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Abstract

The beauty production cross section for deep inelastic scattering events with at least one hard jet in the Breit frame
with a muon has been measured, for photonvirtualities Q2 > 2 GeV2, with the ZEUS detector at HERA using integrat
luminosity of 72 pb−1. The total visible cross section isσbb̄(ep → e jet µX) = 40.9 ± 5.7(stat.)+6.0

−4.4(syst.) pb. The next-to-
leading order QCD prediction lies about 2.5 standard deviations below the data. The differential cross sections are i
consistent with the NLO QCD predictions; however at low values ofQ2, Bjorkenx, and muon transverse momentum, and h
values of jet transverse energy and muon pseudorapidity, the prediction is about two standard deviations below the da

 2004 Published by Elsevier B.V.
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1. Introduction

Deep inelastic scattering (DIS) offers a unique o
portunity to study the production mechanism of b
tom (b) quarks via the strong interaction in a cle
environment where a point-like projectile, a photon
with a virtuality Q2, collides with a proton. Due to
the large centre-of-mass energy,bb̄ pairs are copi-
ously produced at the electron–proton collider HER
The largeb-quark mass provides a hard scale, m
ing perturbative quantum chromodynamics (QCD)
plicable. However, a hard scale can also be given
the transverse jet energy and byQ. The presence o
two or more scales can lead to large logarithms
the calculation which can possibly spoil the conv
gence of the perturbative expansion. Precise diffe
tial cross-section measurements are therefore neede
to test the theoretical understanding ofb-quark pro-
duction in strong interactions.

The cross sections forb-quark production in strong
interactions have been measured in proton–antipr
collisions at theSpp̄S [1] and the Tevatron[2] and,
more recently, in two-photon interactions at LEP[3]
and inγp interactions at HERA[4,5]. Some of theb-
production cross sections are significantly above
QCD expectations calculated to next-to-leading orde
(NLO) in the strong coupling constant,αs .

This Letter reports the first measurement ofb-quark
production in DIS at HERA, in the reaction with
least one hard jet in the Breit frame[6] and a muon
from ab decay, in the final state:

ep → ebb̄X → e + jet+ µ + X.

In the Breit frame, defined byγ + 2xP = 0, whereγ
is the momentum of the exchanged photon,x is the
Bjorken scaling variable andP is the proton momen
tum, a space-like photon and a proton collide head
In this frame, any final-state particle with a high tran
verse momentum is produced by a hard QCD inte
tion.

47 Supported by the Polish Ministry of Scientific Research and In
formation Technology, grant No. 112/E-356/SPUB/DESY/P-03/DZ
116/2003-2005.

48 Supported by the Polish State Committee for Scientific
search, grant No. 115/E-343/SPUB-M/DESY/P-03/DZ 121/2001
2002, 2P03B 07022.
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In this Letter, a measurement of the visible cro
section,σbb̄, is presented, as well as several differe
tial cross sections. The measured cross sections
compared to Monte Carlo (MC) models which u
leading order (LO) matrix elements, with the incl
sion of initial- and final-state parton showers, as w
as to NLO QCD calculations. All cross sections a
measured in a kinematic region in which the scatte
electron, the muon and the jet are well reconstruc
in the ZEUS detector.

2. Experimental conditions

The data used in this measurement were colle
during the 1999–2000 HERA running period, wher
proton beam of 920 GeV collided with a positron
electron beam of 27.5 GeV, corresponding to a cen
of-mass energy of 318 GeV. The total integrated lu
nosity was (72.4± 1.6) pb−1.

A detailed description of the ZEUS detector c
be found elsewhere[7,8]. A brief outline of the com-
ponents that are most relevant for this analysis
given below. The high-resolution uranium-scintillat
calorimeter (CAL)[9] consists of three parts: the fo
ward (FCAL), the barrel (BCAL) and the rear (RCAL
calorimeters. Each part is subdivided transversely
towers and longitudinally into one electromagne
section (EMC) and either one (in RCAL) or two (
BCAL and FCAL) hadronic sections (HAC). Th
smallest subdivision of the calorimeter is called
cell. The CAL energy resolutions, as measured un
test-beam conditions, areσ(E)/E = 0.18/

√
E (GeV)

for electrons andσ(E)/E = 0.35/
√

E (GeV) for
hadrons.

