesons can be mod-
elled in the proton rest frame, where the photon fluc-
tuates into ayg pair at a long distance from the proton
target. The colour singlet exchange between ¢he
fluctuation and the proton is realised in lowest order
QCD by the exchange of a pair of gluons with opposite
colour. In the leading logarithmic (LL) approximation,

as a function ofi¢| and as a function of the photon—
proton centre-of-mass energj, , in different regions
of |¢|, using the/ /vy decay into two muons. To obtain
information about the helicity structure of the interac-
tion, the spin density matrix elements are extracted.

2. Perturbative QCD models

Perturbative QCD models for the photoproduction
of J/¢¥ mesons have been developed in the leading
logarithmic approximation using either BFKL [10-12]
or DGLAP [13] evolution. In the BFKL LL model the
cross section depends linearly on the parton distrib-
ution of the proton and the gluon ladder couples to

this process is described by the effective exchange of aa single parton (dominantly a gluon) within the pro-

gluonic ladder. At sufficiently low values of Bjorken
(i.e., large values of the centre-of-mass eneligy,),

the gluon ladder is expected to include contributions
from BFKL evolution [1], as well as from standard
DGLAP evolution [2]. Compared with other channels
which have been used to search for BFKL evolution
[3-8], the measurement of diffractive/y production

at largelt| provides an experimentally clean signature
in which the accurate measurement of tha/ four-

ton. The BFKL amplitude is expanded in terms of
log(x, W2,/ W), wherex;, is the fraction of the pro-
ton momentum carried by the parton struck by the dif-
fractive exchange. The scale paramétgyris chosen

to be half the vector meson ma&gs,. The value oty

is fixed in the model to a value consistent with that ex-
tracted from a fit [12] to proton dissociatiye ¢ and

J /v photoproduction data at HERA [14]. The BFKL
LL model predicts an approximate power-law behav-

momentum allows the kinematic dependences of the iour for ther dependence of the fornvddr o< |¢|7",

process to be determined precisely.

In this Letter, an analysis of the diffractive pho-
toproduction procesgp — J/¥Y is presented, ex-
tending into the hitherto unexplored region of large
1] (2 < |t| < 30 Ge\P). Here, the systenY repre-

sents either an elastically scattered proton or a disso-

ciated proton system. For the range|dfstudied in
this analysis, the contribution from elasti¢ys pro-
duction may be neglected due to its stégpdepen-

wheren is a function of|¢|. For the kinematic range
studied heren increases from around 3 to 4 with in-
creasingt| and the approximation to a power-law im-
proves ag¢| increases. The calculation predicts a fast
rise of the cross section ~ W3 with § ~ 1.4, which
has little or no dependence on the value.df a recent
paper [15], the LL calculations have been extended to
incorporate the effects of higher conformal spin [16].
Although the full next-to-leading order terms of the

dence [9]. The cross section is measured differentially BFKL amplitude have yet to be calculated for non-
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zerot, an estimate of the non-leading (NL) correc-
tions was obtained using kinematic constraints. In the
DGLAP LL model, the cross section depends on the
squared gluon distribution of the proton. The model
predicts a non-exponentialdependence and a steep
energy dependence which flattens |dsapproaches
M‘Z, due to the limited phase space available for evo-
lution.

In the pQCD models [10-13,15], a non-relativistic
approximation [17] for the/ /4 wavefunction is used
in which the longitudinal momentum of the vector

209

vides triggering information based on track segments
in the r—¢ plane from the CJC and thgeposition of

the vertex from a double layer of multiwire propor-
tional chambers. The energies of final state particles
are measured in the liquid argon (LAr) calorimeter,
which surrounds the tracking chambers and covers the
range—1.5 < n < 3.4. The backward region{4.0 <

n < —1.4) is covered by a lead—scintillating fibre
calorimeter (SPACAL [20]) with electromagnetic and
hadronic sections. The calorimeters are surrounded by
the iron return yoke of the solenoidal magnet. The

meson is shared equally between the quark and thetracks of muons which penetrate the main detector

antiquark. In this approximation, the vector meson
retains the helicity of the photon such thathannel
helicity conservation (SCHC) is satisfied [18].

3. Dataanalysis

The data presented here were recorded in the
years 1996 to 2000 and correspond to an integrated
luminosity of 78 pbt. The majority of the data were
collected when HERA was operated with positrons
of energy 275 GeV and protons of 920 GeV. These
data are combined with smaller data samples in which
either the proton energy was 820 GeV or the positrons
were replaced by electrons.

