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Abstract

Photon proton cross sections for elastic light vector meson production, �


p

el

, inelastic

di�ractive production, �


p

d

, non-di�ractive production, �


p

nd

, as well as the total cross sec-

tion, �


p

tot

, have been measured at an average 
p center of mass energy of 180 GeV with

the ZEUS detector at HERA. The resulting values are �


p

el

= 18 � 7 �b, �


p

d

= 33 � 8

�b, �


p

nd

= 91 � 11 �b, and �


p

tot

= 143 � 17 �b, where the errors include statistical and

systematic errors added in quadrature.
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1 Introduction

The total photoproduction cross section has been measured recently at HERA by the ZEUS

collaboration [1], �


p

tot

= 154 � 16(stat.) � 32(syst.) �b, and by the H1 collaboration [2],

�


p

tot

= 156 � 2(stat.) � 18(syst.) �b. Both measurements were obtained at a 
p center

of mass energy of about W


p

= 200 GeV, an order of magnitude higher than that of earlier

total photoproduction cross section measurements [3]. The H1 and ZEUS measurements are

consistent with models predicting a moderate rise of the cross section with energy [4, 5], as

observed in p�p collisions [6].

The �rst ZEUS measurement was based on 97 events. This paper is based on 5731 events

collected in Fall 1992, which allow the determination of the abundances of the various photo-

production processes at HERA energies. The abundances were assumed in the previous paper.

This, together with an improved luminosity determination and a better understanding of the

photon tagging e�ciency, results in a total cross section measurement with a 12% uncertainty.

In addition, the calculated radiative corrections have been veri�ed experimentally and taken

into account in the total cross section determination.

2 Photoproduction at HERA

2.1 Tagged Photoproduction at HERA

The total photoproduction cross section �


p

tot

is measured using the interactions of quasi-real

photons on protons in the reaction

ep! e+ 


�

p! e+X:

The scattered electron e is measured in the small angle electron calorimeter of the ZEUS

luminosity detector and the system X in the central ZEUS detector. The 


�

p cross section is

related to the electron proton cross section by:

d

2

�

ep

dydQ

2

=

�

2�

�

1

Q

2

�

" 

1 + (1� y)

2

y

�

2(1 � y)

y

�

Q

2

min

Q

2

!

� �




�

p

T

(y;Q

2

) +

2(1 � y)

y

� �




�

p

L

(y;Q

2

)

#

:

To a very good approximation the kinematic quantities can be obtained from the electron beam

energy E

e

, the angle between the scattered electron and the beam electron # and the energy of

the scattered electron E

0

e

by:

y = 1 �

E

0

e

E

e

;

Q

2

= E

e

E

0

e

#

2

;

Q

2

min

= m

2

e

y

2

(1� y)

:
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�




�

p

T

(y;Q

2

) and �




�

p

L

(y;Q

2

) are the cross sections for transversely and longitudinally polarized

virtual photons respectively. In the kinematic region accepted by the small angle electron

calorimeter, the virtual photons are quasi-real with �




�

p

L

(y;Q

2

) = 0 and �




�

p

T

(y;Q

2

) = �


p

tot

(W


p

)

at the 
p center of mass energyW


p

=

q

4yE

e

E

p

[4, 7]. Integrating over Q

2

up to the maximum

experimentally accepted value Q

2

max

, gives

d�

ep

dy

=

�

2�

"

1 + (1 � y)

2

y

� ln

 

Q

2

max

Q

2

min

!

�

2(1 � y)

y

�

 

1�

Q

2

min

Q

2

max

!#

� �


p

tot

(W


p

):

Ignoring the second term in the square brackets yields the Weizs�acker-Williams approxima-

tion [8] which, for the present experimental situation, overestimates the 
ux of photons by

approximately 7% [9].

2.2 Classi�cation of Photoproduction Reactions

Studies of hadronic �nal states in 
p reactions at lower energies have led to the phenomenological

description by the Vector Dominance Model (VDM) [10, 11] in which the photon �rst couples to

a virtual vector meson (�

0

; !; �), which then interacts with the proton. The produced hadronic

�nal state is then very similar to that of hadron-hadron (e.g. �p) collisions.

At higher energies we also expect the same event classes as observed in hadron-hadron in-

teractions [12] to dominate in photoproduction. As in hadronic interactions, we distinguish

di�ractive and non-di�ractive reactions.

For the di�ractive reactions we use the following nomenclature:

� elastic vector meson production 
p ! V p, where V = �

0

; !; � are the low mass vector

mesons. The truly elastic Compton scattering 
p ! 
p has a cross section expected to

be about two orders of magnitude smaller and is neglected in the following,

� single di�raction of the proton 
p! V X,

� single di�raction of the photon 
p ! Xp, where X also includes the high mass vector

mesons,

� double di�raction 
p! X

1

X

2

:

The last three process types are later refered to as inelastic di�raction. We call non-di�ractive,


p ! X; all processes not belonging to one of the above reactions.

In the 
p interactions described above, the constituents of the photon can interact with the

constituents of the proton (resolved photon interaction) or the photon can couple directly to

the partons of the proton (direct photon interaction) [13, 14, 15].
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3 Experimental Conditions

3.1 HERA

During 1992, HERA was operated at a proton energy of 820 GeV and an electron energy of

26.7 GeV. There were typically nine colliding electron{proton bunches stored in HERA, as well

as an additional proton bunch without a colliding partner and an additional electron bunch

without a colliding partner. These additional bunches are called pilot bunches and are used

for background studies and the luminosity determination. Typical bunch currents were 0.2 mA

for both electron and proton bunches. Lifetimes were usually above 20 hours for the proton

beam and about 4 hours for the electron beam. At the ZEUS interaction point (ZEUS-IP) the

gas pressure was about 1 � 10

�9

mbar. During the Fall 1992 running, typical luminosities were

5 � 10

28

cm

�2

s

�1

.

As the acceptance of the ZEUS detector depends on the vertex position along the beams,

the timing and the longitudinal spread of both beams have been monitored using a set of

scintillation counters (C5-Counter), upstream of the detector in the direction from which the

protons come, which detected stray particles from both beams. The length of the interaction

region, which is dominated by the length of the proton bunches, was about � = 22.5 cm. Run

by run 
uctuations of the mean vertex position were �5 cm, and the mean vertex position for

all runs was displaced by 6 cm from the nominal ZEUS-IP in the electron beam direction.

3.2 ZEUS Detector

The individual components of the ZEUS detector are described in [16]. Here we give only a

short description of the components relevant to the present analysis. Throughout this paper

we use the standard ZEUS right-handed coordinate system, in which X = Y = Z = 0 is the

nominal ZEUS-IP, the positive Z{axis points in the direction of 
ight of the protons and Y

points upwards.

The high resolution uranium-scintillator calorimeter CAL [17] consists of forward (FCAL),

barrel (BCAL) and rear (RCAL) parts covering polar angles from �

FCAL

= 2:6

�

to 36:7

�

,

�

BCAL

= 36:7

�

to 129:1

�

, and �

RCAL

= 129:1

�

to 176:2

�

. Longitudinally it is subdivided

into an electromagnetic section (EMC), about 25 X

0

deep, and one (in RCAL) or two (in

FCAL and BCAL) hadronic sections (HAC). Under test beam conditions it has an energy

resolution of �

E

=E = 0:18=

q

E(GeV) for electrons and �

E

=E = 0:35=

q

E(GeV) for hadrons.

