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Abstrat

Exlusive eletroprodution of � mesons has been studied in e

�

p ollisions at

p

s = 318 GeV with the ZEUS detetor at HERA using an integrated luminosity

of 65:1 pb

�1

. The 

�

p ross setion is presented in the kinemati range 2 < Q

2

<

70 GeV

2

, 35 < W < 145 GeV and jtj < 0:6 GeV

2

. The ross setions as funtions

of Q

2

, W , t and heliity angle �

h

are ompared to ross setions for other vetor

mesons. The ratios R of the ross setions for longitudinally and transversely

polarized virtual photons are presented as funtions of Q

2

and W . The data are

also ompared to preditions from theoretial models.
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1 Introdution

Exlusive eletroprodution of vetor mesons is a proess whih an be used to onfront

model preditions in a kinemati region that inludes the transition between soft and hard

dynamis. The proess also lends itself to detailed experimental investigation; the deay

produts of the vetor meson an be preisely measured so that distributions in several

variables an be studied with high resolution over a large phase spae.

Many measurements of exlusive prodution of vetor mesons, e p ! e V p, have been

made at HERA [1{16℄. In this paper, results from a study of exlusive � prodution are

presented. The data sample represents a fator � 30 inrease over previously published

HERA results [9,10℄. The measurements were made for virtuality of the exhanged photon,

Q

2

, in the range 2 < Q

2

< 70 GeV

2

and for the photon-proton enter-of-mass energy, W ,

in the range 35 < W < 145 GeV. The ross setions are presented as funtions of Q

2

, W ,

the squared four-momentum transfer at the proton vertex, t, and heliity angle �

h

. The

W dependene was also extrated in bins of t, and the ratio, R, of the ross setions for

longitudinally and transversely polarized virtual photons, determined from the angular

distribution of the deay produts of the � mesons, is presented as funtions of W and

Q

2

.

2 Phenomenology

A simple piture for the proess e p ! e V p, where V represents a vetor meson, an

be formulated in the rest frame of the proton. In this frame, the virtual photon emitted

from the eletron utuates into a quark-antiquark dipole, whih then satters elastially

o� the proton. Long after the interation, the q�q pair forms a vetor meson. It an be

shown that, at high energy, the q�q reation, sattering, and vetor meson formation are

well separated in time so that the ross setion for the proess an be fatorized into

terms representing the q�q oupling to the photon, the dipole sattering ross setion on

the proton, and the �nal-state formation [17, 18℄. The dipole sattering ross setion

on the proton depends on the transverse separation of the q�q pair in the dipole. The

interations of large dipoles are thought to be primarily `soft' and therefore desribed by

Regge phenomenology [19℄. On the other hand, the interations of dipoles with small

transverse separation of the q�q pair are expeted to be `hard', and therefore alulable in

perturbative QCD (pQCD). In lowest-order pQCD, the proess proeeds via the exhange

of two gluons between the proton and the q�q dipole so that vetor-meson prodution is

sensitive to the gluon density in the proton [20℄.

The transverse size of the dipole is related to the transverse-energy sale of the interation,

1



and an depend on Q as well as on the quark mass, M [21℄. Large transverse-energy sales

preferentially selet small dipole sizes. The impat parameter for the dipole sattering

on the proton depends on

p

jtj. Large jtj preferentially selets small impat parameters.

The jtj values in this analysis are small and no pQCD preditions are possible for the jtj

dependene in this regime. The pQCD preditions for the W and Q

2

dependene of the

ross setion should be more aurate as either or both of Q or M beome large.

The pQCD preditions depend on the square of the gluon density, leading to a steep

dependene of the 

�

p ross setion on W , in ontrast to expetations from Regge phe-

nomenology. For example, a gluon density varying as xg(x) / x

�0:2

, where x is the

Bjorken saling variable, would lead to �(

�

p! V p) / W

0:8

. The Regge phenomenology

expetation is �(

�

p ! V p) / W

0:2

. The energy dependene of the 

�

p ross setion

is therefore a good indiator of whether gluon exhange is dominant. Data from exlu-

sive � prodution [2, 4, 5℄ show that the ross setion �(

�

p ! � p) rises with W as W

Æ

,

where Æ inreases with Q

2

from about 0:2 at Q

2

= 0 (photoprodution) to about 0:7

at Q

2

� 30 GeV

2

. However, in the ase of exlusive J= prodution the ross setion

rises steeply with W even for photoprodution [12, 13, 16℄. The investigation of elasti �

prodution is of partiular interest sine the � is an s�s state, and the mass of the strange

quark is not negligible in pQCD alulations. Experimentally, the extration of the �

signal is very lean due to the narrow width of the state.

The measurement of the variation of the W dependene of the ross setion with t also

provides a good test of the validity of pQCD alulations. In pQCD, little variation is

expeted, while for soft hadroni proesses the W dependene varies as � / W

4(�

IP

(t)�1)

,

with �

IP

(t) = 1:08 + 0:25t [22,23℄.

Spei� preditions for � meson prodution are available in the dipole model realization

(FS04) of Forshaw and Shaw [24℄. The preditions depend on the strange-quark mass

used in the photon wavefuntion, on the parametrization of the dipole-proton sattering

ross setion, and on the vetor-meson wavefuntion. The gluon density does not appear

expliitly but is impliit in the dipole sattering ross setion. The preditions shown in

this paper employed a strange-quark mass of 200 MeV, and a Gaussian wave-funtion for

the �-meson [25℄. The dipole-proton ross setion is obtained from the best �t to the

total 

�

p ross setion [24℄ and implies a saturation of the ross setion as x dereases.

Spei� preditions for the � 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

ompletely from the features of the photon wavefuntion and the gluon density in the

proton. Parton-hadron duality is invoked to relate the parton-level ross setion to the

ross setion for the produed vetor meson.

As NLO orretions are not fully taken into aount, the model alulations ome with

2



signi�ant normalization unertainties.