Charged particles are tracked in the central track
ing detector (CTD)[10], which operates in a magnet
field of 1.43 T provided by a thin superconducti
solenoid. The CTD consists of 72 cylindrical drif
chamber layers, organised in nine superlayers c
ering the polar-angle49 region 15◦ < θ < 164◦. The

49 The ZEUS coordinate system is a right-handed Cartesian
tem, with theZ axis pointing in the proton beam direction, referr
to as the “forward direction”, and theX axis pointing left towards
the centre of HERA. The coordinate origin is at the nominal in
action point.
transverse-momentum resolution for full-length trac
can be parameterised asσ(pT )/pT = 0.0058pT ⊕
0.0065⊕ 0.0014/pT , with pT in GeV.

The position of electrons50 scattered at small an
gles to the electron beam direction was measured
ing the small-angle rear tracking detector (SRTD)[11,
12]. The SRTD is attached to the front face of t
RCAL and consists of two planes of scintillator strip
arranged orthogonally. The strips are 1 cm wide a
0.5 cm thick.

The muon system consists of tracking detect
(forward, barrel and rear muon chambers: FMUO
[8], B/RMUON[13]), which are placed inside and ou
side a magnetised iron yoke surrounding the CAL a
cover polar angles from 10◦ to 171◦. The barrel and
rear inner muon chambers cover polar angles from◦
to 135◦.

The luminosity was measured from the rate
the bremsstrahlung processep → eγp. The resulting
small-angle energetic photons were measured by
luminosity monitor[14], a lead-scintillator calorime
ter placed in the HERA tunnel atZ = −107 m.

3. Event selection

Events were selected online via a three-level trig
system[8,15]. The trigger required a localised ener
deposit in the EMC consistent with that of a scatte
electron. At the third level, where a full event reco
struction is available, a muon was required, defined
a track in the CTD loosely matching a track segm
in the inner part of the B/RMUON chambers.

The scattered electron candidate was identi
from the pattern of energy deposits in the CAL[16].
The energy(Ee) and polar angle(θe) of the electron
are measured by combining the impact position at
calorimeter with the event vertex. The impact po
tion is measured from the calorimeter cells associa
with the electron candidate, but the CTD(θe < 157◦)
and SRTD(θe > 162◦) detectors are used to impro
the measurement whenever the electron trajectory
within the respective regions of acceptance.

50 Hereafter “electron” refersboth to electrons and positron.
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The reconstruction ofQ2 was based on the me
surement of the scattered electron energy and p
angle[17]. The Bjorken scaling variablesx andy were
reconstructed using theΣ-method, which allows the
determination of the estimatoryΣ independently of
initial state photon radiation by reconstructing the
cident electron energy[18].

Events were selected[19] by requiring the presenc
of at least one muon in the final state and at least
jet in the Breit frame. The final sample was selected
four steps:

(1) Inclusive DIS event selection
• a well reconstructed scattered electron was

quired with energy greater than 10 GeV,Q2 > 2 GeV2,
yJB > 0.05 andyΣ < 0.7, whereyJB is they variable
reconstructed using the Jacquet–Blondel method[20];

• for events with the scattered electron reco
structed within the SRTD acceptance the impact
sition of the electron was required to be outside a
defined by|Xe| < 12 cm and|Ye| < 6 cm. For events
without SRTD information, a box cut on the face of t
RCAL of |Xe| < 12 cm and|Ye| < 10 cm was used
This cut removed electron candidates near the in
edge of the RCAL beampipe hole;

• to reduce the background from collisions of re
photons with protons (photo-production), where
scattered electron escapes down the rear beam
the variableE − pZ was required to be in the rang
40 < E − pZ < 65 GeV. The variableE − pZ was
defined as the difference of the total energy and
longitudinal component of the total momentum, c
culated using final-state objects, reconstructed fr
tracks and energy deposits in the calorimeter;

• the event vertex reconstructed from tracks w
required to lie within 50 cm of the nominal interactio
point along the beam axis.

