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A.G. Yagües Molina,14 C. Youngman,14 W. Zeuner,14,g V. Drugakov,15 W. Lohmann,15 S. Schlenstedt,15 G. Barbagli,16

E. Gallo,16 P.G. Pelfer,17 A. Bamberger,18 D. Dobur,18 F. Karstens,18 N.N. Vlasov,18 P. J. Bussey,19 A. T. Doyle,19

W. Dunne,19 M. Forrest,19 M. Rosin,19 D.H. Saxon,19 I. O. Skillicorn,19 I. Gialas,20,m K. Papageorgiu,20 U. Holm,21

R. Klanner,21 E. Lohrmann,21 P. Schleper,21 T. Schörner-Sadenius,21 J. Sztuk,21 H. Stadie,21 M. Turcato,21 C. Foudas,22

C. Fry,22 K.R. Long,22 A.D. Tapper,22 T. Matsumoto,23 K. Nagano,23 K. Tokushuku,23,n S. Yamada,23 Y. Yamazaki,23,o

A.N. Barakbaev,24 E.G. Boos,24 N. S. Pokrovskiy,24 B.O. Zhautykov,24 V. Aushev,25 M. Borodin,25 I. Kadenko,25

A. Kozulia,25 V. Libov,25 M. Lisovyi,25 D. Lontkovskyi,25 I. Makarenko,25 Iu. Sorokin,25 A. Verbytskyi,25 O. Volynets,25

D. Son,26 J. de Favereau,27 K. Piotrzkowski,27 F. Barreiro,28 C. Glasman,28 M. Jimenez,28 L. Labarga,28 J. del Peso,28

E. Ron,28 M. Soares,28 J. Terrón,28 M. Zambrana,28 F. Corriveau,29 C. Liu,29 J. Schwartz,29 R. Walsh,29 C. Zhou,29

T. Tsurugai,30 A. Antonov,31 B.A. Dolgoshein,31 D. Gladkov,31 V. Sosnovtsev,31 A. Stifutkin,31 S. Suchkov,31

R.K. Dementiev,32 P. F. Ermolov,32,z L.K. Gladilin,32 Yu.A. Golubkov,32 L.A. Khein,32 I. A. Korzhavina,32

V.A. Kuzmin,32 B.B. Levchenko,32 O.Yu. Lukina,32 A. S. Proskuryakov,32 L.M. Shcheglova,32 D. S. Zotkin,32 I. Abt,33

A. Caldwell,33 D. Kollar,33 B. Reisert,33 W.B. Schmidke,33 G. Grigorescu,34 A. Keramidas,34 E. Koffeman,34

P. Kooijman,34 A. Pellegrino,34 H. Tiecke,34 M. Vázquez,34,g L. Wiggers,34 N. Brümmer,35 B. Bylsma,35 L. S. Durkin,35
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Photoproduction of beauty quarks in events with two jets and an electron associated with one of the jets

has been studied with the ZEUS detector at HERA using an integrated luminosity of 120 pb�1. The

fractions of events containing b quarks, and also of events containing c quarks, were extracted from a

likelihood fit using variables sensitive to electron identification as well as to semileptonic decays. Total

and differential cross sections for beauty and charm production were measured and compared with next-

to-leading-order QCD calculations and Monte Carlo models.

DOI: 10.1103/PhysRevD.78.072001 PACS numbers: 13.60.�r, 13.20.Fc, 13.20.He, 14.65.Fy

I. INTRODUCTION

The production of heavy quarks in ep collisions at

HERA is an important testing ground for perturbative

quantum chromodynamics (pQCD) since the large

b-quark and c-quark masses provide a hard scale that

allows perturbative calculations. When Q2, the negative

squared four-momentum exchanged at the electron or

positron1 vertex, is small, the reactions ep! eb �bX and

ep! ec �cX can be considered as a photoproduction pro-

cess in which a quasireal photon emitted by the incoming

electron interacts with the proton.

The corresponding leading-order (LO) QCD processes

are the direct-photon process, in which the quasireal pho-

ton enters directly in the hard interaction, and the resolved-

photon process, in which the photon acts as a source of

partons which take part in the hard interaction. For heavy-

quark transverse momenta comparable to the quark mass,

next-to-leading-order (NLO) QCD calculations in which

the massive quark is generated dynamically [1,2] are ex-

pected to provide reliable predictions for the photoproduc-

tion cross sections.

Beauty and charm quark production cross sections have

been measured using several different methods by both the

ZEUS [3–18] and the H1[19–30] collaborations. Both the

deep inelastic scattering (DIS) and photoproduction mea-

surements are reasonably well described by NLO QCD

predictions.

Most of the previous measurements of b-quark produc-

tion used muons to tag semileptonic decays of the B

hadrons. The identification of electrons close to jets is

more difficult than for muons, but the electrons can be

identified down to lower momenta. A first measurement of

b-quark photoproduction from semileptonic decays to

electrons (e�) was presented in a previous publication

[6], which used the eþp collision data from the 1996–

1997 running period corresponding to an integrated lumi-

nosity of 38 pb�1. This paper presents an extension of this

measurement exploiting semileptonic decays to electrons

as well as to positrons for data taken with both e�p and

eþp collisions using 3 times the integrated luminosity. The

production of electrons from semileptonic decays (eSL), in
events with at least two jets (jj) in photoproduction, ep!
eb �bX ! ejjeSLX

0, was measured in the kinematic range

Q2 < 1 GeV2 and 140 GeV<W�p < 280 GeV, where

W�p is the center-of-mass energy of the �p system. The

likelihood method used to extract the b-quark cross sec-

tions also allowed the corresponding c-quark cross sections
to be extracted. This paper provides a complementary

study to the measurements using muon decays.

II. EXPERIMENTAL SETUP

This analysis was performed with data taken from 1996

to 2000, when HERA collided electrons or positrons with

energy Ee ¼ 27:5 GeV with protons of energy Ep ¼
820 GeV (1996–1997) or 920 GeV (1998–2000). The

corresponding integrated luminosities are 38:6�
0:6 pb�1 at center-of-mass energy

ffiffiffi

s
p ¼ 300 GeV, and

81:6� 1:8 pb�1 at
ffiffiffi

s
p ¼ 318 GeV.

A detailed description of the ZEUS detector can be

found elsewhere [31]. A brief outline of the components

that are most relevant for this analysis is given below.