The data of this analysis are also ompared to results from other vetor mesons. The

results are presented as a funtion of Q

2

+M

2

V

, where M

V

is the vetor meson mass, for

ross setions, and as a funtion of Q

2

=M

2

V

for the spin-density matrix element, r

04

00

, to

test for saling in these variables.

A reent review of models and data an be onsulted for more detailed information on

vetor meson prodution [27℄.

3 Experimental set-up

The data were olleted during 1998-2000 with the ZEUS detetor and orrespond to an

integrated luminosity of 15:0 pb

�1

for e

�

p and 50:1 pb

�1

for e

+

p ollisions with a proton

energy of 920 GeV and an e

�

energy of 27:5 GeV. Sine no dependene on the lepton

harge is expeted, the two data sets were ombined

1

. A detailed desription of the ZEUS

detetor an be found elsewhere [28℄. A brief outline of the omponents that are most

relevant for this analysis is given below.

Charged partiles were reonstruted in the entral traking detetor (CTD) [29℄ overing

the polar-angle

2

region 15

Æ

< � < 164

Æ

. The transverse-momentum resolution for full-

length traks is �(p

T

)=p

T

= 0:0058p

T

� 0:0065 � 0:0014=p

T

, with p

T

in GeV.

The high-resolution uranium alorimeter (CAL) [30℄ onsists of three parts: the forward

(FCAL), the barrel (BCAL) and the rear (RCAL) alorimeters. Eah part is subdivided

transversely into towers and longitudinally into an eletromagneti setion (EMC) and

either one (RCAL) or two (FCAL and BCAL) hadroni setions. The CAL overs 99:7% of

the total solid angle. Under test-beam onditions, the CAL single-partile relative energy

resolution is �(E)=E = 0:18=

p

E for eletrons and �(E)=E = 0:35=

p

E for hadrons, with

E in GeV.

The forward plug alorimeter (FPC) [31℄ was a lead-sintillator sandwih alorimeter with

readout via wavelength-shifter �bers. It was installed in the beamhole of the FCAL and

extended the pseudorapidity overage of the forward alorimeter from � . 4 to � . 5. It

has sine been removed to aomodate HERA magnets for the high-luminosity HERA II

run.

1

Hereafter, both e

+

and e

�

are referred to as eletrons, unless expliitly stated otherwise.

2

The ZEUS oordinate system is a right-handed Cartesian system, with the Z axis pointing in the

proton beam diretion, referred to as the \forward diretion", and the X axis pointing left towards

the enter of HERA. The oordinate origin is at the nominal interation point.

3



The small-angle rear traking detetor (SRTD) [32℄ onsists of two planes of sintillator

strips read out via optial �bers. It is attahed to the front fae of the RCAL and overs

an angular range between 162

Æ

< � < 176

Æ

. The SRTD provides a transverse position

resolution for the sattered eletron of 0.3 m [12℄ orresponding to an angular resolution

of 2 mrad.

The hadron-eletron separator installed in the RCAL (RHES) onsists of silion diodes

plaed at a longitudinal depth of three radiation lengths. The RHES provides an eletron

position resolution of 0.5 m if at least two adjaent pads are hit by the shower [33℄.

The luminosity was determined from the rate of the bremsstrahlung proess ep ! e  p,

where the photon was measured with a lead-sintillator alorimeter [34℄ plaed in the

HERA tunnel at Z = �107 m in the HERA tunnel.

4 Kinematis and ross setions

The following kinemati variables are used to desribe exlusive � prodution,

e(k) p(P ) ! e(k

0

) �(v) p(P

0

) ;

where k, k

0

, P , P

0

and v are, respetively, the four-momenta of the inident eletron,

sattered eletron, inident proton, sattered proton and the � meson:

� Q

2

= �q

2

= �(k � k

0

)

2

, the negative four-momentum squared of the virtual photon;

� W

2

= (q + P )

2

, the squared invariant mass of the photon-proton system;

� y = (P � q)=(P � k), the fration of the eletron energy transferred to the proton in the

proton rest frame;

� x = Q

2

=(2P � q), the Bjorken variable;

� t = (P � P

0

)

2

, the squared four-momentum transfer at the proton vertex.

The kinemati variables were reonstruted with the \onstrained" method [2℄ whih

uses the momentum vetor of the � and the polar and azimuthal angles of the sattered

eletron.

The ep ross setion an be expressed in terms of the transverse, �

T

, and longitudinal,

�

L

, virtual photoprodution ross setions as

d

2

�

ep!e�p

dydQ

2

= �

T

(y;Q

2

) (�

T

+ ��

L

) ;

where �

T

is the ux of transverse virtual photons [35℄ and � is the ratio of longitudinal

and transverse virtual-photon uxes, given by � = 2(1�y)=(1+(1�y)

2

). In the kinemati

range studied here, � lies in the range 0:975 < � < 1, with an average value of 0:99.

4



The virtual photon-proton ross setion, �



�

p!�p

� �

T

+ ��

L

, an be used to evaluate the

total exlusive ross setion, �



�

p!�p

tot

� �

T

+ �

L

, through the relation

�



�

p!�p

tot

=

1 +R

1 + �R

�



�

p!�p

;

where R = �

L

=�

T

is the ratio of the ross setions for longitudinal and transverse photons.

The heliity struture of � prodution is used to determineR as desribed in Setion 8.5.1.

5 Reonstrution and seletion of events

The signature of exlusive � eletroprodution, ep ! e � p, onsists of the sattered

eletron and two oppositely harged kaons from the � deay. The sattered proton is

deeted through a small angle and esapes undeteted down the beampipe. The data

seletion and analysis are desribed in detail elsewhere [36℄. A brief outline is given here.

The events were seleted online by a three-level trigger [37, 38℄. The trigger required a

sattered eletron in the CAL with energy greater than 7 GeV, a minimum of two and a

maximum of �ve traks reonstruted with the CTD and less than 5 GeV in the towers

of the FCAL losest to the beampipe. These uts redued the rate of bakground events

while preserving high eÆieny (> 99 %) for the signal events.