3.1. The H1 detector

A detailed description of the H1 detector can be
found in [19] and only a short overview of the detector
components most relevant to the present analysis is
given here. The-axis of the H1 detector is defined
along the beam direction such that positivealues
correspond to the direction of the outgoing proton
beam.

Charged particles emerging from the interaction
region are measured by the central tracking detec-
tor (CTD) in the pseudorapidity rangel.74 < n <
1.7429 The CTD comprises two large cylindrical cen-
tral jet drift chambers (CJC) and tweg-chambers
arranged concentrically around the beam-line within a
solenoidal magnetic field of 1.15 T. The CTD also pro-

20 The pseudorapidity) of an object detected with polar angle
is defined ag = —Intan(6/2).

are reconstructed from streamer tubes placed within
the iron in the range-2.5 < < 3.4. The luminos-

ity is measured using the small angle Bremsstrahlung
process{p — epy) in which the final state photon is
detected in a calorimeter, close to the beam-pipe, at
103 m from the nominal interaction point.

3.2. Kinematics

The kinematics for diffractive charmonium pro-
ductionep — eJ/yY are described in terms of the
ep centre-of-mass-energy squaree= (k + p)?, the
virtuality of the photonQ? = —¢? = —(k — k')?,
the square of the centre-of-mass energy of the initial
photon—proton syster2, = (¢ + p)? and the four-
momentum transfer squaree- (p — py)2. Herek (k')
is the four-momentum of the incident (scattered) lep-
ton andy is the four-momentum of the virtual photon.
The four-momentum of the incident proton is denoted
by p and py is the four-momentum of the system
The event elasticity is defined as= (p - py)/(p - q)
where py, is the four-momentum of thd/y . In the
proton rest frame is equal to the fractional energy of
the photon transferred to the vector meson.

3.3. Event selection

In this analysis, theJ/y¥ mesons are detected
via their decay into two oppositely charged muons
(branching fraction B8 + 0.10% [21]). The data
were selected by a combination of triggers based on
muon and track signatures. The selected events are
required to have a vertex located inwithin 40 cm
of the nominal interaction point. Events with two
tracks of opposite charge in the CJC, each associated
with the event vertex and each with pseudo-rapidity
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In| < 1.74 and transverse momentum > 0.8 GeV background is produced indirectly through the decay
are used to forny /¢y candidates. Both decay muons of (2S) mesons. This contribution is simulated us-
are identified in the instrumented iron or as minimum ing a Monte Carlo sample of (25) mesons gener-
ionising particles in the LAr calorimeter. ated using the DIFFVM Monte Carlo generator [26]
Photoproduction events are selected by the absenceaccording to the/ (2S) ¢ distribution and cross sec-
of a scattered beam lepton candidate in the LAr or tion ratio toJ /¢ production measured at lower values
SPACAL calorimeters. The accepted photoproduction of |¢| [9]. A contribution of 4% is observed with no

event sample covers the rang¥ < 1 Ge\? with significantr dependence. The main contribution to the
an averagg Q?) ~ 0.06 Ge\?, as determined from  non-resonant background is from the Q&R — uu
Monte Carlo simulations. process, which is simulated using the LPAIR [27]

In order to select diffractive events, the analysis Monte Carlo generator.
is restricted to the region of elasticity> 0.95. For
the range of and W), studied in this Letter, the cut 3.5, Signal extraction
z > 0.95 restricts the invariant mass of the system
Y to be in the rangeMy < 30 GeV, through the
relationz ~ 1 — (M2 — 1)/ Wfp. The measurement

of z is_obtained from(E — p2)y/y/3.(E — p2) 0.95 is shown in Fig. 1. The LPAIR non-resonant
where > (E — p) is calculated from all detected packground is normalised to the data in the side-

particles in the calorimeters and the CJC including 5nds outside the mass regions of thgy and
the decay products of theé/y,. The variableW,, is ¥(2S) resonances. The number of signal events is

T ) )
reconstructed usingVy, = > (E — p;)2E, where  qetermined from the number of events in the mass
E, is the energy of the incident proton beam. In

the kinematic region studied, the variablas well
approximated by the negative transverse momentum
squared of the vector meson, i.ex —pfj/w.

