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Abstract

Exclusive electroproduction af mesons has been studieddfi p collisions at./s = 318 GeV
with the ZEUS detector at HERA using an integrated luminosity oI@b‘l. They* p cross section
is presented in the kinematic range 2 Ge¥ 02 < 70 Ge\?, 35 GeV< W < 145 GeV andt| <
0.6 Ge\2. The cross sections as functions@f, W, r and helicity angl®;, are compared to cross
sections for other vector mesons. The rafosf the cross sections for longitudinally and transversely
polarized virtual photons are presented as function®®fnd W. The data are also compared to
predictions from theoretical models.
0 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Exclusive electroproduction of vector mesons is a process which can be used to confront
model predictions in a kinematic region that includes the transition between soft and hard
dynamics. The process also lends itself to detailed experimental investigation; the decay
products of the vector meson can be precisely measured so that distributions in several
variables can be studied with high resolution over a large phase space.

Many measurements of exclusive production of vector mesgns; ¢V p, have been
made at HERA1-16]. In this paper, results from a study of exclusjvproduction are pre-
sented. The data sample represents a faet@d increase over previously published HERA
results[9,10]. The measurements were made for virtuality of the exchanged phofon,
in the range 2 Ge¥< Q2 < 70 Ge\? and for the photon—proton center-of-mass energy,
W, inthe range 35 Ge\ W < 145 GeV. The cross sections are presented as functions of
02, W, the squared four-momentum transfer at the proton vertend helicity angle),.

The W dependence was also extracted in bing,@nd the ratioR, of the cross sections
for longitudinally and transversely polarized virtual photons, determined from the angular
distribution of the decay products of tlemesons, is presented as functiongioind Q2.

2. Phenomenology

A simple picture for the proceg® — ¢V p, whereV represents a vector meson, can be
formulated in the rest frame of the proton. In this frame, the virtual photon emitted from
the electron fluctuates into a quark—antiquark dipole, which then scatters elastically off the
proton. Long after the interaction, tlgg pair forms a vector meson. It can be shown that,
at high energy, theg creation, scattering, and vector meson formation are well separated
in time so that the cross section for the process can be factorized into terms representing

31 Supported by the Natural Sciences and Engineering Research Council of Canada (NSERC).

32 partially supported by the German Federal Ministry for Education and Research (BMBF).

33 Supported by RF Presidential grant No. 1685.2003.2 for the leading scientific schools and by the Russian
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34 supported by the Netherlands Foundation for Research on Matter (FOM).

35 PPARC Postdoctoral Research Fellow.

36 On leave of absence at The National Science Foundation, Arlington, VA, USA.

37 Also at Max-Planck-Institute, Munich, Germany, Alexander von Humboldt Research Award.

38 Supported by the German-Israeli Foundation and the Israel Science Foundation.

39 present address: Tokyo Metropolitan University of Health Sciences, Tokyo 116-8551, Japan.

40 Also at University of Hamburg, Germany, Alexander von Humboldt Fellow.

41 partially funded by DESY.

42 Also at L6dZ University, Poland.

43 } 6dz University, Poland.

44} 6dz University, Poland, supported by the KBN grant 2P03B12925.

45 sypported by the KBN grant 2P03B12725.

46 Supported in part by the MINERVA Gesellschaft fir Forschung GmbH, the Israel Science Foundation
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the gg coupling to the photon, the dipole scattering cross section on the proton, and the
final-state formatioil7,18] The dipole scattering cross section on the proton depends on
the transverse separation of g pair in the dipole. The interactions of large dipoles are
thought to be primarily ‘soft’ and therefore described by Regge phenomenflégyOn

the other hand, the interactions of dipoles with small transverse separationgaf fieer

are expected to be ‘hard’, and therefore calculable in perturbative QCD (pQCD). In lowest-
order pQCD, the process proceeds via the exchange of two gluons between the proton and
theqq dipole so that vector-meson production is sensitive to the gluon density in the proton
[20].

The transverse size of the dipole is related to the transverse-energy scale of the interac-
tion, and can depend off as well as on the quark magd, [21]. Large transverse-energy
scales preferentially select small dipole sizes. The impact parameter for the dipole scatter-
ing on the proton depends Qfi[. Large|t| preferentially selects small impact parameters.
The |¢| values in this analysis are small and no pQCD predictions are possible fgi the
dependence in this regime. The pQCD predictions forithand Q2 dependence of the
cross section should be more accurate as either or batharfM become large.

The pQCD predictions depend on the square of the gluon density, leading to a steep de-
pendence of thg* p cross section o/, in contrast to expectations from Regge phenom-
enology. For example, a gluon density varyingx@gx) oc x %2, wherex is the Bjorken
scaling variable, would lead to(y*p — Vp) « W8, The Regge phenomenology ex-
pectation iso (y*p — Vp) o« W02, The energy dependence of thép cross section
is therefore a good indicator of whether gluon exchange is dominant. Data from exclu-
sive p production[2,4,5] show that the cross sectiony*p — pp) rises withW asWw?,
wheres increases withQ? from about 02 at 92 = 0 (photoproduction) to about D at
02~ 30 Ge\2. However, in the case of exclusivi/y production the cross section rises
steeply withW even for photoproductiofii2,13,16] The investigation of elasti¢ pro-
duction is of particular interest since thds anss state, and the mass of the strange quark
is not negligible in pQCD calculations. Experimentally, the extraction ofgttegnal is
very clean due to the narrow width of the state.

