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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'pBhe fraction of jets containing 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 xif‘s, 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 num(ger 13.60:—r, 14.40.Lb, 12.38.Qk

[. INTRODUCTION resolved-photon process, in which the photon acts as a
source of partons that take part in the hard interactigpg (
The production of bottom quarks iep collisions at . pb or qﬁ—>b€).
HERA is a stringent test for perturbative quantum chromo- The bottom-production cross section has been measured
dynamics (QCD) since the largeb-quark mass rf, in pp collisions at the ISR2], SppS [3] and Tevatron col-
~5 GeV) provides a hard scale that should ensure reliabléders [4], in yy interactions at LER5] and in fixed-target
predictions. Wher?, the negative squared four-momentum N [6] and pN [7] experiments. Apart from the@®S data
exchanged at the electron vertex, is small the reaatipn and the fixed-target experiments, the results were signifi-

—.e'bbX can be considered as a photoproduction process if2Ntly above the NLO QCD prediction. The H1 measure-

which a quasi-real photon, emitted by the incomin electronmen.t.m ep interactions at HERA{.B] _found a cross section
interactsqwith the p?oton y g significantly larger than the prediction. The previous ZEUS

For b-quark transverse momenta comparable to th({;woenasuremer[IQ] was above, but consistent with, the predic-

b-quark mass, next-to-leading-ord€lLO) QCD calcula- .
tions in which theb quark is generated dynamically are ex- | 1S Paper reports a measurement of bottom photoproduc-

pected to provide accurate predictions fophotoproduction tion,.ip events vv2ith two jets and a muomp—e’bbX
[1]. The corresponding leading-ordérO) QCD processes —€'JjuX’, for Q*<1 Ge\:.
are the direct-photon process, in which the quasi-real photon

enters directly in the hard interactiong—bb, and the Il. EXPERIMENTAL SETUP

The data sample used in this analysis corresponds to an
2Also affiliated with University College London, London, UK. integrated luminosityC=110.4=2.2 pb*, collected by the

bNOW at Dongshin University’ Najul Korea. ZEUS deteCtor in the yeaI’S 1996—1997 and 1999—2000
°Now at Max-Planck-Institut fuPhysik, Minchen, Germany. During the 1996-1997 data taking, HERA provided colli-
dNow at DESY group FEB. sions between an electrbbeam of E,=27.5GeV and a
®Now at University of Oxford, Oxford, UK. proton beam of ;=820 GeV, corresponding to a center-of-
'On leave of absence at Columbia University, Nevis Labs., NY,mass energy/s=300 GeV (Lz0=38.0:0.6 pb1). In the
USA. years 1999-2000, the proton-beam energy was
9Now at Royal Holloway University of London, London, UK. =920 GeV, corresponding t0/s=318 GeV (L34=72.4
"Also at Nara Women'’s University, Nara, Japan. +1.6pb ).
'Also at University of Tokyo, Tokyo, Japan. A detailed description of the ZEUS detector can be found
INow at HERA-B. elsewherg[10]. A brief outline of the components that are
kOn leave of absence at The National Science Foundation, Arlingmost relevant for this analysis is given below.
ton, VA, USA. Charged particles are tracked in the central tracking de-
'Now at University of London, Queen Mary College, London, tector(CTD) [11], which operates in a magnetic field of 1.43
UK. T provided by a thin superconducting solenoid. The CTD
MPresent address: Tokyo Metropolitan University of Health Sci-consists of 72 cylindrical drift chamber layers, organized in
ences, Tokyo 116-8551, Japan. nine superlayers covering the polar-afgtegion 15%< 6

"Also at University of Hamburg, Alexander von Humboldt Fellow.
°Also at £odz University, Poland.

Pt 6dz University, Poland. IElectrons and positrons are not distinguished in this paper and
Y% 6dz University, Poland. are both referred to as electrons.
'On leave from MSU. °The ZEUS coordinate system is a right-handed Cartesian system,
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<164°. The transverse-momentum resolution for full-lengthwhere7*, p*, andp¥ are the muon pseudorapidity, momen-

tracks iso(pt)/pt=0.00581®0.0065p 0.0014p1, with pt
in GeV.

tum, and transverse momentum, respectively.
The hadronic systenfincluding the muoh was recon-