The invariant mass spectrum for all events in the
rangelt| > 2 Ge\?, 50 < W,,, < 150 GeV and; >

-3
(=]
o

e H1 Data
Itl > 2GeV?
} ] Jhy
L1 w(2s)

3.4. Monte Carlo simulation

Eventg /50 MeV
(=]
(=]

Monte Carlo simulations are used to correct the
data for the effects of resolution, acceptance and effi-
ciency losses. Samples of events from signal and back- 200
ground processes are passed through a detailed simu-
lation of the detector response, based on the GEANT
program [22], and through the same reconstruction
software as was used for the data. 100 3

The Monte Carlo generator used for the simula- I
tion of proton dissociative diffractivé /i production I
is HITVM [23], which generates events according to . _,—_:Lh_
the BFKL model described in [10,11]. The events are s 3 3.5
generated using the GRV94-HO parton density func- M + — [ GeV ]
tions [24] and the partonic system is fragmented ac- HR
cording to the Lund string model implemented within  Fig. 1. The u*u~ invariant mass distribution in the kinematic
the JETSET program [25]. The generaidg distrib- region 50< Wy, < 150 GeV,z > 0.95 and|¢| > 2 Ge\2. The

ution in HITVM has an approximate exponential de- hisz’gr?m shows :ﬁ\jm of theh_""tome C)ar:;’ Sim“'ta_tti)o't‘_gﬂ‘:
~ _0-1MY . production using open nhistogram), e contripution Trom
pendence d/dMy ~ e ) SCH_C is assumed for lepton pair production as simulated by the LPAIR program (dark
the phOth to vector meson tran5|t|0n-_ shaded histogram) and the contribution from diffractiye2s)
The final sample of events contains background events as simulated with the DIFFVM program (light shaded

from resonant and non-resonant sources. The resonantistogram).

E yy—up
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window of 29 < M,,+,- < 3.3 GeV, after subtracting  adjustments to th#&,,, and: distributions. After these
the contributions of the resonant and non-resonant adjustments a comparison between the simulation and
backgrounds. The resulting numbergfy: candidate the data, before background subtraction, is given in
events for the total sample shown in Fig. 1 is 846  Fig. 2 for the region|t| > 2 Ge\?, 50 < W,p <

30 (stat). 150GeV, > 0.95and 29 < M,,+,- < 3.3GeV. Dis-
tributions are shown for the polar angle and transverse
3.6. Comparison of data and simulation momentum of the decay muon tracks, for the recon-

structed value of the elasticity (where the cut orx

The HITVM model gives a reasonable description 1S N0t applieg), fo'WZp’ for the decay angular distri-
of the data which is further improved through small butions co®™ and ¢* (see Section 4.2) and for the

(/] :[I"Irlll[l[l[: “,400__”\‘::”'11[-]“11|||1:
S150- ) 3 s £b H1 :
é s ] 3300 —
100 |- - E ]
= E E #200:— —:
50| = 100 - 3
_11]111|11|1|] :|| [P J-|4|:
50 100 150 1 2 3 l-l4 5
8" [°] p, [GeV]
7] —— L T T 7 T T T v ‘LI N FR S N N LIS O B Y e
£ E200F d)
>3001 2150 3
200 100 &
1002— 50? 5
v 1 1 -I’ 1 1 :I I L.l I - -l I 11 1 | 11 1 ‘I
0.9 0.95 1 60 80 100 120 140
z ww [GeV]
m :I T 1 ] T 1171 I T 11T T T 1 I: m100_1 T T I T T 11 T T 1171 T T 1 l_
5'0F + 1 §wf .
o SF 3 d@eof 3
* S0f - * af =
25 - 20 +
:I 11 I L1 1 1 I | ) €8 IR I 11 1 :l L1 I 1 1 1 I 11 1 1 ! 11 1
0.5 0 0.5 -100 0 100
cos (0) o [°]
m T T T L T \:
t )
2102 g E e Data
w E
*10 4 — Simulation

10 20 30
pfu+u— [GeV?]