The measurement of the variation of thé dependence of the cross section with
also provides a good test of the validity of pQCD calculations. In pQCD, little variation is
expected, while for soft hadronic processes Whelependence varies asx W4@ -1,
with ap(7) = 1.08+ 0.25 [22,23]

Specific predictions fop meson production are available in the dipole model realization
(FS04) of Forshaw and Shaj#4]. The predictions depend on the strange-quark mass
used in the photon wavefunction, on the parametrization of the dipole-proton scattering
cross section, and on the vector-meson wavefunction. The gluon density does not appear
explicitly but is implicit in the dipole scattering cross section. The predictions shown in
this paper employed a strange-quark mass of 200 MeV, and a Gaussian wavefunction for
the ¢-meson[25]. The dipole-proton cross section is obtained from the best fit to the total
y*p cross sectiofi24] and implies a saturation of the cross section @ecreases.

Specific predictions for th¢ meson are also available in the model of Martin, Ryskin
and Teubner (MRT]26]. In the MRT model, the properties of the event are determined
completely from the features of the photon wavefunction and the gluon density in the
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proton. Parton—hadron duality is invoked to relate the parton-level cross section to the
cross section for the produced vector meson.

As NLO corrections are not fully taken into account, the model calculations come with
significant normalization uncertainties.

The data of this analysis are also compared to results from other vector mesons. The
results are presented as a function@#+ M2, whereMy is the vector meson mass, for
cross sections, and as a function@f/M2 for the spin-density matrix elementds, to
test for scaling in these variables.

A recent review of models and data can be consulted for more detailed information on
vector meson productidi27].

3. Experimental set-up

The data were collected during 1998-2000 with the ZEUS detector and correspond to
an integrated luminosity of 16 pb~? for e~ p and 501 pb! for ¢t p collisions with a
proton energy of 920 GeV and aff energy of 275 GeV. Since no dependence on the
lepton charge is expected, the two data sets were combin&dietailed description of
the ZEUS detector can be found elsewh@&]. A brief outline of the components that are
most relevant for this analysis is given below.

Charged particles were reconstructed in the central tracking detector (RQ¥PJov-
ering the polar-angf€ region 15 < # < 164. The transverse-momentum resolution for
full-length tracks iss (pr)/pr = 0.0058p7 & 0.0065@ 0.0014/ pr, with pr in GeV.

The high-resolution uranium calorimeter (CAI30] consists of three parts: the forward
(FCAL), the barrel (BCAL) and the rear (RCAL) calorimeters. Each part is subdivided
transversely into towers and longitudinally into an electromagnetic section (EMC) and
either one (RCAL) or two (FCAL and BCAL) hadronic sections. The CAL coverS%0
of the total solid angle. Under test-beam conditions, the CAL single-particle relative energy
resolution iss (E)/E = 0.18/+/E for electrons and (E)/ E = 0.35/+/E for hadrons, with
E in GeV.

The forward plug calorimeter (FP@31] was a lead-scintillator sandwich calorimeter
with readout via wavelength-shifter fibers. It was installed in the beamhole of the FCAL
and extended the pseudorapidity coverage of the forward calorimetenfoehton < 5.

It has since been removed to accommodate HERA magnets for the high-luminosity HERA
Il run.

The small-angle rear tracking detector (SRTBJ] consists of two planes of scintillator
strips read out via optical fibers. It is attached to the front face of the RCAL and covers
an angular range between 262 6 < 176°. The SRTD provides a transverse position
resolution for the scattered electron of 0.3 ] corresponding to an angular resolution
of 2 mrad.

47 Hereafter, botle™ ande™ are referred to as electrons, unless explicitly stated otherwise.

48 The ZEUS coordinate system is a right-handed Cartesian system, with #xés pointing in the proton
beam direction, referred to as the “forward direction”, and Xhaxis pointing left towards the center of HERA.
The coordinate origin is at the nominal interaction point.
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The hadron—electron separator installed in the RCAL (RHES) consists of silicon diodes
placed at a longitudinal depth of three radiation lengths. The RHES provides an electron
position resolution of 0.5 cm if at least two adjacent pads are hit by the stid8@jer

The luminosity was determined from the rate of the bremsstrahlung pregessey p,
where the photon was measured with a lead-scintillator calorinj@tgrplaced in the
HERA tunnel atZ = —107 m in the HERA tunnel.

4. Kinematics and cross sections

The following kinematic variables are used to describe exclusigeoduction,

e(k)p(P) — e(K)p () p(P"),
wherek, k', P, P’ andv are, respectively, the four-momenta of the incident electron,
scattered electron, incident proton, scattered proton angl theson:

02 = —g% = —(k — k), the negative four-momentum squared of the virtual photon;
W2 = (¢ + P)?, the squared invariant mass of the photon—proton system;
y=(P-q)/(P k), the fraction of the electron energy transferred to the proton in the
proton rest frame;

x = Q?%/(2P - q), the Bjorken variable;

t = (P — P")2, the squared four-momentum transfer at the proton vertex.