The high-resolution uranium-scintillator calorimeter structed from energy-flow object&€FO9 [15] which com-
(CAL) [12] consists of three parts: the forwafliCAL), the  bine the information from calorimetry and tracking, cor-
barrel(BCAL) and the reafRCAL) calorimeters. Each part rected for energy loss in dead material. A reconstructed four-
is subdivided transversely into towers and longitudinally intomomentum p\ ,p!,,p} ,E') was assigned to each EFO.
one electromagnetic sectiotfEMC) and either one(in Jets were reconstructed from EFOs usingkhalgorithm
RCAL) or two (in BCAL and FCAL) hadronic sections [16]in the longitudinally invariant modgL7]. The E recom-
(HAC). The smallest subdivision of the calorimeter is calledpination scheme, which produces massive jets whose four-
a cell. The CAL energy resolutions, as measured under tesinomenta are the sum of the four-momenta of the clustered
beam conditions, arer(E)/E=0.18A\/E for electrons and objects, was used. Muons were associated with jets bi the
o(E)/E=0.35AE for hadrons, withE in GeV. algorithm: if the EFO corresponding to a reconstructed muon

The muon system consists of rear, barfB/lBMUON)  was included in a jet, then the muon was considered to be
[13] and forward (FMUON) [10] tracking detectors. The associated with the jet.

B/RMUON consists of limited-streaméLS) tube chambers The event inelasticityy was reconstructed from the
placed behind the BCAIRCAL), inside and outside a mag- Jacquet—Blondel estimatygg=(E— pz)/(2E.) [18], where
netized iron yoke surrounding the CAL. The barrel and realE — p,=3,E'— p}, and the sum runs over all EFOs.

muon chambers cover polar angles from 34° to 135° angh sample of events with one muon and two jets was selected
from 135° to 171°, respectively. The FMUON consists of sixpy requiring

trigger planes of LS tubes and four planes of drift chambers,

covering the angular region from 5° to 32°. The muon sys—(' =1 muon in one of the three muon-chamber regions

tem exploits the magnetic field of the iron yoke and, in the _
forward direction, of two iron toroids magnetized tel.6 T (i)
to provide an independent measurement of the muon mo-
mentum.

The luminosity was measured using the bremsstrahlungii)
processep—epy. The resulting small-angle energetic pho-
tons were measured by the luminosity monitb#], a lead-
scintillator calorimeter placed in the HERA tunnel &t
—107 m.

(iv)
Ill. DATA SELECTION v
v

The data were selected online by requiring either a highty;)

momentum muon reaching the external BBRMUON cham-

defined in Eq(1);

=2 jets with pseudorapidity 7'®|<2.5, and trans-
verse momentunpf™7 GeV for the highespl' jet
and p'>6 GeV for the second-highept! jet; '

that the muon was associated with any jet witf'
>6 GeV and 7®|<2.5. To assure a reliabfg® mea-
suremenisee Sec. Y, the residual jet transverse mo-
mentum, calculated excluding the associated muon,
was required to be greater than 2 GeV;

a reconstructed vertex compatible with the nominal
interaction point;

no scattered-electron candidate found in the CAL,;
0.2<y;5<0.8.

bers or two jets reconstructed in the CAL. A dedicated trig-The last two cuts suppress background from h@qe\/ents

ger requiring two jets and a muon with looser jet and muonand from nonep interactions, and correspond to an effective
thresholds was also used in the last part of the data takingcut Q?<1 Ge\¥ and 0.2<y<0.8.

Muons were reconstructed offline using the following
procedure: a muon track was found in the inner and outer
B/RMUON chambers or crossing at least 4 FMUON planes
then a match in position and momentum to a CTD track was
required. The angular acceptance of the F/B/RMUON and of

After this selection, a sample of 3660 events remained.

'IV. ACCEPTANCE CORRECTIONS AND BACKGROUND

SIMULATION

the CTD, and the requirement that the muons reach the ex- To evaluate the detector acceptance and to provide the
ternal chambers, define three regions of good acceptance: signal and background distributions, Monte CafiC)
samples of bottom, charm, and light-flauuF) events were

rear —1.6<xy*<-—0.9, p#>25 GeV,

barrel —0.9<7#<1.3, p{>25 GeV; (D)

forward 1.487#<2.3, p >4 GeV, pt>1 GeV;

generated, corresponding respectively to six, five, and three
times the luminosity of the data.yPHIA 6.2 [19,20 was
used as the reference MC, anérivic 6.1 [21] for system-