(2) Muon finding
Muons were identified by requiring a track segm
in both the inner and outer parts of the BMUON
RMUON chambers. The reconstructed muons w
matched in space and momentum with a track fo
in the CTD, with aχ2 probability greater than 1%
This cut rejected the background from muons com
from K± andπ± decays and from particles produc
in hadronic showers in the CAL that may be miside
tified as muons. In addition, cuts on the muon mom
tum,pµ, the muon transverse momentum,p

µ
T and the
,

muon pseudorapidity,ηµ, were applied:
• −0.9 < ηµ < 1.3 andp

µ
T > 2 GeV correspond

ing to the BMUON region;
• −1.6 < ηµ < −0.9 and pµ > 2 GeV corre-

sponding to the RMUON region.
The reconstruction efficiency of the muon chamb
was calculated separately for BMUON and RMUO
using an independent data sample of di-muon ev
produced in photon–proton collisions[21]. This data
sample consisted of elastic and quasi-elastic Be
Heitler events(γ γ → µ+µ−) and J/ψ production
and it was selected from events triggered by the
ner muon chambers. Two tracks, reconstructed in
CTD, with transverse momentum greater than 1 G
and associated with energy deposits in the CAL c
sistent with a minimum-ionising particle were r
quired. One of the CTD tracks was required to po
to the muon chamber that triggered the event, and
other was used to measure the muon efficiency,
fined as the ratio of the number of tracks satisfy
the muon matching requirement to the total num
of tracks. The measured muon-reconstruction effic
cies are between 20% and40%, depending on th
region of the muon chambers and on the muon tra
verse momentum.

(3) Jet finding
Hadronic final-state objects were boosted to the B
frame and clustered into jets using thekT cluster algo-
rithm (KTCLUS) [22] in its longitudinally invariant in-
clusive mode[23]. The four-momenta of the hadron
final-state objects were calculated from the measu
energies and angles, assuming the objects to be m
less. ThepT recombination scheme was used. Rec
structed muons were included in the clustering p
cedure. Events were required to have at least on
with transverse energy measured in the Breit fra
EBreit

T ,jet above 6 GeV and within the detector acce

tance,−2 < ηlab
jet < 2.5, whereηlab

jet is the jet pseudo
rapidity in the laboratory frame.

(4) Muon-jet association
The muons in the sample were associated with the
containing the corresponding hadronic final-state
ject using the KTCLUS information. The associated je
was not necessarily the jet satisfying the jet requ
ments above. To ensure that the associated jet was
reconstructed, it was required to haveEBreit

T ,jet > 4 GeV.

After these selection cuts, 941 events remained.
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4. Monte Carlo simulation and NLO QCD
calculations

To correct the results for detector effects and to
tract the fraction of events fromb decays, two MC
simulations were used: RAPGAP 2.08/06 as defaul
and CASCADE 1.00/09 for systematic checks. The p
dictions of the MC simulations were also compared
the final results.

The program RAPGAP 2.08/06 [24] is an event
generator based on leading-order (LO) matrix e
ments, with higher-order QCD radiation simulated
the leading-logarithmic approximation using initia
and final-state parton showers based on the DGL
equations[25]. To estimate the background, sa
ples with light and charm quarks in the final sta
were produced. The process in which abb̄ pair is
produced in photon–gluon fusion was used to s
ulate the signal. The charm andb-quark masses
were set to 1.5 GeV and 5 GeV, respectively. T
CTEQ5L [26] parameterisation of the proton part
densities was used. Heavy-quark hadronisation
modelled by the Bowler fragmentation function[27].
The rest of the hadronisation was simulated us
the Lund string model[28] as implemented in JET-
SET 7.4 [29]. The RAPGAP MC includes the LO elec
troweak corrections calculated using HERACLES4.6.1
[30].