Fig. 2. Kinematic distributions of the dimuon sample in the mass rarfje M;ﬁu‘ < 3.3GeV. (a) The polar angi* and (b) the transverse
momentumpf‘ of the muon tracks. (c) The elasticityand (d) the photon—proton centre-of-mass ené¥gy . (e) The distribution of the cosine

of the polar angle and (f) the azimuthal distribution of the positively charged decay muon in the helicity frame. (g) The distribution of the
squared dimuon transverse momentum.
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squared transverse momentum of the dimuon system — The uncertainty in the subtraction of thig25)

piﬂhr . The structure in the* distribution (Fig. 2(f))

is due to the low acceptance for one of the muons,
which has a low transverse momentum in the labora-
tory frame, when the/ /¢ meson production and de-
cay planes coincides( ~ 0° or ¢* ~ £180°).

3.7. Systematic uncertainties

The uncertainties in detector effects and in the mod-
elling of the underlying physics processes contribute
to the systematic uncertainties in the cross section
measurements. The following sources of systematic
error are taken into account.

— The uncertainty in the acceptance corrections is
estimated by reweighting th&,, distribution

by w235 and ther distribution by 082 The
resulting systematic uncertainties on the cross
section measurements range from 1 to 5%.

The uncertainty in the mass distribution of the
proton dissociative systenY is estimated by
reweighting theMy dependence in HITVM by
¢T006My This results in a variation of the cross
section of about 4%, increasing up to 19% at the
largestW,, and|z|.

The effect of possible deviations from SCHC
is estimated by modifying the simulated &ds
distribution. The cross sections alter by 5% on
average.

background leads to an error of 2%, obtained by
varying the normalisation and exponentialope
of they(2S) cross section in the simulation.

— Other sources of systematic error are the uncer-
tainty in the hadronic energy scale of the liquid ar-
gon calorimeter, the uncertainty in the luminosity
measurement and the uncertainty in the branch-
ing fraction for the measured decay channel [21].
Each of them is responsible for an error of no more
than 17%.

The total systematic error for each data point has
been obtained by adding all individual contributions
in quadrature. It has a small dependenceronith
an average value of 12% and increases from around
11% at lowW,,, to 20% at highw,,,. The part of the
uncertainty which is uncorrelated between different
data points contributes B% to the systematic error.
The statistical error is larger than the systematic error
in the region|z| > 5.5 Ge\2.

4. Results
4.1. Cross sections

The differential cross sectioroddr for the process
ep — eJ /Y'Y is obtained from the number of data

events in each measurement interval after corrections
for backgrounds and detector effects, divided by the

The uncertainty on the trigger efficiency, obtained integrated luminosity, the branching fraction and the
from an independently triggered sample of events, width of the interval. The cross section for the pho-
gives a contribution to the systematic error of 6%. toproduction procesgp — J/¢Y is obtained by di-
The uncertainty in the identification efficiency viding the differentialep cross section by the effec-
of muons is estimated by detailed comparison tive photon flux [28] integrated over th#&,, and

of the data and simulation efficiencies for an Q2 ranges of the measurement. QED radiative effects
independent data sample. The resulting systematicare estimated to be less than 1% and are neglected.
uncertainty is 6%. The differential photoproduction cross section/dt

The uncertainty due to the reconstruction effi- is shown in Fig. 3 and Table 1 for the kinematic re-
ciency of the central tracker for the two tracks gion 50< W,, < 150 GeV andz > 0.95. The data
leads to an error of 4%. are plotted at the mean value in eaclnterval ac-
The uncertainty in the non-resonant background cording to a parameterisation of the data. In the re-
subtraction is estimated by using a data side- gion|t| > 3.45 Ge\?, the data in Fig. 3 are adequately
band subtraction as an alternative to the Monte described by a power-law dependence of the form
Carlo subtraction. A difference of 2% is found A - |t|7" wheren = 3.00+ 0.08 (stat) £ 0.05 (syst).
between the two methods and assigned to the When the power-law fit is repeated, each time increas-
systematic error. ing the starting value of| in the fit, the value of: is
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Fig. 3. The photon—proton differential cross sectios/dt for

J/¥ production in the kinematic range 50 W), < 150 GeV,

|t > 2.0 Ge\2 andz > 0.95. The inner error bars correspond to the
statistical error and the outer error bars are the statistical and sys-
tematic errors added in quadrature. The solid line shows the predic-
tion from the BFKL calculation in the leading logarithmic approxi-
mation for fixedwy [15]. The dashed (dotted) curve corresponds to
the BFKL calculation including non-leading corrections and using
a fixed (running)es [15]. The dashed-dotted curve, shown in the
rangelt| < Mf , shows a calculation based on the DGLAP equa-
tion in the leading logarithmic approximation [13].

