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Abstract

A measurement of the beauty production cross sectiep tollisions at a centre-of-mass
energy of 319 GeV is presented. The data were collected gthit detector at the HERA
collider in the years 1999-2000. Events are selected byiniaguihe presence of jets and
muons in the final state. Both the long lifetime and the largssmofb-flavoured hadrons
are exploited to identify events containing beauty quaiR#ferential cross sections are
measured in photoproduction, with photon virtualitigs < 1 GeV?, and in deep inelastic
scattering, wheré < Q% < 100 GeV2. The results are compared with perturbative QCD
calculations to leading and next-to-leading order. Théisteons are found to be somewhat
lower than the data.

To be submitted t&ur. Phys. J. C



A. Aktas'?, V. Andreev®, T. Anthonig, S. Aplin'®, A. Asmonég*, A. Babae¥®, S. Backovié',
J. Baht?, A. Baghdasaryafi, P. Barano¥’, E. Barrelet’, W. Bartel’, S. Baudrantf,

S. Baumgartnéf, J. Becket', M. Beckingham’, O. Behnké®, O. Behrendt, A. Belousov®,
Ch. Berget, N. Berget?, J.C. Bizot®, M.-O. Boenid, V. Boudry*®, J. Bracinik?, G. Brandt?,
V. Brissort®, D.P. Browri®, D. Brunckd®, F.W. Bussel, A. Bunyatyan?>¥, G. Buschhor#,
L. Bystritskayd®, A.J. CampbelP, S. Caroh, F. Cassol-Brunnét, K. Cerny*?, V. Cerny®,
V. Chekeliar”, J.G. Contrerds, J.A. Coughlah, B.E. Cox', G. Cozzikd, J. CvacF,

J.B. Daintor®, W.D. Dau®, K. Daunt”*3, Y. de Boef®, B. Delcourt®, R. Demirchyaf?,

A. De Roeck®*, K. DeschH!, E.A. De Wolf!, C. Diacond?, V. DodonoV?, A. Dubak!*¢,
G. Eckerlint®, V. Efremenkéd’, S. Egli®, R. Eichler®, F. Eiselé®, M. Ellerbrock?, E. Elser®,
W. Erdmannf’, S. Essenot’, P.J.W. Faulkner L. Favart, A. Fedotov®, R. Felst’,

J. Ferencé?, L. Finke'!, M. Fleischet®, P. Fleischmanti, Y.H. Fleming®, G. Flucke?®,

A. Fomenkd?®, I. Forestt!, J. Formanek, G. Franké’, G. Frisind, T. Frissor?,

E. Gabathuléf, E. Garuttt®, J. Gaylet’, R. Gerhard$'f, C. Gerlich?, S. Ghazaryatf,

S. Ginzburgskaya, A. Glazov?, I. Glushkow?, L. Goerlict?, M. Goettlich®, N. Gogitidzé®,
S. Gorbouno¥, C. Goyori?, C. Gral®, T. Greensha¥#, M. Gregori?, G. Grindhammé¥,
C. Gwilliam?!, D. Haidt?, L. Hajduk, J. Hallet?, M. Hansso#, G. HeinzelmanH,

R.C.W. Hendersdn, H. Henschel, O. Henshaw, G. Herrerd!, |. Herynek?,

M. Hildebrandt®, K.H. Hiller®?, D. Hoffmanrt?, R. Horisberge¥, A. Hovhannisyatt,

M. Ibbotsori!, M. IsmaiF!, M. Jacquetf, L. Janauschek, X. Janssel?, V. Jemanot/,

L. Jonssoff, D.P. Johnsoh H. Jung®'°, M. Kapiching, M. Karlssori®, J. Katzy?,

N. Keller'!, I.R. Kenyori, C. Kiesling”, M. Klein®**, C. Kleinwort?, T. Klimkovich'®,

T. Kluge'®, G. Knies®, A. Knutssor’, V. Korbel'?, P. Kostkd”, R. Koutouev?, K. Krastev?®,
J. Kretzschmaf, A. Kropivnitskayd®, J. Kroseber}*", K. Kriiger?, J. Kiicken¥’,

M.P.J. Landof’, W. Langé?, T. LaStovickd®>?, P. Laycock®, A. Lebede¥®, B. Leil3net,

V. Lendermantt, S. Levoniat?, L. Lindfeld*!, K. Lipka®?, B. List'’, E. Lobodzinsk&"®,

N. Loktionova®, R. Lopez-Fernandé? V. Lubimov*®, A.-l. Lucaci-Timoceé®, H. Lueder$',
D. Luke 1%, T. Lux!'?, L. Lytkin'?, A. Makankiné, N. Maldert!, E. Malinovsk#®,

S. Mangan®, P. Maragé, R. Marshali', M. Martisikova®, H.-U. Martyn!, S.J. Maxfield®,
D. Meer'?, A. Mehtad®, K. Meier'?, A.B. Meyer!, H. Meyer?, J. Meyet®, S. Mikock?,

|. Milcewicz-Mika®, D. Milstead®, A. Mohamed?®, F. Moread®, A. MorozoV?, J.V. Morris,
M.U. Mozer'?, K. Muller*!, P. Murin®#*, K. Nankov®, B. Naroska', J. Naumanh

Th. Nauman#’, P.R. Newman, C. Niebuht®, A. Nikiforov??, D. Nikitin®, G. Nowak,

M. Nozicka”®, R. Oganezaot?, B. Olivier®, J.E. Olssotf, S. Osmatf, D. Ozerov®,

V. Palichik®, T. Papadopouldd, C. Pascaud, G.D. Patel®, M. Peez?, E. Pere?,

D. Perez-Astudillé®, A. Perieantf, A. Petrukhiri®, D. PitzI'°, R. Platakyt&, B. Portheauft,
B. Povh?, P. Prideau®, N. Raicevi¢!, P. Reimet?, A. Rimmer?®, C. Rislet?, E. Rizv?’,

P. Robmant!, B. Roland, R. Rooseh, A. Rostovtse¥’, Z. Rurikov&’, S. Rusakotf,

F. Salvairé', D.P.C. Sankey E. Sauvatt, S. Schatzét, F.-P. Schilling®, S. Schmidt’,

S. Schmitt!, C. Schmit2!, L. Schoeffet, A. Schoning®, V. Schrodel®,

H.-C. Schultz-Coulot, C. Schwanenbergtr K. Sedlak?, F. Sefkow?, |I. Sheviako¥®,

L.N. Shtarkov®, Y. Sirois®, T. Sloar”, P. Smirnov®, Y. Soloviev®, D. South®, V. Spasko¥,
A. Speckd@’, B. Stella*, J. Stiewé?*, I. Strauch®, U. Straumanft, V. TchoulakoV,

G. Thompsol, P.D. Thompsoh F. TomasZ', D. Traynot?, P. Truot!, I. Tsakov?,

G. Tsipolitis®42, 1. Tsurin'®, J. Turnafl, E. Tzamariudakf, M. Urbart!, A. Usik?*,

D. Utkin?®, S. Valkar?, A. Valkarova?, C. Valleé?, P. Van Mecheleh N. Van Remorté,

1



A. Vargas Treving, Y. Vazdik®®, C. Veelker®, A. Vest, S. Vinokurova’, V. Volchinski*,
B. Vuijicic?", K. Wackef, J. Wagnel’, G. Webel!, R. Webet’, D. Wegenet, C. Wernet?,
N. Wernef!, M. Wessel¥’, B. Wessling®, C. Wigmoré€, G.-G. Wintet°, Ch. Wissing,