Its performance, energy and time calibration are continuously monitored using pedestal triggers,

charge and light injection and the signal from the uranium radioactivity. The main features

relevant to the present analysis are the sub-nanosecond time resolution for rejection of beam gas

events via vertex reconstruction and the low noise of approximately 15 MeV for electromagnetic

and 25 MeV for hadronic readout channels.

The central tracking detector CTD [18] is a cylindrical drift chamber with 72 layers. During

the 1992 data taking it was only partially equipped with read-out electronics (Z{by{timing).

Thus its performance was limited to a point resolution of 4 cm in Z and 0.1 cm in (r, �), giving a

spatial resolution of �

Z

= 2 cm and �

X

= �

Y

= 0:6 cm at the ZEUS-IP. For the present analysis
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it has been used to reject cosmic muons and to con�rm the proper vertex reconstruction from

the calorimeter for events with more than two reconstructed tracks.

The Veto Wall consists of two planes of orthogonal scintillator strips. The planes have total

dimensions of 500 cm � 600 cm, are separated by 87 cm of iron and are positioned at Z = {727

cm. It is used to recognize proton-gas interactions upstream of the ZEUS detector.

The C5-Counter is an assembly of four scintillation counters arranged in two planes around

the HERA beam pipe, separated by 0.3 cm of lead at Z = {315 cm. It records separately the

arrival times of particles associated with the proton and electron bunches and is used to reject

events due to upstream proton-gas interactions.

The Luminosity Detector [19] consists of a photon calorimeter and an electron calorimeter.

Both are lead-scintillator sandwich calorimeters (5.7 mm Pb{plates and 2.6 mm SCSN{38

scintillator plates) read out by lucite wavelength shifter plates and photomultipliers on two

sides. The energy resolutions of both calorimeters are �

E

=E = 0:18=

q

E(GeV), the uniformity

in the �ducial volume is within 1% and the non-linearity of response measured in a test beam in

the energy range between 1 and 6 GeV is below 1% [20]. The performance of the calorimeters is

continuously monitored via pedestal runs, charge and light injections as well as high statistics

data from the electron proton bremsstrahlung reaction.

The photon calorimeter is positioned at Z = {107 m. Photons produced at the ZEUS-IP with

angles below 0.5 mrad with respect to the electron beam direction leave the vacuum pipe of

HERA through a 0:1X

0

Cu{Be window at Z = {92 m, pass through a 1X

0

carbon absorber

at Z = {103 m and a 1X

0

Pb absorber just in front of the photon calorimeter. In this way

the energy deposited in the calorimeter by synchrotron radiation is negligible. At a depth

of 7X

0

a position detector is installed. It consists of two layers of orthogonal strips of 1 cm

wide scintillators read out via silicon photodiodes. The position accuracy for electromagnetic

showers above 5 GeV is better than 0.3 cm.

The electron calorimeter is positioned at Z = �35 m and accepts electrons in the energy range

between 7 and 20 GeV produced at angles up to about 5 mrad with respect to the electron

beam direction.

3.3 Trigger

To cope with the high rate of background events, ZEUS has a three level trigger system [16].

The events for the present analysis come from the �rst level \tagged photoproduction trigger",

which required the coincidence of:

� more than 5 GeV energy deposited in the electron calorimeter of the luminosity detector,

� an energy deposit in any of the CAL parts (FCAL, BCAL, RCAL); in the RCAL, where

most of the triggers occurred, more than 0.4 GeV in any electromagnetic trigger tower or

more than 1.0 GeV in any hadronic trigger tower (more than 2.5 GeV in the towers around

the beam pipe) was required. The thresholds for the BCAL trigger towers were 1.0 GeV

(for most of the running) and 50(70), 20(25), 10(10) GeV for the EMC(HAC) FCAL

trigger towers at radial distances � from the beam of: � < 50 cm, 50 cm< � < 130 cm

and 130 cm< �.
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The rate of the tagged photoproduction trigger was 5 Hz for a peak luminosity of 2�10

29

cm

�2

s

�1

.

At the second level trigger, events with calorimeter timing compatible with upstream interac-

tions were rejected. At the third level trigger, events due to photomultiplier discharges were

rejected and tighter timing rejection was applied.

4 Luminosity Determination and Event Selection

4.1 Luminosity Measurement

The luminosity measurement [19] uses the Bethe-Heitler process ep ! e
p. Experience from

the �rst running in Summer 1992 resulted in changes in the luminosity measurement [20]. It

turned out that the background in the photon calorimeter due to proton halo and other sources

was negligible and that the coincidence between the electron and the photon calorimeter was not

required for a clean identi�cation of the Bethe-Heitler process. This signi�cantly simpli�es the

understanding of the acceptance. On the other hand, low energy electromagnetic background

caused the veto rate of the Cherenkov counter in front of the photon calorimeter { installed in

the original setup to select a sample of non-interacting photons { to 
uctuate from run to run.

Therefore the Cherenkov counter was removed for the Fall 1992 running.

4.1.1 Measurement of Photon and Electron Energies

The Bethe-Heitler bremsstrahlung process on the beam protons and on the residual gas has been

used to calibrate and to determine the acceptances of the two calorimeters of the luminosity

detector [20].

Fig. 1 shows the spectrum of bremsstrahlung photons from ep! e
p. The characteristic cut-o�

at the value of the electron beam energy E

e

is clearly visible. The spectrum is well described

by a detailed Monte Carlo simulation, which includes the material along the photon path and

the resolution of the calorimeter. The calibration of the photon calorimeter is obtained from a

�t to the photon spectrum for energies above 18 GeV. The sharpness of the cut-o� at a photon

energy equal to the electron beam energy E

e

is used to verify the energy resolution.

The calibration of the electron calorimeter is obtained by requiring the sum of photon and

electron energies to be equal to the HERA electron energy. Fig. 2 shows a scatter plot of electron

versus photon energy where this correlation is clearly visible. For a further discussion of this

�gure we refer to section 5.4. One uncertainty in the calibration of the electron calorimeter is

due to possible non-linearities of the photon energy measurement. The non-linearity due to the

absorbers in front of the photon calorimeter has been studied via Monte Carlo and taken into

account. The non-linearity of the calorimeter has been checked by test beam measurements.

The estimated uncertainty is below 2%. Another uncertainty in the calibration at the 2% level

is due to gain instabilities of the photomultipliers caused by high event rates and temperature

changes. This is taken into account by run to run calibration constants.

9



4.1.2 Photon Acceptance

Fig. 3 shows, for events from the reaction ep! e
p, a scatter plot of the photon impact points,

as measured by the position detector in the photon calorimeter for a particular run, and the

calculated aperture limitation due to the HERA beam elements. The width due to the angular

spread of the electron beam is 1.4 cm in X and 0.4 cm in Y; the width due to the opening angle

of the bremsstrahlung reaction is 0.2 cm and the contribution of the position resolution is also

0.2 cm. The Monte Carlo calculated acceptance, including the e�ects of absorber material, is

98% for the nominal electron beam angle at the ZEUS-IP. The dependence of the acceptance

on the angle of the electron beam has been checked experimentally to an accuracy of 3% by

measuring the rate of beam gas bremsstrahlung events for di�erent electron beam angles at the

ZEUS-IP [20].