atic checks. The branching ratios for direct semi-leptdnic

— uX decays and for indirect cascade decays into muons via
charm, anti-charmz= and J/+, were set toBy,=0.106
+0.002 andB;,gi,=0.103+0.007[22], respectively. The dis-
tribution of the decay-lepton momentum in the B-meson

with the Z axis pointing in the proton beam direction, referred to ascenter-of-mass system fromvHia and HERwIG has been
the “forward direction,” and theX axis pointing left towards the Ccompared WI.th measurements freme™ collisions[23] and
center of HERA. The coordinate origin is at the nominal interactionfound to be in good agreement. The generated events were

point.

passed through a full simulation of the ZEUS detector based
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on GEANT 3.13[24]. They were then subjected to the sameThe data are compared in shape to tk&Ha MC sample in
trigger requirements and processed by the same reconstrughich the relative fractions of bottom, charm, and LF were

tion programs as for the data. '

Figure 1 shows the kinematic distributions@f' and 7*
for the jet associated with the muon, as well as for higlpgst-
jet that was not associated with a muather je}. The muon
kinematic variablep and »* are displayed, as well a&™®,
the fraction of the total hadroniE —p; carried by the two
highestpy jets’

mixed according to the cross sections predicted by the simu-
lation. The comparison shows that the main features of the
dijet-plus-muon sample are well reproduced by this MC mix-
ture. The RTHIA MC predicts that the nobb background
comprises 57% prompt muons from charmed-hadron decays
and 43% muons from light-flavor hadrons, mostly due to
in-flight decays ofw and K mesons, with a small amount

(~5% of the LF componentfrom muons produced in inter-

wlets— Zj=1d - ijGt)
4 E-pz '

3xj§‘5 is the massive-jets analogue of th%bs variable used for

massless jets in other ZEUS publicatid25).

actions with the detector material. The punch-through contri-
bution is negligible. The BRwiG Monte Carlo(not shown
also gives a good description of the data.

The detector acceptance for the final cross sections was
calculated using thébb PyTHIA Monte Carlo, in which
events were reweighted such that the transverse momentum
distribution of theb quark agreed with that of the NLO cal-
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rel

events. They distribution for bottom peaks at2 GeV and

is well separated from those from charm and LF which are
peaked close to zero. Since the shape$;6t'“ and f¢>M°

are very similar, the fraction of bottomag,) and back-
ground @yg) events in the sample was obtained from a two-
component fit to the shape of the measupé‘iﬂ distribution

f,, with a bottom and a background component:

f(pT")

fM: abkgf Zkg‘l‘ abgfbb, (4)

where thep distribution of bottom,f2°, was taken from

the PrTHIA MC: f2°=fP>MC “and that of the background,

e e f>9, was obtained as explained below.

:_'—I_._ (b) ] The distributionf? was obtained from the sum of a LF,

A e ZEUS 96-00- f.F, and a charmf®, distribution weighted according to the
l charm fractionr obtained from the charm and LF cross sec-

w0 | ¢ L] i tions given by RTHIA:

f.(pF)

fokO=pfSC+ (1—r)fLF, (5)

The distributionf'” can be obtained from thelf' distribution
10 3 of a sample of CTD tracks not identified as muons but ful-
; ] filling the same momentum and angular requirements applied

to muons(called “unidentified tracks” in the following The

e
pe! 4(GeV)5 p'® distribution for unidentified tracks,, is expected to be
similar tof/Lf, under the assumption that the probability for

FIG. 2. () The pf' distribution as predicted by thev®ia  an unidentified tracKtypically a 7 or a K meson to be
Monte Carlo for reconstructed muons from bottofﬂb(""c, dashed identified as a muonP,_,,, does not depend strongly on
histogram, charm V¢, dotted histogram and light-flavors p'®. This assumption is validated by the MC, since the MC
(f;7°, dash-dotted histogramand for unidentified tracksf}'®, distributions for the LF background; ™, and for the uni-
full-line histogram. The distributions are normalized to unii) dentified tracks,f)'\("c, are indeed very similar, as shown in
The p'Te' distribution of unidentified data trackpointg, compared Fig. 2a.
to the prediction from frHiA (full line). The charm and bottom Figure 2b) shows the, distribution obtained from a dijet
components are also shown as the dotted- and dashed-line his@émple selected Withoutxmuon requirements. The shape ob-
grams, respectively. tained from RTHIA, fMC, underestimates the taffor ex-