R. Wolf'3, E. Wiinsch?, S. Xella!, W. Yan'®, V. Yeganov®, J.Zatek?, J. Zalesak,

Z. Zhang®, A. Zhelezov®, A. Zhokin*®, J. Zimmermanti, H. Zohrabya#f and F. Zome#®

Y I. Physikalisches Institut der RWTH, Aachen, Germany"

2 III. Physikalisches Institut der RWTH, Aachen, Germany”

3 School of Physics and Astronomy, University of Birmingham, Birmingham, UK®

4 Inter-University Institute for High Energies ULB-VUB, Brussels; Universiteit Antwerpen,
Antwerpen; Belgium®

5 Rutherford Appleton Laboratory, Chilton, Didcot, UK®

6 Institute for Nuclear Physics, Cracow, Poland®

7 Institut fiir Physik, Universitit Dortmund, Dortmund, Germany"®

8 Joint Institute for Nuclear Research, Dubna, Russia

9 CEA, DSM/DAPNIA, CE-Saclay, Gif-sur-Yvette, France

19 DESY, Hamburg, Germany

Y Institut fiir Experimentalphysik, Universitit Hamburg, Hamburg, Germany”

12 Max-Planck-Institut fiir Kernphysik, Heidelberg, Germany

13 Physikalisches Institut, Universitiit Heidelberg, Heidelberg, Germany”

Y4 Kirchhoff-Institut fiir Physik, Universitiit Heidelberg, Heidelberg, Germany”

5 Institut fiir experimentelle und Angewandte Physik, Universitiit Kiel, Kiel, Germany

16 Institute of Experimental Physics, Slovak Academy of Sciences, Kosice, Slovak Republic’
7 Department of Physics, University of Lancaster, Lancaster, UK

18 Department of Physics, University of Liverpool, Liverpool, UK

19 Queen Mary and Westfield College, London, UK®

20 Physics Department, University of Lund, Lund, Sweden?

2L Physics Department, University of Manchester, Manchester, UK

22 CPPM, CNRS/IN2P3 - Univ Mediterranee, Marseille - France

23 Departamento de Fisica Aplicada, CINVESTAV, Mérida, Yucatdn, México*

24 Departamento de Fisica, CINVESTAV, México*

5 Institute for Theoretical and Experimental Physics, Moscow, Russia
%6 Lebedev Physical Institute, Moscow, Russia®

27 Max-Planck-Institut fiir Physik, Miinchen, Germany

28 LAL, Université de Paris-Sud, IN2P3-CNRS, Orsay, France

29 LLR, Ecole Polytechnique, IN2P3-CNRS, Palaiseau, France

30 LPNHE, Universités Paris VI and VII, IN2P3-CNRS, Paris, France
3V Faculty of Science, University of Montenegro, Podgorica, Serbia and Montenegro

32 Institute of Physics, Academy of Sciences of the Czech Republic, Praha, Czech Republic®
33 Faculty of Mathematics and Physics, Charles University, Praha, Czech Republic®*

3 Dipartimento di Fisica Universita di Roma Tre and INFN Roma 3, Roma, Italy

% Institute for Nuclear Research and Nuclear Energy , Sofia, Bulgaria

% Paul Scherrer Institut, Villingen, Switzerland

37 Fachbereich C, Universitit Wuppertal, Wuppertal, Germany

% Yerevan Physics Institute, Yerevan, Armenia

% DESY, Zeuthen, Germany

l



40 Institut fiir Teilchenphysik, ETH, Ziirich, Switzerland’
Y Physik-Institut der Universitdt Ziirich, Ziirich, Switzerland’

42 Also at Physics Department, National Technical University, Zografou Campus, GR-15773
Athens, Greece

43 Also at Rechenzentrum, Universitit Wuppertal, Wuppertal, Germany

4 Also at University of PJ. Safdrik, Kosice, Slovak Republic

45 Also at CERN, Geneva, Switzerland

46 Also at Max-Planck-Institut fiir Physik, Miinchen, Germany

47 Now at UC Santa Cruz, California, USA

t Deceased

* Supported by the Bundesministerium fiir Bildung und Forschung, FRG, under contract
numbers 05 HI IGUA /1, 05 HI 1PAA /1, 05 HI 1PAB /9, 05 HI 1PEA /6, 05 HI 1VHA /7 and
05 HI IVHB /5

> Supported by the UK Particle Physics and Astronomy Research Council, and formerly by the
UK Science and Engineering Research Council

¢ Supported by FNRS-FWO-Vlaanderen, IISN-IIKW and IWT and by Interuniversity Attraction
Poles Programme, Belgian Science Policy

¢ Partially Supported by the Polish State Committee for Scientific Research,
SPUB/DESY/P003/DZ 118/2003/2005

¢ Supported by the Deutsche Forschungsgemeinschaft

! Supported by VEGA SR grant no. 2/4067/ 24

9 Supported by the Swedish Natural Science Research Council

¢ Supported by the Ministry of Education of the Czech Republic under the projects
INGO-LA116/2000 and LNOOA0O6, by GAUK grant no 173/2000

7 Supported by the Swiss National Science Foundation

* Supported by CONACYT, México, grant 400073-F

! Partially Supported by Russian Foundation for Basic Research, grant no. 00-15-96584



1 Introduction

A measurement is presented of open beauty produefiors ebbX in ep collisions with the
H1 detector at HERA. The measurement spans the kinematye faom the domain of photo-
production, in which the exchanged photon is quasi-r@al{ 0), to the region of electropro-
duction, or deep inelastic scattering (DIS), with photortualities2 < Q?* < 100 Ge\?. For
beauty production, calculations in perturbative quantbimemodynamics (pQCD) are expected
to give reliable predictions, as the mass of theb quark (m;, ~ 5 GeV) provides a hard scale.
With the phase space covered in this analysis the intergdléyeohard scales:;, Q* and the
transverse momenta of tiheuarks can be probed.

First measurements of the beauty cross section at HERA Y& higher than pQCD pre-
dictions calculated at next-to-leading order (NLO). Sanibbservations were made in hadron-
hadron collisions [3] and also in two-photon interactioAl [Recent beauty production mea-
surements from the H1 [5] and ZEUS Collaborations [6] areettdy agreement with QCD
predictions or again somewhat higher [7].

In this paper, photoproduction events with at least two(gtsand a muong) in the final
state are used to measure the beauty cross sectiep fercbbX — ¢jjuX’. In deep inelastic
scattering, the procesp — ebbX — ¢juX’ is measured with at least one jet and a muon
in the final state. For the first time at HERA, two distinct fgas of B-hadrons are exploited
simultaneously to discriminate events containing beatdynfthose with only charm or light
qguarks: the large mass and the long lifetime. Fvadron mass leads to a broad distribution
of the transverse momentupic’ of decay muons relative to the beauty quark jet directiore Th
B-hadron lifetime is reflected in the large impact parameters200 m of decay muon tracks
relative to the primary vertex. The precision measureméntumn track impact parameters is
made possible by the H1 Central Silicon Track detector [8f Tractions ob quark events in
the data samples are determined from a fit to the two-dimeakébstribution of p/< and §.

This paper is organized as follows. In section 2, an intrtdidado the physics of beauty
production inep collisions is given. The relevant features of the H1 deteate described in
section 3. Section 4 describes the event selection. TheeMoatlo simulations and NLO QCD
calculations are presented in sections 5 and 6. Comparigdhe data samples with the Monte
Carlo simulations are shown in section 7. The fit proceduee s determine thefraction and
the systematic errors of the measurement are explainedfiose 8 and 9. Finally, the results
are presented in section 10 and conclusions are drawn iiogddt.