4.1.3 Luminosity Determination

The luminosity is obtained from R

ep

(E

th




), the rate of ep-bremsstrahlung photons above an

energy threshold E

th




, and �

acc

ep

(E

th




), the corresponding cross section for the bremsstrahlung

reaction corrected for the detector acceptance and resolution,

L =

R

ep

(E

th




)

�

acc

ep

(E

th




)

:

We use a value E

th




equal to 5 GeV for the luminosity determination. The cross section of the

reaction ep! e
p is well known [21] and uncertainties, including e�ects from the �nite sizes of

the HERA beams, are well below 1% [22].

The only signi�cant background to the reaction ep ! e
p is the beam gas bremsstrahlung

reaction eA! e
A, which has the same experimental signature and a similar photon spectrum.

The rate of background events R

eA

is given by R

eA

= R

pilot

� I

e

tot

=I

e

pilot

, where R

pilot

is the rate

from the electron pilot bunch, I

e

tot

the total electron beam current and I

e

pilot

the current in

the pilot bunch. The background subtracted rate needed for the luminosity determination is

R

ep

= R

tot

� R

eA

where R

tot

is the total bremsstrahlung rate. During the Fall 1992 running

R

eA

=R

ep

was typically 0.3.

An analysis of runs with more than one pilot bunch in the machine, as well as the measurement

of the ratio of beam gas bremsstrahlung rate and bunch current for runs with only electron

bunches in HERA, indicates systematic bunch-to-bunch uncertainties of up to 5% in the ratio

I

e

tot

=I

e

pilot

. This results in an uncertainty of the luminosity of 2%.

The geometric acceptance of the photon calorimeter has been discussed in the previous section.

After removing runs in which the electron beam angle at the ZEUS-IP deviated by more than

0.15 mrad from the average direction, the acceptance is then 97 � 2%.

The accepted cross section �

acc

ep

(E

th




) is a function of the e�ective threshold of the photon

calorimeter. From the calibration method, gain stability during data taking, measurements in

test beams and Monte Carlo calculations, we estimate the luminosity uncertainty due to the

energy scale and the energy resolution function to be below 2.5%.
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For the electron and proton bunch currents in the Fall 1992 run, the in
uence of accidental

overlap of several bremsstrahlung events was found to be below 1%. No correction was applied

for this e�ect, but a 1% systematic error has been assigned.

Energy calibration, accidental overlap and other pile-up e�ects have been continuously moni-

tored by counting R

ep

(10 GeV) in addition to R

ep

(5 GeV). The distribution of the ratio

R

ep

(10 GeV)

R

ep

(5 GeV)

=

�

acc

ep

(10 GeV)

�

acc

ep

(5 GeV)

for all runs used in the analysis has a mean of 0:998� 0:001 and a standard deviation of 0.009.

Whereas the acceptance of the luminosity detectors for measuring the reaction ep! e
p does

not depend on the exact longitudinal vertex position, the acceptance of the central ZEUS

detector for photoproduction events does. Using the C5-Counter, evidence for electron satellite

bunches, following the main bunches by 8 ns, has been found. Fig. 4 shows a C5 time spectrum.

The average fraction of electrons in the satellite bunches was 12%. The satellite bunches collide

with the proton bunches 120 cm away from the ZEUS-IP, where, due to increased transverse

beam sizes, the luminosity for given electron and proton currents is 52% of the luminosity at

the ZEUS-IP. This results in a 6:6� 1:5% correction of the luminosity, as events from satellite

bunches are removed in the analysis.

To monitor the proper functioning of the luminosity scalers and the correct treatment of the

dead time e�ects, all rates have been counted in several redundant ways. From the di�erences

we obtain a maximum uncertainty of 0.5% for these e�ects.

Table 1 summarizes the di�erent e�ects entering in the systematic uncertainty of the luminosity

measurement. Adding all the errors in quadrature results in a luminosity uncertainty of 4.3%

for the data analysed in this paper.

4.2 Event Selection and Background Subtraction

A total of 4:21 � 10

6

events for a total integrated luminosity of about 28 nb

�1

were recorded.

Runs were used in which the following conditions were ful�lled:

� tagged photoproduction trigger,

� proper adjustment of electron and proton beams,

� high statistics recording of the scatter plot of energy in the photon calorimeter versus

energy in the electron calorimeter of the luminosity detector for random bunch crossings

(see below),

� proper operation of all detector components required for the analysis,
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The resulting data correspond to an integrated luminosity of 12.7�0.6 nb

�1

after correction for

satellite bunches. The main cause for the reduction in luminosity is due to the third requirement

listed above. In the process of the analysis approximately 1.8�0.2% of the events taken have

been lost due to reconstruction losses, event corruption and other technical problems.

The following further requirements were imposed to obtain the o�-line photoproduction sample

which includes identi�ed background events for statistical subtraction:

� more than 5 GeV energy deposited in the electron calorimeter of the luminosity detector

(for the �nal analysis the electron energy is required to be in the range 15.2 GeV to

18.2 GeV),

� more than 0.7 GeV energy deposited in the RCAL,

� a time measured by the RCAL within �6.4 ns of the nominal arrival time for ep interac-

tions and, for events with energy deposited in the FCAL, a time di�erence between FCAL

and RCAL within �6.4 ns of the nominal value; this cut rejects accidental coincidences

between proton beam gas events with electron bremsstrahlung events, electron beam gas

events and events from satellite bunches,

� rejection of events with a reconstructed cosmic ray muon,

� statistical subtraction of electron beam gas events,

� statistical subtraction of accidental coincidences of electron bremsstrahlung events with

energy deposited in the uranium-scintillator calorimeter (mainly proton gas events),

� less than 1 GeV energy deposited in the photon calorimeter of the luminosity detector to

reject radiative photoproduction events and accidental coincidences of proton beam gas

with electron bremsstrahlung events.

The losses of good physics events due to the rejection of cosmic ray events and the calorimeter

timing cuts have been estimated to be 1.0�0.3%. The cut of 1 GeV in the photon calorimeter of

the luminosity detector removes 2.6�0.8% of the photoproduction events due to an accidental

concidence with a bremsstrahlung event. This cut also removes photoproduction events with

QED radiation. The resulting radiative correction, which is discussed in more detail in section

5.4, reduces the measured cross section by 1:8 � 0:5%. In 0.3�0.2% of the photoproduction

events a superimposed accidental bremsstrahlung event deposits su�cient additional energy in

the electron calorimeter that the event is removed from the tagged photoproduction sample

used in the �nal analysis.

The statistical subtraction of electron-beam gas background is done in the following way: a

sample of such events is obtained from the electron pilot bunches and is added to the data

sample with a negative weight, given by the ratio of the electron current in all bunches to the

electron current in the pilot bunch. This background is only 0.4�0.3% for non-di�ractive pho-

toproduction events which deposit signi�cant energy in the FCAL; it is however 19.8�4.3% for

the photoproduction events which deposit less than 1 GeV in the FCAL. The subtraction pro-

cedure has been checked by comparing the Z{vertex distribution of the background subtracted

data sample with the Z{vertex distribution obtained from the C5-Counter [9].
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The statistical subtraction of accidental coincidence events is done in the following way: a

sample of accidental coincidences of proton gas or other background events in the ZEUS detector

with electron bremsstrahlung events is identi�ed by an energy sum measured in the photon and

electron calorimeters of the luminosity detector compatible with the electron beam energy in

addition to activity in the ZEUS central detector. The continuously recorded scatter plot of

photon energy versus electron energy for random bunch crossings, such as that shown in Fig. 2,

allows us to determine, as a function of the electron energy E

0

e

, the fraction of events f

e


(E

0

e

) for

which the photon is recorded. The accidental coincidence events are statistically subtracted by

adding the recognized accidental events with the weight �1=f

e


(E

0

e

) to the data sample. This

removes 1.2�0.2% of the photoproduction events. The success of this method is demonstrated

by applying it to a sample of proton gas background events tagged by timing in the C5-Counter

or the Veto Wall. As expected, after subtraction all distributions for these events are compatible

with zero [9].