The following riteria were applied o�ine to reonstrut and selet the events:

� the identi�ation and energy measurement of the sattered eletron used information

from the CAL. The energy was required to satisfy E > 10 GeV. The impat point

of the eletron on the CAL was measured using three detetors: SRTD, HES and

CAL. Given its superior position resolution, preferene was given to the measurement

from the SRTD. This was improved by the position obtained from HES or CAL when

appliable. To ensure full ontainment of the eletromagneti shower and good position

reonstrution, �duial uts were applied to the impat position of the eletron on the

fae of the RCAL;

� the � mesons were reonstruted from the properties of the deay kaons. No partile

identi�ation was used. Events with two traks of opposite harge eah with p

T

>

0:15 GeV and j�j < 1:7 were seleted. These traks were assigned the kaon mass

and the invariant mass was formed. Trak ombinations with invariant masses falling

within an allowed mass window were seleted (see below). Events with additional

traks not assoiated with the sattered eletron or with kaon deays were rejeted;

� the position of the reonstruted vertex was required to be ompatible with that of an

ep ollision, jZ

VTX

j < 50 m. The radial distane of the reonstruted vertex from the

nominal beamline was required to be less than 0:8 m to remove K

0

S

! �

+

�

�

deays;
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� to remove events with large initial-state radiation, 45 < E � P

Z

< 65 GeV was im-

posed, where the longitudinal energy-momentum variable E � P

Z

is alulated using

the momenta of the two kaons and the sattered eletron (the masses are negleted).

This variable is peaked at twie the eletron beam energy (55 GeV) for non-radiative

DIS events. The E � P

Z

> 45 GeV ut removed events with a radiated photon of

more than 5 GeV;

� to suppress non-exlusive events, the energy of eah CAL luster not assoiated with

either of the �nal-state kaons or the sattered eletron was required to be less than

0:3 GeV. To suppress further the ontamination from proton-dissoiative events, ep!

e � Y , the energy in the FPC was required to be less than 1 GeV. These uts restrit

the mass of the proton-dissoiative system, Y , to M

Y

. 2:3 GeV.

Events were required to be in a kinemati region where the properties of the �nal-state

partiles are well measured. Additionally, the kinemati range was limited to the region

where the aeptane varies only slowly with the kinemati variables. This led to the

following seletion:

Q

2

> 2 GeV

2

;

jtj < 0:6 GeV

2

;

33:75 GeV + (1:25 GeV

�1

�Q

2

) < W < 100 GeV + (3:7 GeV

�1

�Q

2

) ;

with Q

2

given in GeV

2

in the last expression. The distribution of seleted events in the

x-Q

2

plane for 1:01 < m

KK

< 1:04 GeV is shown in Fig. 1.

6 Monte Carlo simulation

The aeptane and the e�ets of the detetor response were determined using samples of

Monte Carlo (MC) events. All generated events were passed through the standard ZEUS

detetor simulation, based on the Geant 3.13 program [39℄, the ZEUS trigger simulation

pakage, and the ZEUS reonstrution software.

The exlusive proess ep ! e � p was modelled using the Zeusvm [40℄ MC genera-

tor interfaed to Herales 4.6.1 [41℄ to aount for �rst-order QED radiative e�ets.

The parameters desribing the W;Q

2

; t and �

h

distributions in the MC simulation were

adjusted suh that the MC simulation reprodued the data distributions. The typial

aeptane for �! K

+

K

�

inreases from 20% at Q

2

= 2 GeV

2

to 60% for Q

2

> 10 GeV

2

.

The aeptane is small at the smaller Q

2

due to the �duial uts on the impat point of

the eletron.
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Proton-dissoiative events, ep ! e � Y , were modelled using the generator Epsoft [42℄.

The 

�

p ! � Y ross setion was parametrized as

d

2

�



�

p!�Y

dt dM

2

Y

/ f(Q

2

;W )e

�bjtj

M

��

Y

(1)

with the same Q

2

and W dependene, f(Q

2

;W ), as for the exlusive ase. The values of

b and � are disussed in Setion 7.2.

7 Extration of the � signal

Figure 2 shows the invariant-mass distribution of the K

+

K

�

pairs obtained after the

seletion desribed in Setion 5. A total of 3642 � andidates were found after subtration

of non-resonant bakground in the mass range 1:01 < m

KK

< 1:04 GeV. The natural

width of the resonane is omparable to the detetor mass resolution, whih is 1:8 MeV

for traks at entral rapidity, deteriorating to � 5 MeV for traks rossing the CTD

through large angles. This resolution is well desribed by the MC simulation.

7.1 Non-resonant bakground

The non-resonant bakground was estimated for eah bin in whih a ross setion was ex-

trated with an unbinned likelihood �t to the invariant-mass distribution. The assumed

funtional form was a p-wave relativisti Breit-Wigner onvoluted with a Gaussian reso-

lution funtion for the signal plus a bakground funtion with the shape a(m

KK

�2m

K

)

b

.

The bakground, estimated from the �t, was subtrated from the number of observed

events in the mass window. The ontribution of the non-resonant bakground in the mass

range of the signal is typially 18% at Q

2

= 2:4 GeV

2

, dereasing to 5% at Q

2

= 13 GeV

2

.

7.2 Proton-dissoiative bakground

The remaining soure of bakground onsists of � prodution aompanied by proton

dissoiation, e p ! e � Y , where the partiles from the breakup of the proton are not

deteted. A similar study to that done for J= prodution [12℄ was performed.

Proton-dissoiative events with observed proton breakup were studied using a sample of

di�rative events seleted as desribed in Setion 5, with the following exeptions:

� the elastiity riteria (last bullet in Setion 5) were not applied and the energy in FPC

was required to satisfy E

FPC

> 1 GeV;
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� a pseudorapidity gap �� > 3 was required between the energy deposits from the

system Y and the � deay produts.

The sample of proton-dissoiation events identi�ed with the FPC ontained 300 � an-

didates for jtj < 1 GeV

2

in the kinemati range 45 < W < 135 GeV and Q

2

> 2 GeV

2

.