1Hereafter unless explicitly stated both electrons and positrons
are referred to as electrons.
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Charged particles were tracked in the central tracking

detector (CTD) [32], which operated in a magnetic field of

1.43 T provided by a thin superconducting coil. The CTD

consisted of 72 cylindrical drift chamber layers, organized

in nine superlayers covering the polar-angle2 region 15� <
�< 164�. The transverse-momentum resolution for full-

length tracks is �ðpTÞ=pT ¼ 0:0058pT � 0:0065 �
0:0014=pT , with pT in GeV. The pulse height of the sense

wires was read out in order to estimate the ionization

energy loss per unit length, dE=dx (see Sec. III).
The high-resolution uranium-scintillator calorimeter

(CAL) [33] consisted of three parts: the forward (FCAL),

the barrel (BCAL) and the rear (RCAL) calorimeters. Each

part was subdivided transversely into towers and longitu-

dinally into one electromagnetic section and either one (in

RCAL) or two (in BCAL and FCAL) hadronic sections.

The smallest subdivision of the calorimeter is called a cell.

The CAL energy resolutions, as measured under test-beam

conditions, are �ðEÞ=E ¼ 0:18=
ffiffiffiffi

E
p

for electrons and

�ðEÞ=E ¼ 0:35=
ffiffiffiffi

E
p

for hadrons, with E in GeV.

The luminosity was measured from the rate of the

bremsstrahlung process ep! e�p, where the photon

was measured in a lead-scintillator calorimeter [34] placed

in the HERA tunnel at Z ¼ �107 m.

III. dE=dx MEASUREMENT

A central tool for this analysis was the dE=dx measure-

ment from the CTD. The pulse height of the signals on the

sense wires was used to measure the specific ionization.

This pulse height was corrected for a number of effects

[35] such as a factor 1= sin� due to the projection of the

track onto the direction of the signal wire, the space-charge

effect caused by the overlap of the ionization clouds in the

avalanche, and the dependence of the pulse shape on the

track topology. An additional correction was needed for

hits close to the end plates of the CTD. If a hit followed a

previous one on the same wire within 100 ns, its pulse

could be distorted: such hits were rejected. The event

topology was used to identify additional double hits that

could not be resolved; the dE=dx measurement was cor-

rected accordingly.

The dE=dx value of a track was calculated as the trun-

cated mean value of the individual measurements, cor-

rected as discussed above, after rejecting the lowest 10%

and the highest 30% of the measurements. Hits where the

measured pulse height was in saturation were always re-

jected in forming the mean. Corrections were applied for

the finite number of hits and whenever more than 30% of

the hits were saturated. The corrected dE=dx measurement

was normalized in units of mip (minimum ionizing parti-

cles) such that the minimum of the dE=dx distribution was
1.0 mip. Electrons are expected to have a mean value of

about 1.4 mip in the momentum range studied here.

Different samples of identified particles were used to

calibrate and validate the dE=dx measurement. The

samples used for calibration were

(i) e� from photon conversions, J= decays and DIS

electrons;

(ii) �� from K0 decays with 0:4 GeV<p< 1 GeV,
where p is the measured track momentum.

The samples used for validation were

(i) �� from K0 outside the momentum range used for

the calibration sample, as well as �� from �0,� and

D� decays;
(ii) K� from �0 and D� decays;
(iii) p, �p from � decays;

(iv) cosmic ��.
Typical sample purities were above 99% for the calibra-

tion samples and well above 95% for the validation

samples [35].

After all corrections, the measured dE=dx depended

only on the ratio of the particle’s momentum to its mass,

��. This is illustrated in Fig. 1. It shows the specific energy
loss as a function of ��, for the different samples of
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e

π
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p
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ZEUS

FIG. 1 (color online). The mean dE=dx measured in the CTD,

hdE=dxi, as a function of �� for different samples of identified

particles as denoted in the figure. The curve shows a physically

motivated parametrization of the hdE=dxi dependence on ��.

2The ZEUS coordinate system is a right-handed Cartesian
system, with the Z axis pointing in the proton beam direction,
referred to as the ‘‘forward direction,’’ and the X axis pointing
left towards the center of HERA. The coordinate origin is at the
nominal interaction point. The pseudorapidity is defined as 	 ¼
� lnðtan�

2
Þ, where the polar angle, �, is measured with respect to

the proton beam direction. The azimuthal angle, �, is measured
with respect to the X axis.
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identified particles, e�, ��, ��, K�, p, �p. All particle
types are well described using a single physically moti-

vated parametrization of the mean energy loss as a function

of �� with five free parameters following Allison and

Cobb (AC) [36].

Given the quality of the description of the mean dE=dx
by the AC parametrization, the measurements can be used

to determine residuals on dE=dx. As an example, the

distribution of residuals for a sample of tracks with the

number of hits after truncation, ntrunc, equal to 23 is shown
in Fig. 2. The dE=dx resolution is typically 11% for tracks

that pass at least five superlayers. It improves to about 9%

for tracks that pass all superlayers.

IV. MONTE CARLO SIMULATION

To evaluate the detector acceptance and to provide the

signal and background distributions, Monte Carlo samples

of beauty, charm and light-flavor events generated with

PYTHIA 6.2 [37] were used.

The production of b �b-pairs was simulated following the

standard PYTHIA prescription with the following subpro-

cesses [38]:

(i) direct and resolved photoproduction with a leading-

order massive matrix element;

(ii) b excitation in both the proton and the photon with a

leading-order massless matrix element.

The CTEQ4L [39] parton distributions were used for the

proton, while GRV-G LO [40] was used for the photon. The

b-quark mass parameter was set to 4.75 GeV. The produc-

tion of charm and light quarks was simulated for both

direct and nondirect photoproduction with leading-order

matrix elements in the massless scheme using the same

parton distributions as for the b �b samples.

The generated events were passed through a full simu-

lation of the ZEUS detector based on GEANT 3.13 [41]. The

ionization loss in the CTD was treated separately using a

parametrization of the measured data distributions based

on the calibration sample [38,42]. The final Monte Carlo

events had to fulfil the same trigger requirements and pass

the same reconstruction program as the data.

V. DATA SELECTION

Events were selected online with a three-level trigger

[31,43] which required two jets reconstructed in the

calorimeter.

The hadronic system (including the decay electron) was

reconstructed from energy-flow objects (EFOs) [44] which

combine the information from calorimetry and tracking,

corrected for energy loss in inactive material. Each EFO

was assigned a reconstructed four-momentum qi ¼
ðpiX; piY ; piZ; EiÞ, assuming the pion mass. Jets were recon-

structed from EFOs using the kT algorithm [45] in the

longitudinally invariant mode with the massive recombi-

nation scheme [46] in which qjet ¼ P

iq
i and the sum runs

over all EFOs. The transverse energy of the jet was defined

as E
jet
T ¼ Ejet � pjet

T =p
jet, where Ejet, pjet and p

jet
T are the

energy, momentum and transverse momentum of the jet,

respectively. The transverse energy, E
jet
T , is therefore al-

ways larger than the transverse momentum, p
jet
T , used in a

previous publication [5].