Tables 2 and 3 summarize the information on event losses and background subtraction. Fig. 5

shows the electron energy spectrum for the selected photoproduction sample. For the �nal

physics analysis 5731�92 events in the electron energy range from 15.2 GeV to 18.2 GeV

have been selected. This cut gives a good compromise between the uncertainty of the photon

tagging e�ciency and the statistics of the data sample. The cut corresponds to 
p center of

mass energies W


p

between 167 GeV and 194 GeV.

5 General Event Characteristics and Analysis Method

The photoproduction sample selected covers the 
p center of mass energyW


p

between 167 and

194 GeV, corresponding to a mean energy of the tagged photons of 10 GeV. The Q

2

range is

between Q

2

min

= 4 � 10

�8

GeV

2

and Q

2

max

= 0.02 GeV

2

, with an average of 6 � 10

�4

GeV

2

. Due

to the large momentum imbalance between photon and proton, the acceptance of the ZEUS

detector is very asymmetric in the 
p center of mass system. For W


p

= 180 GeV the center

of mass angle �

�

= 90

�

corresponds to a pseudorapidity � = 2:2 and to a polar angle � = 12:5

�

in the HERA system. The ZEUS uranium-scintillator calorimeter covers the range �

�

from 23

�

to 179:6

�

.

We use the following strategy to obtain the acceptances of the di�erent reactions contributing

to photoproduction, their fractional cross sections and �nally the total cross section:

� the acceptances of the photon tagging and of the main detector are treated separately

which is a good assumption if the cross sections of the individual subprocesses and the

corresponding acceptances do not vary signi�cantly in the W


p

interval considered,

� for the acceptance of the hadronic system in the uranium-scintillator calorimeter we use

a variety of models to generate Monte Carlo event samples, pass them through the ZEUS

simulation and analysis program chain and compare them to the measured data sample.

The agreement between experimental data and Monte Carlo sample for the di�erent

models and model parameters allows us to determine the fractional cross sections and

acceptances compatible with the experimental data and �nally the acceptance-corrected

number of events,
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� the acceptance of the photon tagging is obtained from a Monte Carlo calculation, which

is cross checked by high statistics data from the reaction ep! e
p,

� radiative corrections are taken from a Monte Carlo study, which is checked against ex-

perimental data,

� combining the corrected number of events with the photon 
ux for the given luminosity

gives the total and partial photoproduction cross sections.

5.1 Monte Carlo Models for Photoproduction

Models based on hadron-hadron physics were used to simulate the di�erent photoproduction

reactions discussed in section 2.2. The models were adapted either by replacing the structure

function of one of the hadrons by the photon structure function, which is an option in PYTHIA

[23], or by superposing �

+

and �

�

proton interactions (HERWIG [24] minimum bias events).

Non-di�ractive events were simulated using three classes of models:

� models based on parametrizations of multiplicity and p

t

distributions, without any dy-

namical ansatz; an example is the minimum bias hadron-hadron generator in HERWIG.

We use for the corresponding Monte Carlo sample the nomenclature

f

herlow

� herlow;

where f stands for the unknown fraction of this subprocess in the data sample and

herlow for the distribution of the minimum bias hadron-hadron events, parametrized

in HERWIG using a cylindrical phase space and a multiplicity distribution chosen to

describe the multiplicity distribution measured by the uranium-scintillator calorimeter.

� models with phenomenological QCD parton dynamics like the PYTHIA minimum bias

generator,

f

pytlow

� pytlow;

where pytlow are semihard minimum bias events from PYTHIA with QCD cross sections

regularized at low p

t

, which includes several parton-parton interactions per 
p interaction;

this model is closely related to total cross section models based on the sum of a soft and

a minijet component with eikonalization [25, 26].

� models, which simulate 
p interactions as the sum of a non-perturbative soft component

and a perturbative QCD minijet component [25],

f

soft

� soft+ f

hard

� hard:

For soft we have used the soft PYTHIA two string model with a mean transverse momen-

tum of the charged particles at the generator level of 0.28 GeV, 0.33 GeV and 0.41 GeV

(soft0.28, soft0.33, soft0.41). For hard we have used the perturbative, resolved photon

process with a lower transverse momentum cuto� p

min

t

. We have used PYTHIA with
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p

min

t

= 1.8 GeV and 2.0 GeV (pyt1.8, pyt2.0), as well as HERWIG with p

min

t

= 1.5 GeV,

1.7 GeV and 2.0 GeV (her1.5, her1.7, her2.0). For the parton distribution function in

the proton we have used the defaults of PYTHIA and HERWIG extrapolated into the

low x region, and for the parton distribution function in the photon we have used the

parametrization of Drees and Grassie [27]. The energy distributions measured in the

detector are not very sensitive to the choice of the parton distribution functions.

The four classes of di�ractive reactions were generated in the following ways:

� elastic vector mesons 
p ! V p using PYTHIA and HERWIG; with relative fractions

of �

0

, ! and � mesons of 1=2:2 : 1=18:4 : 1=23:6, as given by the vector meson-photon

couplings (f

2

V

=4�)

�1

[11],

� single di�raction of the proton 
p! V X using PYTHIA,

� single di�raction of the photon 
p! Xp using PYTHIA, a modi�ed version of HERWIG

and the Nikolaev-Zakharov model [28],

� double di�raction 
p! X

1

X

2

using PYTHIA.

The free parameters of the di�ractive models are the slope parameter b and the exponent a

of the di�erential cross section d

2

�=dtdM

2

X

/ e

bt

=(M

2

X

)

a

to produce a di�ractive system of

mass M

X

with four momentum transfer t, the minimum value of M

X

, the maximum value of

M

X

, and the decay parameters of the M

X

system. The value of a has been varied between

1.0 and 1.25. The slope parameter b has been varied in the range from 8 to 16 GeV

�2

for the

elastic reaction and half this value for the inelastic di�raction [29]. For the photon di�raction

1.0 GeV has been used as the minimum value for M

X

in PYTHIA and HERWIG and 1.7 GeV

in the Nikolaev-Zakharov model. For the proton di�raction a value of 1.14 GeV was used.

M

2

X

=W

2


p

= 0:1 has been used for the maximum value of M

X

. For the decay of the systems

X the limited p

t

string decay from PYTHIA, the Nikolaev-Zakharov model and the isotropic

decay from HERWIG were tried. The data ruled out the isotropic decay, so only PYTHIA and

the Nikolaev-Zakharov model were �nally used.