The kinematic variables were reconstructed with the “constrained” m¢#achich uses

the momentum vector of thg and the polar and azimuthal angles of the scattered electron.
Theep cross section can be expressed in terms of the transwarsand longitudinal,

o, virtual photoproduction cross sections as

dZGep%eqbp
dydQ?

wherelr is the flux of transverse virtual photo[85] ande is the ratio of longitudinal and

transverse virtual-photon fluxes, given by= 2(1 — y)/(1+ (1 — y)?). In the kinematic

range studied here,lies in the range @75< ¢ < 1, with an average value of@8.
The virtual photon—proton cross sectietf, ?~¢” = o7 + €07, can be used to evaluate

the total exclusive cross sectiarly”~ " = o7 + o1, through the relation
* 1+R

=
1+e€eR

whereR = o /o7 is the ratio of the cross sections for longitudinal and transverse photons.
The helicity structure o production is used to determirkeas described in Sectigh5.1

=Ir(y. Q%) (or + €01,

y*p—>oép
9

5. Reconstruction and selection of events

The signature of exclusive electroproductionep — e¢p, consists of the scattered
electron and two oppositely charged kaons from ¢heéecay. The scattered proton is



RAPID COMMUNICATION

14 ZEUS Collaboration / Nuclear Physics B 718 (2005) 3-31

deflected through a small angle and escapes undetected down the beampipe. The data
selection and analysis are described in detail elsewf8dk A brief outline is given
here.

The events were selected online by a three-level trif@jaB8] The trigger required a
scattered electron in the CAL with energy greater than 7 GeV, a minimum of two and a
maximum of five tracks reconstructed with the CTD and less than 5 GeV in the towers of
the FCAL closest to the beampipe. These cuts reduced the rate of background events while
preserving high efficiency 99%) for the signal events.

The following criteria were applied offline to reconstruct and select the events:

e The identification and energy measurement of the scattered electron used information
from the CAL. The energy was required to satigfy> 10 GeV. The impact point of
the electron on the CAL was measured using three detectors: SRTD, HES and CAL.
Given its superior position resolution, preference was given to the measurement from
the SRTD. This was improved by the position obtained from HES or CAL when ap-
plicable. To ensure full containment of the electromagnetic shower and good position
reconstruction, fiducial cuts were applied to the impact position of the electron on the
face of the RCAL.

e The ¢ mesons were reconstructed from the properties of the decay kaons. No par-
ticle identification was used. Events with two tracks of opposite charge each with
pr > 0.15 GeV and|n| < 1.7 were selected. These tracks were assigned the kaon
mass and the invariant mass was formed. Track combinations with invariant masses
falling within an allowed mass window were selected (see below). Events with ad-
ditional tracks not associated with the scattered electron or with kaon decays were
rejected.

e The position of the reconstructed vertex was required to be compatible with that of
anep collision, | Zytx | < 50 cm. The radial distance of the reconstructed vertex from
the nominal beamline was required to be less than 0.8 cm to reki@ve 7+x~
decays.

e To remove events with large initial-state radiation, 45 Ge¥ — P, < 65 GeV was
imposed, where the longitudinal energy—momentum varible P is calculated us-
ing the momenta of the two kaons and the scattered electron (the masses are neglected).
This variable is peaked at twice the electron beam energy (55 GeV) for non-radiative
DIS events. The& — Pz > 45 GeV cut removed events with a radiated photon of more
than 5 GeV.

e To suppress non-exclusive events, the energy of each CAL cluster not associated
with either of the final-state kaons or the scattered electron was required to be less
than 03 GeV. To suppress further the contamination from proton-dissociative events,
ep — e@Y, the energy in the FPC was required to be less than 1 GeV. These cuts
restrict the mass of the proton-dissociative systémnip My < 2.3 GeV.

Events were required to be in a kinematic region where the properties of the final-state par-
ticles are well measured. Additionally, the kinematic range was limited to the region where
the acceptance varies only slowly with the kinematic variables. This led to the following
selection:
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Fig. 1. The distribution of the events in the kinematic plane of Bjorkend 02. The open gray dots represent
all reconstructed events while the solid black dots are events in the accepted kinematic range §pection

0% > 2 Ge\?,
1] < 0.6 Ge\?,
3375 GeV+ (1.25 GeV™!- 0?) < W < 100 GeV+ (3.7 GeVt. 0?),

with Q2 given in Ge\ in the last expression. The distribution of selected events in the
x—0? plane for 101 < mg g < 1.04 GeV is shown irFig. 1

6. Monte Carlo simulation

The acceptance and the effects of the detector response were determined using samples
of Monte Carlo (MC) events. All generated events were passed through the standard ZEUS
detector simulation, based on th&&NT 3.13 prograni39], the ZEUS trigger simulation
package, and the ZEUS reconstruction software.

The exclusive processp — e¢p was modeled using theetsisvm [40] MC genera-
tor interfaced to HRACLES 4.6.1[41] to account for first-order QED radiative effects.
The parameters describing thé, 02, r and6, distributions in the MC simulation were
adjusted such that the MC simulation reproduced the data distributions. The typical accep-
tance for¢ — KK~ increases from 20% ap? = 2 Ge\? to 60% for 02 > 10 Ge\2.

The acceptance is small at the smali# due to the fiducial cuts on the impact point of
the electron.

Proton-dissociative eventgy — e¢Y, were modeled using the generaterdoF1[42].