2 Heavy Quark Production in ep Collisions

In pQCD, at leading order, two distinct classes of processedribute to the production of
beauty quarks irep collisions at HERA. In direct-photon processes (figure ilag photon
emitted from the positron enters the hard procegs— bb directly. In resolved-photon pro-
cesses (figures 1b to d), the photon fluctuates into a hadstatie before the hard interaction
and acts as a source of partons, one of which takes part irathleriteraction. Resolved photon
processes are expected to contribute significantly in tleegpinoduction region, in which the
photon is quasi-real, and to be suppressed towards higther
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Direct-y Resolvedy

a) vg-Fusion b) Hadron-like c)-Excitation d)b-Excitation

Figure 1: Beauty production processes in leading order pQCD

For the kinematic range covered in this analysis, the mgjofi events are in the region
Py 2 e, Wherep, , is the momentum of the outgoirbgyuark transverse to the photon-proton
axis in the photon-proton centre-of-mass frame. In thisorggNLO calculations in the massive
scheme [9, 10] are expected to give reliable results. Indbiemey, d ands are the only
active flavours in the proton and the photon, and charm andtyp@ae produced dynamically
in the hard scattering. At large transverse momenta> m, or large@* > (2m;)?, the
massive scheme becomes unreliable due to large terms irethelpation series of the form
g In(p7,/mj) or a, In(Q?/m3). In this kinematic range, the massless scheme [11] can e use
in which charm and beauty are treated as active flavours imthet proton and the photon, in
addition tou, d ands. In this scheme, so-called excitation processes occur ichithe beauty
guark is a constituent of the resolved photon (sketched undgy1c and d) or of the proton.

In this analysis the measurements are compared with NLQulegilcns in the massive
scheme for both photoproduction [9] and DIS [10]. NLO caddigns in the massless scheme
are not yet available for the exclusive final state consilénethis measurement. The data
are also compared with the predictions of the Monte Carlaktions PYTHIA [12], RAP-
GAP [13] and CASCADE [14]. In the Monte Carlo simulationsde®&y order matrix elements
are implemented and higher orders are approximated usirgnpshowers radiated from the
initial and final state partons. PYTHIA and RAPGAP use the MBL15] parton evolution
equations, while CASCADE contains an implementation of @@&~M [16] evolution equa-
tion. In CASCADE the direct process; — bb is implemented using off-shell matrix elements
convoluted withk;-unintegrated parton distributions in the proton.

3 Detector Description

The H1 detector is described in detail in [17] and only the ponents most relevant for this
analysis are briefly discussed here. A right handed coamelsstem is employed that has its
z-axis pointing in the proton beam, or forward, direction an€l;) pointing in the horizontal
(vertical) direction. Charged particles are measured enGentral Tracking Detector (CTD)
which covers the range in pseudo-rapidity betwedn74 < n < 1.74'. The CTD comprises

1The pseudo-rapidity corresponding to a polar anglds given byn = —In tan(6/2).
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two large cylindrical Central Jet Chambers (CJCs) and4vwbambers arranged concentrically
around the beam-line within a solenoidal magnetic field d51T. The CTD also provides
trigger information which is based on track segments in-thigplane measured in the CJCs and
the z-position of the interaction vertex obtained from a doullgel of multi-wire proportional
chambers.

The CTD tracks are linked with hits in the Central Silicondkaletector (CST) [8], which
consists of two 36 cm long concentric cylindrical layersi€sn strip detectors, surrounding
the beam pipe at radii Gf7.5 mm and97 mm from the beam axis. The CST covers a pseudo-
rapidity range of—1.3 < n < 1.3 for tracks passing through both layers. The double-sided
silicon detectors provide resolutions of Lk in r-¢ and 25«m in z. Average hit efficiencies
are 97% (92%) in-¢ (z). For a CTD track with CST-¢ hits in both layers, the transverse
distance of closest approadha of the track to the nominal vertex inry can be measured
with a resolution ofoy., ~ 33 um @& 90 um/p,[GeV], where the first term represents the
intrinsic resolution (including alignment uncertainjiesmd the second term is the contribution
from multiple scattering in the beam pipe and the C&Tis the transverse momentum of the
track.

The track detectors are surrounded in the forward and deltegtions,— 1.5 < n < 3.4, by
a fine grained Liquid Argon calorimeter (LAr) and in the baekd region—4.0 < n < —1.4,
by a lead-scintillating fibre calorimeter SpaCal [18] witearomagnetic and hadronic sections.
The SpacCal is used primarily in this analysis to detect tla¢taed electron in DIS events and
to select photoproduction events, in which case the sealtelectron is not detected. The
calorimeters are surrounded by the solenoidal magnet anidah return yoke which is instru-
mented with 16 layers of limited streamer tubes in the rangé < n < 3.4. In the central
pseudo-rapidity range, studied in this paper, the instruatkeiron allows high efficiency detec-
tion of muon tracks witlp, > 2 GeV.

The ep luminosity is determined by measuring the QED bremsstrah(up — epy) event
rate by detecting the radiated photon in a calorimeter émtatz = —103 m.

4 Event Selection and Reconstruction

The data were recorded in the years 1999 and 2000 and concepan integrated luminosity
of ~ 50 pb~t. During this time HERA was operated with positrons of 27.6/G&d protons
of 920 GeV energy. The events were triggered by requiring titeere be signals from the
central drift chambers and the multi-wire proportional iteers in coincidence with signals
from the scattered positron in the backward calorimeteS(8dmple) or with signals from the
instrumented iron (photoproduction).

At least one muon is required with a transverse momentfim- 2.5 GeV. Muons are
identified as track segments in the barrel part of the instnted iron. The iron track segments
must be well matched to a track reconstructed in the CTD. &dtlevo CSTr-¢-hits have to
be associated with the muon track and it is required that ¢mebined CTD-CSTr-¢-track
fit probability exceeds 10%. The muon momentum is recontdugsing the CTD-CST track
information. The CST hit requirements for the muon trackrreisthe allowed range oép
interactions along the-axis to|z,..| < 20 cm.
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Jets are reconstructed using the inclusivealgorithm [19, 20] in thep, recombination
scheme (see [21]), giving massless jets. The algorithnhy witlistance parameter in the
¢ plane of 1, is applied to all hadronic final state particlebjolv are reconstructed using a
combination of tracks and calorimeter energy deposits.[Z2je muon, as measured in the
CTD and CST, is one of the particles which is input to the jgoathm. The muon track is
required to be associated with one of the selected jets bgtladgorithm.

Photoproduction events are selected by demanding that bigeno electromagnetic cluster
in the backward and central calorimeter with an energy ofariban 8 GeV. This cut restricts
the accepted range of negative four-momentum transfersdqua@? < 1 GeV? with a mean
of about0.07 GeV~. For the photoproduction sample, a cut on the inelasticRyx0y < 0.8 is
applied, where; is reconstructed using the relatign= >, (F — p.)/2E. [23]. Here,E and
p. are the energies andcomponents of the momenta of the hadronic final state pestie,
and £, is the positron beam energy. The final photoproduction esemiple consists of 1745
events. The number of events containing more than one muuaitidze is less than 1%. The
jet algorithm is applied in the laboratory frame and at leastjets are required with transverse
momentap,”'® > 7(6) GeV in the pseudo-rapidity range’*’| < 2.5. The fraction of the
photon energy entering the hard interaction is estimatedjuke observable

Lobs _ ZJetl(E - pZ) + ZJetQ(E - pZ)
! 2B —p:) ’
where the sums in the numerator run over the particles agsdaivith the two jets and that in the
denominator over all detected hadronic final state pagidi®r the direct process (figure 1a),
x2’* approaches unity, as the hadronic final state consists ptloakwo hard jets and the proton
remnant in the forward region which contributes little}Xg, (£ — p.). In resolved processes
x2"* can be small.

