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Bottom photoproduction measured using decays into muons in dijet events
in ep collisions at AsÄ318 GeV
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N. Brümmer, B. Bylsma, L. S. Durkin, and T. Y. Ling
Physics Department, Ohio State University, Columbus, Ohio 43210

A. M. Cooper-Sarkar, A. Cottrell, R. C. E. Devenish, B. Foster, G. Grzelak, C. Gwenlan, S. Patel, P. B. Straub
and R. Walczak

Department of Physics, University of Oxford, Oxford, United Kingdom

A. Bertolin, R. Brugnera, R. Carlin, F. Dal Corso, S. Dusini, A. Garfagnini, S. Limentani, A. Longhin, A. Parenti,
M. Posocco, L. Stanco, and M. Turcato

Dipartimento di Fisica dell’ Universita` and INFN, Padova, Italy

E. A. Heaphy, F. Metlica, B. Y. Oh, and J. J. Whitmorek

Department of Physics, Pennsylvania State University, University Park, Pennsylvania 16802
012008-2



BOTTOM PHOTOPRODUCTION MEASURED USING . . . PHYSICAL REVIEW D70, 012008 ~2004!
Y. Iga
Polytechnic University, Sagamihara, Japan

G. D’Agostini, G. Marini, and A. Nigro
Dipartimento di Fisica, Universita` ‘La Sapienza’ and INFN, Rome, Italy

C. Cormack,l J. C. Hart, and N. A. McCubbin
Rutherford Appleton Laboratory, Chilton, Didcot, Oxon, United Kingdom

C. Heusch
University of California, Santa Cruz, California 95064, USA

I. H. Park
Department of Physics, Ewha Womans University, Seoul, Korea

N. Pavel
Fachbereich Physik der Universita¨t-Gesamthochschule Siegen, Germany

H. Abramowicz, A. Gabareen, S. Kananov, A. Kreisel, and A. Levy
Raymond and Beverly Sackler Faculty of Exact Sciences, School of Physics, Tel-Aviv University, Tel-Aviv, Israel

M. Kuze
Department of Physics, Tokyo Institute of Technology, Tokyo, Japan

T. Fusayasu, S. Kagawa, T. Kohno, T. Tawara, and T. Yamashita
Department of Physics, University of Tokyo, Tokyo, Japan

R. Hamatsu, T. Hirose, M. Inuzuka, H. Kaji, S. Kitamura,m and K. Matsuzawa
Tokyo Metropolitan University, Department of Physics, Tokyo, Japan

M. I. Ferrero, V. Monaco, R. Sacchi, and A. Solano
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The photoproduction of bottom quarks in events with two jets and a muon has been measured with the
ZEUS detector at HERA using an integrated luminosity of 110 pb21. The fraction of jets containingb quarks
was extracted from the transverse momentum distribution of the muon relative to the closest jet. Differential
cross sections for bottom production as a function of the transverse momentum and pseudorapidity of the
muon, of the associated jet and ofxg

jets, the fraction of the photon’s momentum participating in the hard
process, are compared with MC models and QCD predictions made at next-to-leading order. The latter give a
good description of the data.

DOI: 10.1103/PhysRevD.70.0120XX PACS number~s!: 13.60.2r, 14.40.Lb, 12.38.Qk
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I. INTRODUCTION

The production of bottom quarks inep collisions at
HERA is a stringent test for perturbative quantum chrom
dynamics ~QCD! since the large b-quark mass (mb

;5 GeV) provides a hard scale that should ensure relia
predictions. WhenQ2, the negative squared four-momentu
exchanged at the electron vertex, is small the reactionep

→e8bb̄X can be considered as a photoproduction proces
which a quasi-real photon, emitted by the incoming electr
interacts with the proton.

For b-quark transverse momenta comparable to
b-quark mass, next-to-leading-order~NLO! QCD calcula-
tions in which theb quark is generated dynamically are e
pected to provide accurate predictions forb photoproduction
@1#. The corresponding leading-order~LO! QCD processes
are the direct-photon process, in which the quasi-real pho
enters directly in the hard interaction,gg→bb̄, and the

aAlso affiliated with University College London, London, UK.
bNow at Dongshin University, Naju, Korea.
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mPresent address: Tokyo Metropolitan University of Health S
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resolved-photon process, in which the photon acts a
source of partons that take part in the hard interaction (gg

→bb̄ or qq̄→bb̄).
The bottom-production cross section has been meas

in pp̄ collisions at the ISR@2#, Spp̄S @3# and Tevatron col-
liders @4#, in gg interactions at LEP@5# and in fixed-target
pN @6# and pN @7# experiments. Apart from the Spp̄S data
and the fixed-target experiments, the results were sign
cantly above the NLO QCD prediction. The H1 measu
ment in ep interactions at HERA@8# found a cross section
significantly larger than the prediction. The previous ZEU
measurement@9# was above, but consistent with, the pred
tion.