Table 1

The differential photoproduction cross sectios/dz in the kine-
matic range 50< Wy, < 150 GeV and; > 0.95. The first uncer-
tainty is statistical and the second is systematic

|z| range ) do/dt
(GeV?) (GeV?) (nb/GeV3)
2-3 243 5.1040.29+ 0.65
3-4 3.45 3.08+0.234+0.39
4-5 4.46 147+0.15+0.18
56 5.47 0.87+0.124+0.11
6-7 6.47 0.610+0.099+ 0.074
7-9 7.92 0.285+0.046+ 0.034
9-12 104 0.15140.026+ 0.017
12-15 134 0.093+0.0204 0.010
15-21 177 0.02364 0.0067+ 0.0027
21-30 250 0.0045:+ 0.0023+ 0.0005
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found to increase systematically up to a value:ef
3.784+ 0.17 (stat) + 0.06 (syst) for || > 104 Ge\~.

The data are incompatible with an exponential behav-
iour do/dr o< ¢ which was found to give a reasonable
description of the proton dissociative/y cross sec-
tion at lower values oft| (|t| <5 Ge\?) [9].

In Fig. 3 the data are compared with the predic-
tions from pQCD calculations in the BFKL leading
logarithmic approximation [15] (solid curve), includ-
ing non-leading corrections with fixed [15] (dashed
curve) and including non-leading corrections with run-
ning«; [15] (dotted curve). Thedependence and nor-
malisation of the data are well described by the BFKL
LL approximation when the parameters of the model
are set to values consistent with those extracted from
a fit [12] to various vector meson proton dissociation
data at HERA covering a smalléy| range [14], i.e.,
the scale parameter is set W = My /2 anda;y is
fixed at 018. The normalisation uncertainty due to the
choice ofWjy is large. For example, usingo = My /4
(Wo = My) leads to an increase (decrease) in the nor-
malisation of the prediction by a factor of approxi-
mately two. The inclusion of NL corrections with a
fixed strong couplingx,; leads to only a small differ-
ence with respect to the LL prediction. However, with
a runninga, the r dependence becomes steeper and
the prediction is unable to describe the data across
the wholer range. The uncertainties in the choice of
the scale parameter, proton parton density and other
parameters used in the NL calculation have only a
small effect on the shape of the predictions in com-
parison to the treatment of . The data are also com-
pared with calculations in the DGLAP LL approxima-
tion [13] (dashed-dotted curve) in the region of valid-
ity for the model|¢| < Mf . The data are well de-
scribed in shape and normalisation when the separa-
tion parameterg, which represents the value ofat
which the prediction for proton dissociation matches
the elastic cross section, is set-+0.60 Ge\?.

The ZEUS Collaboration has recently published
data on the diffractive production df/4y mesons with
proton dissociation in the range2l< |7| < 6.5 Ge\2,
80 < W,, < 120 GeV andy, = [t|/(WZ,(1—2)) >
0.01 [14]. When the present analysis is performed in
this kinematic region, good agreement between the H1
and ZEUS results is observed.

In Fig. 4 and Tables 2-4, the cross section
oyp—J/yy IS presented as a function uf,, for three



214 H1 Collaboration / Physics Letters B 568 (2003) 205-218
2
E‘ 107 Table 3
£ B 2<I|tl <5 GeV? H 1 The photoproduction cross section as a functio¥ef, integrated
o~ ® 5<Itl <10 GeV? over the kinematic range & |1| < 10 GeV? andz > 0.95. The first
>;'_ Y 10 < Itl < 30 GeV? uncertainty is statistical and the second is systematic
= Wy, range (Wyp) oyp
T ] (GeV) GeV) (nb)
o 50-825 644 124+0.18+0.14
é 825-115 974 275+0.35+0.31
O 115-1475 130 3.98+0.69+ 057
1475-180 163 3.26+0.98+0.58
1 Table 4
The photoproduction cross section as a functioiof, integrated
over the kinematic range 10 |7| < 30 Ge\2 andz > 0.95. The first
uncertainty is statistical and the second is systematic
BFKL LL (fixed o) Wy range (Wyp) oyp
1 - — BFKLLL + NL (fixed o) (GeV) GeVv) (nb)
10 -~ DGLAPLL 50-100 710 0.499+0.093+ 0.060
o ) 100-150 122 0.9440.194+0.13
50 100 200 150-200 173 1.62+0.52+0.38
w eV
' [GeV]
Table 5

Fig. 4. The photon—proton cross section as a functiogf, in

three bins ofj¢|. The inner error bars correspond to the statistical
error and the outer error bars are the statistical and systematic errors
added in quadrature. The solid lines show the predictions from the
BFKL calculation in the leading logarithmic approximation and
the dashed lines correspond to the BFKL calculation including
non-leading corrections using a fixeq [15]. The dashed-dotted
curve is the result of a calculation based on the DGLAP equation in
the leading logarithmic approximation [13].