ample, by 24% at 2.625 GgVThe p’Tel shape of the LF

lations. The eff f this reweighting on the distribution .
culations. The effect of this reweighting on the distributio Sbackground was therefore obtained as

in Fig. 1 was small.
LFMC

V. SIGNAL EXTRACTION AND CROSS SECTION fo = fx:Tv (6)
MEASUREMENT x

Because of the large-quark mass, muons from semi- where the ratiof';LF'MC/fQ"C is a MC-based correction that
leptonic B-hadron decays tend to be produced with largeiccounts for possible differences betwél;'ﬁandfx dueto a
transverse momentum with respect to the direction of the jeﬂesidualp’Te' dependence oP,_,, and to the charm and bot-
containing the B-hadron. The bottom signal was extracted byom contaminatior{~28% and~2% respectivelyin the di-
exploiting the distribution of the transverse momentum ofjet sample.

the muon with respect to the momentum of the rest of the The data cannot be used to extract the distribuﬁp%
rel

associated jepr, defined as Two cases were therefore considered: the distribution given
s (ot v by the FrTHIA MC, f5°M°, and the distribution obtained
rel_ [P X (P —p¥)| from the unidentified track sample, as in the case of the LF
= 3 ~
! [p=pf background:f,fS5 "/ f)'°. The average of these two cases

was then taken as the nomirféf.
Figure 3 shows the result of th&® fit for muons in the
ol , rear, barrel, and forward regions. The sum of the two com-
the reconstructed muopy™ as obtained from the YTHIA 5 hents reproduces the data reasonably well. The fraction of
MC, for bottom (2>™°), charm ¢5*M°), and LF (") b in the total sample of dijet events with a muon dg;

where p# is the muon and’® the jet momentum vector.
Figure Za) shows the distributions, normalized to unity, of
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]

=0.224+0.017(stat). In the determination of the cross sec- GRVG-HO [27] for the photon and CTEQ5NI28] for the
tions, the fraction of beauty events in the data was extractegroton. Theb-quark mass was set to,=4.75 GeV, and the
by a fit performed in each cross-section bin. renormalization and factorization scales to the transverse
All the cross sections reported in Sec. VIII, with the ex- o by 2 by 2 2 b(b)
ception of that forb quarksf) are inclusive muofor b-jet) MASS by = pe = Mr= \/1/2((pT) +(pT)_)+mb' wherepr®
cross sections, obtained by counting muémsb-jets) rather IS the transverse momentum of thgb) quark in the labo-
than events. Muons coming from both direct and inditect ratory frame. Jets were reconstructed by runningkhel-
decays are considered to be part of the signal. The crosgorithm on the four momenta of tHeandb quarks and of
sections are given for dijet events passing the following rethe third light parton(if presenj generated by the program.
quirements: Q*<1 Ge\?, 0.2<y<0.8 and at least two The fragmentation of thb quark inb a B hadron was simu-
hadron-level jets witlp">7 GeV, plf2>6 GeV and7®1,  lated by rescaling the quark three-moment(imthe frame

7]l‘<9t2< 2.5. These jets were defined using #ealgorithm on i, \which pg: _ pg, obtained with a boost alorg) accord-

stable hadrons, where the weakly decaying B hadrons Weri‘ﬁg to the Petersori29] fragmentation function withe

considered stable. For dijet events with a muon passing thg0 0035. Th : :
. =0. . The muon momentum was generated isotropicall
cuts of Eq.(1), the acceptance varies from 10% at Iptf to g picaly

in the B-hadron rest frame from the decay spectrum given by

20% at largepf . PyTHIA, which is in good agreement with measurements
The cross sections were measured from data collected @iade at B factorief23].
two different center-of-mass energiegs=300 GeV and To evaluate the uncertainty on the NLO calculations, the

\s=318 GeV. They were corrected ts=318 GeV using b-quark mass and the renormalisation and factorization
the NLO QCD prediction. The effect of this correction on the scales were varied simultaneously, to maximize the change,
final cross section is-2%. from m,=4.5 GeV andu,= us=m¢/2 to my=>5.0 GeV and
M= ms=2my, producing a variation in the cross section
from +34% to —22%. The effect on the cross section of a
variation of the Peterson parametefrom 0.002 to 0.0055
[30] and of a change of the fragmentation function from the
The measured cross sections are compared to NLO QCBeterson to the Kartvelishvili parametrizationith =13,

predictions based on the FMNRG6] program. The parton as obtained from comparisons between NLO QCD and MC
distribution functions used for the nominal prediction weredistributions [31,32 was less than-3%. The effects of us-