This paper reports a measurement of bottom photoprod
tion in events with two jets and a muon,ep→e8bb̄X
→e8 j j mX8, for Q2,1 GeV2.

II. EXPERIMENTAL SETUP

The data sample used in this analysis corresponds to
integrated luminosityL5110.462.2 pb21, collected by the
ZEUS detector in the years 1996–1997 and 1999–20
During the 1996–1997 data taking, HERA provided col
sions between an electron1 beam of Ee527.5 GeV and a
proton beam ofEp5820 GeV, corresponding to a center-o
mass energyAs5300 GeV (L300538.060.6 pb21). In the
years 1999–2000, the proton-beam energy wasEp

5920 GeV, corresponding toAs5318 GeV (L318572.4
61.6 pb21).

A detailed description of the ZEUS detector can be fou
elsewhere@10#. A brief outline of the components that ar
most relevant for this analysis is given below.

Charged particles are tracked in the central tracking
tector~CTD! @11#, which operates in a magnetic field of 1.4
T provided by a thin superconducting solenoid. The CT
consists of 72 cylindrical drift chamber layers, organized
nine superlayers covering the polar-angle2 region 15°,u

,

g-

-

1Electrons and positrons are not distinguished in this paper
are both referred to as electrons.

2The ZEUS coordinate system is a right-handed Cartesian sys
8-4
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,164°. The transverse-momentum resolution for full-leng
tracks iss(pT)/pT50.0058pT% 0.0065% 0.0014/pT , with pT
in GeV.

The high-resolution uranium-scintillator calorimet
~CAL! @12# consists of three parts: the forward~FCAL!, the
barrel ~BCAL! and the rear~RCAL! calorimeters. Each par
is subdivided transversely into towers and longitudinally in
one electromagnetic section~EMC! and either one~in
RCAL! or two ~in BCAL and FCAL! hadronic sections
~HAC!. The smallest subdivision of the calorimeter is call
a cell. The CAL energy resolutions, as measured under
beam conditions, ares(E)/E50.18/AE for electrons and
s(E)/E50.35/AE for hadrons, withE in GeV.

The muon system consists of rear, barrel~R/BMUON!
@13# and forward ~FMUON! @10# tracking detectors. The
B/RMUON consists of limited-streamer~LS! tube chambers
placed behind the BCAL~RCAL!, inside and outside a mag
netized iron yoke surrounding the CAL. The barrel and r
muon chambers cover polar angles from 34° to 135°
from 135° to 171°, respectively. The FMUON consists of s
trigger planes of LS tubes and four planes of drift chamb
covering the angular region from 5° to 32°. The muon s
tem exploits the magnetic field of the iron yoke and, in t
forward direction, of two iron toroids magnetized to;1.6 T
to provide an independent measurement of the muon
mentum.

The luminosity was measured using the bremsstrahl
processep→epg. The resulting small-angle energetic ph
tons were measured by the luminosity monitor@14#, a lead-
scintillator calorimeter placed in the HERA tunnel atZ5
2107 m.

III. DATA SELECTION

The data were selected online by requiring either a hi
momentum muon reaching the external B/RMUON cha
bers or two jets reconstructed in the CAL. A dedicated tr
ger requiring two jets and a muon with looser jet and mu
thresholds was also used in the last part of the data taki

Muons were reconstructed offline using the followin
procedure: a muon track was found in the inner and ou
B/RMUON chambers or crossing at least 4 FMUON plan
then a match in position and momentum to a CTD track w
required. The angular acceptance of the F/B/RMUON and
the CTD, and the requirement that the muons reach the
ternal chambers, define three regions of good acceptanc

rear 21.6,hm,20.9, pm.2.5 GeV;

barrel 20.9,hm,1.3, pT
m.2.5 GeV; ~1!

forward 1.48,hm,2.3, pm.4 GeV, pT
m.1 GeV;

with theZ axis pointing in the proton beam direction, referred to
the ‘‘forward direction,’’ and theX axis pointing left towards the
center of HERA. The coordinate origin is at the nominal interact
point.
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wherehm, pm, andpT
m are the muon pseudorapidity, mome

tum, and transverse momentum, respectively.
The hadronic system~including the muon! was recon-

structed from energy-flow objects~EFOs! @15# which com-
bine the information from calorimetry and tracking, co
rected for energy loss in dead material. A reconstructed fo
momentum (pX

i ,pY
i ,pZ

i ,Ei) was assigned to each EFO.
Jets were reconstructed from EFOs using thekT algorithm

@16# in the longitudinally invariant mode@17#. TheE recom-
bination scheme, which produces massive jets whose f
momenta are the sum of the four-momenta of the cluste
objects, was used. Muons were associated with jets by thkT
algorithm: if the EFO corresponding to a reconstructed mu
was included in a jet, then the muon was considered to
associated with the jet.