The CASCADE 1.00/09 MC[31] uses theO(αs)

matrix elements, where the incoming partons can
off-shell. The parton evolution is based on the CCF
equations[32], which are derived from the principle
of kT factorisation and colour coherence. The mas
theb quark was set to 4.75 GeV.

The NLO QCD predictions were evaluated u
ing the HVQDIS program [33,34], which includes
only point-like photon contributions. The fragme
tation of a b quark into aB hadron was modelle
by the Kartvelishvili function[35]. The paramete
α was set to 27.5, as obtained by an analysis[36]
of e+e− data [37]. The semi-leptonic decay ofB
hadrons into muons was modelled using a para
terisation of the muon momentum spectrum extrac
from JETSET, which is in good agreement with me
surements made atB factories[38]. This spectrum
corresponds to a mixture of direct(b → µ) and indi-
rect (b → c → µ) B-hadron decays. Jets were reco
structed by running the inclusivekT algorithm, using
thepT recombination scheme,on the four-momentum
of the two or three partons generated by the p
gram. Theb-quark mass was set tomb = 4.75 GeV
and the renormalisation and factorisation scales
µ =

√
p2

T ,b + m2
b, wherepT,b is the mean transvers

momentum of theb andb̄ quarks. The CTEQ5F4 pro
ton parton densities[26] were used. The sum of th
branching ratios of direct and indirect decays ofB
hadrons into muons was fixed to the JETSET7.4 value
of 0.22.

The NLO QCD predictions were multiplied b
hadronisation corrections to compare them to the m
sured cross sections. The hadronisation correct
are defined as the ratio of the cross sections obta
by applying the jet finder to the four-momenta of
hadrons, assumed to be massless, and that from a
ing it to the four-momenta of all partons. They we
evaluated using the RAPGAP program; they lower the
NLO QCD prediction by typically 10%.

The uncertainty of the NLO prediction was es
mated by varying the factorisation and renormalisat
scales,µ, by a factor of 2 and theb-quark mass,mb

between 4.5 and 5.0 GeV and adding the respec
contributions in quadrature. Additional uncertaint
due to different scale choices and to different fragm
tation functions are within the quoted uncertainti
More details of the NLO QCD calculation and of th
determination of its uncertainties can be found e
where[33,34,39].

5. Extraction of the beauty fraction

A significant background to the process und
study is due to muons from in-flight decays of p
ons and kaons. Such decay muons are mostly c
acterised by low momenta and, therefore, partly
jected by the cutspµ > 2 GeV andp

µ
T > 2 GeV. In

addition, the signal reconstructed in the muon cha
bers can be due to kaons or pions passing thro
the CAL. Muons can also originate from the sem
leptonic decay of charmed hadrons. These dec
produce events topologically similar to those un
study.

Due to the largeb-quark mass, muons from sem
leptonic b decays usually have high values of t
transverse momentum,prel

T , with respect to the axi
of the closest jet. For muons from charm decays
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.

ated
ge
Fig. 1. (a)prel
T distribution measured for unidentified tracks in an inclusive DIS sample compared with the RAPGAPMC simulation (see text)

Data (dots) and the RAPGAP MC (solid line) distributions after the final event selection for: (b) the measuredprel
T

distribution; (c) muon
momentum; (d) muon pseudorapidity; (e) transverse energy in the Breitframe; and (f) pseudorapidity in the laboratory frame of the associ
jet. The solid line represents all MC contributions while the hatched histograms show the contribution fromb quarks according to the percenta
given by the fit (see Section7). The error bars are statistical only.
l ba-

ed
red
in events induced by light quarks, theprel
T values are

low. Therefore, the fraction of events fromb decays
in the data sample can be extracted on a statistica
sis by fitting the relative contributions of the simulat
bottom, charm and light-quark decays to the measu
prel

T distribution.
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The extraction of the fraction ofb-quark decays
relies on the correct simulation of the shape of
prel

T distribution for all processes. The simulation w
checked with the data. For this purpose, an inclus
DIS data sample with at least one hard jet in the B
frame was selected, without requiring a muon in the
nal state. For tracks passing the same selection cri
as required for the muon, theprel

T distribution was cal-
culated.Fig.1(a) shows the comparison of the sha
of the measuredprel

T distribution with the simulated
light- and charm-quark contribution. The shape is r
sonably well described.