No direct photon component was used in the event simulation. One might expect that a

signi�cant fraction of the direct events could escape the event selection, in particular the

E

RCAL

> 0:7 GeV cut, since no photon remnant enters the RCAL. The following argument

convinces us that this is not the case. For a p

min

t

of 2 GeV the events with total transverse

energy, E

T

, up to 25 GeV have distributions in the global event variables which are practically

identical for the resolved and the direct contributions. Only 3% of the measured events have

a value of E

T

bigger than 25 GeV of which 10{30% [15, 30] are expected to be due to direct

processes. Therefore neglecting direct processes in the event simulation a�ects the cross section

determination by less than 1%.

5.2 Analysis of the Hadronic System

Given the number of models and their many adjustable parameters the analysis of the hadronic

system is a di�cult task. It is somewhat simpli�ed by the observation that, due to the high
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center of mass energy, di�ractive and non-di�ractive photoproduction can be separated without

too much overlap. This can be seen from Fig. 6, which shows the distribution of E

FCAL

, E

BCAL

,

E

RCAL

and the transverse energy E

T

. The data fall into two classes: events with essentially

zero energy in FCAL, as expected for elastic and for low mass photon and proton di�ractive

events, and events in which a signi�cant amount of energy is deposited in FCAL, as expected

for non-di�ractive events. The corresponding statistics are:

E

FCAL

> 1GeV; N = 4852 � 72 events;

E

FCAL

< 1GeV; N = 879 � 59 events:

In the further analysis these events will be treated separately.

From the Monte Carlo simulations we �nd that all elastic events have E

FCAL

< 1 GeV. The

E

FCAL

separation is less clear for inelastic di�raction. The fraction of events with E

FCAL

< 1

GeV depends not only on which particle di�racts (
 di�raction, p di�raction, double di�raction),

but also on the di�ractive mass spectrum and its decay. If the model parameters are varied

in the ranges discussed in section 5.1, the fractions of events in the E

FCAL

< 1 GeV sample

vary between 0.5 and 0.7 for photon di�raction, between 0.3 and 0.5 for proton di�raction and

between 0.3 and 0.4 for double di�raction.

We should also mention that the data sample used to determine the subprocess fractions and

acceptances is bigger than the one used to obtain the total cross section. In order to increase

the statistics, the data sample contains in addition the runs for which no statistical background

subtraction was possible. For these runs the background was removed using signals in the C5-

Counter or the Veto Wall with timing compatible with proton-beam gas interaction upstream

of the ZEUS detector.

5.2.1 Data Sample with E

FCAL

> 1 GeV

Based on the discussion of the previous section, the following three Monte Carlo samples were

used to describe the data sample E

FCAL

> 1 GeV:

f

herlow

� herlow + f

di�

� di� ;

f

pytlow

� pytlow + f

di�

� di� ;

f

soft

� soft+ f

hard

� hard+ f

di�

� di� :

where the f

i

's are the fractions of events of reaction i in the E

FCAL

> 1 GeV sample. Sin-

gle di�ractive events from the PYTHIA program have been used for the small admixture of

di�ractive events, di�.

For each of the models, with the parameters varied in the given range, the fractions f

i

have been

determined by �ts to the distributions of E

FCAL

and E

BCAL

, which are essentially uncorrelated.
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E

RCAL

was not used in the �ts since its distribution hardly depends on the type of the process.

A �t was done by minimizing the following variable

�

2

fit

=

1

(N

bins

�N

p

)

X

E

FCAL

;E

BCAL

X

bins

(N

exp

�

P

�

i

f

i

N

MC

i

)

2

(N

exp

+

P

�

2

i

f

2

i

N

MC

i

)

where N

exp

and N

MC

are the numbers of the experimental and the Monte Carlo events respec-

tively, N

bins

is the total number of histogram bins, N

p

is the number of �t parameters, f

i

is the

fraction of subprocess i and �

i

is the ratio of the number of events in the experimental data to

the number of accepted events in the Monte Carlo sample for subprocess i.

The best value of the mean transverse momentumof charged particles hp

t

i

ch

in the soft PYTHIA

model was determined to be hp

t

i

ch

= 0.41 GeV by the comparison of average transverse mo-

menta of condensates in data and Monte Carlo samples. A condensate is de�ned as a contiguous

group of calorimeter cells with a sum of energy of at least 0.1 GeV for a group of only EMC

cells and at least 0.2 GeV for any other group of cells. The values of p

min

t

in the hard PYTHIA

model and the hard HERWIG model which describe the data best, were obtained by trying

di�erent values and searching for the minimum value of �

2

fit

. As an additional cross check

it has been veri�ed that the average transverse energy of the calorimeter condensates is well

reproduced.

Table 4 summarizes the acceptances for the Monte Carlo samples with E

FCAL

> 1 GeV.

They vary between 78% and 95% for the models analyzed. It has been checked that for the

E

FCAL

> 1 GeV sample the acceptance depends only weakly on the vertex position. This is

demonstrated in Fig. 7a. The measured Z{vertex distribution for the E

FCAL

> 1 GeV data

sample, shown in Fig. 7b, has been used as Monte Carlo input for the E

FCAL

< 1 GeV sample

where the acceptance does depend strongly on the vertex position.

Table 5 presents the main results of the �ts: given are the fractions of the subprocesses f

i

, the

acceptances and the �

2

-values. In addition to �

2

fit

, the �

2

values for the E

FCAL

, E

BCAL

, E

RCAL

and E

T

distributions are given. The best �ts of HERWIG and PYTHIA are compared to the

data in Figs. 8, 9 and 10. Fig. 10, which shows the individual contributions for the model

pytlow + di� , demonstrates that the distributions for the non-di�ractive and the di�ractive

component are su�ciently di�erent to well determine the fractions by the �t.

The results of the �ts can be summarized:

� the data sample with E

FCAL

> 1 GeV is well described by hadron-hadron minimum bias

events (HERWIG, PYTHIA); thus 
p reactions have gross features similar to hadron-

hadron reactions,

� the models which describe photoproduction as a sum of a soft and a hard component give

generally worse �ts. The data favor a value of p

min

t

= 2 GeV, and the hard component

accounts for more than 60% of the data. It should be noted that the so{called hard

resolved component can actually yield relatively soft events due to the relatively low

minimum p

t

of 2 GeV. The high fraction of hard processes thus does not imply a di�erence

between 
p and �p reactions,
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� the �ts yield the following ranges for the fractions of subprocesses:

{ f

soft

: 0.16 { 0.32,

{ f

hard

: 0.62 { 0.73,

{ f

pytlow

: 0.88 { 0.96,

{ f

di�

: 0.06 { 0.14, (the �t herlow+ di� gives f

di�

= 0, which is consistent with a

lower limit of 0.06 for the di�ractive fraction, as HERWIG minimumbias events implicitly

include di�ractive events),

� the acceptance for the E

FCAL

> 1 GeV data sample lies between 0.83 and 0.95.

So far in the analysis step-function energy thresholds in the trigger have been assumed to

determine the acceptances. Given the low threshold values, the e�ects of noise, �nite energy

steps for the trigger and channel to channel gain variations have to be taken into account. To

estimate these e�ects, in the analysis the energy thresholds have been raised for both data

and Monte Carlo samples and the fraction of events lost has been compared. This results in a

correction factor for the acceptance of 0.98�0.01 for the non-di�ractive sample, 0.97�0.01 for

the photon di�ractive and double di�ractive samples and 0.88�0.06 for the proton di�ractive

sample.