The event inelasticityy was reconstructed from th
Jacquet–Blondel estimatoryJB5(E2pZ)/(2Ee) @18#, where
E2pZ5( iE

i2pZ
i and the sum runs over all EFOs.

A sample of events with one muon and two jets was selec
by requiring

~i! >1 muon in one of the three muon-chamber regio
defined in Eq.~1!;

~ii ! >2 jets with pseudorapidityuh jetu,2.5, and trans-
verse momentumpT

jet.7 GeV for the highest-pT
jet jet

andpT
jet.6 GeV for the second-highest-pT

jet jet;
~iii ! that the muon was associated with any jet withpT

jet

.6 GeV anduh jetu,2.5. To assure a reliablepT
rel mea-

surement~see Sec. V!, the residual jet transverse mo
mentum, calculated excluding the associated mu
was required to be greater than 2 GeV;

~iv! a reconstructed vertex compatible with the nomin
interaction point;

~v! no scattered-electron candidate found in the CAL;
~vi! 0.2,yJB,0.8.

The last two cuts suppress background from high-Q2 events
and from non-ep interactions, and correspond to an effecti
cut Q2,1 GeV2 and 0.2,y,0.8.

After this selection, a sample of 3660 events remained

IV. ACCEPTANCE CORRECTIONS AND BACKGROUND
SIMULATION

To evaluate the detector acceptance and to provide
signal and background distributions, Monte Carlo~MC!
samples of bottom, charm, and light-flavor~LF! events were
generated, corresponding respectively to six, five, and th
times the luminosity of the data. PYTHIA 6.2 @19,20# was
used as the reference MC, and HERWIG 6.1 @21# for system-
atic checks. The branching ratios for direct semi-leptonicb
→mX decays and for indirect cascade decays into muons
charm, anti-charm,t6 and J/c, were set toBdir50.106
60.002 andBindir50.10360.007@22#, respectively. The dis-
tribution of the decay-lepton momentum in the B-mes
center-of-mass system from PYTHIA and HERWIG has been
compared with measurements frome1e2 collisions@23# and
found to be in good agreement. The generated events w
passed through a full simulation of the ZEUS detector ba
8-5
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FIG. 1. Distributions for the dijet-plus-muon
sample~points! compared to the predictions o
the PYTHIA Monte Carlo~full line! normalized to
the data. The shaded histogram shows the bott
component and the dotted line is the sum
charm and bottom. The plots show~a! the trans-
verse momentum of the jet associated with t
muon; ~b! its pseudorapidity;~c! the transverse
momentum of the highest-pT non-m-associated
jet; ~d! its pseudorapidity;~e! the transverse mo-
mentum of the muon;~f! its pseudorapidity; and
~g! the distribution ofxg

jets.
e
tr

-

re
mu-
the
ix-

ays
to
t
-
tri-

was

tum
l-
on GEANT 3.13@24#. They were then subjected to the sam
trigger requirements and processed by the same recons
tion programs as for the data.

Figure 1 shows the kinematic distributions ofpT
jet andh jet

for the jet associated with the muon, as well as for highestpT
jet that was not associated with a muon~other jet!. The muon
kinematic variablespT

m andhm are displayed, as well asxg
jets,

the fraction of the total hadronicE2pZ carried by the two
highest-pT jets3

xg
jets5

( j 51,2~Ejet2pZ
jet!

E2pZ
. ~2!

3xg
jets is the massive-jets analogue of thexg

obs variable used for
massless jets in other ZEUS publications@25#.
01200
uc-
The data are compared in shape to the PYTHIA MC sample in
which the relative fractions of bottom, charm, and LF we
mixed according to the cross sections predicted by the si
lation. The comparison shows that the main features of
dijet-plus-muon sample are well reproduced by this MC m

ture. The PYTHIA MC predicts that the non-bb̄ background
comprises 57% prompt muons from charmed-hadron dec
and 43% muons from light-flavor hadrons, mostly due
in-flight decays ofp and K mesons, with a small amoun
~;5% of the LF component! from muons produced in inter
actions with the detector material. The punch-through con
bution is negligible. The HERWIG Monte Carlo~not shown!
also gives a good description of the data.

The detector acceptance for the final cross sections
calculated using thebb̄ PYTHIA Monte Carlo, in which
events were reweighted such that the transverse momen
distribution of theb quark agreed with that of the NLO ca
8-6
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culations. The effect of this reweighting on the distributio
in Fig. 1 was small.