They*p — ¢Y cross section was parametrized as
d2g V7 P—>9Y ) 5
——— x f(Q ,W)e*b"'M Q)

2 Y

dtdMy

with the sameD? and W dependencef (Q2, W), as for the exclusive case. The values of
b andp are discussed in Sectigh2
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7. Extraction of the ¢ signal

Fig. 2 shows the invariant-mass distribution of tke" K~ pairs obtained after the se-
lection described in Sectioh A total of 3642¢ candidates were found after subtraction
of non-resonant background in the mass rangé GeV< mgg < 1.04 GeV. The natural
width of the resonance is comparable to the detector mass resolution, whiéhNe¥
for tracks at central rapidity, deterioratingto5 MeV for tracks crossing the CTD through
large angles. This resolution is well described by the MC simulation.

7.1. Non-resonant background

The non-resonant background was estimated for each bin in which a cross section was
extracted with an unbinned likelihood fit to the invariant-mass distribution. The assumed
functional form was a p-wave relativistic Breit—Wigner convoluted with a Gaussian reso-
lution function for the signal plus a background function with the shapex x — 2mx)?.

The background, estimated from the fit, was subtracted from the number of observed events
in the mass window. The contribution of the non-resonant background in the mass range
of the signal is typically 18% ap? = 2.4 Ge\?, decreasing to 5% a2 = 13 Ge\?.

7.2. Proton-dissociative background

The remaining source of background consistgpgiroduction accompanied by pro-
ton dissociationgp — e¢Y, where the particles from the breakup of the proton are not
detected. A similar study to that done fofy production[12] was performed.
Proton-dissociative events with observed proton breakup were studied using a sample
of diffractive events selected as described in Sediiomith the following exceptions:

ZEUS

NN
ep—¢p

e ZEUS 98-00

— Signal+Background
----Background

900
800
700
600
500
400
300
200
100

Events /2 MeV

m,, (GeV)

Fig. 2. Invariant mass distribution of tHé™ K — candidate pairs. The solid line shows the result of a fit including
signal+ background, while the dashed line shows the background component only. The shaded region indicates
the mass range used for cross section calculations. The error bars indicate the statistical uncertainties.
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o the elasticity criteria (last bullet in Sectid) were not applied and the energy in FPC
was required to satisf¥rpc > 1 GeV,

e a pseudorapidity gapn > 3 was required between the energy deposits from the sys-
temY and thep decay products.

The sample of proton-dissociation events identified with the FPC contained 880di-
dates foriz| < 1 Ge\? in the kinematic range 45 Ge¥ W < 135 GeV andD? > 2 Ge\2.
The W, 02 and6;, dependences were found to be the same as for the elastic data sam-
ple. Ther dependence was found to have a slope (see(BY)decreasing withQ? as
b= (51+1.3)/(1+ R(Q?) GeV 2 with R given in SectiorB.5.1 The MC distribution
of M§ was tuned to describe the FPC energy distribution, yielgirg2.0 + 0.5.

The fraction of proton-dissociative events in the final sample, averaged twmef:| <
0.6 Ge\2, was fp-diss= (7.0 = 0.4J_r‘2‘:§)%, independent oV, 02 and#,,. The uncertainty
is dominated by the uncertainty in the modeling of tg spectrum forMy < 3 GeV,
and by the simulation of the proton-remnant final state. The uncertainty of the behavior
of the My spectrum at small masses was parametrized by allogitgyvary in the range
1.5 < B < 3.0. The uncertainties on the simulation of the proton-remnant final state were
estimated by a comparison of different MC simulations.

The fraction of proton-dissociative events increases from 4.5% for 0?°Gey| <
0.08 Ge\? to 14.5% for 035 Ge\? < |t| < 0.6 Ge\2. The cross sections presented in
the next sections were corrected for this background in bins afid globally inW, Q2
andg,.

8. Results
8.1. Cross sections

In each bin of a kinematic variable, thg cross section was extracted using the formula

oD _ (Ndata— Nogd) (1 — fp-diss)
ABL ’
where Nyata is the number of events in the data aNgqq is the number of events from
the non-resonant background. The overall acceptance is denatgdsaccounts for the
¢ — KT K~ decay branching rati®49.2 & 0.6)% [43], and/ is the integrated luminosity.
The total exclusive photon—proton cross section was calculated as

ep—epp

VEp—dp [ A2 _ Vir—op (2 ODATA
Otot (Q W, t) = Otot,MC (Q W, t) ’ Uep—)e(bp'
MC

In this way, the MC simulation was used to correct for radiative effects, detector accep-
tance, cut efficiencies and the shape of the cross section within the bin.

The cross sections were measured|fp< 0.6 Ge\2. The results were then extrapo-
lated to the fulls range assumindo/dr o e~?Il. The correction factor needed to extrap-
olate to the cross section integrated ovevas evaluated bin-by-bin using the measured
value ofb for the givenQ?, and ranged from.5 to 50%. The cross sections are quoted for
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the mass rangen2x < mgx < Mg +5I", whereMy = 10194 MeV andl” = 4.458 MeV
[43].