We obtain the overall acceptance and its uncertainty from the mean value and the range of the

acceptance values from Table 5 for the four models that give lowest �

2

fit

values, multiplied by

the correction factor 0:98�0:01 from the previous paragraph. The resulting acceptance for the

E

FCAL

> 1 GeV sample is 0:86 � 0:07, with an acceptance for the non-di�ractive processes of

0:90� 0:03 and for the di�ractive sample of 0:61� 0:06. This results in the following numbers

of acceptance corrected events:

� all E

FCAL

> 1 GeV events: 5641 � 84� 451,

� non-di�ractive events for E

FCAL

> 1 GeV: 4852 � 73 � 162 � 216,

� di�ractive events for E

FCAL

> 1 GeV: 789 � 36� 79 � 316.

The �rst error is the statistical one, the second is the error due to the acceptance uncertainty

and the third one, where applicable, is the error due to the uncertainty of the fraction of

di�ractive events.

5.2.2 Data Sample with E

FCAL

< 1 GeV

The acceptances for the individual di�ractive processes have been calculated by Monte Carlo

methods. The results are summarized in Table 6. Due to the strong collimation of the produced

particles around the beam direction, the acceptance values strongly depend on the Z-vertex

position, as shown in Fig. 11. As input for the Monte Carlo we use the Z-vertex distribution

shown in Fig. 7b, as discussed in section 5.2.1.

The acceptances for elastic vector meson production were calculated assuming relative rates

for �

0

; ! and � mesons of 1=2:2 : 1=18:4 : 1=23:6. The corresponding acceptances are 38%, 21%

and 3% for the vertex centered at Z = 0. They were combined to get an overall acceptance

for elastic vector meson production of 31 � 4% as shown in Table 6. The systematic errors
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given include the uncertainty of the slope parameter b of the di�erential cross section, and an

uncertainty of �5 cm for the mean Z-vertex position.

The �nal states V p and V X can be separated from Xp and XX by the radial distribution

of the energy in the RCAL. For V p and V X the energy is deposited close to the beam pipe,

whereas it is more evenly distributed for Xp and XX. We de�ne the energy weighted radius

in the RCAL (� > 135

�

)

hR

RCAL

i =

P

cond

r

cond

�E

cond

P

cond

E

cond

:

The r

cond

and E

cond

refer to the radial distances and energies of the condensates in the RCAL,

as de�ned in the preceding section.

The Monte Carlo distributions of hR

RCAL

i are shown in Fig. 12 for the �nal states V p from the

PYTHIA and Xp from the Nikolaev-Zakharov model. From factorization arguments we expect

V X and V p to have similar hR

RCAL

i distributions. The same is true for Xp and XX.

A �t to the hR

RCAL

i distribution allows the determination of r, the ratio of the number of

vector meson events to di�ractive events

r =

N

V p

+N

VX

N

V p

+N

V X

+N

Xp

+N

XX

:

N

V p

is the number of elastic events in the data sample, N

V X

the number of proton di�ractive

events, N

Xp

the number of photon di�ractive events and N

XX

the number of double di�ractive

events. The Nikolaev-Zakharov model for Xp, which describes the data best (Fig. 12), gives a

value r = 0:42 � 0:05; a �t with PYTHIA for Xp, which gives a poorer description, results in

r = 0:36 � 0:05. We take as the �nal result r = 0:42 � 0:05(stat.)�0:06(syst.).

The estimation of the contributions from elastic and inelastic vector meson production is based

on the Monte Carlo study. It is assumed that the cross sections for the single di�ractive channels

are equal and each of them twice the cross section for the double di�raction - as found in �p

data [31] and expected from theoretical parametrizations [32]. This allows us to determine the

ratio of N

V p

to N

V X

.

The resulting contributions to the E

FCAL

< 1 GeV sample are:

N

V p

= (0:30 � 0:08) �N

EFCAL<1

N

V X

= (0:12 � 0:04) �N

EFCAL<1

;

where N

EFCAL<1

is the measured number of events with E

FCAL

< 1 GeV. The error includes

the uncertainty from the determination of r and from the models used. The remaining event

fraction is due to the sum N

Xp

plus N

XX

.

The e�ect of the shape of the calorimeter energy threshold in the trigger has been studied in

the way discussed in the section 5.2.1. The correction factor is 0:97�0:01 for photon di�ractive

events and 0:88 � 0:06 for elastic and proton di�ractive vector meson production. Combining

the reaction fractions with the acceptances gives the following acceptance corrected numbers

of events in the E

FCAL

< 1 GeV sample:
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� all events: 1941 � 170(stat.)�239(syst.),

� elastic vector meson production: 964 � 203(stat.)�326(syst.),

� inelastic di�raction: 977 � 107(stat.)�147(syst.).

The above numbers lead to the overall acceptance for the E

FCAL

< 1 GeV sample of 0:46�0:08.

5.2.3 Summary on Event Fractions and Acceptances

Combining the results from the two subsections 5.2.1 and 5.2.2 gives the �nal numbers of events,

event fractions and acceptances, shown in Table 7.

5.3 Photon Tagging E�ciency

The photon tagging e�ciency for photoproduction events, i.e. the acceptance of the electron

calorimeter of the luminosity detector as a function of the energy and angle of the scattered

electron, was obtained from Monte Carlo calculations. It depends critically on the precise

knowledge of the position and the direction of the electron beam at the ZEUS-IP, of the HERA

magnetic elements, of the position of the electron calorimeter and its energy calibration. High

statistics data from the bremsstrahlung reaction ep ! e
p with di�erent electron beam tilts

up to 0.5 mrad at the ZEUS-IP have been used to �nd the best parameters and verify the

Monte Carlo calculation. The following strategy has been employed [20]: the photon position,

measured in the photon calorimeter, gives the angle of the electron beam at the ZEUS-IP. From

the di�erence of beam energy and measured photon energy we obtain the predicted electron

energy. The fraction of events with an electron recorded with compatible energy gives the

acceptance as a function of the predicted energy. To obtain it as a function of the measured

energy, the smearing due to the resolutions for both electron and gamma calorimeter has

been taken into account. The comparison of the measured acceptance with the Monte Carlo

calculation allows us to adjust the geometric parameters within their known uncertainty. These

parameters are then used to calculate the acceptance for photoproduction events.

The photoproduction events are produced in the E

0

e

range from 9.0 to 22.0 GeV and the Q

2

range from Q

2

min

to Q

2

max

= 0:02 GeV

2

according to the ALLM parametrization of the proton

structure function [4]. E�ects of the �nite value of the electron mass are included. Fig. 5 shows

the comparison between the measured and the generated electron spectra. The agreement is

satisfactory. The resulting photon tagging acceptance for E

0

e

between 15.2 GeV and 18.2 GeV

is 77�7%. The error has two main sources: the uncertainty in the energy calibration of the

electron calorimeter and the uncertainty in the electron transport through the HERA magnets.

To obtain the error from the uncertainty of the energy calibration (see section 4.1.1) we have

scaled the electron energy by �2% for both data and Monte Carlo sample, which resulted in a

�7% change in the number of events accepted for 15:2 < E

0

e

< 18:2 GeV, which we take as an

error estimate.