V. SIGNAL EXTRACTION AND CROSS SECTION
MEASUREMENT

Because of the largeb-quark mass, muons from sem
leptonic B-hadron decays tend to be produced with la
transverse momentum with respect to the direction of the
containing the B-hadron. The bottom signal was extracted
exploiting the distribution of the transverse momentum
the muon with respect to the momentum of the rest of
associated jet,pT

rel , defined as

pT
rel5

upm3~pjet2pm!u
upjet2pmu

, ~3!

where pm is the muon andpjet the jet momentum vector
Figure 2~a! shows the distributions, normalized to unity,
the reconstructed muonpT

rel as obtained from the PYTHIA

MC, for bottom (f m
bb̄,MC), charm (f m

cc̄,MC), and LF (f m
LF,MC)

FIG. 2. ~a! The pT
rel distribution as predicted by the PYTHIA

Monte Carlo for reconstructed muons from bottom (f m
bb̄,MC , dashed

histogram!, charm (f m
cc̄MC , dotted histogram! and light-flavors

( f m
LF,MC , dash-dotted histogram!, and for unidentified tracks (f x

MC ,
full-line histogram!. The distributions are normalized to unity.~b!
The pT

rel distribution of unidentified data tracks~points!, compared
to the prediction from PYTHIA ~full line!. The charm and bottom
components are also shown as the dotted- and dashed-line h
grams, respectively.
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events. ThepT
rel distribution for bottom peaks at;2 GeV and

is well separated from those from charm and LF which
peaked close to zero. Since the shapes off m

LF,MC and f m
cc̄,MC

are very similar, the fraction of bottom (abb̄) and back-
ground (abkg) events in the sample was obtained from a tw
component fit to the shape of the measuredpT

rel distribution
f m with a bottom and a background component:

f m5abkgf m
bkg1abb̄f m

bb̄ , ~4!

where thepT
rel distribution of bottom,f m

bb̄ , was taken from

the PYTHIA MC: f m
bb̄5 f m

bb̄,MC , and that of the background
f m

bkg, was obtained as explained below.
The distributionf m

bkg was obtained from the sum of a LF
f m

LF , and a charm,f m
cc̄ , distribution weighted according to th

charm fractionr obtained from the charm and LF cross se
tions given by PYTHIA :

f m
bkg5r f c

cc̄1~12r ! f m
LF . ~5!

The distributionf m
LF can be obtained from thepT

rel distribution
of a sample of CTD tracks not identified as muons but f
filling the same momentum and angular requirements app
to muons~called ‘‘unidentified tracks’’ in the following!. The
pT

rel distribution for unidentified tracks,f x , is expected to be
similar to f m

LF , under the assumption that the probability f
an unidentified track~typically a p or a K meson! to be
identified as a muon,Px→m , does not depend strongly o
pT

rel . This assumption is validated by the MC, since the M
distributions for the LF background,f m

LF,MC , and for the uni-
dentified tracks,f x

MC , are indeed very similar, as shown
Fig. 2a.

Figure 2~b! shows thef x distribution obtained from a dije
sample selected without muon requirements. The shape
tained from PYTHIA , f x

MC , underestimates the tail~for ex-
ample, by 24% at 2.625 GeV!. The pT

rel shape of the LF
background was therefore obtained as

f m
LF5 f x

f m
LF,MC

f x
MC , ~6!

where the ratiof m
LF,MC/ f x

MC is a MC-based correction tha
accounts for possible differences betweenf m

LF and f x due to a
residualpT

rel dependence ofPx→m and to the charm and bot
tom contamination~;28% and;2% respectively! in the di-
jet sample.

The data cannot be used to extract the distributionf m
cc̄ .

Two cases were therefore considered: the distribution gi
by the PYTHIA MC, f m

cc̄,MC , and the distribution obtained
from the unidentified track sample, as in the case of the
background:f xf mm

cc̄,MC/ f x
MC . The average of these two cas

was then taken as the nominalf m
cc̄ .

Figure 3 shows the result of thepT
rel fit for muons in the

rear, barrel, and forward regions. The sum of the two co
ponents reproduces the data reasonably well. The fractio
b in the total sample of dijet events with a muon isabb̄

to-
8-7



,
d

-

-
le
e

S. CHEKANOV et al. PHYSICAL REVIEW D 70, 012008 ~2004!
FIG. 3. The pT
rel distribution

for events with muons in the rear
barrel and forward regions define
in Eq. ~1!. The data~points! are
compared to the mixture of bot
tom and charm1LF background
obtained from thepT

rel fit ~full
line!. The shaded histogram repre
sents the beauty component whi
the dashed-line histogram is th
background.
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50.22460.017~stat.!. In the determination of the cross se
tions, the fraction of beauty events in the data was extrac
by a fit performed in each cross-section bin.

All the cross sections reported in Sec. VIII, with the e
ception of that forb quarks, are inclusive muon~or b-jet!
cross sections, obtained by counting muons~or b-jets! rather
than events. Muons coming from both direct and indirecb
decays are considered to be part of the signal. The c
sections are given for dijet events passing the following
quirements: Q2,1 GeV2, 0.2,y,0.8 and at least two
hadron-level jets withpT

jet1.7 GeV, pT
jet2.6 GeV andh jet1,

h jet2,2.5. These jets were defined using thekT algorithm on
stable hadrons, where the weakly decaying B hadrons w
considered stable. For dijet events with a muon passing
cuts of Eq.~1!, the acceptance varies from 10% at lowpT

m to
20% at largepT

m .
The cross sections were measured from data collecte

two different center-of-mass energies,As5300 GeV and
As5318 GeV. They were corrected toAs5318 GeV using
the NLO QCD prediction. The effect of this correction on t
final cross section is;2%.