DIS events are selected by requiring a scattered positgirakivith an energy of at least
8 GeV in the SpaCal. To suppress photoproduction backgranddo reduce the fraction of
events with significant initial state QED radiation, evestsrejected iy (F — p.) < 45 GeV.
Here, £ — p. is summed over all final state particles including the scadtgositron. The
kinematic variable€)? andy are reconstructed using th& method [24], which combines
the hadronic final state and the positron measurements. CHtiag variabler is subsequently
calculated using the relation = Q?/ys, wheres is the ep centre-of-mass energy squared.
Events are selected in the ramye: Q? < 100 GeV? and0.1 < y < 0.7. The jet algorithm is
applied in the Breit frame [25] and at least one jet with txamse momentum/’5* > 6 GeV
is required, with which the muon must be associated. The D&levent sample consists of

776 events.

Table 1 summarises the selection cuts for the two samples.s@lection cuts for the pho-
toproduction sample are somewhat tighter, due to the mugger acceptance and to suppress
background events.

5 Monte Carlo Simulations

The Monte Carlo generators PYTHIA [12] and RAPGAP [13] aredufor the description of
the signal and background distributions, the determinaticefficiencies and acceptances and

7



Photoproduction DIS
Q? [GeV?] <1 2...100
Yy 0.2..08 0.1..0.7
Frame laboratory Breit
# jets > 2 > 1
P [GeV] > 7(6) > 6
i, <25 <25
w Iron link probability > 10% > 5%
p CST link probability > 10% > 10%
# CST hits > 2 > 2
n* —0.55 ... 1.1 —0.75 ... 1.15
p} [GeV] > 2.5 > 2.5
# events 1745 776

Table 1: Selection cuts for the photoproduction and DIS dataples and the number of se-
lected events.

for systematic studies. The track resolutions were adjustdescribe the data. In addition, sys-
tematic cross checks and estimates of model dependencerémenped using the CASCADE
generator [14]. The measured beauty production crosssscdire also compared with the pre-
dictions of these three generators. The basic parameteeshfor the various pQCD programs
are summarised in table 2.

All three Monte Carlo generators are used to produce larggks of beauty and charm
events with decays into muorp — ebbX — uX’ orep — eceX — uX’'. The Peterson
fragmentation function [26] is used for the hadronisatibthe heavy quarks. For systematic
cross checks, samples using the Lund string fragmentataehj27] are generated. Each of
these Monte Carlo samples corresponds to at least fortysttime luminosity of the data. In
addition, PYTHIA and RAPGAP event samples for light quazk), ¢ andb events without
muon requirements are generated with six times the luntyo$the data. The latter samples
are used for the simulation of the background due to hadrasidemtified as muons and decays
of light hadrons into muons. All generated events are passedigh a detailed simulation of
the detector response based on the GEANT program [28] amhs&acted using the same
reconstruction software as used for the data.

For the measurements in photoproduction, PYTHIA is usedhimelusive mode in which
direct and resolved events are generated using massless eb@tents for all quark flavours
(MSTP(14)=30[12]). Beauty (charm) events are separated fight quark events by requiring
that there be at least one beauty (charm) quark in the lisutgfasng hard partons. Approx-
imately 35% of the PYTHIA beauty cross section in the measuamnge is due to resolved
photon processes and these are dominated by the flavouatexticomponent. For the mea-
surements in the DIS region, RAPGAP is used to generate thetgiroduction process in the
massive mode (IPRO=14 [13]). RAPGAP is interfaced with thegpam HERACLES [29]
which simulates QED initial and final state radiation. Adthal event samples are generated
using the Monte Carlo generator CASCADE [14]. Comparisdith® measurements with the
predictions of CASCADE are made using version 1.2 of the ogand the J2003 parton
density distributions [30-32].



PYTHIA RAPGAP CASCADE FMNR HVQDIS

\ersion 6.1 2.8 1.00/09; 1.2 14

Proton PDF CTEQS5L[33] CTEQ5L  JS2001[14] CTEQ5M[33] CTE@HB3]
J2003 [30-32]

Photon PDF GRV-G LO [34] GRV-G HO [34]

ADLp [GeV] 0.192 0.192 0.2 0.326 0.309

Renorm. scalg’ m? + piyg Q* + iy 5+ Diyq mi + plys mi + p?;

Factor. scalg:; m2 + piyg Q* + piyg 5+ Q? mi + pl; mi + pl;

mp [GeV] 4.75 4.75 4.75 4.75 4.75

me [GeV] 1.5 1.5 1.5

Petersor, 0.0069 0.0069 0.0069 0.0033 0.0033

Petersore, 0.058 0.058 0.058

Table 2: Parameters used in the leading order Monte Carlalairons and the NLO programs.
Herey, andy ; denote the renormalisation and factorisation scatesthe heavy quark masses,
piyq the average of the transverse momenta of the two heavy quaaksl)? the heavy quark
system centre-of-mass energy squared and transverse momsquared, respectively, and
the Peterson fragmentation parameters.

All generators use the JETSET part of the PYTHIA [12] progtarsimulate the hadronisa-
tion and decay processes. The branching ratios for thetdieeaileptonic decays— X and
for the indirect decays into muons via charm, anticharrand.//¥ decays are in agreement
with the world average values [35]. The total branchingorédr beauty decays into muons is
21% [35]. The decay lifetimes of the beauty and charm hadaoaset to the values reported
in [35]. The muon momentum spectrum in the rest frame of tleayiegb-flavoured hadrons,
as modeled by JETSET, is in agreement with the spectrum meshate* e~ colliders [36, 37].

6 NLO QCD Calculations

The NLO pQCD calculations are performed in the massive sehesimg the program FMNR [9]
in the photoproduction regime and the program HVQDIS [10}iie DIS case. Both programs
provide weighted parton level events with two or three oirtigpartons, i.e. & quark, a quark
and possibly an additional light parton. The calculatiorsgerformed in th&IS-scheme using
the parameters given in table 2.

The b quark is ‘*hadronised’ into &-flavoured hadron by rescaling the three-momentum of
the quark using the Peterson fragmentation function [2@] thie parameter, = 0.0033 [38].
The programs are extended to include the decay of-fteesoured hadron into a final state with
a muon. The muon decay spectrum is taken from JETSET [12]rauhddes direct and indirect
decays ob-flavoured hadrons into muons. Parton level jets are renasted by applying the
k, jet algorithm to the outgoing partons.

Corrections to the hadron level are calculated using theHRXBnd RAPGAP Monte Carlo
event generators. PYTHIA and RAPGAP parton level jets atenstructed from the generated
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guarks and gluons after the parton showering step. At theohddvel, jets are reconstructed
by applying the jet algorithm to all final state particledeathe decay of the beauty or charm
hadrons. The jet and the muon selection cuts are applie@ tgetherator samples. In each kine-
matic bin of the measurement, the ratio of the PYTHIA or RARGH#adron level and parton
level cross sections is calculated and applied as a cavrefetctor to the NLO calculation. The
parton to hadron level corrections range typically frei30% to +5% in both photoproduction
and DIS. The corrections are negative at small muon andgesterse momenta and positive at
the largest transverse momenta. The corrections obtagieg CASCADE are consistent with
the values from PYTHIA (photoproduction) and RAPGAP (DIS).