Fig.1(b) shows the measuredprel
T distribution for

muon candidates compared to the MC simulati
The MC simulation contains the background proces
from light and charm quarks and the contribution fro
b quarks. The distributions are peaked at lowprel

T val-
ues, where the decays of hadrons containing ch
and light quarks dominate. At higherprel

T values, the
measured distribution falls less steeply than that
pected for light-quark and charm contributions alo
To determine theb-quark fraction in the data, the con
tributions from light-plus-charm flavours and beau
in the simulation were allowed to vary, and the b
fit was extracted using a binned maximum-likeliho
method. The measured fraction of events fromb de-
cays,fb, is (30.2± 4.1)%, where the error is statist
cal. The mixture with the fitted fractions describes
data well.

Fig. 1(c)–(f) shows the comparison between t
data and the MC simulation with respect to the m
mentum and the pseudorapidity of the muon, as we
the associated jet transverse energy in the Breit fr
and the pseudorapidity of the associated jet meas
in the laboratory frame. The MC simulation, with th
different contributions weighted according to the frac
tions found using the fit procedure described abo
reproduces the muon and jet kinematics well.

6. Systematic uncertainties

The systematic uncertainties on the measured c
sections were determined by changing the selec
cuts or the analysis procedure in turn and repea
the extraction of the cross sections. The numbers g
below refer to the total visible cross section,σbb̄. For
the differential distributions the systematic uncerta
Table 1
Single differentialb-quark cross sections as functions ofQ2, the
Bjorken-x variable, the muon transverse momentum,p

µ
T

, the muon
pseudorapidity,ηµ, and the transverse energy of the leading je
the Breit frame,EBreit

T ,jet. The statistical and systematic uncertaint
are shown separately

Q2 range
(GeV2)

dσ/dQ2

(pb/GeV2)

stat 
syst

2, 10 2.63 ±0.56 +0.53
−0.46

10, 40 0.36 ±0.10 +0.06
−0.05

40, 1000 0.010 ±0.002 +0.002
−0.002

log10(x) range da/dx

(pb)

stat 
syst

−4.5, −3.5 20.9 ±4.4 +3.2
−3.4

−3.5, −2.9 17.2 ±4.7 +2.3
−2.5

−2.9, −1.0 5.3 ±1.3 +0.9
−1.0

p
µ
T

range dσ/dp
µ
T


stat 
syst

(GeV) (pb/GeV)

2, 3 30.5 ±7.6 +6.3
−4.2

3, 4 9.7 ±2.6 +1.9
−1.8

4, 15 0.59 ±0.13 +0.11
−0.13

ηµ range dσ/dηµ

(pb)

stat 
syst

−1.6, −0.15 9.1 ±2.2 +1.9
−1.5

−0.15, 0.45 14.2 ±3.6 +3.0
−3.0

0.45, 1.3 19.8 ±4.1 +3.8
−3.1

EBreit
T ,jet range dσ/dEBreit

T ,jet 
stat 
syst

(GeV) (pb/GeV)

6, 10 5.7 ±1.4 +1.4
−1.3

10, 13 3.4 ±0.8 +0.5
−0.4

13, 36 0.40 ±0.08 +0.05
−0.05

ties were determined bin-by-bin and are included
the figures and inTable 1. The following systematic
studies were carried out:

• selection cuts and SRTD alignment: variation
the selection cuts on data and Monte Carlo by the
tector resolution on respective variables (including the
electron energy,E − pZ , EBreit