VI. THEORETICAL PREDICTIONS
AND UNCERTAINTIES

The measured cross sections are compared to NLO Q
predictions based on the FMNR@26# program. The parton
distribution functions used for the nominal prediction we
01200
d

ss
-

re
he

at

D

GRVG-HO @27# for the photon and CTEQ5M@28# for the
proton. Theb-quark mass was set tomb54.75 GeV, and the
renormalization and factorization scales to the transve

mass,m r5m f5mT5A1/2((pT
b)21(pT

b̄)2)1mb
2, wherepT

b(b̄)

is the transverse momentum of theb (b̄) quark in the labo-
ratory frame. Jets were reconstructed by running thekT al-

gorithm on the four momenta of theb and b̄ quarks and of
the third light parton~if present! generated by the program
The fragmentation of theb quark into a B hadron was simu
lated by rescaling the quark three-momentum~in the frame

in which pZ
b52pZ

b̄ , obtained with a boost alongZ! accord-
ing to the Peterson@29# fragmentation function withe
50.0035. The muon momentum was generated isotropic
in the B-hadron rest frame from the decay spectrum given
PYTHIA , which is in good agreement with measureme
made at B factories@23#.

To evaluate the uncertainty on the NLO calculations,
b-quark mass and the renormalisation and factorizat
scales were varied simultaneously, to maximize the chan
from mb54.5 GeV andm r5m f5mT/2 to mb55.0 GeV and
m r5m f52mT , producing a variation in the cross sectio
from 134% to 222%. The effect on the cross section of
variation of the Peterson parametere from 0.002 to 0.0055
@30# and of a change of the fragmentation function from t
Peterson to the Kartvelishvili parametrization~with a513,
as obtained from comparisons between NLO QCD and M
distributions! @31,32# was less than63%. The effects of us-
8-8
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BOTTOM PHOTOPRODUCTION MEASURED USING . . . PHYSICAL REVIEW D70, 012008 ~2004!
ing different sets of parton densities and of a variation of
strong coupling constant (LQCD

(5) 50.22660.025 MeV) were
all within 64%.

The NLO cross sections, calculated for jets made of p
tons, were corrected for jet hadronization effects to allow
direct comparison with the measured hadron-level cross
tions. The corrections were derived from the MC simulati
as the ratio of the hadron-level to the parton-level MC cr
section, where the parton level is defined as being the re
of the parton showering stage of the simulation. The aver
between the corrections obtained from PYTHIA and HERWIG

was taken as the central value and their difference as
uncertainty. The effect of the hadronization correction w
largest in the rear region, where the cross section was
duced by (2066)% and smallest at largepT

m where it was
reduced by (3.060.3)%.

The measured cross sections are also compared to
absolute predictions of two MC models, PYTHIA 6.2 and
CASCADE 1.1. The predictions of PYTHIA 6.2 were obtained
@20# by mixing direct- (gg→bb̄) and resolved-photon (gg

→bb̄,qq̄→bb̄) flavor-creation processes calculated us
massive matrix elements and the flavor-excitation~FE! pro-
cesses (bg→bg,bq→bq), in which a heavy quark is ex
tracted from the photon or proton parton density. The
processes contribute about 27% of the totalbb̄ cross section.
The small~;5%! contribution from gluon splitting in parton
showers (g→bb̄) was not included. The parton densi
CTEQ4L @33# was used for the proton and GRVG-LO@27#
for the photon; theb-quark mass was set to 4.75 GeV and t
b-quark string fragmentation was performed according to
Peterson function withe50.0041@34#.

CASCADE @35# is a Monte Carlo implementation of th
CCFM evolution equations@36#. Heavy-quark production is
obtained from theO(as) matrix elements for the proces
gg* →bb̄, in which the initial gluon can be off-shell. Th
gluon density, unintegrated in transverse momentum (kT), is
obtained from an analysis of the proton structure functio
based on the CCFM equations@37#; in the event generation
the gluon density used corresponds to the set named ‘‘J2
set 2.’’ The mass of theb quark was set to 4.75 GeV andas
was evaluated at the scalemT . As for PYTHIA , the b-quark
string fragmentation was performed according to the Pe
son function withe50.0041.

VII. SYSTEMATIC UNCERTAINTIES

The main experimental uncertainties are described be

~i! The muon acceptance, including the efficiency of t
muon chambers, of the reconstruction and of
MUON-CTD matching, is known to about 10% from
a study based on an independent dimuon sample@38#.