8.2. Systematic uncertainties

The systematic uncertainties on the measured cross sections were determined by vary-
ing the selection cuts and by modifying the analysis procedure. The sources of systematic
uncertainties considerd86] were similar to those of previously published analyes
44]. Except for the two lowesp? bins in the evaluation afo/d 02, the systematic uncer-
tainties (excluding normalization uncertainty) were smaller than the statistical errors.

e The electron position reconstruction is critical in determining the acceptance and in
the kinematic-variable reconstruction. Possible misalignments of the SRTD and CAL
were estimated to be 2 mm, and the effect of such misalignments was tested via MC
simulations. In addition, the electron fiducial cut was varied by 5 mm. The incomplete
knowledge of the reconstructed electron position generally provided the largest source
of uncertainty.

e The elasticity cut is important in suppressing non-exclusive events. The energy distrib-
ution of the most energetic cluster not assigned to the electron or one of the kaons was
compared in data and MC simulation. The MC simulation was found to reproduce the
data distributions well, indicating a very small non-exclusive contribution with extra
particles in the central region. The cut was varied fraftd 04 GeV in both data and
MC simulation to determine the uncertainties.

e The stability of the fitting procedure and extraction of the signal was checked by re-
ducing the fit range tang ¢ < 1.07 GeV and changing the accepted mass range to
1.01 GeV<mgg < 1.035 GeV, respectively. Except for bins with a small number of
events the contribution to the overall uncertainty was small.

e Uncertainties from the dependence on the MC parametrizations were also estimated
and found to be small compared to other sources of systematic uncertainties.

e The normalization uncertainty was different for different measurements. All measure-
ments had a normalization uncertainty due to uncertainties in the integrated luminosity,
+2.5%, and due to the uncertainty in the decay branching ratlo2%, leading to
a combined uncertainty of-2.8%. In the case of thdo/d Q? and do/dW mea-
surements, the proton-dissociation background was subtracted globally and the nor-
malization uncertainty increased 1‘@%’%. The uncertainty due to the subtraction of
proton-dissociative background for the /dt measurement resulted inalependent
uncertainty as discussed in Sectibf. For the angular distributions, the normalization
uncertainty does not appear as only the shapes of the distributions were measured.

The total systematic uncertainty (excluding the normalization uncertainty) was determined
by adding the individual contributions in quadrature. The correlated and uncorrelated
systematic uncertainties were evaluated separately. The typical size of the systematic un-
certainty (excluding the normalization uncertainty) was 5% for the cross sectidnsim

02 bins, and 5% at smalt|, increasing to 10% &t| = 0.6 Ge\~.
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8.3. Dependence on W and Q2

The cross section, "~ ?”, measured as a function 8 and 02, is shown inFig. 3a)
and given inTable 1 In addition to the measured cross section, this table gives the kine-
matic range over which the measurement was performed, the value of the kinematic vari-
ables at which the cross section is quoted, the acceptance, and the background-corrected
number ofp events. The much higher statistics available for this analysis allow measure-
ments of double-differential cross sections.

The cross sections were fitted to a dependence W with results presented ifia-
ble 2 The measured values &show noQ? dependence within the present uncertainties.
The values of are compared to those from previous M] and ZEUS[1,2,12,13]mea-
surements iffFig. 3(b), where the data are plotted as a functio3f+ M2. The values of
8 scale with this variable within the present uncertainties.

The Q2 dependence of the cross section, giveTable 3 is shown inFig. 4a) for
W =75 GeV. The data are compared to previous ZE8/8] and H1[10] results. Thep
data from this analysis were fitted with a function of the farnx (Q? + qu)‘” expected

in the VDM [45]. The new high-precision data show that #1é dependence of the cross

ZEUS ZEUS

:a | | | [Ze] 1-87| TTT I TTTT | TTTT | TTTT I TTTT I TTT \7
= L 2 ] [ ]
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Q , [ 4 ZEUS p 94-95 ]
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a |7 ] [ 0ZEUS J/y 96-00 ]
z | k*/*/i/ﬁ 1.2} ]
o I 38 i ]
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Fig. 3. (a) Exclusivep cross section as a function 8f for four values of@2. The solid lines are the results of a

fit to the forme o« W. The overall normalization uncertainty §é'§% is not included in the error bar. (b) The
extracted values df compared with results from other vector mesons. The error bars represent the quadratic sum
of the statistical and systematic uncertainties. Note that the ZEdSta point atQ? + M\Z, near 8 Ge¥ has

been shifted down by.8 Ge\2 for clarity of presentation.
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Table 1
They*p — pp cross sectionzly "~ #?, as a function o and 02
02 range 02 W range w Events A Ut)(/; p=>@p
(GeV?) (GeV?) (GeV) (GeV) (%) (nb)
2-3 24 35-45 40 203 19 76.4£6.5729
45-55 50 255 19 101.2£7.782
55-65 60 220 16 101.9+8.353
65-75 70 210 16 112.8:9.4753
75-85 80 167 19 1071178
85-95 90 175 20 122+11%19
95-105 100 134 18 110+11'8
3-5 38 40-50 45 184 20 47.0£4.1753
50-60 55 146 28 44.3+4538
60-70 65 169 23 56.7£5.1755
70-85 75 218 220 62.3+5.053
85-100 95 158 213 57.4£5.432
100-115 105 123 212 59.0+6.232
5-9 65 45-55 50 111 36 16.4+1.8711
55-70 625 168 376 19117775
70-85 s 136 385 19.6+1.9'18
85-100 95 123 378 21.6+2.3711
100-115 105 116 409 23.1+25'7}3
115-135 125 70 46 25.3+3539
9-30 130 50-60 55 66 586 5.05£0.737037
60-75 675 886 57.0 4.96+0.59"05
75-90 825 873 565 6.12+0.8103
90-105 9% 866 556 6.82+0.85' 940
105-125 115 8B 580 6.33:£0.78" 339
125-145 135 67 568 6.65+0.97 043