The W , Q

2

and �

h

dependenes were found to be the same as for the elasti data sam-

ple. The t dependene was found to have a slope (see Eq. 1) dereasing with Q

2

as

b = (5:1� 1:3)=(1 +R(Q

2

)) GeV

�2

with R given in Setion 8.5.1. The MC distribution of

M

2

Y

was tuned to desribe the FPC energy distribution, yielding � = 2:0� 0:5.

The fration of proton-dissoiative events in the �nal sample, averaged over t for jtj <

0:6 GeV

2

, was f

p�diss

= (7:0 � 0:4

+4:2

�2:8

)%, independent of W , Q

2

and �

h

. The unertainty

is dominated by the unertainty in the modelling of the M

Y

spetrum for M

Y

< 3 GeV,

and by the simulation of the proton-remnant �nal state. The unertainty of the behavior

of the M

Y

spetrum at small masses was parametrized by allowing � to vary in the range

1:5 < � < 3:0. The unertainties on the simulation of the proton-remnant �nal state were

estimated by a omparison of di�erent MC simulations.

The fration of proton-dissoiative events inreases from 4.5% for 0 < jtj < 0:08 GeV

2

to

14.5% for 0:35 < jtj < 0:6 GeV

2

. The ross setions presented in the next setions were

orreted for this bakground in bins of t, and globally in W , Q

2

and �

h

.

8 Results

8.1 Cross setions

In eah bin of a kinemati variable, the ep ross setion was extrated using the formula

�

ep!e � p

=

(N

data

�N

bgd

)(1� f

p�diss

)

ABL

;

where N

data

is the number of events in the data and N

bgd

is the number of events from

the non-resonant bakground. The overall aeptane is denoted as A, B aounts for the

�! K

+

K

�

deay branhing ratio (49:2� 0:6)% [43℄, and L is the integrated luminosity.

The total exlusive photon-proton ross setion was alulated as

�



�

p!�p

tot

(Q

2

;W; t) = �



�

p!�p

tot;MC

(Q

2

;W; t) �

�

ep!e � p

DATA

�

ep!e � p

MC

:

In this way, the MC simulation was used to orret for radiative e�ets, detetor aep-

tane, ut eÆienies and the shape of the ross setion within the bin.
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The ross setions were measured for jtj < 0:6 GeV

2

. The results were then extrapolated

to the full t range assuming d�=dt / e

�bjtj

. The orretion fator needed to extrapolate to

the ross setion integrated over t was evaluated bin-by-bin using the measured value of

b for the given Q

2

, and ranged from 1:5 % to 5:0 %. The ross setions are quoted for the

mass range 2m

K

< m

KK

< M

�

+ 5�, where M

�

= 1019:4 MeV and � = 4:458 MeV [43℄.

8.2 Systemati unertainties

The systemati unertainties on the measured ross setions were determined by varying

the seletion uts and by modifying the analysis proedure. The soures of systemati

unertainties onsidered [36℄ were similar to those of previously published analyses [12,44℄.

Exept for the two lowestQ

2

bins in the evaluation of d�=dQ

2

, the systemati unertainties

(exluding normalization unertainty) were smaller than the statistial errors.

� The eletron position reonstrution is ritial in determining the aeptane and in

the kinemati-variable reonstrution. Possible misalignments of the SRTD and CAL

were estimated to be 2 mm, and the e�et of suh misalignments was tested via MC

simulations. In addition, the eletron �duial ut was varied by 5 mm. The inomplete

knowledge of the reonstruted eletron position generally provided the largest soure

of unertainty.

� The elastiity ut is important in suppressing non-exlusive events. The energy dis-

tribution of the most energeti luster not assigned to the eletron or one of the kaons

was ompared in data and MC simulation. The MC simulation was found to repro-

due the data distributions well, indiating a very small non-exlusive ontribution

with extra partiles in the entral region. The ut was varied from 0:3 to 0:4 GeV in

both data and MC simulation to determine the unertainties.

� The stability of the �tting proedure and extration of the signal was heked by

reduing the �t range to m

KK

< 1:07 GeV and hanging the aepted mass range to

1:01 < m

KK

< 1:035 GeV, respetively. Exept for bins with a small number of events

the ontribution to the overall unertainty was small.

� Unertainties from the dependene on the MC parametrizations were also estimated

and found to be small ompared to other soures of systemati unertainties.

� The normalization unertainty was di�erent for di�erent measurements. All mea-

surements had a normalization unertainty due to unertainties in the integrated lu-

minosity, �2:5%, and due to the unertainty in the deay branhing ratio, �1:2%,

leading to a ombined unertainty of �2:8%. In the ase of the d�=dQ

2

and d�=dW

measurements, the proton-dissoiation bakground was subtrated globally and the

normalization unertainty inreased to

+4:1

�5:3

%. The unertainty due to the subtration
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of proton-dissoiative bakground for the d�=dt measurement resulted in a t-dependent

unertainty as disussed in Setion 7.2. For the angular distributions, the normaliza-

tion unertainty does not appear as only the shapes of the distributions were measured.

The total systemati unertainty (exluding the normalization unertainty) was deter-

mined by adding the individual ontributions in quadrature. The orrelated and un-

orrelated systemati unertainties were evaluated separately. The typial size of the

systemati unertainty (exluding the normalization unertainty) was 5% for the ross

setions in W and Q

2

bins, and 5% at small jtj, inreasing to 10% at jtj = 0:6 GeV

2

.

8.3 Dependene on W and Q

2

The ross-setion �



�

p!�p

tot

, measured as a funtion of W and Q

2

, is shown in Fig. 3a and

given in Table 1. In addition to the measured ross setion, this table gives the kinemati

range over whih the measurement was performed, the value of the kinemati variables at

whih the ross setion is quoted, the aeptane, and the bakground-orreted number

of � events. The muh higher statistis available for this analysis allow measurements of

double-di�erential ross setions.

The ross setions were �tted to a dependene � / W

Æ

with results presented in Table 2.