T ,jet, ηlab
jet and SRTD box

cut). This led to a systematic deviation of+9.1% and
−6.1% with respect to the nominal value, where t
biggest uncertainties were introduced by the wide
ηlab

jet cut and the increasedEBreit
T ,jet cut. The relative

alignment between the RCAL and the SRTD det
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tor is known to a precision of±1 mm [40]. The re-
lated systematic uncertainty was conservatively e
mated by shifting the reconstructed SRTD hit posit
by ±2 mm in both coordinates and was+0.5% and
−1.3%, respectively;

• energy scale: the effect ofthe uncertainty in the
absolute CAL energy scale of±2% for hadrons and o
±1% for electrons was+3.3% and−0.3%;

• extraction ofb decays: the uncertainties related
to the signal extraction were estimated by doubl
and halving the charm contribution. This leads to
systematic uncertainty of+5.7% and−3.5%, respec-
tively. The uncertainty obtained by reweighting t
light-plus-charm quarkprel

T distribution with the one
extracted from the data as described in Section5 is
within this uncertainty;

• muon reconstruction efficiency: the effect of t
uncertainty on the muon reconstruction efficiency
the barrel and rear regions of the muon detectors
+8.9% and−7.8%;

• model dependence of acceptance correction
evaluate the systematic uncertainties on the dete
corrections, the results obtained with RAPGAP were
compared with other MC models: CASCADE; RAP-
GAP with the Colour Dipole Model[41]; and RAP-
GAP with the Peterson fragmentation function[42].
Two different values of theε parameter of the Pe
terson fragmentation function were used, namelyε =
0.0055 and 0.0041 as recently determined ine+e−
collisions by the SLD and OPAL Collaborations, r
spectively[43]. The corresponding systematic unc
tainty was defined as the maximal deviation with
spect to the reference sample and was+2.2%.

These systematic uncertainties were added in qua
ture separately for the positive and negative variati
to determine the overall systematic uncertainty. Th
estimates were also made in each bin in which
differential cross sections were measured. The un
tainty associated with the luminosity measurement
the 1999–2000 data-taking periods used in this an
sis was±2.2%. This introduces an overall norma
isation uncertainty on each measured cross sec
which is correlated between all data points. This
added in quadrature to the other systematic uncer
ties on the total visible cross section, but is not
cluded in the figures or tables of the differential cro
section measurements.
-

7. Results

The total visible cross section,σbb̄, was determined
in the kinematic rangeQ2 > 2 GeV2, 0.05< y < 0.7
with at least one hadron-level jet in the Breit fram
with EBreit

T ,jet > 6 GeV and−2 < ηlab
jet < 2.5 and with

a muon fulfilling the following conditions:−0.9 <

ηµ < 1.3 andp
µ
T > 2 GeV or−1.6 < ηµ < −0.9 and

pµ > 2 GeV. The jets were defined by applying t
kT algorithm to stable hadrons; weakly decayingB
(andD) hadrons are considered unstable. The mu
coming from direct and indirectb decays are matche
to any jet in the event. The measured cross section

σbb̄(ep → ebb̄X → e jet µX)

= 40.9± 5.7(stat.)+6.0
−4.4(syst.) pb.

This measurement has beencorrected for electrowea
radiative effects using HERACLES. The NLO QCD
prediction with hadronisation corrections is 20.6+3.1

−2.2 pb
which is about 2.5 standard deviations lower than
measured total cross section. The CASCADE MC pro-
gram givesσbb̄ = 28 pb and RAPGAP gives σbb̄ =
14 pb.

The differential cross sections were calculated
the same restricted kinematic range as the total c
section by repeating the fit of theprel

T distribution
and evaluating the electroweak radiative correction
each bin. The results are summarised inTable 1.