The first uncertainty is statistical and the second systematic. The overall normalization efrg?%%fis not

included. Thep? andW values at which the cross section is evaluated are given in the second and fourth columns.
The number of extracted events corrected for non-resonant background and the accdptamrcgiven for each
measurement.

section cannot be fitted with a single valuerodver theQ? range of this analysis. The fit
parameten was found to vary from = 2.087+ 0.055(stat) +-0.050(syst) for 2.4 GeV <

02 < 9.2 Ge\? to n = 2.75+ 0.13(stat) & 0.07(syst) for 9.2 Ge\? < 02 < 70 Ge\?.

There are several possible causes that could lead to this behavior, including a variation of
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Table 2
Thes parameterd o W?) as a function ofp?
02 range 02 s
(GeV?) (GeV?) (o o W)
+0.06
2-3 24 041+0.10" 505
0.05
3-5 38 03440137503
10.13
5-9 65 04340157573
9-30 130 0.38+0.18" 057

The first uncertainty is statistical and the second systematic.

Iizlifp — ¢p Ccross sectiomt}{,:p%q&p, as a function 002 for W = 75 GeV
02 range 0? Events A ol PP
(GeV?) (GeV?) (%) (nb)
2-3 24 1389 193 105.5+3.474:8
3-45 36 842 214 57.6£2.4732
4.5-6 52 420 266 31.1+ 187§
6-8 69 376 425 17.9+1.119
8-11 92 314 521 11.06+0.737029
11-15 126 200 599 6.42+ 0527033
15-20 171 618 552 2.50+0.377935
20-30 240 323 625 0.98+0.19"9:92
30-70 388 105 535 0.37+0.13"3:5

—0.04

The second column gives the value@f at which the cross section is quoted. The number of extracted events
corrected for non-resonant background and the acceptdnege given for each measurement. The first uncer-
tainty is statistical and the second systematic. The overall normalization erféé% is not included.

R with 02, the dependence ofs on Q2 and the changin@? dependence of the gluon
density at fixedW. The longitudinal and transverse components of the cross section have
been separately extracted using the measured valRdsde SectioB.5.1), and are shown

in Fig. 4b). The difference in th? dependence of the cross section for the two helicity
components is clearly seen.

8.3.1. Comparison to models

The predictions of the MRT mod§6] were compared to the data using three different
gluon densities as shown Fig. 5@). The predictedv dependence with the ZEUS{&6]
and CTEQ6M[47] gluon densities are compatible with the data, whereas the predictions
using the MRST9948] gluon density are too steep. The predic@#idependence is too
steep for all gluon densities.

The FS04 predictiof4] is also compared to the datakig. 5@). TheW dependence
seen in the data is well reproduced, although the normalization is somewhat low at large
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Fig. 4. Exclusivep cross section as a function o + M2 for W = 75 GeV. (a) The total cross section compared

with previous measurements. (b) The separate longitudinal and transverse contributions to the cross section. The
curves represent the results of the fits to the total cross section as described in the text. The error bars represent
the quadratic sum of the statistical and systematic uncertainties. The overall normalization uncerffag@%of

is not shown.

02 and high at lowQ?. A similar model[49] which did not employ a saturated dipole
cross section showed a somewhat steépaetependence.

The expectations from the MRT and FS04 models for@felependence are also com-
pared to the data iRig. 5b). In this case, the ZEUS-S gluon density was chosen for the
MRT model. This prediction agrees reasonably well with the data at higReAt small
02, the predicted transverse cross section is too high while the predicted longitudinal cross
section is too low. The FS04 prediction reproduces the data better than the MRT prediction
for the longitudinal component, and is very similar to the MRT prediction for the transverse
component.

8.4. Dependenceon ¢

The differential cross sectiodp, "~ %" /d|t|, measured as a function oin the range
|t| < 0.6 Ge\Z, is shown inFig. 6(a) for different values 0©22 andW = 75 GeV. A func-
tion of the formdo /dt = do /dt|,—o - € was fitted to the data and the results of the fit are
given inFig. §b), along with measurements from other vector me$br%4,8,10,12,13]
The slope parameters from this analysis are givemaible 4 The values ob from this
analysis show n@? dependence within the present measurement uncertainties. The mea-
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Fig. 5. (a) Exclusivep cross section as a function @f for three values oD? compared with predictions from

the MRT and FS04 model. Different gluon densities (ZEUS-S, MRST99, CTEQ6M) were employed in the MRT
predictions as indicated in the figure. Note that the da@?%t 3.8 Ge\2 are not shown in the figure for clarity.

(b) Exclusiveg cross section as a function of + M2 for W = 75 GeV. The data are compared to the MRT and
FSO04 predictions. The ZEUS-S gluon density was used in the MRT model.