To estimate the error due to the electron transport, in the Monte Carlo study the tilt of the

electron beam was varied by �0:15 mrad at the ZEUS-IP, the electron beam position by �1

mm and the position of the HERA magnets also by �1 mm. From the change in the number of

Monte Carlo events in the acceptance window, we obtain an uncertainty of 5%. Adding both

contributions in quadrature gives an acceptance uncertainty of 9%.
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5.4 Radiative Corrections

A Monte Carlo study of radiative corrections to ep scattering at low Q

2

[9], using HERACLES

[33] events passed through the ZEUS detector simulation program, expects a 1.8% reduction

for the number of measured photoproduction events. This value agrees with a Monte Carlo

study for an experimental situation similar to this experiment [34].

In the following we check the magnitude of the radiative corrections using the photon spectrum

measured in the photon calorimeter of the luminosity detector. The recorded photon energy

spectrum is contaminated by random coincidences of bremsstrahlung events with photoproduc-

tion events, which are subtracted using the measured high statistics bremsstrahlung spectrum

from random ep bunch crossings [9]. Fig. 13 shows the spectra for photon energies below 5 GeV,

normalized to the area up to 5 GeV, for:

� the events of the o�-line photoproduction sample, without the E




< 1 GeV photon energy

cut (dashed),

� the randomly triggered bunch crossings (dotted),

� di�erence of the above two spectra (solid), which is the experimental spectrum of radiative

photons from photoproduction events.

Above a photon energy of 5 GeV the number of background events is much larger than the

number of photoproduction events, which results in large errors after background subtraction.

Below E




= 5 GeV two experimental di�culties should be pointed out. For photons of such

low energy, the synchrotron radiation absorber in front of the gamma calorimeter causes a non-

linearity of response, which may not be correctly simulated by the Monte Carlo program, and

at low energies, the spectrum is sensitive to the exact shape of the pedestal, which is in
uenced

by the high rate in the photon calorimeter. As a result the spectrum below 1.2 GeV is not

reliable.

The observed photon energy spectrum and the one obtained from the Monte Carlo study are

presented in Fig. 14. Above 1.2 GeV the distributions agree within the experimental errors and

corroborate the estimation of the radiative corrections. Monte Carlo results and data agree

within 0.5% on the fraction of radiative events in the photon energy interval between 1 and

5 GeV. We thus assign an uncertainty of 0.5% to the 1.8% Monte Carlo estimation for the loss

of photoproduction events with respect to the Born cross section (Table 2).

6 Results and Discussion

6.1 Photoproduction Cross Sections

The corrected number of events, presented in Table 7, together with the corrections for the

event losses of 5.7%, the measured luminosity of 12.7 nb

�1

and the photon tagging e�ciency

of 77% are used to calculate �

ep

, the ep cross section for the scattered electron energy range

of 15:2 < E

0

e

< 18:2 GeV and the range 4 � 10

�8

< Q

2

< 0:02 GeV

2

. The corresponding 
p
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center of mass energy range is 167 < W


p

< 194 GeV. The relation between 
p and ep cross

sections given in section 2.1 yields after integration over the corresponding y and Q

2

range a

photon 
ux factor of 5:82 � 10

�3

. After correction by 1.8% for the loss of radiative events total

photoproduction cross section for an average W


p

of 180 GeV is obtained:

�


p

tot

= 143 � 4(stat:)� 17(syst:) �b:

The statistical error of 3% includes the statistical background subtraction. The systematic

error of 12% is the quadratic sum of the uncertainties of 1.0% from the data selection cuts,

4.3% from the luminosity determination, 6.7% from the acceptance of the main detector, 9.0%

from the photon tagging e�ciency, and 0.5% from the radiative corrections.

The fractions of the di�erent photoproduction cross sections and their errors are given in Ta-

ble 7. Using the total cross section we obtain for the non-di�ractive photoproduction reactions

a cross section of

�


p

nd

= 91 � 11 �b;

for the inelastic di�ractive photoproduction reactions

�


p

d

= 33� 8 �b;

and for the elastic photoproduction reactions

�


p

el

= 18� 7 �b:

Assuming further that the �

0

contributes 82% of the elastic cross section [11], we obtain a cross

section for the reaction 
p ! �

0

p at HERA energies of: �


p

�

0

p

= 14:8�5:7 �b: The errors quoted

on the partial cross sections include statistical and systematic errors added in quadrature.

6.2 Discussion

The energy dependence of the total photoproduction cross section is displayed in Fig. 15,

which includes the lower energy data above the resonance region (W


p

> 1.75 GeV) [3] as

well as the H1 measurement [2] at HERA energies. Also included is our earlier low statistics

measurement [1]. The curves labeled DL [5] and ALLM [4] are parametrizations inspired by

Regge{type analyses and describe well the energy behavior of the data. The cross sections

calculated with the inclusion of QCD hard scattering (minijets) [25] depend on the parton

distributions in the photon and proton, on the value used for p

min

t

, the minimum value of p

t

where perturbative QCD starts to be applicable, and on the value used for the probability of

the photon to act like a hadron. The curve labeled as \minijets" is a calculation of QCD hard

scattering with a value of p

min

t

= 2 GeV using the Drees{Grassie (DG) parton distributions of

the photon [27]. Within the present measurement errors it is also compatible with the data.

In Figure 16 we present a compilation of cross sections [35] measured at lower energies for the

reaction 
p ! V p, where V = �

0

; !; �, together with the new measurement of the present

experiment. The full curve is a calculation by Schuler and Sj�ostrand [32] who use the addi-

tive quark model together with VDM to estimate the V p cross sections, a phenomenological

parametrization of the energy dependence of the slopes of the di�erential cross section of the


p ! V p reactions, and the optical theorem. As can be seen from the �gure, the parametriza-

tion agrees well with the new ZEUS measurement. Also the other partial cross sections agree

with predictions by these authors.
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7 Summary

The ZEUS detector at HERA has been used to measure the total photoproduction cross section

at an average center of mass energy of 180 GeV via interactions of 26.7 GeV electrons with

820 GeV protons tagged by an outgoing electron scattered at a small angle with respect to

the incoming electron direction. In this study, the scattered electron energy was restricted to

15:2 < E

0

e

< 18:2 GeV. Thus the exchanged photon is almost real, with a Q

2

in the range

4 � 10

�8

< Q

2

< 0:02 GeV

2

, the average being hQ

2

i � 6� 10

�4

GeV

2

. From the measured total

ep cross section in this region we obtain the average total 
p cross section for the 
p center of

mass energy of 167 < W


p

< 194 GeV: �


p

tot

= 143�4(stat:)�17(syst:)�b. This value is in good

agreement with parametrizations based on Regge models and also with some minijet-based

models, provided a high enough minimum transverse momentum, p

min

t

, is chosen.

We have also determined cross sections for photoproduction subprocesses. The non-di�ractive

cross section is �


p

nd

= 91 � 11�b, the inelastic di�ractive dissociation cross section is �


p

d

=

33 � 8�b, and the elastic photoproduction cross section of the vector mesons �

0

, !, and �

is �


p

el

= 18 � 7�b. For the partial cross sections, the quoted error includes statistical and

systematic errors added in quadrature.
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Cause Systematic uncertainty

Cross section 1.0%

Electron gas background subtraction 2.0%

Photon acceptance 2.0%

Calorimeter calibration/resolution 2.5%

Accidental overlaps 1.0%

Satellite bunches 1.5%

Counting errors 0.5%

Total uncertainty 4.3%

Table 1: Systematic e�ects for the luminosity determination.