VI. THEORETICAL PREDICTIONS
AND UNCERTAINTIES
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ing different sets of parton densities and of a variation of the using the RTHIA or HERWIG MC to extrapolate to

strong coupling constantA(2,=0.226+0.025 MeV) were the kinematic range of the present measurement;

all within =4%. (b) varying the jet-track association in the
The NLO cross sections, calculated for jets made of par- unidentified-track sample;

tons, were corrected for jet hadronization effects to allow a (©) extractingflLf from a sample of unidentified CTD

direct comparison with the measured hadron-level cross sec- tracks, reweighted with a MC-based parametriza-

tions. The corrections were derived from the MC simulation tion of P,_,, depending on polar angle and mo-

as the ratio of the hadron-level to the parton-level MC cross mentum;

section, where the parton level is defined as being the result (d) varying thep'f' shape of the charm component of

of the parton showering stage of the simulation. The average the background between the prediction from

between the corrections obtained fromTRIA and HERWIG PyTHIA and the value obtained from the uniden-

was taken as the central value and their difference as the tified track sample;

uncertainty. The effect of the hadronization correction was (e) using HERWIG instead of RTHIA to simulate the

largest in the rear region, where the cross section was re- background.

duced by (26:6)% and smallest at large where it was ~ The total uncertainty from these sources is about 10%. As a

reduced by (3.6:0.3)%. cross-check, a different definition pf®' was used to extract

The measured cross sections are also compared to tie beauty fraction, namely the transverse momentum of the
absolute predictions of two MC modelsy®iiA 6.2 and muon with respect to the whole jet, including the muon it-
CAsCADE 1.1. The predictions of ErHIA 6.2 were obtained Self, as used in a previous ZEUS publicat[@}. The results

201 by mixing direct- (va—bb) and Ived-phot were found to be in good agreement:
[ ]_y_ ng b9 . ) and resolved-photong@ __(iil)  The 2% uncertainty on the direct-decay branching ra-
—bb,qg—bb) flavor-creation processes calculated using

i trix el A d the i B tio By introduces a 2% uncertainty on tihejet and
massive matrix elements and the Havor-exci ayBe) pro- on theb-quark cross sections while it has no effect on
cesses jg—bg,bg—bq), in which a heavy quark is ex-

. the visible muon cross sections. The 7% uncertainty
tracted from the photon or proton parton_den5|ty. The FE on the branching ratio for indirect decay,g, pro-

processes contribute about 27% of the tbtalcross section. duces an uncertainty of 1% on the measured cross
The small(~5%) contribution from gluon splitting in parton sections.

showers ¢—bb) was not included. The parton density (iv) The uncertainties on the dijet selection, on the energy
CTEQA4L[33] was used for the proton and GRVG-LQ7] scale, on the jet ang ;g resolution and trigger effi-
for the photon; thé-quark mass was set to 4.75 GeV and the ciency add up to a 7% uncertainty on the cross sec-
b-quark string fragmentation was performed according to the tions.

Peterson function witlke=0.0041[34]. The uncertainty arising from the model dependence of the

CAsCADE [35] is a Monte Carlo implementation of the acceptance was evaluated as follotree effect on the cross
CCFM evolution equationg36]. Heavy-quark production is sections is shown in parenthesis
obtained from theO(as) matrix elements for the process (v)  The Peterson fragmentation parametein the MC

yg* —bb, in which the initial gluon can be off-shell. The was varied from 0.002 to 0.006 as allowed by LEP
gluon density, unintegrated in transverse momentlg), (is and SLD measurement$34,40,4]. The Lund—
obtained from an analysis of the proton structure functions Bowler fragmentation function was used as an alter-
based on the CCFM equatiof37]; in the event generation native, both with the default¥¥HIA parameters and
the gluon density used corresponds to the set named “J2003  With parameters taken from OPAL measurem¢at

set 2.” The mass of the quark was set to 4.75 GeV and, o (=2%). _ _ 1
was evaluated at the scate;. As for PrTHIA, theb-quark (Vi) Instead of using PrHIA reweighted to the NLCpy
string fragmentation was performed according to the Peter- distribution it was reweighted as a function gf' and
son function withe=0.0041. pJTet to agree with the measured differential distribu-

tions (—2%) or without reweighting +2%).
(vii) The fraction of flavor-excitation events invPHIA was

VIl. SYSTEMATIC UNCERTAINTIES varied up and down by a factor of 2-4%), as al-
R jets Niatri ;
The main experimental uncertainties are described below: I(;)v;/ed by comparisons to thel distribution of the
ata.