The theoretical uncertainties of the NLO calculations atneated in the following way:
The b quark mass and the renormalisation and factorisation se@ake varied simultaneously
fromm;, = 4.5 GeV andu, = py = mgp/2 to m, = 5 GeV andyu, = u; = 2my, where

mr = y/mj + pr. , andp,; is the average of the transverse momenta of thebtgquearks. This

leads to a maximum change of the cross section of typicalg @bphotoproduction (FMNR)
and 15-20% in DIS (HVQDIS). The cross section variation whsimg other proton structure
functions such as MRSG or MRST1 [39] is less than 8% in allaoegiof the measurement.
The uncertainty due to variations of the fragmentation petare, by 25% is below 3%. These
cross section variations are added in quadrature to estithattotal systematic uncertainty of
the NLO predictions for each bin of the measurement.

7 Comparison of the Data with Monte Carlo Simulations

Detailed comparisons are performed of the data with the M@arlo simulations. The good
agreement of the PYTHIA simulation with the photoproductdata is illustrated in figure 2.
The distributions of the muon transverse momenjtfimthe pseudo-rapidity*, the jet trans-
verse momenturpf“(” and:z;gbs are shown. The data are compared with the sum of the con-
tributions from beauty, charm and light quark events, thatire fractions of which are taken
from the two-dimensional fit discussed in section 8. The nemd events in the simulation
is normalised to that of the data. It is observed that the esha the distributions are rather
similar for the beauty, charm and light quark events exceyptife muon transverse momentum,
where the spectrum is harder for beauty than for the othepooents. In figure 3, the distri-
butions for the DIS sample are shown. The photon virtua)ity the inelasticityy, Bjorken-r,
the muon transverse momentyrthand the transverse momentyify 5 of the selected jet in
the Breit frame are well described by the RAPGAP Monte Cartautation. The CASCADE
Monte Carlo simulation also provides a good descriptiorhefdata in both photoproduction
and DIS (not shown).

8 Determination of Beauty and Background Contributions

The signed impact parametérof the muon track and the transverse momentpjiti of the
muon track relative to the axis of the associated jet are tesddtermine the fraction of beauty
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events in the data. For each muon candidate,calculated in the plane transverse to the beam
axis. The magnitude of is given by thedca of the track to the primary vertex. The sign is
defined as positive if the angle between the jet axis and tigejdiining the primary vertex to
the point of closest approach of the track is less $t&n and is defined as negative otherwise.
Figures 4a and 5a show the distribution® dbr the photoproduction and DIS samples, respec-
tively. The decay of long-lived particles mainly leads tespwe impact parameters, whereas
particles produced at the vertex yield a symmetric distrdvucentered at zero with finite width
due to the track and primary vertex resolutions.

The transverse beam interaction region at HERA, in the ofig termed the ‘beam spot’,
has an approximately Gaussian profile. For the data penumliest in this paper the beam spot
size is determined to be about 14& in the horizontal and 2bm in the vertical direction.
For each event thep collision point is determined in a primary vertex fit using tveighted
average of the beam spot position, taking the above widtlesrass, and position information
from selected tracks in the event. The muon track under dereion is excluded from the
fit. An average muon impact parameter resolution ofu®0 is achieved, with comparable
contributions from the muon track resolution and the uraiety in the primary vertex position.

The transverse momentupm®’ of the muon track (figures 4b and 5b) is calculated relative
to the direction of the associated jet according to the féamu

rel __ |p_%1 X (ﬁjet _p_;l«)|
pt - = — .
|p]et - p#|

The quantitieg;, andp;., are the momentum vectors of the muon and the jet in the |adryrat
frame, respectively.

The fraction of muons in the data that originate from beawnés is determined using a
likelihood fit to the two-dimensional distribution éfandp;* in the range-0.1 < § < 0.1 cm
and0 < p/ < 3.6 GeV. The combination of the two independent observablasd p;' in
the fit results in a significant improvement in the statidtmacision of the measurement and
a reduced sensitivity of the measureftaction to systematic uncertainties in the modelling of
charm and light quark contributions. The shapes of theiligionss and p;! for beauty,
charm and light quark events are obtained from the MonteoCarhulation. In the fit, the
relative fractions of the three components are adjusted ghat the likelihood is maximised.
The normalisation of the sum of the three components is fiaeddtch the data. The results of
the fits are illustrated in figures 4 and 5. The contributionsfbeauty, charm and light quark
events, with respective fractions of typically 30%, 50% &08o, are indicated. In all bins of
the measurement, the data are well described by the sum drése contributions. At large
positive values off and at large values of“, the beauty component (dashed line) becomes
dominant.

Variations of the fit procedure are investigated and areddargive consistent results. For
example, thej and p;' distributions are fitted independently of each other. Intlewfit the
relative contributions of charm and light quark events aredito the predictions of the Monte
Carlo simulation. Furthermore, the fits to the two-dimenaialata distributions of andp:
are investigated in a beauty enriched subset ofithadp;® phase space, as illustrated in the

2Both direct decays — p.X and indirect decays, e.y— ¢X’ — uX, are taken into account.
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figures 6 and 7. Here, the distributions of the impact paramdffigures 6a and 7a) and the rel-
ative transverse muon momentuiff (figures 6b and 7b) are shown for the cpi¢ > 1.2 GeV
andé > 0.01 cm, respectively. The lines show the predictions for théedént contributions in
the restricted samples when using the results of the fitsstadimplete samples. The expected
enhancement of the beauty contribution is observed anduhbkty) of the description of the
data illustrates the consistency between the resultsradztaising the two observables indepen-
dently.

In each kinematic bin of the measurement, the fit to the twoedisional data distribution of
§ andp;! is performed, using the data and Monte Carlo samples in thaflhe fitted number
of muons coming from beauty events is translated into a @esson by correcting for detector
efficiencies, acceptances and radiative effects and bglidiyby the integrated luminosity.

9 Systematic Uncertainties

Systematic uncertainties of the cross section measuresnemvaluated by variations applied
to the Monte Carlo simulations. The dominant errors comeftibe muon identification and
muon track linking efficiencies, the modelling of the resmn of the muon impact parameter
and the fragmentation models. The systematic errors asignthe measured cross sections
are listed in table 3.

The muon track reconstruction efficiency in the CTD is knowm fprecision of about 2%.
An additional uncertainty of 2% comes from the requireméat two CST hits be associated
with the central track, yielding a total uncertainty for ttrack reconstruction efficiency of
3%. The uncertainty of the muon identification efficiencyluting the reconstruction in the
instrumented iron and the linking with the central traclalimut 5%.

The systematic error arising from the uncertainties of th®@nd CST track resolutions is
estimated by varying the muon impact parameter resolutidghe Monte Carlo simulations by
10%. This leads to cross section changes’%f To substantiate this result the following cross
checks are performed and found to be consistent. The coréhartdils of the distribution of
the impact parameter resolution are varied separatelyd€&keription of the beam spot ellipse
is tested by determining the cross sections separatelyinirmtdependent samples with either
more horizontal or more vertical muons. In addition, the mimapact parameter is calculated
with respect to the average collision point instead of the primary vertex.