Table 2

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

The value ofs obtained when applying a fit to the data of the form
a(Wyp) Wyp‘s for each|¢| range, together with the corresponding
value of @ obtained froma = (§ + 4)/4. The first uncertainty is
statistical and the second is systematic

lt| range (|t]) s o
(GeV?) (GeV?)
25 306 O077+£014+010 1193+0.035+0.025
510 6.93  129+023+016 1322+0.057-+0.040
10-30 16,5  18+0.39+0.36 13224 0.097+ 0.090

bution from correlated systematic errors is calculated
by shifting the data points according to each source
of uncertainty and repeating the fits. The values of

Wy range (Wyp) oyp the powers in eachrs range are similar to the results
(GeVv) (Gev) (nb) from the proton elastic process féyy mesons at low
50-68 584 7.26+0.57+0.85 |t| measured over a similar range Bf,, [29]. In a
68-86 765 811+0.68+0.90 Regge pole model, the power-law dependence can be
86-104 946 9.22+40.87+ 1.06 d dr = F(OWXO~4 where F(1) i
104-122 113 15+14+17 expressed asoddr = F (1) Wy, whereF (1) is a
122-140 131 18+18+19 function of ¢ only. The value ofx(r) at eachr value
140-160 150 10+22+24 is obtained froma = (§ + 4)/4 and is also shown

ranges of in the kinematic region > 0.95. The data
in eachr range are consistent with a power-law de-
pendence of the forne o W;fp and the results of
power-law fits fors are given in Table 5. The contri-

in Table 5. Assuming a single effective Pomeron tra-
jectory of the linear formu(r) = «(0) + ¢, a fit to
the threex values yields a slope @i’ = —0.0135+
0.0074(stap + 0.0051(sysh GeV 2 with an inter-
cept of ¢(0) = 1.167 + 0.048(stat) = 0.024(sys)).
The value of the slope parametgris lower than that
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observed for the elastic photoproduction &fvy
mesons at lowr| [30]. It is also significantly different
from observations at loy| in hadron-hadron scatter-
ing, where a value of’ = 0.26+ 0.02 GeV 2 [31]
was obtained.

In Fig. 4 the data are compared with the BFKL
theoretical predictions for the LL approximation (solid
curve) and the LL+ NL prediction with fixed o

The spin density matrix elements are extracted by
a two-dimensional log likelihood fit of the data to
Eg. (1). The normalised single differential distribu-
tions in co®* and¢* are shown in Fig. 5 for three
ranges of. The dashed curve on the figure shows the
expectation from SCHC and the solid curves show the
results of the two-dimensional fit. The values of the
three extracted matrix elements are shown in Fig. 6

(dashed curve). The data are also compared with theand Table 6 as a function ¢f]. Measurements from

DGLAP LL predictions (dashed-dotted curve). The
BFKL LL contribution gives a reasonable description
of the energy dependence, except for the lowest
range where it is steeper than the data. The BFKL
LL 4+ NL prediction with fixeda, is similar to that

of the BFKL LL prediction. The DGLAP LL model,
which is valid in the rangér| < M7, describes the
energy dependence in the lowgsgtrange, 2< |f]| <

5 Ge\”. In the region 5< |¢| < 10 Ge\?, where|t|

approacher/w, the description becomes worse.