The measured values of Æ show no Q

2

dependene within the present unertainties. The

values of Æ are ompared to those from previous H1 [4℄ and ZEUS [1,2,12,13℄ measurements

in Fig. 3b, where the data are plotted as a funtion of Q

2

+ M

2

V

. The values of Æ sale

with this variable within the present unertainties.

The Q

2

dependene of the ross setion, given in Table 3, is shown in Fig. 4a for W =

75 GeV. The data are ompared to previous ZEUS [8,9℄ and H1 [10℄ results. The � data

from this analysis were �tted with a funtion of the form � / (Q

2

+ M

2

�

)

�n

expeted

in the VDM [45℄. The new high-preision data show that the Q

2

dependene of the

ross setion annot be �tted with a single value of n over the Q

2

range of this analysis.

The �t parameter n was found to vary from n = 2:087 � 0:055(stat:) � 0:050(syst:) for

2:4 � Q

2

� 9:2 GeV

2

to n = 2:75�0:13(stat:)�0:07(syst:) for 9:2 � Q

2

� 70 GeV

2

. There

are several possible auses that ould lead to this behavior, inluding a variation of R with

Q

2

, the dependene of �

S

on Q

2

and the hanging Q

2

dependene of the gluon density

at �xed W . The longitudinal and transverse omponents of the ross setion have been

separately extrated using the measured value of R (see Setion 8.5.1), and are shown

in Fig. 4b. The di�erene in the Q

2

dependene of the ross setion for the two heliity

omponents is learly seen.
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8.3.1 Comparison to Models

The preditions of the MRT model [26℄ were ompared to the data using three di�erent

gluon densities as shown in Fig. 5a. The predited W dependene with the ZEUS-S [46℄

and CTEQ6M [47℄ gluon densities are ompatible with the data, whereas the preditions

using the MRST99 [48℄ gluon density are too steep. The predited Q

2

dependene is too

steep for all gluon densities.

The FS04 predition [24℄ is also ompared to the data in Fig. 5a. The W dependene seen

in the data is well reprodued, although the normalization is somewhat low at large Q

2

and high at low Q

2

. A similar model [49℄ whih did not employ a saturated dipole ross

setion showed a somewhat steeper W dependene.

The expetations from the MRT and FS04 models for the Q

2

dependene are also om-

pared to the data in Fig. 5b. In this ase, the ZEUS-S gluon density was hosen for the

MRT model. This predition agrees reasonably well with the data at higher Q

2

. At small

Q

2

, the predited transverse ross setion is too high while the predited longitudinal

ross setion is too low. The FS04 predition reprodues the data better than the MRT

predition for the longitudinal omponent, and is very similar to the MRT predition for

the transverse omponent.

8.4 Dependene on t

The di�erential ross setion, d�



�

p!�p

tot

=djtj, measured as a funtion of t in the range

jtj < 0:6 GeV

2

, is shown in Fig. 6a for di�erent values of Q

2

and W = 75 GeV. A funtion

of the form d�=dt = d�=dtj

t=0

� e

bt

was �tted to the data and the results of the �t are

given in Fig. 6b, along with measurements from other vetor mesons [1, 2, 4, 8, 10, 12, 13℄.

The slope parameters from this analysis are given in Table 4. The values of b from

this analysis show no Q

2

dependene within the present measurement unertainties. The

measurements in Fig. 6b are presented as a funtion of Q

2

+ M

2

V

and are found to sale

with this variable within the present data unertainties.

The data sample was analyzed to determine the W dependene as a funtion of t. In the

Regge formalism, the di�erential ross setion an be expressed as

d�=dt /W

4(�

IP

(t)�1)

; (2)

where �

IP

, the Pomeron trajetory, is usually parametrized as

�

IP

(t) = �

IP

(0) + �

0

IP

t: (3)

The trajetory measured in soft di�rative proesses is �

IP

= 1:08 + 0:25 t [22, 23℄. In

ontrast, �

0

IP

is muh smaller in J= photoprodution: �

IP

= 1:20 + 0:115 t [12℄. In
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this notation, �

IP

= 1 + Æ=4. The values of �

IP

(0) and �

0

IP

were determined by �tting

the W dependene of the di�erential ross setion at di�erent jtj values using Eq. (2)

for Q

2

= 5 GeV

2

. Sine the proton-dissoiative proess was found to have the same

W dependene as the exlusive proess, the extration of �

IP

is not sensitive to this

bakground ontribution. The analysis was therefore extended up to jtj = 1 GeV

2

. The

�t results are shown in Fig. 7a and are given in Table 5. The parameters of the trajetory

were determined from a �t of Eq.(3) to the extrated �

IP

(t) values, as shown in Fig. 7b.

The results are:

�

IP

(0) = 1:10 � 0:02(stat:)� 0:02(syst:);

�

0

IP

= 0:08 � 0:09(stat:)� 0:08(syst:) GeV

�2

:

The value of �

0

IP

is loser to the value measured in J= prodution than that measured

in soft di�rative proesses.

8.5 Deay angular distributions

The angular distributions of the deay of the � provide information about the photon

and � polarization states. In the heliity frame [50℄, the prodution and deay of the �

an be desribed in terms of three angles: �

h

, the angle between the � prodution plane

and the lepton sattering plane; �

h

, the polar angle, and �

h

, the azimuthal angle of the

positively harged kaon. Under the assumption of s-hannel heliity onservation (SCHC),

the normalized angular distribution depends only on two angles, �

h

and  

h

= �

h

� �

h

.

The �

h

distribution an be expressed in the form

1

N

dN

d os �

h

=

3

8

�

1 + r

04

00

+ (1� 3r

04

00

) os

2

�

h

�

: (4)

The spin-density matrix-element r

04

00

represents the probability that the � is produed in

the heliity-0 state from a virtual photon of heliity 0 or 1.