The reconstruction of the direction of the jet associatethéomuon is studied by varying
the resolutions of the reconstructed jet directions in thentd-Carlo simulations. The effect
on the measured cross sections is about 2%. The jet enelgyse®rtainties are estimated by
varying the LAr energy scale in the Monte Carlo simulatiopgth. This leads to cross section
changes of up to 4%.

The trigger efficiencies ared &+ 3% for the photoproduction sample agd + 3% for the
DIS sample, respectively. For the DIS sample, the unceytaissociated with reconstruction
and identification of the scattered positron is estimatededess than 2%. The luminosity
measurement contributes a global 1.5% error.
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The dependence on the physics model used for the beauty aighthe charm background
is studied using the CASCADE Monte Carlo generator insté&Yd HIA or RAPGAP, leading
to cross section variations of about 5%. Using the Lund [2&§Mmentation model instead of
the Peterson fragmentation function [26] causes changémimeasured cross sections of up
to 7%.

The modelling of the decays of theflavoured hadrons has been tested by varying the
lifetimes and branching ratios of the different hadronshwmitthe uncertainties of the world
average values. The effects on the measured cross secti@t tre 2% level. Muons from
7+ or K* decays within the beam pipe and inside the sensitive voluinieeoCTD and CST
exhibit a broad distribution. The contribution from these events in théatiguark Monte Carlo
simulation is varied by a factor of two, leading to cross isgcthanges of 2%.

The above systematic studies are performed separatelyabbr lgin of the cross section
measurement. The systematic errors are found to be of sigide for all bins. For each bin
a total systematic uncertainty of 14% is estimated by addihcpntributions to the systematic
error in quadrature.

Source Photoproduction DIS
Ao /o [%] Ao /o [%]

Detector efficiencies

— Scattered positron - 2

— Trigger efficiency 4 3

— Muon identification 5 5

— CST+CTD tracks 3 3

— Luminosity 15 15
Track reconstruction

— 4 resolution 7 7
Jet reconstruction

— Jet axis 2 2

— Hadronic energy scale 4 4
MC model uncertainties:

— PYTHIA vs. CASCADE 5 —

— RAPGAP vs. CASCADE — 5

— Fragmentation (Peterson vs. Lund) 7 7

— Fragm. fractions, BRs, lifetimes 2 2

— K, 7 decays 2 2
Total | 14 14

Table 3: List of systematic uncertainties as discusseddtise9. The total systematic error is
obtained by adding all contributions in quadrature.
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10 Results

Differential beauty production cross sections are deteechseparately for the photoproduction
and electroproduction samples. The results are listedbledad, 5 and 6 and displayed in
figures 8 to 11.

10.1 Photoproduction Measurement

The visible range for the measurement for beauty photomtaztuin dijet muon events is
Q*<1GeV, 02 <y < 0.8, p' > 2.5GeV,—0.55 < p* < 1.1, p '@ > 7(6) GeV and

In’¢t| < 2.5. For this range the total cross section is measured to be
Oyis(ep — ebbX — ejjuX') = 38.4 £ 3.4(stat.) & 5.4(sys.) pb.

The NLO QCD calculation performed in the massive scheme thithFMNR program [9], as
described in section 6, yields for the same kinematic rangaue of23.8171pb which is 1.5
standard deviations below the data. The Monte Carlo progR¥THIA and CASCADE also
predict a lower cross section than that measured in the segetgéble 6). The results of all three
calculations are in good agreement with each other. An aigilysing an independent H1 data
sample was performed in [40] giving results consistent Witk measurement.

Differential cross sections for beauty production are meabas a function of several kine-
matic variables, shown in figure 8 and listed in table 4. Thmes lim which the measurement is
made are identical to the bins in which the theory curves aesgmted. The measured cross
sections are quoted at the point in the bin at which the berayed cross section equals the
differential cross section, according to the Monte Cartawdation. The data are compared
with the expectations of the FMNR NLO QCD calculation and FRéTHIA and CASCADE
generators.

The differential cross section measured as a function ofrthen pseudo-rapidity” (fig-
ure 8a) is flat in the phase space covered. The NLO QCD cailcnldéscribes the shape well.
This is also true for both PYTHIA and CASCADE. The measurenagmees well with the val-
ues obtained by the ZEUS experiment [6] in their two centrabmpseudo-rapidity bins, which
cover a similar phase space.

The differential cross sections measured as a functioneofrthon transverse momentum
pi" and of the transverse momentum of the leadingj€t (figure 8b and c) fall steeply with
increasing transverse momentum. The NLO calculation lgigmedicts a less steep behaviour
and is lower than the data in the lowest momentum bin by rqugtibctor of 2.5. At higher
transverse momenta better agreementis observed. Similalusions can be drawn for both the
PYTHIA and CASCADE predictions, although the latter presi@slightly hardep]” spectrum
than the other calculations.

Figure 8d shows the differential cross sections as a fumciie?”. A significant fraction of
the data is found aztgbs < 0.75, i.e.in the region in which resolved photon processes (@gtb
to d) are enhanced. In this observable the NLO calculatiffiersufrom large uncertainties due
to the scale variations. Furthermore, the parton to hadneel orrections are large due to the
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fact that a single parton can produce more than one jet a@thioh level leading to migrations
in z2P*. Within the large uncertainties, the NLO calculation déses thex2" differential cross
sections reasonably well. The PYTHIA simulation include3b&b contribution from resolved
photon processes, which are dominated by flavour excitgtiocesses such as those shown in
figures 1c and d. Due to the large fraction of resolved photocgsses, PYTHIA predicts a
relatively high cross section value in the Ioweﬁf‘ bin (figure 8d), which matches the data quite
well. However, in the largest bim;2** > 0.75, the PYTHIA prediction is too low. In contrast,
CASCADE succeeds in describing the cross section of theatdtage values ozkgbs while it

is too low at smaller values of’*.

The results of this analysis are compared with the previausndasurement [1] in which
somewhat softer jet and muon cuts than in this analysis wsed for the event selection. The
measured cross section for the procgss+ ¢bbX — ¢jju X' is extrapolated to the inclusive
quark cross sectiomp — bbX — pX’, in the kinematic regio)? < 1 GeV?, 0.1 < y < 0.8,
pi > 2 GeV and35° < §* < 130°, as in [1]. The extrapolation is performed using the Monte
Carlo program AROMA [41] which was also used in [1]. The réssgaled to 820 GeV proton
beam energy, i$07.3 + 9.5(stat.) £ 15.1(sys.) pb, which is2.3 standard deviations lower than
the value ofi 76 + 16(stat.) T72(sys.) pb obtained in [1].

10.2 Electroproduction Measurement

The beauty electroproduction cross section is measuréé visible range < Q* < 100 GeV?,
0.1 <y<0.7,p>25GeV,-0.75 < n* < 1.15, pPr<t > 6 GeV and|n’*!| < 2.5, yielding

t,7et
Ouis(ep — ebbX — ejuX') = 16.3 4 2.0(stat.) £ 2.3(sys.) pb.

The prediction of the NLO QCD calculation in the massive sedeising the program HVQDIS
is 9.072¢ pb, which is 1.8 standard deviations below the data. The B@drlo programs
RAPGAP and CASCADE also predict a lower cross section thanrtteasured in the data (see
table 6).

Differential cross section measurements are presentedure8 9 and 10 and in table 5.
The data are compared with the expectations of the HVQDIS IICD calculation and the
RAPGAP and CASCADE generators. The differential crosseeets a function of the photon
virtuality Q* is shown in figure 9a. The NLO calculation describes the sheglg but lies
below the data. The prediction of CASCADE is similar to thathee NLO calculation while
RAPGAP, which only contains the direct photon contributiothe cross section, is somewhat
further below the data. The differential cross section asnation of the scaling variable is
shown in figure 9b. The various calculations also describeskiape of the data well, while the
overall normalisation is again too low.