Table 4
The slope paramete, as a function ofp? for W = 75 GeV
02 raznge 0? ) b(% oc e~ Pltly % li—o
(GeV) (Geve) Gev—? nb/GeV2
/
2-3 24 6.37+0.3279-27 678+ 37" 3¢
3-45 36 6.29::0.42"045 352+ 26'5)
45-6 52 5260481038 162+ 1619,
6-8 69 549:+0521033 98+10"8,
8-11 92 558+0.54"03> 61.3+6.6755
11-15 126 545:+0.78" 021 32.9+55%%
+0.43 y+-0.8
15-30 197 510+0.98"043 8.8+1.9"98

The cross section is quoted at tBé value given in the second column. The first uncertainty is statistical and the
second systematic.
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Fig. 6. (a) Differential cross sectiods /d |t| for seven bins 002, for W = 75 GeV and¢| < 0.6 Ge\2. The full

lines are the results of fits to the fortw /dr = do/dt|,—g - ¢”'. The overall normalization uncertainty of&%

is not included in the error bar. (b) The slopgeas a function 0fQ? + M‘Z,, compared to other ZEUS and H1
results. The inner error bars represent the statistical uncertainty; the outer bars are the statistical and systematic
uncertainties added in quadrature.

surements ifFig. 6(b) are presented as a function@f + M‘Z, and are found to scale with
this variable within the present data uncertainties.

The data sample was analyzed to determingithgependence as a functionzofn the
Regge formalism, the differential cross section can be expressed as

do Jdt o« WHer®©=D), (2)
whereap, the Pomeron trajectory, is usually parametrized as

ap(t) = ap(0) + apt. 3

The trajectory measured in soft diffractive processeapis= 1.08 + 0.25 [22,23] In
contrast,ay, is much smaller in/ /¢ photoproductionop = 1.204- 0.11% [12]. In this
notation,ap = 1 + §/4. The values olp(0) and o were determined by fitting the
W dependence of the differential cross section at diffefenvalues using Eq(2) for

0? =5 Ge\2. Since the proton-dissociative process was found to have the Baohe-
pendence as the exclusive process, the extractiop &f not sensitive to this background
contribution. The analysis was therefore extended ujp|te 1 Ge\2. The fit results are
shown inFig. 7(a) and are given ifable 5 The parameters of the trajectory were deter-
mined from a fit of Eq(3) to the extractedyp(¢) values, as shown iRig. 7(b).
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Fig. 7. (a) Differential cross sections/d|¢| as a function ofW for different values of at 02 =5 Ge\~.

The full lines are fits to the formW?. The mean contribution from proton dissociation has been subtracted.

The overall normalization uncertainty @‘5%% is not shown. (b) The extracted valuesogf. The full line is
a linear fit toap with the form given in Eq(3). The dotted line is the soft Pomeron trajectf@®]. The inner

error bars represent the statistical uncertainty; the outer bars are the statistical and systematic uncertainties added

in quadrature.

Table 5
The s parameter and the Pomeron trajectegyas a function ofz|
|| range 2] 3 op
(GeV?) (GeVd) (o o W?) (op=1+6/4)
0-0.08 0025 034+0.117308 1.085+0.02779.953
0.08-0.20 a2 039+0.127589 1.098:+0.03079-952
0.20-0.35 ®5 044+0157071 1.110+0.038"9.97
0.35-0.6 05 031+0.187528 1.078+0.045"08¢
+0.24 0.060
0.6-1.0 o073 ~0.11+0.33"9-23 0.972+0.083" 298

The first uncertainty is statistical and the second systematic.

The results are:

ap(0) = 1.10+£ 0.02(stat) £ 0.02(syst);
ap = 0.08+ 0.09(stat) + 0.08(syst) GeV 2.
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Fig. 8. Normalized distributions of cég in seven@? bins; the curves are the fits to E@). The inner error
bars represent the statistical uncertainty; the outer bars are the statistical and systematic uncertainties added in
quadrature.

The value ofwy, is closer to the value measuredJiiy production than that measured in
soft diffractive processes.

8.5. Decay angular distributions

The angular distributions of the decay of theprovide information about the photon
and ¢ polarization states. In the helicity franjg0], the production and decay of tige
can be described in terms of three angkes; the angle between thg production plane
and the lepton scattering plan®;, the polar angle, and;,, the azimuthal angle of the
positively charged kaon. Under the assumptios-ohannel helicity conservation (SCHC),
the normalized angular distribution depends only on two angleandy, = ¢, — @,. The
0y, distribution can be expressed in the form

1 dN 3

N dcosh, :§[1+783+(1—3r8§)co§9h]. @

The spin-density matrix elemergé1 represents the probability that thhas produced in the
helicity-0 state from a virtual photon of helicity 0 or 1.

y*p—>dp
The normalized cross sectidg}% at W =90 GeV is shown irFig. 8 for seven

values ofQ2. The data were fitted to E¢4). The values of-3;, determined from the fits,
are given inTable 6and plotted as a function @Z/M‘Z, in Fig. 9, where they are compared
to the values extracted for other vector mesfdns3,8,9,12,13] The values oﬁgg for the
different vector mesons are found to scale in this variable.

The values ovgg were also extracted as a function Wf for two different 02 values,
and these are given ifable 7 No dependence oW was observed.
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Fig. 9. The values ofgg extracted from the fits shown Fig. 8are plotted as a function @z/M‘Z/ and compared
with values for other vector mesons.

Table 6
The spin-density matrix elemerﬂ'@(‘)1 and the ratio of cross sections for longitudinally and transversely polarized

photons,R, as a function oip?