Dijet events were selected as follows:

(i) at least two jets with E
jet
T > 7ð6Þ GeV for the highest

(second highest) energetic jet and pseudorapidity of

both jets j	jetj< 2:5;
(ii) the Z coordinate of the reconstructed primary vertex

within jZVtxj< 50 cm;

(iii) 0:2< yJB < 0:8, where yJB ¼ ðE� PZÞ=ð2EeÞ is the
Jacquet-Blondel estimator [47] for the inelasticity, y,
and E� PZ ¼ P

iE
i � piZ, where the sum runs over

all EFOs;

(iv) no scattered-electron candidate found in the calo-

rimeter with energy E0
e > 5 GeV and ye < 0:9, with

ye ¼ 1� E0
e

2Ee
ð1� cos�0eÞ, where �0e is the polar

angle of the outgoing electron.

These cuts suppress background from high-Q2 events

and from non-ep interactions, and correspond to an effec-

tive cut of Q2 < 1 GeV2.

VI. IDENTIFICATION OF ELECTRONS FROM

SEMILEPTONIC DECAYS

Electron candidates were selected among the EFOs by

requiring tracks fitted to the primary vertex and having a

transverse momentum, peT , of at least 0.9 GeV in the

pred
) / dE/dx

pred
 - dE/dx

obs
(dE/dx
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T
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FIG. 2 (color online). Distribution of the relative difference

between the observed (dE=dxobs) and predicted (dE=dxpred)

specific energy loss for the track sample with ntrunc ¼ 23. The
inset shows the same distribution with a logarithmic ordinate

scale.
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pseudorapidity range j	ej< 1:5. Only the EFOs consisting
of a track matched to a single calorimetric cluster were

used. To reduce the hadronic background and improve the

overall description, at least 90% of the EFO energy had to

be deposited in the electromagnetic part of the calorimeter.

Electron candidates were required to have a track with

ntrunc > 12 to ensure a reliable dE=dx measurement. An

additional preselection cut of dE=dx > 1:1 mip was ap-

plied to reduce the background. Candidates in the angular

region corresponding to the gaps between FCAL and

BCAL as well as between RCAL and BCALwere removed

using a cut on the EFO position [48].

Electrons from photon conversions were tagged and

rejected based on the distance of closest approach of a

pair of oppositely charged tracks to each other in the plane

perpendicular to the beam axis and on their invariant mass

[6]. Untagged conversion background and electrons from

Dalitz decays were estimated from Monte Carlo studies.

The electron candidate was required to be associated to a

jet using the following procedure:

(i) the jet had to have E
jet
T > 6 GeV and j	jetj< 2:5;

(ii) the distance �R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð	jet � 	eÞ2 þ ð�jet ��eÞ2
p

<
1:5;

(iii) in case of more than one candidate jet, the jet closest

in �R was chosen.

For the identification of electrons from semileptonic

heavy-quark decays, variables for particle identification

were combined with event-based information character-

istic of heavy-quark production. For a given hypothesis

of particle, i, and source j, the likelihood, Lij, is given by

L ij ¼
Y

l

P ijðdlÞ;

where P ijðdlÞ is the probability to observe particle i from

source j with value dl of a discriminant variable. The

particle hypotheses i 2 fe; �;�; K; pg and sources, j, for
electrons from semileptonic beauty, charm decays and

background, j 2 fb; c;Bkgg, were considered. For the like-
lihood ratio test, the test function, Tij was defined as
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FIG. 3 (color online). Normalized distributions of the five input variables used in the likelihood for the electron candidates extracted

from the Monte Carlo events, without applying the cuts on dE=dx and EEMC=ECAL. The solid line shows the distribution for electrons

from semileptonic b-quark decays, the dashed line for c-quark decays and the dotted line the background (Bkg).
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Tij ¼

i


0
jLij

P

m;n

m


0
nLmn

:

The 
i, 

0
j denote the prior probabilities taken from

Monte Carlo information. In the sum, m, n run over all

particle types and sources defined above. In the following,

T is always taken to be the likelihood ratio for an electron

originating from a semileptonic b-quark decay: T � Te;b,
unless otherwise stated. The following five discriminant

variables were combined in the likelihood test:

(i) dE=dx, the average energy loss per unit length of the
track in the CTD;

(ii) EEMC=ECAL, the fraction of the EFO energy taken

from the calorimeter information, ECAL, which is

deposited in the electromagnetic part, EEMC;

(iii) ECAL=ptrack: the EFO energy divided by the track

momentum.

In order to distinguish between electrons from semi-

leptonic b-quark and c-quark decays and other electron

candidates, the following additional observables were

used:

(i) prel
? , the transverse-momentum component of the

electron candidate relative to the direction of the

associated jet defined as

prel
? ¼ j ~pjet � ~pej

j ~pjetj
;

where ~pe is the momentum of the electron candidate.

The variable prel
? can be used to discriminate be-

tween electrons from semileptonic b-quark decays

and from other sources, because its distribution de-

pends on the mass of the decaying particle. It is not

possible to distinguish charm from light-flavour de-

cays with this variable;

(ii) ��, the difference of azimuthal angles of the elec-

tron candidate and the missing transverse-

momentum vector defined as

�� ¼ j�ð ~peÞ ��ð ~6pTÞj;

where ~6pT is the negative vector sum of the EFO

momentum transverse to the beam axis,

~6p T ¼ �ð
X

i

pix;
X

i

piyÞ;

and the sum runs over all EFOs. The vector ~6pT is

used as an estimator of the direction of the neutrino

from the semileptonic decay. The variable �� can

be used to discriminate semileptonic decays of b
quarks and c quarks from other sources.

The shapes of the charm- and light-quark prel
? distribu-

tions in the Monte Carlo samples were corrected [5] using

a dedicated background sample in the data. The value of

the correction increased with prel
? and was 15% at prel

? ¼

1:5 GeV, where the purity of the b contribution is highest.

For the �� distribution a correction was determined in a

similar way, but in this case the maximal correction was

only of the order of 5%.

In Fig. 3 the distributions of the five input variables used

in the likelihood are shown for electrons from b-quark and
c-quark decays and for electron candidates from other

sources. A clear difference in shape between signal and

background can be seen.