The normalized ross setion

1

�

d�



�

p!�p

tot

d os(�

h

)

at W = 90 GeV is shown in Fig. 8 for seven values

of Q

2

. The data were �tted to Eq. (4). The values of r

04

00

, determined from the �ts, are

given in Table 6 and plotted as a funtion of Q

2

=M

2

V

in Fig. 9, where they are ompared

to the values extrated for other vetor mesons [1{3,8,9,12,13℄. The values of r

04

00

for the

di�erent vetor mesons are found to sale in this variable.

The values of r

04

00

were also extrated as a funtion of W for two di�erent Q

2

values, and

these are given in Table 7. No dependene on W was observed.
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8.5.1 Longitudinal and transverse ross setions

The ratio of the longitudinal to transverse ross setion, R = �

L

=�

T

, was alulated as a

funtion of Q

2

from r

04

00

aording to the relation

R =

1

�

r

04

00

1 � r

04

00

; (5)

whih is valid under the assumption of SCHC

3

. The average value of � = 0:99 was used

in extrating R. The values of R are presented as a funtion of Q

2

in Table 6 and as a

funtion of W in Table 7. The saling of r

04

00

with Q

2

=M

2

V

implies that R also sales in

this variable. This is expeted in dipole models of di�ration [51℄.

The values of R are ompared with previous ZEUS [8,9℄ and H1 [10℄ results in Fig. 10a as

a funtion of Q

2

and in Fig. 10b as a funtion of W . The Q

2

dependene is well desribed

by the expression R = a(Q

2

=M

2

�

)

b

. The parameters were extrated from the �t to r

04

00

data

for whih the statistial errors are Gaussian, yielding a = 0:51 � 0:07(stat:)� 0:05(syst:)

and b = 0:86 � 0:11(stat:) � 0:05(syst:). The predition from the MRT model (using

the ZEUS-S gluon density) is also shown in Fig. 10, as is the FS04 predition. The

general power-law dependene of R with Q

2

is reprodued, but the model preditions

systematially underestimate the measurements. The dipole-model predition (FS04) is

in somewhat better agreement with the ZEUS data than the MRT-model predition (with

the ZEUS-S gluon density), partiularly at the lower Q

2

values. The weak dependene of

R on W observed in Fig. 10b is onsistent with both the MRT and FS04 models.

9 Summary

The exlusive eletroprodution of � mesons, e p ! e � p, has been measured with the

ZEUS detetor at HERA for photon virtualities in the range 2 < Q

2

< 70 GeV

2

, for

photon-proton enter-of-mass energies in the range 35 < W < 145 GeV and for four-

momentum-transfer squared in the range jtj < 0:6 GeV

2

. The extrated 

�

p ross setion

rises with W as � / W

Æ

, with a slope parameter Æ � 0:4. This value is between the `soft'

di�ration value and the value observed in J= prodution. No Q

2

or t dependene of Æ

was observed within the present experimental preision of the data.

The high-preision data from this analysis reveal that the Q

2

dependene of the ross

setion annot be �tted with a single power over the measured Q

2

range. The longitu-

dinal and transverse omponents of the ross setion were separately extrated using the

3

The validity of SCHC has been tested for other vetor mesons and found to be adequate for the purpose

of extrating R [3℄.

13



measured value of R and the di�erent Q

2

dependene of the ross setion for the two

heliity omponents is learly seen.

The t distribution, measured for jtj < 0:6 GeV

2

, is well desribed by an exponential

dependene over the range 2 < Q

2

< 70 GeV

2

. The slope ranges from 6:4 � 0:4 GeV

�2

at

Q

2

= 2:4 GeV

2

to 5:1 � 1:1 GeV

�2

at Q

2

= 19:7 GeV

2

.

The ratio of the ross setions for longitudinally and transversely polarized photons, R,

inreases with Q

2

and an be �tted by a power-law dependene.

The data from this analysis were ompared to previously published e p ! e V p data.

The values of Æ and b were found to sale, within the present auray, when plotted as

a funtion of Q

2

+M

2

V

. The ratio of longitudinal to transverse ross setions was seen to

sale with Q

2

=M

2

V

.

The MRT model does not reprodue theQ

2

dependene of the 

�

p ross setion observed in

the data, while the FS04 predition reasonably reprodues the data for the longitudinal

photon polarization. This onlusion is also reeted in the better agreement of FS04

with the data for the measurement of R vs Q

2

. The W dependene of the data an be

reprodued in both models.
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Q

2

range Q

2

W range W Events A �



�

p!�p

tot

( GeV

2

) ( GeV

2

) ( GeV) ( GeV) (%) (nb)