In figure 10, the differential cross sections are presergddrections of the muon and lead-
ing jet kinematics. The differential cross section meagimebins of the muon pseudo-rapidity
n* (figure 10a) exhibits a rise towards the forward region, Wwhscnot reproduced by the NLO
and Monte Carlo calculations. The differential cross sedimeasured as a function of the
transverse momenta of the mughand of the jet in the Breit framgP’</* (figures 10b and c)

,jet
show a steep distribution, as is the case in photoprodudfigmres 8b and c¢). The shapes of
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the NLO QCD, RAPGAP and CASCADE predictions are all very samiAs in photoproduc-
tion, the measured electroproduction cross sections asctidu of the muon and jet transverse
momenta show a steeper behaviour than the predictions dfitecalculations and the Monte
Carlo simulations and significantly exceed the predictiartee lowest bins.

Figure 11 presents a summary of recent HERA beauty cros®isaoeasurements as a
function of the photon virtuality)?. The figure shows the ratios of the measured cross sec-
tions [5—7] and the corresponding next-to-leading ordedmtions where FMNR is used for
the photoproduction and HVQDIS for the DIS region. The dibtiees indicate the typical the-
ory error due to scale uncertainties. General agreemeeersisetween the results from H1 and
ZEUS, the data tending to be somewhat above the NLO predgtio

11 Conclusions

Differential beauty production cross sections are measurep collisions at HERA both in
photoproduction@? < 1 GeV?) and in electroproductior2(< Q? < 100 GeV?). The event
selection requires the presence of at least one jet (twpfetise DIS (photoproduction) sample
and a muon in the central pseudo-rapidity range. For thetifingt at HERA, beauty events are
identified using both the transverse momentum of the mueanivelto the jet axis and the large
impact parameter of the muon. The cross sections preseetedte in general agreement with
those obtained by the ZEUS experiment. The data are compattedredictions based on NLO
QCD calculations in the massive scheme and with the expecsadf Monte Carlo generators
which use leading order matrix elements and parton showhrs. predictions from all these
calculations are similar in both normalisation and shape.

In both photoproduction and DIS, the total cross sectionsmesanents are somewhat higher
than the predictions. The excess is observed mainly at smadh and jet transverse momenta,
while at larger momenta a reasonable description is oldaimephotoproduction a significant
contribution to the cross section is observed in the regiosnmall values of the observable
:z;ng, where contributions from resolved photon events are ezgthrin this region the best de-
scription of the data is given by the PYTHIA simulation, wiicorporates flavour excitation
processes in which the beauty quark is a constituent of thawed photon or the proton. In
DIS, the observed excess is pronounced at large muon psapdbties. The shape of the cross
section as function of the photon virtualify? is reproduced by the QCD calculations over the
full range covered by the measurement presented in this p@ape quasi-real photons up to
virtualities of aboutim;.
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| Measurement

Experimental Errors

n*-range nt do [dn* stat. syst. total
[pb] [pb] [pb] [pb]
-0.55 -0.15 -0.35 19.1 3.4 2.7 4.3
-0.15 0.25 0.05 23.4 4.0 3.3 5.2
0.25 0.65] 0.45 23.9 3.9 3.3 5.1
0.65 1.10; 0.85 21.8 3.8 3.0 4.9
pi-range P do [dp) stat. syst. total
[GeV] [GeV] | [pb/GeV] | [pb/GeV]| [pb/GeV] | [pb/GeV]
2.5 33| 29 24.4 3.3 3.4 4.8
3.3 50| 41 8.1 1.1 1.1 1.6
5.0 120| 7.2 1.15 0.18 0.16 0.24
pl“'-range /¢! do [ dpl™ stat. syst. total
[GeV] [GeV] | [pb/GeV] | [pb/GeV]| [pb/GeV] | [pb/GeV]
7.0 10.0 8.8 6.3 0.8 0.9 1.2
10,0 14.0| 117 2.9 0.4 0.4 0.6
140 25.0| 183 0.83 0.14 0.12 0.18
x2-range | 3 do[dxs) stat. syst. total
[pb] [pb] [pb] [pb]
0.20 0.50| 0.35 17.2 4.5 2.4 51
0.50 0.75| 0.63 21.4 5.2 3.0 6.0
0.75 1.00| 0.88 86.6 9.1 121 15.2

Table 4: Differential cross sections for the procegs— ebbX — ejjuX’ for the photo-
production sample in the kinematic ran@€ < 1 GeV?, 0.2 < y < 0.8, pi'> 2.5 GeV,

@ > 7(6) GeV andjn’*!| < 2.5.

jety

—0.55 <t < 1.1, pi
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| | Measurement Experimental Errors |

Q*-range Q* do /dQ? stat. syst. total
[GeV?] [GeV?] | [pb/GeV*] | [pb/GeV] | [pb/GeV] | [pb/GeV]
2.0 5.0 3.5 1.55 0.30 0.22 0.37
5.0 18.0 9.5 0.297 0.075 0.042 0.086
18.0 100.0; 45.0 0.091 0.016 0.013 0.020
z-range log do/dlog x stat. Syst. total
[pb] [pb] [pb] [pb]
-45 -3.8| —4.15 6.40 1.33 0.90 1.60
-3.8 -3.1| -3.45 9.72 1.71 1.36 2.18
-3.1 24| -2.75 6.68 1.44 0.93 1.71
n*-range nt do [dn* stat. syst. total
[pb] [pb] [pb] [pb]
-0.75 -0.12 -04 5.36 142 0.75 1.60
-0.12 050, 0.2 7.40 1.64 1.03 1.94
0.50 1.15 0.8 12.6 19 1.8 2.6
p)-range P do [dp) stat. syst. total
[GeV] [GeV] [pb/GeV] | [pb/GeV] | [pb/GeV] | [pb/GeV]
2.5 3.0 2.8 11.3 24 1.6 2.9
3.0 3.8 3.4 8.05 1.39 1.13 1.79
3.8 12.0 6.4 0.622 0.124 0.087 0.151
port-range | poit | do/dp) stat. syst. total
[GeV] [GeV] [pb/GeV] | [pb/GeV] | [pb/GeV] | [pb/GeV]
6.0 8.5 7.2 2.20 0.52 0.31 0.60
85 120| 10.0 1.96 0.31 0.27 0.42
120 30.0| 185 0.183 0.043 0.026 0.050

Table 5: Differential cross sections for the process— e¢bbX — ¢juX’ for the electropro-
duction sample in the kinematic range< Q* < 100 GeV?, 0.1 < y < 0.7, pi'> 2.5 GeV,
—0.75 < n* < 1.15, pPreit > 6 GeV and|p’?!| < 2.5.

t,7et
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Photoproduction Electroproduction
o(ep — ebbX — ejjuX')[pb] | o(ep — ebbX — ejuX’)[pb]