Fig. 2(a) and (b) shows the differential cross se
tions as functions ofQ2 andx, respectively, compare
to the NLO QCD calculation. The NLO QCD pre
dictions generally agree with the data; in the low
Q2 and lowestx bins, the data are about two sta
dard deviations higher.Fig. 2(c) and (d) shows the
same differential cross sections compared with
RAPGAP and CASCADE MC simulations. CASCADE

agrees with the data except for the lowestQ2 and low-
estx bin. RAPGAP is well below the data in all bins
but it reproduces the shapes of the data distributio

Fig. 3(a) and (b) shows the differential cross se
tions as functions of the transverse momentum,p

µ
T ,

and pseudorapidity,ηµ, of the muon, compared to th
NLO QCD calculation. They generally agree with t
data; in the lowestpµ

T bin and the highηµ bin, the
NLO QCD prediction is about two standard deviatio
below the data.Fig. 3(c) and (d) shows the same diffe
ential distribution compared with CASCADE and RAP-
GAP. CASCADE describes the measured cross secti
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Fig. 2. Differentialb-quark cross section as a function of (a)Q2 and (b) Bjorkenx for events with at least one jet reconstructed in the Breit fra
and a muon, compared to the NLO QCD calculations. The error bars on the data points correspond to the statistical uncertainty (inner
bars) and to the statistical and systematic uncertainties added in quadrature (outer error bars). The solid line shows the NLO QCD calculat
with the hadronisation corrections and the dashed line the same calculation without the hadronisation corrections. The shaded bands sh
the uncertainty of the NLO QCD prediction due to the variation of the renormalisation and factorisation scale,µ, and theb-quark mass,mb .
Differential b-quark cross sections as a function of (c)Q2 and (d) Bjorkenx, compared with the LO QCD MC programs CASCADE(solid line)
and RAPGAP(dashed line).
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well
well except for the lowestpµ
T bin, while RAPGAP lies

below the data.
Fig. 4(a) shows the differential cross section

a function of EBreit
T ,jet of the leading jet compared t

the NLO QCD calculation. The NLO QCD predictio
agrees with the data reasonably well, though it is s
tematically below. For the highestEBreit
T ,jet bin the differ-

ence is about two standard deviations.Fig. 4(b) shows
the same differential distribution compared with CAS-
CADE and rapgap. For allEBreit

T ,jet values, CASCADE

reproduces the measured cross section reasonably
while RAPGAP lies below the data.



ZEUS Collaboration / Physics Letters B 599 (2004) 173–189 187
Fig. 3. Differentialb-quark cross section as a function of (a) the muon transverse momentump
µ
T

and (b) muon pseudorapidityηµ in the
laboratory frame, compared to the NLO QCD calculations. Other details are as described in the caption toFig. 2. Differential b-quark cross
section as a function of (c)pµ

T
and (d)ηµ, compared with LO QCD MC programs CASCADE (solid line) and RAPGAP(dashed line).
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8. Conclusions

The production ofb quarks in the deep inelast
scattering processep → eµ jet X has been measure
with the ZEUS detector at HERA. The NLO QC
prediction for the visible cross section lies about
standard deviations below the measured value.

Single differential cross sections as functions of
photon virtuality,Q2, the Bjorken scaling variable,x,
the transverse momentum and pseudorapidity of
muon as well as the transverse energy of the lea
jet in the Breit frame have been measured. The CAS-
CADE MC program, implementing the CCFM QC
evolution equations, gives a good description of
measured cross sections. It is, however, below the
for low values of the transverse momenta, lowQ2 and
low values ofx. RAPGAP is well below the data fo
all measured cross sections. The differential cross
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a

Fig. 4. (a) Differentialb-quark cross section as a function of the transverse energy of the jet in the Breit frameEBreit

T ,jet. The data (dots) are
compared to the NLO QCD calculations (a). Other details are as described in the caption toFig. 2. (b) Differentialb-quark cross sections as
function ofEBreit

T ,jet compared with LO QCD MC programs CASCADE (solid line) and RAPGAP(dashed line).
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tions are in general consistent with the NLO QC
predictions; however at low values ofQ2, Bjorkenx,
and muon transverse momentum, and high value
jet transverse energy and muon pseudorapidity,
prediction is about two standard deviations below
data.

In summary,b-quark production in DIS has bee
measured for the first time and has been shown to
in general consistent with NLO QCD calculations.
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