02 range 0? % k=ov/or
(Ge?) (GeV?)
>3 24 0529+0.025+0925 1133121312
345 36 0595+ 0.031+393¢ 1.49529+0.24
4.5-6 52 0.680-+0.03879.926 2157035705
6.8 69 0.740+0.038"3928 2887080 0%
8-11 a2 0.744+0.043-9917 29470807057
11-15 126 0.802+0.043+0922 4097551 7055
15-30 197 0.8250.066" 5939 477381012

The first uncertainty is statistical and the second systematic. Due to the transformation give(tiy t&q.error
on the measurement & is asymmetric.

8.5.1. Longitudinal and transverse cross sections
The ratio of the longitudinal to transverse cross sectir; o /o7, was calculated as
a function ofQ? from 3 according to the relation

1 04
R=>-"00_ ()
€1l—rq

which is valid under the assumption of SCHEThe average value af= 0.99 was used
in extractingR. The values ofR are presented as a function of in Table 6and as a

49 The validity of SCHC has been tested for other vector mesons and found to be adequate for the purpose of
extractingR [3].
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Table 7
The spin-density matrix elemeré’(‘J1 and the ratio of cross sections for longitudinally and transversely polarized

photons,R, as a function oW for two bins in 02

R O R o

2-5 3 35-50 45 0597+0.038'3919 1507035 *512
50-65 5725 0569+0.038"3017 1337922 +010
65-80 7225 0511+0.041730%" 1067512 +208
80-95 8725 061100433025 1597932+019
95-115 10275 0612+0.04870035 159793 +024

5-20 8 45-60 525 0800+0.0421303L 4057133 +093
60-80 700 0767+0.038' 5915 3.327081 1031
80-100 90 0673+0.048' 5315 208033012
100-120 11® 0684+0.050'0935 2197039030
120-145 130 0839+0074° 3328  53f33+2%

The first uncertainty is statistical and the second systematic. Due to the transformation give(G)tierror
on the measurement & is asymmetric.

function of W in Table 7 The scaling 0?861 with QZ/M‘Z, implies thatR also scales in this
variable. This is expected in dipole models of diffract[6a].

The values ofR are compared with previous ZEUB,9] and H1[10] results in
Fig. 1Qa) as a function of@? and inFig. 1Qb) as a function ofW. The Q2 depen-
dence is well described by the expressi®nr= a(QZ/qu)b. The parameters were ex-

tracted from the fit t0r861 data for which the statistical errors are Gaussian, yielding

a = 0.51 4+ 0.07(stat) & 0.05(syst) and b = 0.86 & 0.11(stat) &+ 0.05(syst). The pre-

diction from the MRT model (using the ZEUS-S gluon density) is also show#gnlQ as

is the FS04 prediction. The general power-law dependengenith Q2 is reproduced, but

the model predictions systematically underestimate the measurements. The dipole-model
prediction (FS04) is in somewhat better agreement with the ZEUS data than the MRT-
model prediction (with the ZEUS-S gluon density), particularly at the lo@érvalues.

The weak dependence &fon W observed irFig. 1Qb) is consistent with both the MRT

and FS04 models.

9. Summary

The exclusive electroproduction gfmesonsegp — e¢p, has been measured with the
ZEUS detector at HERA for photon virtualities in the range 2 &eVQ? < 70 Ge\?,
for photon—proton center-of-mass energies in the range 35G8V< 145 GeV and for
four-momentum-transfer squared in the range< 0.6 Ge\?. The extracted/*p cross
section rises wittW aso o« W, with a slope parametéra 0.4. This value is between the
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Fig. 10. (a) RatioR = o7 /o as a function 0fQ? for exclusive¢ production; the full line is the result of the
two-parameter fit as shown in the plot. (b) RaRo= o /o as a function ofW extracted in this analysis for

two different 92 values. The dashed curve in both plots is from the MRT model with the ZEUS-S gluon density,
while the dotted curve is from the FS04 model. The inner error bars show the statistical uncertainty, the outer the
statistical and systematic uncertainties added in quadrature.

‘soft’ diffraction value and the value observeddiiy production. NoQ? or t dependence
of § was observed within the present experimental precision of the data.

The high-precision data from this analysis reveal that@edependence of the cross
section cannot be fitted with a single power over the meas@redinge. The longitudinal
and transverse components of the cross section were separately extracted using the mea-
sured value ok and the differeni0? dependence of the cross section for the two helicity
components is clearly seen.

The: distribution, measured far| < 0.6 Ge\?, is well described by an exponential de-
pendence over the range 2 Ge¥Y Q2 < 70 Ge\2. The slope ranges from4+0.4 GeV 2
atQ?=24GeVPt051+11GeV?at0?=197 Ge\~.

The ratio of the cross sections for longitudinally and transversely polarized ph&pns,
increases withp? and can be fitted by a power-law dependence.

The data from this analysis were compared to previously publighed ¢V p data.

The values off andb were found to scale, within the present accuracy, when plotted as
a function of 02 + M‘Z,. The ratio of longitudinal to transverse cross sections was seen to
scale withQ?/M?2.
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The MRT model does not reproduce tig# dependence of the*p cross section
observed in the data, while the FS04 prediction reasonably reproduces the data for the
longitudinal photon polarization. This conclusion is also reflected in the better agreement
of FS04 with the data for the measuremenRofs Q2. The W dependence of the data can
be reproduced in both models.
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