Cause Event fraction Uncertainty

Reconstruction losses 1.8% 0.2%

Analysis cuts 1.0% 0.3%

Overlay bremsstrahlung-photoproduction 2.9% 0.8%

Total 5.7% 1.0%

Radiative events 1.8% 0.5%

Table 2: Correction factors for event losses.

Cause Uncertainty

Electron-beam gas background 0.8%

Accidental coincidence bremsstrahlung and background 0.2%

Total 0.8%

Table 3: Error estimation on statistical background subtraction.
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Model Acceptance

PYTHIA soft0.28 0.78

soft0.33 0.85

soft0.41 0.89

HERWIG herlow 0.95

PYTHIA pytlow 0.89

PYTHIA pyt1.8 0.90

pyt2.0 0.90

HERWIG her1.5 0.84

her1.7 0.84

her2.0 0.84

Table 4: Main detector acceptances for the E

FCAL

> 1 GeV Monte Carlo models. The nomen-

clature is explained in the text.
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Model Fractions �

2

fit

�

2

�

2

�

2

�

2

Acc.

f

i

E

FCAL

E

BCAL

E

RCAL

E

T

soft0.41 0.16

pyt1.8 0.70 3.3 3.4 3.2 2.6 9.1 0.85

di� 0.14

soft0.41 0.21

pyt2.0 0.66 2.2 2.3 2.1 3.8 8.1 0.86

di� 0.13

soft0.41 0.21

her1.5 0.73 4.6 2.5 8.0 5.5 3.0 0.83

di� 0.06

soft0.41 0.20

her1.7 0.73 4.2 3.0 5.8 6.6 2.2 0.83

di� 0.07

soft0.41 0.32

her2.0 0.62 3.9 3.3 4.7 3.9 2.0 0.84

di� 0.06

pytlow 0.92 2.7 2.6 2.8 3.2 2.3 0.86

di� 0.08

herlow 1.00 2.3 1.3 3.9 2.2 1.0 0.95

di� 0.00

Table 5: Results of the �ts of the fractions of subprocesses for the E

FCAL

> 1 GeV sample.

Subprocess Acceptance


p ! V p 0:31 � 0:04


p ! V X 0:37 � 0:04


p ! Xp 0:80 � 0:05


p ! XX 0:88 � 0:08

Table 6: ZEUS acceptances for the individual subprocesses for E

FCAL

< 1 GeV.
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Subprocess Events Fraction Acceptance

Total 7582 � 190 � 510 100% 76 � 5%

Non-di�ractive 4852 � 72 � 270 64:0 � 0:9� 3:6% 90 � 3%

Inelastic di�ractive 1766 � 113 � 356 23:3 � 1:5� 4:7% 63 � 8%

Elastic 964 � 203 � 326 12:7 � 2:7� 4:3% 27 � 4%

Table 7: Corrected numbers of events, event fractions and acceptances for the di�erent photo-

production processes.
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Figure 1: Measured (dashed error bars) and simulated (solid line) bremsstrahlung spectrum in

ADC counts and GeV.
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0

e

) and photon (E




) energies for random

bunch crossings (events with electron and photon energies lower than 3 GeV were rejected at

the trigger level). The dashed line corresponds to the total energy, E

0

e

+E




, being equal to the

electron beam energy E

e

= 26:7 GeV.
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Figure 3: Photon beam pro�le measured in the photon calorimeter. The hatched area marks

regions at the calorimeter face shadowed by the beam-line magnets.
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Figure 4: Time spectrum of the signals of main and satellite electron bunches measured by the

C5-Counter. Smaller time values correspond to later arrivals at the C5-Counter.
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Figure 5: The measured electron spectrum of the photoproduction events in the luminosity

electron calorimeter. The histogram is the expected spectrum from the PYTHIA Monte Carlo

generator after correction for the detector acceptance.
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Figure 6: Distributions of event variables: a) energy in FCAL, b) BCAL, c) RCAL, and d)

total transverse energy E

T

for the �nal tagged photoproduction sample.
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Figure 7: a) Acceptance as a function of Z-vertex for PYTHIA minimum bias events, b)

comparison of the reconstructed Z-vertex distributions: experimental photoproduction sample

with E

FCAL

> 1 GeV (crosses), PYTHIA minimum bias events passed through the ZEUS

analysis chain (solid line).
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Figure 8: Comparison of the best �ts to the data (crosses) for the HERWIG (dotted) and

PYTHIA (dashed) minimum bias Monte Carlo samples for E

FCAL

> 1 GeV.
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Figure 9: Comparison of the best �ts to the data (crosses) for the sum of the soft component

from PYTHIA and the hard components from PYTHIA (dashed - row 2 in Table 5) and

HERWIG (dotted - row 5 in Table 5) for E

FCAL

> 1 GeV.

38



0

0.025

0.05

0 50 100 150 200 250

E
FCAL

 (GeV)

F
ra

c
ti

o
n

 o
f 

E
v
e
n

ts

10
-3

10
-2

10
-1

0 50 100 150 200 250

E
FCAL

 (GeV)

F
ra

c
ti

o
n

 o
f 

E
v
e
n

ts

0

0.05

0.1

0 5 10 15 20 25

E
BCAL

 (GeV)

F
ra

c
ti

o
n

 o
f 

E
v
e
n

ts

10
-3

10
-2

10
-1

0 5 10 15 20 25

E
BCAL

 (GeV)

F
ra

c
ti

o
n

 o
f 

E
v
e
n

ts

Figure 10: Comparison of the best �t to the data (crosses) for the model pytlow + di� (see

text) for E

FCAL

> 1 GeV. The two contributions are shown separately: pytlow - dashed, di� -

dotted line. The histograms of E

FCAL

and E

BCAL

are plotted in a linear scale on the left side

and in a logarithmic scale on the right side.
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Figure 11: Acceptance as a function of Z-vertex for a) PYTHIA elastic vector meson production,

b) PYTHIA photon di�raction.
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Figure 12: The energy weighted radius in RCAL, hR

RCAL

i, for: a) the PYTHIA Monte Carlo

prediction of the V p component (solid line) and of the Xp component from the Nikolaev-

Zakharov model (dashed line), b) data (crosses) compared to the best �t sum of V p from

PYTHIA and Xp from the Nikolaev-Zakharov model for E

FCAL

< 1 GeV.
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Figure 13: The experimental spectrum of photon energies measured in the photon calorimeter.

The distributions show the fraction of events with a given photon energy; all spectra are

normalized to one. The dashed line is the spectrum from the photoproduction sample without

the E




< 1 GeV cut and the dotted one is background determined from random bunch crossings.

The di�erence of the two spectra (solid line) is the experimental spectrum of accepted radiative

photons. Statistical (inner) and systematic (outer) errors are shown separately.
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Figure 14: The experimental spectrum of radiative photons (solid line) compared to the Monte

Carlo prediction (dotted). The experimental spectrum including its statistical (inner) and

systematic (outer) errors, has been taken from Fig. 12. For the Monte Carlo spectrum only

statistical errors are shown.
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Figure 15: Total photoproduction cross section as a function of the 
p center of mass energyW


p

(references for the data � { [3], � { [1], 2 { [2]). The solid line is the prediction of the ALLM

parametrization, the dashed line is that of DL, and the dotted line uses the DG parametrization

for the photon with p

min

t

= 2 GeV.
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Figure 16: Cross section for the reaction 
p ! V p as a function of the 
p center of mass

energy W


p

(references for the data � { [35]). The curve is taken from ref. [32].
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