35{45 40 203 19.4 76:4 � 6:5

+4:0

�5:9

45{55 50 255 18.7 101:2 � 7:7

+8:1

�4:2

55{65 60 220 19.6 101:9 � 8:3

+6:3

�7:4

2{3 2.4 65{75 70 210 19.6 112:8 � 9:4

+6:3

�7:6

75{85 80 167 19.3 107 � 11

+4

�6

85{95 90 175 20.7 122 � 11

+10

�10

95{105 100 134 19.5 110 � 11

+8

�7

40{50 45 184 20.9 47:0 � 4:1

+1:4

�2:5

50{60 55 146 21.3 44:3 � 4:5

+2:8

�3:6

3{5 3.8 60{70 65 169 22.3 56:7 � 5:1

+3:6

�4:0

70{85 77.5 218 22.0 62:3 � 5:0

+4:3

�4:2

85{100 92.5 158 21.3 57:4 � 5:4

+3:2

�4:3

100{115 107.5 123 21.2 59:0 � 6:2

+3:0

�2:6

45{55 50 111 34.6 16:4 � 1:8

+1:1

�1:1

55{70 62.5 168 37.6 19:1 � 1:7

+1:5

�1:4

5{9 6.5 70{85 77.5 136 38.5 19:6 � 1:9

+1:6

�1:5

85{100 92.5 123 37.8 21:6 � 2:3

+1:1

�1:1

100{115 107.5 116 40.9 23:1 � 2:5

+1:3

�1:3

115{135 125 70 44.6 25:3 � 3:5

+3:9

�3:9

50{60 55 64.5 58.6 5:05 � 0:73

+0:37

�0:37

60{75 67.5 88.6 57.0 4:96 � 0:59

+0:27

�0:26

9{30 13.0 75{90 82.5 87.3 56.5 6:12 � 0:81

+0:34

�0:40

90{105 97.5 86.6 55.6 6:82 � 0:85

+0:40

�0:37

105{125 115 85.8 58.0 6:33 � 0:78

+0:50

�0:22

125{145 135 61.7 56.8 6:65 � 0:97

+0:44

�0:52

Table 1: The 

�

p! �p ross setion, �



�

p!�p

tot

, as a funtion of W and Q

2

. The

�rst unertainty is statistial and the seond systemati. The overall normalization

error of

+4:1

�5:3

% is not inluded. The Q

2

and W values at whih the ross setion

is evaluated are given in the seond and fourth olumns. The number of extrated

events orreted for non-resonant bakground and the aeptane, A, are given for

eah measurement.
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Q

2

range Q

2

Æ

( GeV

2

) ( GeV

2

) (� /W

Æ

)

2{3 2.4 0:41 � 0:10

+0:06

�0:05

3{5 3.8 0:34 � 0:13

+0:05

�0:03

5{9 6.5 0:43 � 0:15

+0:13

�0:13

9{30 13.0 0:38 � 0:18

+0:07

�0:06

Table 2: The Æ parameter (� / W

Æ

) as a funtion of Q

2

. The �rst unertainty

is statistial and the seond systemati.

Q

2

range Q

2

Events A �



�

p!�p

tot

( GeV

2

) ( GeV

2

) (%) (nb)

2{3 2.4 1389 19.3 105:5 � 3:4

+4:6

�6:0

3{4.5 3.6 842 21.4 57:6 � 2:4

+3:2

�3:5

4.5{6 5.2 420 26.6 31:1 � 1:8

+1:7

�1:8

6{8 6.9 376 42.5 17:9 � 1:1

+1:0

�1:0

8{11 9.2 314 52.1 11:06 � 0:73

+0:56

�0:51

11{15 12.6 200 59.9 6:42 � 0:52

+0:24

�0:18

15{20 17.1 61.8 55.2 2:50 � 0:37

+0:16

�0:22

20{30 24.0 32.3 62.5 0:98 � 0:19

+0:05

�0:05

30{70 38.8 10.5 53.5 0:37 � 0:13

+0:04

�0:04

Table 3: The 

�

p ! �p ross setion, �



�

p!�p

tot

, as a funtion of Q

2

for W =

75GeV . The seond olumn gives the value of Q

2

at whih the ross setion is

quoted. The number of extrated events orreted for non-resonant bakground

and the aeptane, A, are given for eah measurement. The �rst unertainty is

statistial and the seond systemati. The overall normalization error of

+4:1

�5:3

% is

not inluded.
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Q

2

range Q

2

b (

d�

djtj

/ e

�bjtj

)

d�

djtj

�

�

�

t=0

( GeV

2

) ( GeV

2

) ( GeV

�2

) (nb/ GeV

2

)

2{3 2.4 6:37� 0:32

+0:27

�0:28

678 � 37

+39

�56

3{4.5 3.6 6:29� 0:42

+0:45

�0:32

352 � 26

+27

�22

4.5{6 5.2 5:26� 0:48

+0:28

�0:37

162 � 16

+9

�13

6{8 6.9 5:49� 0:52

+0:33

�0:47

98 � 10

+8

�10

8{11 9.2 5:58� 0:54

+0:45

�0:32

61:3 � 6:6

+4:8

�3:7

11{15 12.6 5:45� 0:78

+0:21

�0:37

32:9 � 5:5

+1:6

�3:2

15{30 19.7 5:10� 0:98

+0:43

�0:40

8:8� 1:9

+0:8

�1:0

Table 4: The slope parameter, b, as a funtion of Q

2

for W = 75GeV . The ross

setion is quoted at the Q

2

value given in the seond olumn. The �rst unertainty

is statistial and the seond systemati.

jtj range jtj Æ �

IP

( GeV

2

) ( GeV

2

) (� /W

Æ

) �

IP

= 1 + Æ=4

0{0.08 0.025 0:34 � 0:11

+0:08

�0:08

1:085 � 0:027

+0:021

�0:020

0.08{0.20 0.12 0:39 � 0:12

+0:09

�0:08

1:098 � 0:030

+0:022

�0:021

0.20{0.35 0.25 0:44 � 0:15

+0:11

�0:11

1:110 � 0:038

+0:027

�0:028

0.35{0.6 0.45 0:31 � 0:18

+0:26

�0:34

1:078 � 0:045

+0:064

�0:086

0.6{1.0 0.73 �0:11� 0:33

+0:24

�0:32

0:972 � 0:083

+0:060

�0:080

Table 5: The Æ parameter and the Pomeron trajetory �

IP

as a funtion of jtj.

The �rst unertainty is statistial and the seond systemati.

Q

2

range Q

2

r

04

00

R = �

L

=�

T

( GeV

2

) ( GeV

2

)

2{3 2.4 0:529 � 0:025

+0:025

�0:029

1:13

+0:12

�0:11

+0:12

�0:12

3{4.5 3.6 0:595 � 0:031

+0:036

�0:030

1:49

+0:20

�0:18

+0:24

�0:17

4.5{6 5.2 0:680 � 0:038

+0:026

�0:031

2:15

+0:42

�0:33

+0:28

�0:28

6{8 6.9 0:740 � 0:038

+0:028

�0:027

2:88

+0:67

�0:50

+0:47

�0:37

8{11 9.2 0:744 � 0:043

+0:017

�0:019

2:94

+0:80

�0:57

+0:27

�0:27

11{15 12.6 0:802 � 0:043

+0:022

�0:018

4:09

+1:41

�0:91

+0:63

�0:42

15{30 19.7 0:825 � 0:066

+0:019

�0:024

4:77

+3:49

�1:58

+0:72

�0:71

Table 6: The spin-density matrix-element r

04

00

and the ratio of ross setions

for longitudinally and transversly polarized photons, R, as a funtion of Q

2

. The

�rst unertainty is statistial and the seond systemati. Due to the transformation

given in Eq. (5), the error on the measurement of R is asymmetri.
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Q