4.2. Spin density matrix elements
The polar ¢*) and azimuthal ¢*) decay angular

distributions are measured in the rest frame ofifi¢
with the quantisation axis taken as the direction of

the meson in the photon—proton centre-of-mass frame

(helicity frame). The normalised two-dimensional an-
gular distribution for the decay of thé/y» meson to
fermions is written in terms of spin density matrix el-
ementsJg, 124, and Rérds} [32] as

l d?o
o dco*de*
-2 (%(1 1)~ 2(3r88 ~ 1) cog°
+ V2 Re[ g} sin 2* cosp*
+rd4, sinf6* 0032;5*). 1)

The one-dimensional distributions are obtained by
integrating over co8* or ¢* and give @& /d co9™ «
14 g5+ (1 — 3rdpcogo* and dr/dp* oc 1 +
rffl cos »*. Under the assumption gfchannel he-
licity conservation (SCHC), thd /¢y meson in pho-
toproduction is expected to be fully transversely po-
larised and the matrix element§, 24, and Rér9g}
are zero.

the ZEUS Collaboration of the spin density matrix
elements for the photoproduction @ and J/v
mesons [14] are also shown in the figure. In contrast
to the p® meson, the measured spin density matrix
elements of the//y» meson are all compatible with
zero, within experimental errors, and are thus compat-
ible with SCHC. TheJ/y results are therefore con-
sistent with the longitudinal momentum of the photon
being shared symmetrically between the heavy quarks.
Hence, the approximations made in the pQCD mod-
els [10-13,15] for the/ /4 wavefunction are satisfac-
tory for the present data.

5. Summary

The differential cross sectionodd: for the dif-
fractive photoproduction of//¥y mesons has been
measured as a function of the momentum transfer
squared from |¢| = 2 GeV? up to values as large as
1| = 30 Ge\ in the kinematic region > 0.95 and
50 < W,,, < 150 GeV. The data are well described
in this region by pQCD calculations [15] using the
leading logarithmic BFKL equation with parameters
consistent with a fit to vector meson proton dissocia-
tion data at HERA [14]. The addition of non-leading
corrections preserves the description of the data if the
strong couplingy, is held fixed. The data in the region
lt] < Mfw are well described by a model [13] based
on DGLAP evolution.

The cross section has also been measured as a
function of W,, in threer intervals. The energy
dependence shows a similar steep rise to that observed
for elastic J/y production at low|f| [29] and the
rise persists to the largest| values studied. The
energy dependence is reasonably described by the
BFKL model with the chosen parameters, except for
the lowest|t| range (t| <5 Ge\?). The DGLAP
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Fig. 5. Normalised decay angular distributions féfys meson production in three bins of|: (a), (b) 2< |¢f] < 5 Ge\Z; (c), (d)

5 < |t] < 10 Ge\? and (e), (f) 10< |¢| < 30 Ge\2. 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 expectatiamrfieim

helicity conservation.

Table 6

The spin density matrix elements for the kinematic range:30,, < 150 GeV and: > 0.95. The first uncertainty is statistical and the second

*

6

1/c do/dcos

1 C d)
05
i 1 I I T T . | I ) N T T N N e |
-1 0 1
cos 0
1
0.5
1 I T T T | I ) TN N N O T |
-1 0 1
cos 0

is systematic. The data are quoted at the avefagmlues over the ranges given in Table 5

(It]) Eatl 80
(GeV?)
3.06 —0.047+0.067+ 0.009 001+0.12+0.04 0022+ 0.069+ 0.035
6.93 —0.07+0.14+0.07 —0.03£0.17+0.02 0.06+0.12+0.05
165 —0.19+0.22+0.12 0.04+0.284+0.04 —0.08+0.19+0.08
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Fig. 6. The three spin density matrix elementsr), , (b) r§g and (c) Rér93} for the J /v as a function ofr|. The inner error bars represent
the statistical uncertainty and the outer error bars the combined statistical and systematic uncertainties. The dashed line shows the expectation
from SCHC. The results from the ZEUS Collaboration for the photoproductiofy ¢fand 00 mesons [14] are also shown.

model describes the energy dependence in the rangeconservation within the experimental uncertainties

7| <5 Ge\~.

The measurement of the effective Pomeron trajec-
tory at large|t| yields a slope ofe’ = —0.0135+
0.0074(stabh + 0.0051(sysh GeV—2. This is lower
than that observed for elastit/y photoproduction at
low |z] [30] and also lower than the slope obtained
from hadronic scatteringae( = 0.26 + 0.02 GeV?
[31]). The observation of the effective slope being
small is compatible with the predictions of models
based on BFKL evolution [11].

The spin density matrix elements of thi¢y, have
been extracted in three regions of The results
are found to be consistent with-channel helicity

and, therefore, are compatible with models [10-13,15]
in which the longitudinal momentum of the photon is
shared symmetrically between the quarks of Ihie .
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