VII. SIGNAL EXTRACTION

The electron candidates in the Monte Carlo samples

were classified as originating from beauty, charm or back-

ground. The beauty sample also contains the cascade de-

cays b! c! e, but not b! �! e and

b! J= ! eþe� that have been included in the back-

ground sample. Test functions (see Sec. VI) were calcu-

lated separately for the three samples. The fractions of the

three samples in the data, fDATAe;b , fDATAe;c , fDATABkg , were

obtained from a three-component maximum-likelihood fit

[49] to the T distributions. The constraint fDATAe;b þ
fDATAe;c þ fDATABkg ¼ 1 was imposed in the fit. The fit range

of the test function was restricted to �2 lnT < 10 to re-

move the region dominated by background and where the

test function falls rapidly. The �2 for the fit is �2=ndf ¼
13=12 and the b-quark and c-quark measurements have a

correlation coefficient of �0:6. The result of the fit is

shown in Fig. 4 and corresponds to a scaling of the cross

section predicted by the beauty Monte Carlo samples by a

factor of 1:75� 0:16 and the charm Monte Carlo samples

by a factor of 1:28� 0:13. These factors are applied to

Figs. 5–8 and denoted as ‘‘PYTHIA (scaled)’’. A fit over

-2 ln T
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FIG. 4 (color online). The distribution of the likelihood ratio

for electron candidates, Ncand, in data compared to the

Monte Carlo expectation after the fit described in the text. The

arrow indicates the region included in the fit (� 2 lnT < 10).
The shaded areas show the fitted contributions from b quarks, c
quarks and background as denoted in the figure.
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the whole T range gave consistent cross sections and was

used as a cross-check.

The distributions of the five variables that entered the

likelihood are shown in Fig. 5. The description of all

variables is reasonable. These distributions are dominated

by the background contribution. In order to select a beauty-

enriched sample, a cut of �2 lnT < 1 was applied. The

resulting distributions are shown in Fig. 6. A likelihood for

semileptonic charm can also be constructed, Te;c. The

distributions of the likelihood for a sample satisfying

�2 lnTe;c < 1:5 are shown in Fig. 7. Good agreement is

observed in both cases.

To demonstrate the quality of the data description by the

Monte Carlo samples, the distributions of E
jet
T and 	jet of

the jet associated with the electron and of the peT of the

electron candidates are compared in Figs. 8(a)–8(c). In

Figs. 8(d)–8(i) the same distributions are compared for

the beauty- and charm-enriched samples. Some differences

are observed in the jet variables, mainly in the region

dominated by background. The agreement significantly

improves for samples enriched in beauty and charm

signals.

VIII. CROSS-SECTION DETERMINATION

The cross sections have been measured in the kinematic

range Q2 < 1 GeV2, 0:2< y< 0:8, with at least two jets

with E
jet
T > 7ð6Þ GeV, j	jetj< 2:5 and an electron from a

semileptonic decay with peT > 0:9 GeV in the range j	ej<
1:5.
The differential beauty cross section for a variable, v,

was determined separately for each bin, k, from the relative

fractions in the data obtained from the fit and the accep-

tance correction, Ab
vk
, calculated using the Monte Carlo
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FIG. 5 (color online). Distributions of the five input variables of the likelihood for the electron candidates used in the fit (� 2 lnT <
10). All cuts have been applied except dE=dx > 1:1 in (a) and EEMC=ECAL > 0:9 in (b) (the cuts are indicated in the figure). The

shaded areas show the contributions from b quarks, c quarks and background as denoted in the figure, after applying the scale factors

from the fit.
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information,

d�b
dvk

¼ NDATA � fDATAe;b ðvkÞ
Ab

vk
�L ��vk

;

whereNDATA is the number of electron candidates found in

the data, L is the integrated luminosity and �vk is the bin
width.

In order to determine the acceptance, the jet-finding

algorithm was applied to the MC events after the detector

simulation and at hadron level. The acceptance is defined

as

A ¼ Nobs
e

Nhad
e

;

where Nobs
e is the number of electrons from semileptonic

decays reconstructed in the Monte Carlo samples satisfy-

ing the selection criteria detailed in Secs. V and VI, and

Nhad
e is the number of electrons from semileptonic decays

produced in the signal process that satisfy the kinematic

requirements using the Monte Carlo information at the

generator level. At hadron level, the kT algorithm was

applied to all final-state particles with a lifetime of � >
0:01 ns and the electron was associated to its parent jet

using the generator information.

All cross sections were measured separately for the two

center-of-mass energies
ffiffiffi

s
p ¼ 300 and 318 GeV.

Additionally, the cross sections were calculated with the

whole data set and were corrected to
ffiffiffi

s
p ¼ 318 GeV. The

correction factor of	 2% was determined with LO as well

as NLO calculations.

The charm cross sections were measured using the same

procedure.

IX. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties were calculated by varying

the analysis procedure and then redoing the fit to the like-

lihood distributions. The following sources were the main

contributors to the systematic uncertainty (the first value in

parentheses is the uncertainty for beauty, while the second

is that for charm):
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FIG. 6 (color online). Distributions of the five input variables of the likelihood for a beauty-enriched sample (candidates with

�2 lnT < 1). In these plots the ordinate is shown on a linear scale. Other details as in the caption of Fig. 5.
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(i) the systematic uncertainty on the description of the

dE=dx information was estimated by looking at the

differences between the various calibration and vali-

dation samples. Variations in the mean, width and

shape of the distributions were evaluated and used as

a measure of the uncertainty [35]. The resulting

uncertainty was found to be (þ1
�5

%=þ10
�3

%);

(ii) the changes in the correction to the prel
? distribution

in various kinematic ranges were taken as a measure

of its uncertainty. For prel
? ¼ 1:5 GeV the variation

was 20% of the correction. The changes led to a

systematic uncertainty of (þ3
�6

%=þ10
�5

%).

In addition, the correction to the charm distribution

was varied from zero to that of the background

sample. This led to an uncertainty of (þ6
�4

%=þ7
�1

%);

(iii) a shift of the CAL energy scale in the Monte Carlo

simulation by �3% (� 2%=� 5%);

(iv) reweighting of the direct and nondirect contributions

in the Monte Carlo simulation to provide a better

description of the data (þ 1%=þ 3%);

(v) the estimated residual number of electrons left in the

sample from photon conversions as well as from

Dalitz decays were varied by 25% and 20% respec-

tively [50]. This led to systematic uncertainties of

(� 1%=
 4%) due to photon conversions and (�
1%=
 1%) due to Dalitz decays.