~ii ! The uncertainty on thepT
rel shape of the LF and charm

background was evaluated by
~a! varying the charm fraction in the background,r,

by 620%. This range was obtained by fixing th
absolute charm-MC normalization to a measu
ment of the charm dijet cross section@39# and
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using the PYTHIA or HERWIG MC to extrapolate to
the kinematic range of the present measureme

~b! varying the jet-track association in th
unidentified-track sample;

~c! extractingf m
LF from a sample of unidentified CTD

tracks, reweighted with a MC-based parametriz
tion of Px→m depending on polar angle and mo
mentum;

~d! varying thepT
rel shape of the charm component

the background between the prediction fro
PYTHIA and the value obtained from the unide
tified track sample;

~e! using HERWIG instead of PYTHIA to simulate the
background.

The total uncertainty from these sources is about 10%. A
cross-check, a different definition ofpT

rel was used to extrac
the beauty fraction, namely the transverse momentum of
muon with respect to the whole jet, including the muon
self, as used in a previous ZEUS publication@9#. The results
were found to be in good agreement:
~iii ! The 2% uncertainty on the direct-decay branching

tio Bdir introduces a 2% uncertainty on theb-jet and
on theb-quark cross sections while it has no effect
the visible muon cross sections. The 7% uncertai
on the branching ratio for indirect decaysBindir pro-
duces an uncertainty of 1% on the measured cr
sections.

~iv! The uncertainties on the dijet selection, on the ene
scale, on the jet andyJB resolution and trigger effi-
ciency add up to a 7% uncertainty on the cross s
tions.

The uncertainty arising from the model dependence of
acceptance was evaluated as follows~the effect on the cross
sections is shown in parenthesis!:
~v! The Peterson fragmentation parametere in the MC

was varied from 0.002 to 0.006 as allowed by LE
and SLD measurements@34,40,41#. The Lund–
Bowler fragmentation function was used as an alt
native, both with the default PYTHIA parameters and
with parameters taken from OPAL measurements@34#
~62%!.

~vi! Instead of using PYTHIA reweighted to the NLOpT
b

distribution it was reweighted as a function ofh jet and
pT

jet to agree with the measured differential distrib
tions ~22%! or without reweighting~12%!.

~vii ! The fraction of flavor-excitation events in PYTHIA was
varied up and down by a factor of 2~64%!, as al-
lowed by comparisons to thexg

jets distribution of the
data.

~viii ! HERWIG was used instead of PYTHIA ~22%!.

The total systematic uncertainty was obtained by adding
above contributions in quadrature. A 2% overall normaliz
tion uncertainty associated with the luminosity measurem
was not included.

VIII. RESULTS

All the cross sections reported below, except for t
b-quark cross section, are given for dijet events withpT

jet1,
8-9
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FIG. 4. Cross sections for muons coming fromb decays in dijet events withpT
jet1.7, pT

jet2.6 GeV, h jet1, h jet2,2.5, 0.2,y,0.8, Q2

,1 GeV2 passing the selection of Eq.~1!. ~a! The cross section for the forward, barrel and rear regions@defined in Eq.~1!#. ~b! The
differential cross section as a function ofxg

jets. The data~points! are compared to the predictions of NLO QCD~dotted line: parton-level jets
dashed line: jets corrected to the hadron level!. The full error bars are the quadratic sum of the statistical~inner part! and systematic
uncertainties. The band around the NLO prediction represents the variation on the theoretical predictions obtained by varying th
mass,m r andm f , as explained in the text. The data are also compared to the predictions of the PYTHIA ~solid line histogram! and CASCADE

~dot-dashed line histogram! Monte Carlo models.
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jet2.7, 6 GeV, h jet1, h jet2,2.5, Q2,1 GeV2,

and 0.2,y,0.8.
The first set of measurements are bottom cross sect

for muons passing the cuts defined in Eq.~1!. The results for
the forward, barrel, and rear muon-chamber regions
shown in Fig. 4~a! and Table I and compared with the NL
prediction and MC models. Both the NLO and the MC mo
els are in reasonable agreement with the data.

Figure 4~b! and Table II show the differential cross
sectionds/dxg

jets for muons in the range defined by Eq.~1! in
dijet events. Thexg

jets variable corresponds at leading order
the fraction of the exchanged-photon momentum in the h
scattering process. It provides a tool to measure the rela
importance of photon-gluon fusion,gg→bb̄, which gives a
peak atxg

jets;1, and of other contributions, such as gluo

TABLE I. For each muon-chamber region defined in Eq.~1! the
columns show the number of selected muons; the beauty frac
abb̄ obtained from thepT

rel fit; the measured bottom cross sectio
with the statistical and systematic uncertainties; the NLO QCD p
diction corrected to the hadron level with the theoretical uncerta
and the hadronization correction. For further details see the cap
to Fig. 4.

m-chambers Muons abb̄ s6stat.6syst.
~pb!