2

range Q

2

W range W r

04

00

R = �

L

=�

T

( GeV

2

) ( GeV

2

) ( GeV) ( GeV)

35{50 42.5 0:597 � 0:038

+0:019

�0:019

1:50

+0:26

�0:22

+0:12

�0:12

50{65 57.25 0:569 � 0:038

+0:017

�0:017

1:33

+0:22

�0:19

+0:10

�0:09

2{5 3 65{80 72.25 0:511 � 0:041

+0:017

�0:020

1:06

+0:19

�0:16

+0:08

�0:08

80{95 87.25 0:611 � 0:043

+0:026

�0:028

1:59

+0:32

�0:26

+0:19

�0:18

95{115 102.75 0:612 � 0:048

+0:033

�0:033

1:59

+0:37

�0:29

+0:24

�0:21

45{60 52.25 0:800 � 0:042

+0:031

�0:029

4:05

+1:33

�0:87

+0:93

�0:64

60{80 70.0 0:767 � 0:038

+0:015

�0:017

3:32

+0:84

�0:61

+0:31

�0:30

5{20 8 80{100 90.0 0:673 � 0:048

+0:015

�0:014

2:08

+0:54

�0:40

+0:14

�0:13

100{120 110.0 0:684 � 0:050

+0:032

�0:030

2:19

+0:59

�0:43

+0:36

�0:27

120{145 130.0 0:839 � 0:074

+0:046

�0:048

5:3

+5:3

�2:0

+2:5

�1:4

Table 7: The spin-density matrix-element r

04

00

and the ratio of ross setions for

longitudinally and transversly polarized photons, R, as a funtion of W for two bins

in Q

2

. The �rst unertainty is statistial and the seond systemati. Due to the

transformation given in Eq. (5) the error on the measurement of R is asymmetri.
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Figure 1: The distribution of the events in the kinemati plane of Bjorken x and

Q

2

. The open grey dots represent all reonstruted events while the solid blak dots

are events in the aepted kinemati range (Setion 5).

22



 (GeV)
KK

m

1 1.02 1.04 1.06 1.08 1.1

E
v
e
n

ts
 /
 2

 M
e
V

0

100

200

300

400

500

600

700

800

900

ZEUS
 pφ →ep 

ZEUS 98-00 
Signal+Background
Background

Figure 2: Invariant mass distribution of the K

+

K

�

andidate pairs. The solid

line shows the result of a �t inluding signal+bakground, while the dashed line

shows the bakground omponent only. The shaded region indiates the mass range

used for ross-setion alulations. The error bars indiate the statistial uner-

tainties.
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Figure 3: (a) Exlusive � ross setion as a funtion of W for four values of Q

2

.

The solid lines are the results of a �t to the form � / W

Æ

. The overall normalization

unertainty of

+4:1

�5:3

% is not inluded in the error bar. (b) The extrated values of

Æ ompared with results from other vetor mesons. The error bars represent the

quadrati sum of the statistial and systemati unertainties. Note that the ZEUS

� data point at Q

2

+M

2

V

near 8GeV

2

has been shifted down by 0:3GeV

2

for larity

of presentation.
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Figure 4: Exlusive � ross setion as a funtion of Q

2

+M

2

�

for W = 75GeV .

(a) The total ross setion ompared with previous measurements. (b) The separate

longitudinal and transverse ontributions to the ross setion. The urves represent

the results of the �ts to the total ross setion as desribed in the text. The error

bars represent the quadrati sum of the statistial and systemati unertainties. The

overall normalization unertainty of

+4:1

�5:3

% is not shown.
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Figure 5: (a) Exlusive � ross setion as a funtion of W for three values

of Q

2

ompared with preditions from the MRT and FS04 model. Di�erent gluon

densities (ZEUS-S, MRST99, CTEQ6M) were employed in the MRT preditions

as indiated in the �gure. Note that the data at Q

2

= 3:8 GeV

2

are not shown

in the �gure for larity. (b) Exlusive � ross setion as a funtion of Q

2

+ M

2

�

for W = 75GeV . The data are ompared to the MRT and FS04 preditions. The

ZEUS-S gluon density was used in the MRT model.
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Figure 6: (a) Di�erential ross-setions d�=djtj for seven bins of Q

2

, for W =

75GeV and jtj < 0:6GeV

2

. The full lines are the results of �ts to the form d�=dt =

d�=dtj

t=0

� e

bt

. The overall normalization unertainty of 2:8 % is not inluded in

the error bar. (b) The slope b, as a funtion of Q

2

+M

2

V

, ompared to other ZEUS

and H1 results. The inner error bars represent the statistial unertainty; the outer

bars are the statistial and systemati unertainties added in quadrature.
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Figure 7: (a) Di�erential ross-setions d�=djtj as a funtion of W for di�erent

values of t at Q

2

= 5GeV

2

. The full lines are �ts to the form W

Æ

. The mean

ontribution from proton dissoiation has been subtrated. The overall normaliza-

tion unertainty of

+4:1

�5:3

% is not shown. (b) The extrated values of �

IP

. The full

line is a linear �t to �

IP

with the form given in Eq.(3). The dotted line is the soft

Pomeron trajetory [22℄. The inner error bars represent the statistial unertainty;

the outer bars are the statistial and systemati unertainties added in quadrature.
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Figure 10: (a) Ratio R = �

L

=�

T

as a funtion of Q

2

for exlusive � prodution;

the full line is the result of the two-parameter �t as shown in the plot. (b) Ratio

R = �

L

=�

T

as a funtion ofW extrated in this analysis for two di�erent Q

2

values.

The dashed urve in both plots is from the MRT model with the ZEUS-S gluon

density, while the dotted urve is from the FS04 model. The inner error bars show

the statistial unertainty, the outer the statistial and systemati unertainties

added in quadrature.
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