These systematic uncertainties were added in quadrature

separately for the negative and the positive variations to

determine the overall systematic uncertainty of þ8
�9

% for

the beauty and þ17
�9

% for the charm cross sections. Since no

significant dependence of the systematic uncertainties on

the kinematic variables was observed, the same uncertainty

was applied to each data point. A 2% overall normalization

uncertainty associated with the luminosity measurement

was included.

A series of further checks were made. The cut on the

transverse momentum of the electron candidate was varied

by �3%, which is the momentum uncertainty for a track

with pT ¼ 0:9 GeV. The �� correction was varied within

its uncertainty. The cut on �R to associate the decay elec-
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FIG. 7 (color online). Distributions of the five input variables of the likelihood for a charm enriched sample (candidates with

�2 lnTe;c < 1:5). In these plots the ordinate is shown on a linear scale. Other details as in the caption of Fig. 5.
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tron with a jet was varied between 1.5 and 1.0. The effect of

the gaps between FCAL and BCAL as well as between

RCAL and BCAL was investigated by varying the cut on

the EFO position. Various tests of the signal-extraction

method were made: e.g. using the likelihood without the

EEMC=ECAL or ECAL=ptrack variables; applying the fit on a

signal-enriched sample by making tighter cuts on the input

variables and varying the fit range. The prior probabilities

were recalculated after the fit and used as the input for a

second fit iteration. Separate fits were made for electron

and positron candidates for each of the lepton beam parti-

cles (e� and eþ) separately as well as for the combined

sample. All variations were found to be consistent with the

expected fluctuations due to statistics; therefore they have

not been added to the systematic uncertainty.

X. THEORETICAL PREDICTIONS AND

UNCERTAINTIES

QCD predictions at NLO, based on the Frixione-

Mangano-Nason-Ridolfi (FMNR) program [51], are com-

pared to the data. The program separately generates pro-

cesses containing pointlike and hadronlike photon

contributions, which have to be combined to obtain the

total cross section. The b �b and the c �c production cross

sections were calculated separately. The parton distribution

functions were taken from CTEQ5M [52] for the proton

and GRV-G HO [40] for the photon. The heavy-quark

masses (pole masses) were set to mb ¼ 4:75 GeV and

mc¼1:6GeV. The strong coupling constant, �ð5Þ
QCD, was

set to 0.226 GeV. The renormalization, �R, and factoriza-
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FIG. 8 (color online). Distributions of E
e jet
T and 	

e jet
T of the jet associated with the electron, and peT of the electron candidate.

Figures (a)–(c) contain all electron candidates satisfying�2 lnTe;b < 10; (d)–(f) and (g)–(i) show the same distributions for the beauty

(� 2 lnTe;b < 1) and charm (� 2 lnTe;c < 1:5) enriched samples, respectively. Other details as in the caption of Fig. 5.
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tion, �F, scales were chosen to be equal and set to

�R ¼ �F ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p̂2
T þm2

bðcÞ
q

, where p̂T is the average trans-

verse momentum of the heavy quarks.

The Peterson fragmentation function [53], with 
b ¼
0:0035 and 
c ¼ 0:035 [54], was used to produce beauty

and charm hadrons from the heavy quarks. For the b �b and

c �c cross sections, the decays into electrons were simulated

using decay spectra from PYTHIA.

For beauty, both the contributions from prompt and from

cascade decays, excluding b! �! e and b! J= !
eþe�, are taken into account in the effective branching

fraction. The values were set to 0.221 for the b �b and to

0.096 for the c �c cross sections [55].
For the systematic uncertainty on the theoretical predic-

tion, the masses and scales were varied simultaneously to

maximize the change in the cross section using the values

mb ¼ 4:5, 5.0 GeV,mc ¼ 1:35, 1.85 GeVand�R ¼ �F ¼
1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p̂2
T þm2

bðcÞ
q

; 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p̂2
T þm2

bðcÞ
q

. The effects of different par-

ton density functions as well as variations of 
b within the

uncertainty of 0.0015 had a small effect on the cross-

section predictions and were neglected. The parameter 
c
was varied between 0.02 and 0.07 and the contribution was

added in quadrature to the systematic uncertainty. The

uncertainty on the electron decay spectra, evaluated from

comparisons to experimental measurements [56,57] and to

a simple free-quark decay model, was found to be small

compared to the total theoretical uncertainty and was

neglected.

The uncertainty on the NLO QCD predictions for the

total cross section are þ25% and �15% for beauty and

þ45% and �28% for charm.

The NLO QCD predictions for parton-level jets, recon-

structed by applying the kT algorithm to the outgoing

partons, were corrected for hadronization effects. A bin-

by-bin procedure was used according to d� ¼ d�NLO �
Chad, where d�NLO is the cross section for partons in the

final state of the NLO calculation. The hadronization cor-

rection factor, Chad, was defined as the ratio of the dijet

cross sections, extracted from the PYTHIA Monte Carlo

events, after and before the hadronization process, Chad ¼
d�Hadrons

MC =d�Partons
MC . The hadronic corrections were gener-

ally small and are given in Tables I, II, III, IV, and V. No

uncertainty was assigned to the correction.

XI. RESULTS

The visible ep cross sections (quoted at hadron level) for

b-quark and c-quark production and the subsequent semi-

leptonic decay to an electron with peT > 0:9 GeV in the

range j	ej< 1:5 in photoproduction events with Q2 <
1 GeV2 and 0:2< y< 0:8 and at least two jets with ET >
7ð6Þ GeV, j	j< 2:5 were determined separately for

ffiffiffi

s
p ¼

300 GeV and
ffiffiffi

s
p ¼ 318 GeV. The measurements are

given in Table I and are shown in Fig. 9. The cross sections

at the two different center-of-mass energies are consistent

with each other; combining the results leads to a reduced

statistical uncertainty. For the complete data set (96–00)

the cross sections evaluated at
ffiffiffi

s
p ¼ 318 GeV are

TABLE I. Total cross sections for electrons from b or c quarks in photoproduction events, Q2 < 1 GeV2 and 0:2< y< 0:8, with at

least two jets with E
jet
T > 7ð6Þ GeV, j	jetj< 2:5 and the subsequent semileptonic decay to an electron with peT > 0:9 GeV and j	ej<

1:5. The values are given separately for
ffiffiffi

s
p ¼ 300 GeV (96–97) and

ffiffiffi

s
p ¼ 318 GeV (98–00) as well as for the complete data set (96–

00) extrapolated to
ffiffiffi

s
p ¼ 318 GeV. The first error is statistical and the second is systematic. In addition, the NLO QCD prediction and

its uncertainty is given, after applying the appropriate hadronization correction ðChad
b ; Chad

c Þ.