sNLO3Chad

~pb!
Chad

rear 484 0.15 6.561.521.1
11.0 4.321.0

11.6 0.80
barrel 2316 0.25 38.263.425.8

15.7 33.927.0
111.0 0.89

forward 868 0.21 16.663.324.6
12.9 6.521.6

12.8 0.86
01200
ns

re
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rd
ve

gluon fusion ~with a gluon coming from the photon! or
higher-order diagrams, which are distributed over the wh
xg

jets range. The sample is dominated by the high-xg
jets peak,

but a low-xg
jets component is also apparent. The NLO QC

prediction describes the distribution well. PYTHIA is also able
to give a good description of the data due to the large c
tribution from flavor excitation at lowxg

jets. CASCADE, which
generates low-xg

jets events via initial-state radiation withou
using a parton density in the photon, tends to underestim
the cross section at lowxg

jets.
The differential cross sections in the muonic variab

were measured forpT
m.2.5 GeV and21.6,hm,2.3. Fig-

ure 5 and Table III show the differential cross sectio
ds/dhm and ds/dpT

m for muons in dijet events. The NLO
QCD predictions and the MC models describe thehm distri-
bution well. ThepT

m distribution is well reproduced by NLO

on

-
y
on

TABLE II. Differential muon cross section as a function ofxg
jets.

The multiplicative hadronization correction applied to the NLO p
diction is shown in the last column. For further details see
caption to Fig. 4.

xg
jets range ds/dxg

jets6stat.6syst.
~pb!

Chad

0.00, 0.25 12.966.727.2
14.2 0.68

0.25, 0.50 20.867.227.7
18.2 0.83

0.50, 0.75 30.065.224.1
16.4 0.86

0.75, 1.00 165614234
122 0.90
8-10
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FIG. 5. Differential cross sections as a function of~a! the muon pseudorapidityhm and ~b! transverse momentumpT
m , for pT

m

.2.5 GeV and21.6,hm,2.3, for muons coming fromb decays in dijet events withpT
jet1.7, pT

jet2.6 GeV, h jet1, h jet2,2.5, 0.2,y
,0.8,Q2,1 GeV2. The data~points! are compared to the predictions of NLO QCD~dotted line: parton-level jets; dashed line: corrected
hadron-level jets!. The full error bars are the quadratic sum of the statistical~inner part! and systematic uncertainties. The band around
NLO prediction represents the variation on the theoretical predictions obtained by varying theb-quark mass andm r andm f as explained in
the text. The data are also compared to the predictions of the PYTHIA ~solid line histogram! and CASCADE ~dot-dashed line histogram! Monte
Carlo models.
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QCD while thepT
m slope tends to be too soft in CASCADE and

PYTHIA .
The jet associated with the muon~or m-jet! reproduces the

kinematics of theb ~or b̄) quark to a good approximation
The m-jet is defined as the jet containing the B hadron t
decays into the muon. Figures 6~a! and 6~b! and Table IV
show the differential cross section for the jet associated w
a muon passing the cuts of Eq.~1! as a function of the jet
pseudorapidity, ds/dhm-jet, and transverse momentum
ds/dpT

m-jet , for hm-jet,2.5 andpT
m-jet.6 GeV. Them-jet dis-

tributions are well reproduced by the NLO and by the M
models.

Them-jet cross sections have been corrected to obtain

TABLE III. Differential muon cross section as a function ofhm

andpT
m . For further details see the caption to Fig. 5.

hm range ds/dhm6stat.6syst.
~pb!

Chad

21.6, 20.75 4.661.320.9
10.8 0.83

20.75, 0.25 18.862.222.7
12.7 0.88

0.25, 1.30 16.762.422.9
12.7 0.92

1.30, 2.30 10.062.322.6
11.4 0.91

pT
m range
~GeV!

ds/dpT
m6stat.6syst.

~pb/GeV!
Chad

2.5, 4.0 16.162.323.7
12.9 0.87

4.0, 6.0 7.161.021.2
11.3 0.92

6.0, 10.0 1.6960.3220.24
10.22 0.97
01200
t

h

e

cross sections forb-jets in dijet events:s(ep→e8 j jX ). A
b-jet is defined as a jet containing a B~or an anti-B! hadron.
This correction was performed using PYTHIA and accounts
for the b→m branching ratio, including direct and indirec
decays, and for the full muon phase space. Figures 6~c! and
6~d! and Table V show the differential cross-sectio
ds/dhb-jet andds/dpT

b-jet . The level of agreement ofb jets
with the NLO QCD and MC predictions is similar to tha
found for them jets. It should be noted that the hadronizati
corrections in the first twohb-jet bins are large~;220%!.