Data| 38.4 £ 3.4 £ 5.4 Data| 16.3 + 2.0 + 2.3
FMNR 23.8174 HVQDIS 9.012¢
PYTHIA 20.9 RAPGAP 6.3
CASCADE 22.6 CASCADE 9.8

Table 6: Measured cross sections with their statisticalsyistematic errors and corresponding
predictions from NLO QCD calculations and Monte Carlo siatigns in the kinematic range
Q? < 1GeV? 02 <y < 0.8, p'> 2.5 GeV,—0.55 < n* < L1, p '@ > 7(6) GeV and
[n’¢t| < 2.5 (photoproduction) and in the kinematic ranyye: Q% < 100 GeV?, 0.1 < y < 0.7,
pi> 2.5 GeV, —0.75 < p* < 1.15, pPrit > 6 GeV and|p’*| < 2.5 (electroproduction).
The errors for the predictions from FMNR and HVQDIS give tlystematic uncertainties as
estimated from scale variations (see text).
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Figure 2: Distributions in photoproduction of a) the muocansverse momentunt, b) the
pseudo-rapidity of the muon, c) and d) the transverse momemﬁff“” of the highest and
the second-highegt jets, respectively and e) the observabiés. Included in the figure are
the estimated contributions of events arising frequarks (dashed liney,quarks (dotted line)
and light quarks (dash-dotted line). The shapes of theiloigions from the different sources
are taken from the PYTHIA Monte Carlo simulation and thelatige fractions are determined
from a fit to the two-dimensional data distribution gf' andé (see text).
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Electroproduction
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Figure 3: Distributions in electroproduction of a) the phovirtuality Q?, b) the inelasticityy,

c) Bjorken x, d) the muon transverse momentum and e) thevieases momenturpf;’;” of the
selected jet in the Breit frame. Included in the figure arees$tgmated contributions of events
arising fromb quarks (dashed liney,quarks (dotted line) and light quarks (dash-dotted line).
The shapes of the distributions from the different sourcesaken from the RAPGAP Monte
Carlo simulation and their relative fractions are detemdifrom a fit to the two-dimensional
data distribution ofp’* andé (see text).
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Figure 4: Distributions in photoproduction of a) the imppatameted of the muon track and

b) the transverse muon momentuyrii' relative to the axis of the associated jet. Included in the
figure are the estimated contributions of events arisingnfbaquarks (dashed line}, quarks
(dotted line) and the light quarks (dash-dotted line). Thapes of the distributions of the
different sources are taken from the PYTHIA Monte Carlo datian and their relative fractions
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Figure 5: Distributions in electroproduction of a) the impparametes of the muon track and

b) the transverse muon momentuyrii’ relative to the axis of the associated jet. Included in the
figure are the estimated contributions of events arisingrfbaquarks (dashed liney, quarks
(dotted line) and the light quarks (dash-dotted line). Tiapes of the distributions of the dif-
ferent sources are taken from the RAPGAP Monte Carlo sinu@nd their relative fractions
are determined from a fit to the two-dimensional data distidmn of p;< andd (see text).
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Figure 6: Distributions in the restricted photoproductgample of a) the impact parameter
> 1.2 GeV and b) the transverse muon momentgiii relative to the jet

axis for tracks with impact parametér> 0.01 cm. The predictions for the contributions to
the restricted sample fromevents (dashed line},events (dotted line) and light quark events
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(dash-dotted line) , as determined from a fit to the two-disi@mal distribution ofp;¢’ ands in
the full data sample (see text), are also shown.
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Figure 7: Distributions in the restricted electroprodactsample of a) the impact parameter
§ for events withp;“' > 1.2 GeV and b) the transverse muon momentgiifi relative to the jet
axis for tracks with impact parametér> 0.01 cm. The predictions for the contributions to
the restricted sample fromevents (dashed line},events (dotted line) and light quark events
(dash-dotted line), as determined from a fit to the two-disi@mal distribution ofp;' ands in

the full data sample (see text), are also shown.
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Figure 8: Differential cross sections for the photoprodrcprocess:p — ebbX — ejjuX’
in the kinematic rang€)?* < 1 GeV?, 0.2 < y < 0.8, pi'> 2.5 GeV, —0.55 < p* < 1.1,

Jety(2)
Py

> 7(6) GeV and|’*'| < 2.5. The cross sections are shown as functions of a) the muon

pseudo-rapidity”, b) the muon transverse momentyfy c) the jet transverse momentyri’!

of the highest transverse momentum jet and d) the quaﬂﬁtyThe inner error bars show the
statistical error, the outer error bars represent thessital and systematic uncertainties added
in quadrature. The NLO QCD predictions at the parton levasfed line) are corrected to the
hadron level (solid line) using the PYTHIA generator. Thadtd band around the hadron level
prediction indicates the systematic uncertainties asnestid from scale variations (see text).
Predictions from the Monte Carlo generator programs CASEA®Gotted line) and PYTHIA
(dash-dotted line) are also shown.
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Figure 9: Differential cross sections for the electropretohn processp — ebbX — eju X’ in

the kinematic range < Q* < 100 GeV*, 0.1 < y < 0.7, pi'> 2.5 GeV, —0.75 < n* < 1.15,
pPret > 6 GeV and|n’“'| < 2.5. The cross sections are shown as functions of a) the photon
virtuality Q* and b) the Bjorken scaling variable The inner error bars show the statistical
error, the outer error bars represent the statistical assatic uncertainties added in quadra-
ture. NLO QCD predictions at the parton level (dashed line)arrected to the hadron level
(solid line) using the RAPGAP generator. The shaded banghakrthe hadron level prediction
indicates the systematic uncertainty as estimated frohe seaiations (see text). Predictions
from the Monte Carlo generator programs CASCADE (dotteel)land RAPGAP (dash-dotted

line) are also shown.
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Figure 10: Differential cross sections for the electropicitbn processp — ebbX — ejuX’

in the kinematic range < Q2 < 100 GeV?, 0.1 < y < 0.7, pi'> 2.5 GeV,—0.75 < n* < 1.15,
prret > 6 GeV and|n’“'| < 2.5. The cross sections are shown as functions of a) the muon
pseudo-rapidity;*, b) the muon transverse momentyth and c) the transverse momentum
pPit of the leading jet in the Breit frame. The inner error barsvslibe statistical error,
the outer error bars represent the statistical and sysitenratertainties added in quadrature.
The NLO QCD predictions at the parton level (dashed line)careected to the hadron level
(solid line) using the RAPGAP generator. The shaded banghakrthe hadron level prediction
indicates the systematic uncertainty as estimated frohe seaiations (see text). Predictions
from the Monte Carlo generator programs CASCADE (dotteel)land RAPGAP (dash-dotted
line) are also shown.

31



)
8 5 H Hl yp: 0, (iuX) pIEI O Impact Parameter
S5
a3 ® H1 DIS: g, (ejuX) p:el O Impact Parameter
E * H1 Fop Impact Parameter
(Ko . I
‘5 41 0O ZEUS yp: 0, (juX) p{e
O ZEUS DIS: g, (ejuX) p;
3 -
o
21 $ i
| ® !
H | |
w (Q*~0) 10 10° , ,
Q" [GeV7]

Figure 11: Ratio of beauty production cross section measenes at HERA to NLO QCD
predictions. The results of this paper (solid circles ansbhses) are compared with ratios de-
termined using the measurements taken from [5—7]. The phadoiction points are plotted at
different horizontal positions for better visibility. Neothat cross section definitions and kine-
matic ranges are somewhat different for the different datatp. The dotted lines indicate the
typical theoretical error due to scale uncertainties. Heatetical prediction used to form the
ratio with the measurement by the ZEUS Experiment [6], shas/ian open square, is calcu-
lated using the same program and parameter choices as fordtiietion for this measurement
(full square). Different parameter choices, e.g. for thelelling of the hadronisation and decay
of the B-hadron, lead to a variation of the prediction-ofl0%.
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