�vis
b (pb) �NLO

b (pb) Chad
b �vis

c (pb) �NLO
c (pb) Chad

c

96–97 101� 18þ8
�9 81þ20

�12 0.81 253� 58þ44
�22 360þ160

�100 1.00

98–00 139� 16þ11
�12 88þ22

�13 0.81 260� 40þ45
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FIG. 9 (color online). Total cross sections for electrons from b
and c quarks in photoproduction events,Q2 < 1 GeV2 and 0:2<
y< 0:8, with at least two jets with ET > 7ð6Þ GeV, j	j< 2:5
and the subsequent semileptonic decay to an electron with pT >
0:9 GeV and j	j< 1:5. The measurements are shown as points.
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indicated by the band; the dashed line shows the prediction from

PYTHIA.
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�vis
b ¼ ð125� 11ðstatÞþ10

�11ðsystÞÞ pb;
�vis
c ¼ ð278� 33ðstatÞþ48

�24ðsystÞÞ pb:
(1)

The visible b-quark cross section was also determined in

the kinematic region of a previous ZEUS analysis using

muons [5] and is in good agreement.

The NLO QCD predictions of FMNR (see Table I) are

compared to the data in Fig. 9. Good agreement is ob-

served. Also shown in Fig. 9 are expectations of the PYTHIA

Monte Carlo calculations. The combined bð �bÞ cross section
is a factor 1.75 higher while the cð �cÞ cross section is a

factor of 1.28 higher than the PYTHIA prediction (see
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FIG. 10 (color online). Differential cross sections as a function of (a), (c) the transverse momentum and (b), (d) the pseudorapidity of

the electrons. Plots (a) and (b) are for b-quark production while (c) and (d) are for c-quark production. The measurements are shown as

points. The inner error bar shows the statistical uncertainty and the outer error bar shows the statistical and systematic uncertainties

added in quadrature. The solid line shows the NLO QCD prediction after hadronization corrections, with the theoretical uncertainties

indicated by the band; the dashed line shows the scaled prediction from PYTHIA.
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FIG. 11 (color online). Differential cross sections as a function of xobs� . (a) shows the distribution for electrons from b-quark
production while (b) shows c-quark production. Other details as in the caption of Fig. 10.
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Sec. VII). These factors are used to scale the PYTHIA

predictions in the following figures.

Differential cross sections as a function of peT and 	e,

xobs� , E
jet1
T and 	jet1 are shown in Figs. 10–12, respectively.

The variable xobs� is defined as

xobs� ¼

P

i¼1;2

ðEjeti � p
jeti
Z Þ

E� pZ
;

where the sum is over the two highest-energy jets, and

corresponds at leading order to the fraction of the
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FIG. 12 (color online). Differential cross sections as a function of (a), (c) the transverse energy and (b), (d) the pseudorapidity of the

highest-energy jet. Plots (a) and (b) show the distributions for electrons from b-quark production while plots (c) and (d) show those for

c-quark production. Other details as in the caption of Fig. 10.

TABLE II. Differential electron cross sections as a function of peT and 	
e for the complete data set. For further details see the caption

of Table I.

peT (GeV) d�b=dp
e
T (pb/GeV) d�NLO

b =dpeT (pb/GeV) Chad
b d�c=dp

e
T (pb/GeV) d�NLO

c =dpeT (pb/GeV) Chad
c

0:9:2:1 56:3� 9:6þ4:3
�5:0 34þ11

�7 0.78 117� 26þ20
�10 177þ71

�38 1.02

2:1:3:3 24:0� 3:7þ1:8
�2:1 16:8þ5:9

�3:5 0.79 54:4� 9:0þ9:5
�4:8 80þ42

�23 0.98

3:3:4:5 11:9� 2:6þ0:9
�1:1 9:9þ3:6

�2:3 0.84 26:0� 5:8þ4:5
�2:3 36þ27

�14 0.99

4:5:8:0 4:7� 1:9þ0:4
�0:4 3:3þ1:4

�0:9 0.94 1:5� 2:7þ0:3
�0:1 7:5þ9:5

�4:0 0.99

	e d�b=d	
e (pb) d�NLO

b =d	e (pb) Chad
b d�c=d	

e (pb) d�NLO
c =d	e (pb) Chad

c

�1:5:� 0:5 26:4� 4:6þ2:0
�2:4 16:7þ6:6

�3:6 0.75 51� 12þ9
�4 111þ66

�33 0.98

�0:5:0:0 53:4� 9:1þ4:1
�4:8 39:5þ13:8

�8:3 0.81 152� 25þ26
�13 192þ100

�53 1.01

0:0:0:5 57:7� 11:6þ4:4
�5:1 41:9þ13:9

�9:0 0.82 187� 36þ33
�16 165þ82

�43 1.02

0:5:1:5 42:4� 8:7þ3:2
�3:8 28:1þ10:1

�6:3 0.84 36� 24þ6
�3 90þ51

�26 1.02
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exchanged-photon momentum in the hard scattering pro-

cess. The figures also show the NLO QCD and the scaled

PYTHIA predictions. The cross-section values are given in

Tables II, III, and IV. Both the predictions from the NLO

QCD calculations as well as the scaled PYTHIA cross

sections describe the data well.

The differential cross sections as a function of the trans-

verse energy of the jet associated with the electron from the

semileptonic decay, E
e jet
T , were also determined. These

cross sections are shown in Fig. 13 and given in Table V.

The good agreement with the NLO QCD prediction allows

the cross section as a function of pbT to be extracted [6]. The

TABLE IV. Differential cross sections for the most energetic jet as a function of E
jet
T and 	jet for the complete data set. For further

details see the caption of Table I.