To compare the present result with a previous ZEUS m
surement given at theb-quark level, the NLO QCD predic-
tion was used to extrapolate the cross section for dijet ev
with a muon to the inclusiveb-quark cross section. The
b-quark differential cross section as a function of the qu
transverse momentum,ds(ep→bX)/dpT

b , for b-quark
pseudo-rapidity in the laboratory frameuhbu,2 ~correspond-
ing to a rapidity in theep center of mass of23.75,Ycms

b

,0.25), for Q2,1 GeV2 and 0.2,y,0.8, was obtained
from the dijet cross section for events with am-jet within
uhm-jetu,2 using the NLO prediction corrected for hadron
zation. Theb̄ quark was not considered in the definition
theb-quark cross section. As a cross-check, the measurem
was corrected to theb-quark level using the PYTHIA MC,
giving a result in agreement within 6%. The result, shown
Fig. 7 and Table VI, is compared to the previous ZEUS m
surement @9# of the b-quark cross section forpT

b.pT
min

55 GeV anduhbu,2, translated into a differential cross se
tion using the NLO prediction and plotted at the avera
b-quark transverse momentum,^pT

b&, of the accepted event
taken from the Monte Carlo:
8-11
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FIG. 6. Differential cross sections as a function of~a! the pseudorapidityhm-jet and ~b! the transverse momentumpT
m-jet of the jet

associated to the muon, forpT
m-jet.6 GeV, hm-jet,2.5, for muons passing the selection of Eq.~1! and coming fromb decays; differential

cross sections as a function of~c! the pseudorapidityhb-jet and~d! the transverse momentumpT
b-jet of the jet containing aB hadron. All the

cross sections are evaluated for dijet events withpT
jet1.7, pT

jet2.6 GeV, h jet1, h jet2,2.5, 0.2,y,0.8, Q2,1 GeV2. The data~points! are
compared to the predictions of NLO QCD~dotted line: parton level; dashed line: corrected to hadron level!. The full error bars are the
quadratic sum of the statistical~inner part! and systematic uncertainties. The band around the NLO prediction represents the uncerta
the theoretical prediction corrected for hadronization. The data are also compared to the predictions of the PYTHIA ~solid line histogram! and
CASCADE ~dot-dashed line histogram! Monte Carlo models.
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The two independent measurements are consistent an
agreement with the NLO QCD predictions.

IX. CONCLUSIONS

Bottom production identified by semi-leptonic decay in
muons has been measured in dijet events withQ2

,1 GeV2. Differential cross sections for the reactionep

→e8bb̄X→e8 j j mX8 have been measured as a function
01200
in

f

the pseudorapidity and transverse momentum of the m
and ofxg

jets. Differential cross sections for the production
b-jets were also measured.

The results were compared to MC models and to a N
QCD prediction combined with fragmentation and B-hadr
decay models. This prediction is in good agreement with
data in all the differential distributions. The PYTHIA MC
model is also able to give a reasonable description of
differential cross sections. The CASCADE MC model also
gives a reasonable description of the data, except for the l
xg

jets region.
The large excess of the first measurement of bottom p

toproduction over NLO QCD, reported by the H1 collabor
8-12
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BOTTOM PHOTOPRODUCTION MEASURED USING . . . PHYSICAL REVIEW D70, 012008 ~2004!
tion @8#, is not confirmed. The present result is consist
with the previous ZEUS measurement using semi-leptoni
decays into electrons@9#. Beauty photoproduction inep col-
lisions is reasonably well described both by NLO QCD a
by a MC model that includes a substantial flavor excitat
component.
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TABLE V. Differential cross section forb-jets as a function of
hb-jet andpT

b-jet . For further details see the caption to Fig. 6.

hb-jet range ds/dhb-jet6stat.6syst.
~pb!

Chad

21.6, 20.6 152629231
124 0.68

20.6, 0.4 356641253
159 0.78

0.4, 1.4 275645273
153 0.96

1.4, 2.5 229644269
141 1.06

pT
b-jet range
~GeV!

ds/dpT
b-jet6stat.6syst.
~pb/GeV!

Chad

6, 11 137614227
121 0.85

11, 16 43.865.5212.0
17.7 0.86

16, 30 5.761.220.9
11.0 0.89
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FIG. 7. Differential cross section forb-quark
production as a function of theb-quark transverse
momentumpT

b for b-quark pseudorapidityuhbu
,2 and forQ2,1 GeV2, 0.2,y,0.8. The filled
points show the ZEUS results from this analys
and the open point is the previous ZEUS me
surement in the electron channel@9#. The full er-
ror bars are the quadratic sum of the statistic
~inner part! and systematic uncertainties. Th
dashed line shows the NLO QCD prediction wi
the theoretical uncertainty shown as the shad
band.
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TABLE VI. Differential b-quark cross-sectionds/dpT
b . The first columns show the differentialm-jet

cross-sectionds/dpT
m-jet restricted touhm-jetu,2, the corresponding hadronization correction and the ave

b-quark transverse momentum,^pT
b&, as obtained from the PYTHIA MC. Theb-quark differential cross section

ds/dpT
b for uhbu,2, evaluated at̂pT

b&, is shown in the last column. For further details see the caption to
7.
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~GeV!

ds/dpT
m-jet6stat.6syst.

(uhm-jetu,2) ~pb/GeV!
Chad ^pT
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~GeV!
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