E
jet1
T (GeV) d�b=E

jet1
T (pb/GeV) d�NLO

b =E
jet1
T (pb/GeV) Chad

b d�c=E
jet1
T (pb/GeV) d�NLO

c =E
jet1
T (pb/GeV) Chad

c

7:10 16:8� 2:5þ1:3
�1:5 10:1þ3:2

�1:9 0.59 45:9� 7:3þ8:0
�4:0 72þ43

�19 0.99

10:13 12:0� 1:9þ0:9
�1:1 9:4þ3:7

�2:3 0.97 28:0� 4:7þ4:9
�2:4 35þ14

�12 1.07

13:16 8:3� 1:6þ0:6
�0:7 5:1þ2:0

�1:1 1.18 5:9� 3:4þ1:0
�0:5 11:7þ7:0

�2:9 1.03

16:30 1:00� 0:38þ0:08
�0:09 1:00þ0:39

�0:08 1.22 1:5� 1:1þ0:3
�0:1 1:8þ1:2

�0:5 0.89

	jet1 d�b=d	
jet1 (pb) d�NLO

b =d	jet1 (pb) Chad
b d�c=d	

jet1 (pb) d�NLO
c =d	jet1 (pb) Chad

c

�1:0:� 0:25 24:9� 5:2þ1:9
�2:2 17:5þ6:1

�2:7 0.82 73� 14þ13
�6 99þ64

�26 0.95

�0:25:0:5 47:6� 8:2þ3:7
�4:2 42:6þ12:7

�7:7 1.01 177� 24þ31
�15 164þ75

�35 1.05

0:5:1:5 49:3� 7:8þ3:8
�4:4 30:4þ7:9

�6:1 0.91 71� 17þ12
�6 106þ41

�32 1.04

1:5:2:5 23:7� 5:5þ1:8
�2:1 9:2þ3:6

�2:4 0.76 8� 15þ1
�1 35þ23

�12 1.01

TABLE III. Differential cross sections as a function of xobs� for the complete data set. For further details see the caption of Table I.

xobs� d�b=dx
obs
� (pb) d�NLO

b =dxobs� (pb) Chad
b d�c=dx

obs
� (pb) d�NLO

c =dxobs� (pb) Chad
c

0:00:0:45 51� 17þ4
�5 28þ18

�10 1.07 70� 35þ12
�6 122þ108

�56 1.16

0:45:0:75 166� 25þ13
�15 81þ50

�28 2.27 227� 49þ40
�20 216þ178

�85 1.32

0:75:1:00 216� 31þ17
�19 166þ47

�30 0.55 715� 79þ124
�63 920þ370

�190 0.90
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FIG. 13 (color online). Differential cross sections for (a) b-quark and (b) c-quark production as a function of the transverse energy of
the jet associated to the electron. Other details as in the caption of Fig. 10.

TABLE V. Differential cross sections of E
ejet
T for the jet associated to the electron from beauty or charm decays for the complete data

set. For further details see the caption of Table I.

E
ejet
T (GeV) d�b=E

ejet
T (pb/GeV) d�NLO

b =E
ejet
T (pb/GeV) Chad

b d�c=E
ejet
T (pb/GeV) d�NLO

c =E
ejet
T (pb/GeV) Chad

c

6:10 16:1� 1:8þ1:2
�1:4 12:3þ5:1

�3:0 0.67 4:2� 5:2þ7:3
�3:7 64þ38

�18 1.00

10:15 6:6� 1:3þ0:5
�0:6 5:4þ1:8

�1:1 1.00 22:3� 4:2þ3:9
�2:0 19:6þ7:5

�5:5 1.06

15:30 2:1� 0:6þ0:2
�0:2 1:08þ0:40

�0:26 1.21 0:3� 1:9þ0:1
�0:1 1:7þ1:2

�0:5 0.87
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resulting cross section is shown in Fig. 14 and is also

compared with previous ZEUS measurements [3,5,6].

The results presented here overlap in pbT with these pre-

vious measurements and have comparable or smaller un-

certainties, giving a consistent picture of b-quark
production in ep collisions in the photoproduction regime.

XII. CONCLUSIONS

Beauty and charm production have been measured in

dijet photoproduction using semileptonic decays into elec-

trons. The results were obtained by simultaneously extract-

ing the b- and c-quark cross sections using a likelihood

ratio optimized for b-quark production. One of the most

important variables in the likelihood was the dE=dx mea-

surement in the central tracking detector.

The results were compared to both NLO QCD calcula-

tions as well as predictions from Monte Carlo models. The

NLO QCD predictions are consistent with the data. The

Monte Carlo models describe well the shape of the differ-

ential distributions in the data. The results on b-quark
production are also in agreement with a previous less

precise ZEUS measurement using semileptonic decays

into electrons. Within the momentum range covered by

previous ZEUS measurements using decays into muons,

good agreement is found.

The cross section as a function of the transverse mo-

mentum of the b quarks has been measured over a wide

range. The measurements agree well with the previous

values, giving a consistent picture of b-quark production

in ep collisions in the photoproduction regime, and are

well reproduced by the NLO QCD calculations.

ACKNOWLEDGMENTS

We thank the DESY Directorate for their strong support

and encouragement. The remarkable achievements of the

HERA machine group were essential for the successful

completion of this work. The design, construction and

installation of the ZEUS detector have been made possible

by the effort of many people who are not listed as authors.

This work was supported by the Natural Sciences and

Engineering Research Council of Canada (NSERC); the

German Federal Ministry for Education and Research

(BMBF), under Contracts No. 05 HZ6PDA, No. 05

HZ6GUA, No. 05 HZ6VFA and No. 05 HZ4KHA; the

MINERVA Gesellschaft für Forschung GmbH; the Israel

Science Foundation (Grant No. 293/02-11.2) and the U.S.-

Israel Binational Science Foundation; the Italian National

Institute for Nuclear Physics (INFN); the Japanese

Ministry of Education, Culture, Sports, Science and

Technology (MEXT) and its grants for Scientific

Research; the Korean Ministry of Education and Korea

Science and Engineering Foundation; the Netherlands

Foundation for Research on Matter (FOM); the Polish

State Committee for Scientific Research, Project

No. DESY/256/2006-154/DES/2006/03; RF Presidential

Grant No. N 8122.2006.2 for the leading scientific schools;

the Russian Ministry of Education and Science through its

grant for Scientific Research on High Energy Physics; the

Spanish Ministry of Education and Science through funds

provided by CICYT; the Science and Technology Facilities

Council, UK; the U.S. Department of Energy; the U.S.

National Science Foundation; the Polish Ministry of

Science and Higher Education (2006–2008); FNRS and

its associated funds (IISN and FRIA) and by an Inter-

University Attraction Poles Program subsidized by the

Belgian Federal Science Policy Office; the Malaysian

Ministry of Science, Technology and Innovation/

Akademi Sains Malaysia Grant No. SAGA 66-02-03-

0048. A. K. (Jagellonian University) was supported by

Grant No. 1 P03B 04529 (2005–2008). The work of

W. S. (Jagellonian University) was supported in part by

the Marie Curie Actions Transfer of Knowledge project

COCOS (Contract No. MTKD-CT-2004-517186). N. N.V.

was partly supported by Moscow State University, Russia.

V. A. (Kiev) was supported by DESY, Germany. B. B. L.

was partly supported by Russian Foundation for Basic

Research Grant No. 05-02-39028-NSFC-a. J. U.

(Pennsylvania State University) was partially supported

by Warsaw University, Poland. The material of J. J.W.

(Pennsylvania State University) was based on work sup-

ported by the National Science Foundation, while working

at the Foundation. M.W. (University College London) was

partially supported by DESY, Hamburg, Germany.

 (GeV)b

T
p

0 5 10 15 20 25

 (
p

b
/G

e
V

)
b T

/d
p

σ
d

1

10

210

 e→ b -1ZEUS 120 pb

µ D* → b ZEUS 96-00

µ → b ZEUS 96-00

 e→ b ZEUS 96-97

NLO QCD

| < 2
b

η|

 ebX)→ (ep b

T
/dpσd

2 < 1 GeV2Q

0.2 < y < 0.8

ZEUS

FIG. 14 (color online). Differential cross section for b-quark
production as a function of transverse momentum, pbT , compared

to the results of previous ZEUS measurements as indicated in the

figure. The measurements are shown as points. The inner error

bar shows the statistical uncertainty and the outer error bar shows

the statistical and systematic uncertainties added in quadrature.

The solid line shows the NLO QCD prediction from the FMNR

program with the theoretical uncertainty shown as the shaded

band.

S. CHEKANOV et al. PHYSICAL REVIEW D 78, 072001 (2008)

072001-16



[1] M. Glück, E. Reya, and A. Vogt, Phys. Rev. D 45, 3986

(1992).

[2] S. Frixione, P. Nason, and G. Ridolfi, Nucl. Phys. B454, 3

(1995); S. Frixione et al., Phys. Lett. B 348, 633 (1995).

[3] S. Chekanov et al. (ZEUS Collaboration), Eur. Phys. J. C

50, 299 (2007).

[4] S. Chekanov et al. (ZEUS Collaboration), Phys. Lett. B

599, 173 (2004).

[5] S. Chekanov et al. (ZEUS Collaboration), Phys. Rev. D

70, 012008 (2004); 74, 059906 (2006).

[6] J. Breitweg et al. (ZEUS Collaboration), Eur. Phys. J. C

18, 625 (2001).

[7] S. Chekanov et al. (ZEUS Collaboration), Phys. Lett. B

649, 111 (2007).

[8] S. Chekanov et al. (ZEUS Collaboration), Report

No. DESY-07-52, 2007 [arXiv:0704.3562v1].

[9] S. Chekanov et al.(ZEUS Collaboration), Nucl. Phys.

B729, 492 (2005).

[10] S. Chekanov et al. (ZEUS Collaboration), Eur. Phys. J. C

44, 351 (2005).

[11] S. Chekanov et al. (ZEUS Collaboration), Phys. Rev. D

69, 012004 (2004).

[12] S. Chekanov et al. (ZEUS Collaboration), Phys. Lett. B

565, 87 (2003).

[13] J. Breitweg et al. (ZEUS Collaboration), Eur. Phys. J. C

12, 35 (2000).

[14] J. Breitweg et al. (ZEUS Collaboration), Phys. Lett. B

481, 213 (2000).

[15] J. Breitweg et al. (ZEUS Collaboration), Eur. Phys. J. C 6,

67 (1999).

[16] J. Breitweg et al. (ZEUS Collaboration), Phys. Lett. B

401, 192 (1997).

[17] J. Breitweg et al. (ZEUS Collaboration), Phys. Lett. B

407, 402 (1997).

[18] M. Derrick et al. (ZEUS Collaboration), Phys. Lett. B 349,

225 (1995).

[19] A. Aktas et al. (H1 Collaboration), Eur. Phys. J. C 47, 597

(2006).

[20] A. Aktas et al. (H1 Collaboration), Eur. Phys. J. C 45, 23

(2006).

[21] A. Aktas et al. (H1 Collaboration), Phys. Lett. B 621, 56

(2005).

[22] A. Aktas et al. (H1 Collaboration), Eur. Phys. J. C 40, 349

(2005).

[23] A. Aktas et al. (H1 Collaboration), Eur. Phys. J. C 41, 453

(2005).

[24] C. Adloff et al. (H1 Collaboration), Phys. Lett. B 467, 156

(1999).

[25] A. Aktas et al. (H1 Collaboration), Eur. Phys. J. C 51, 271

(2007).

[26] A. Aktas et al. (H1 Collaboration), Eur. Phys. J. C 50, 251

(2007).

[27] A. Aktas et al. (H1 Collaboration), Eur. Phys. J. C 38, 447

(2005).

[28] C. Adloff et al. (H1 Collaboration), Phys. Lett. B 528, 199

(2002).

[29] C. Adloff et al. (H1 Collaboration), Nucl. Phys. B545, 21

(1999).

[30] S. Aid et al. (H1 Collaboration), Nucl. Phys. B472, 32

(1996).

[31] ZEUS Collaboration, edited by U. Holm, The ZEUS

Detector, Status Report, (DESY, 1993), http://www-zeus.

desy.de/bluebook/bluebook.html.

[32] N. Harnew et al., Nucl. Instrum. Methods Phys. Res., Sect.

A 279, 290 (1989); B. Foster et al., Nucl. Phys. B, Proc.

Suppl. 32, 181 (1993); Nucl. Instrum. Methods Phys. Res.,

Sect. A 338, 254 (1994).

[33] M. Derrick et al., Nucl. Instrum. Methods Phys. Res.,

Sect. A 309, 77 (1991); A. Andresen et al., Nucl.

Instrum. Methods Phys. Res., Sect. A 309, 101 (1991);

A. Caldwell et al., Nucl. Instrum. Methods Phys. Res.,

Sect. A 321, 356 (1992); A. Bernstein et al., Nucl.

Instrum. Methods Phys. Res., Sect. A 336, 23 (1993).

[34] J. Andruszków et al., DESY Report No. DESY-92-066,

1992; M. Derrick et al. (ZEUS Collaboration), Z. Phys. C

63, 391 (1994); J. Andruszków et al., Acta Phys. Pol. B

32, 2025 (2001).

[35] D. Bartsch, Ph.D. thesis, Universität Bonn [Report

No. BONN-IR-2007-05, 2007, http://www-zeus.physik.

uni-bonn.de/german/phd.html].

[36] W.W.M. Allison and J. H. Cobb, Annu. Rev. Nucl. Part.

Sci. 30, 253 (1980).
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