(i)  The muon acceptance, including the efficiency of the(viii) Herwic was used instead ofYRHIA (—2%).
muon chambers, of the reconstruction and of the
MUON-CTD matching, is known to about 10% from The total systematic uncertainty was obtained by adding the

a study based on an independent dimuon saf@g@e  above contributions in quadrature. A 2% overall normaliza-
(i) The uncertainty on thp'® shape of the LF and charm tion uncertainty associated with the luminosity measurement

T .
background was evaluated by was not included.

(@) varying the charm fraction in the background,
by +20%. This range was obtained by fixing the
absolute charm-MC normalization to a measure- All the cross sections reported below, except for the
ment of the charm dijet cross secti¢89] and  b-quark cross section, are given for dijet events V\dfﬁl,

VIIl. RESULTS
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FIG. 4. Cross sections for muons coming framtecays in dijet events with’*">7, plf2>6 GeV, 7°4, 7*2<2.5, 0.2<y<0.8, Q?
<1 Ge\? passing the selection of Eql). (a) The cross section for the forward, barrel and rear reglatesined in Eq.(1)]. (b) The
differential cross section as a functionxijts. The datapointy are compared to the predictions of NLO Q@idbtted line: parton-level jets;
dashed line: jets corrected to the hadron lgvéhe full error bars are the quadratic sum of the statistizaler pari and systematic
uncertainties. The band around the NLO prediction represents the variation on the theoretical predictions obtained by varying the b-quark
mass,u, andu;, as explained in the text. The data are also compared to the predictions ofténe Psolid line histogramand G\scabe
(dot-dashed line histogranMonte Carlo models.

pjTet2>7, 6 GeV, 7% p<25  Q2<1Ge\? g!uon fusion (yvith a gluoq coming_ frpm the photonor
and 0.2<y<0.8. higher-order diagrams, which are distributed over the whole

The first set of measurements are bottom cross sectior?éj,;ets range. The sample is dominated by the h@lf peak,
for muons passing the cuts defined in Ef. The results for ~ but a lowx’® component is also apparent. The NLO QCD
the forward, barrel, and rear muon-chamber regions argrediction describes the distribution wellR1IA is also able
shown in Fig. 4a) and Table | and compared with the NLO to give a good description of the data due to the large con-

prediction and MC models. Both the NLO and the MC mod-tribution from flavor excitation at Iovxjfts. CASCADE, which

els are in reasonable agreement with the data. generates lowd™™ events via initial-state radiation without
Figure 4b) tand Table Il show the differential cross- ysing a parton density in the photon, tends to underestimate
sectiondo/dx5™ for muons in the range defined by H@) in  he cross section at low®'
G jet ; ; v
dijet events. The’® variable corresponds at leading order to  the gifferential cross sections in the muonic variables
the fraction of the exchanged-photon momentum in the harq\lere measured fop“>2.5 GeV and— 1.6< 7*<2.3. Fig-
scattering process. It provides a tool to measure the reIatNSre 5 and Table Il show the differential cross sections

importance of photon-gluon fusiong—bb, which gives a g, /¢ »* anddo/dp® for muons in dijet events. The NLO

jets__ ; ; _ T . -
peak atx, ™1, and of other contributions, such as gluon- 5cp predictions and the MC models describe #tedistri-

ion well. Thep# distribution is well repr NL
TABLE I. For each muon-chamber region defined in Eq.the bution we epr distribution is well reproduced by NLO

columns show the number of selected muons; the beauty fraction )

ayp obtained from thep’® fit; the measured bottom cross section ~ TABLE I1. Differential muon cross section as a functionxdf®.
with the statistical and systematic uncertainties; the NLO QCD pre-The multiplicative hadronization correction applied to the NLO pre-
diction corrected to the hadron level with the theoretical uncertaintydiction is shown in the last column. For further details see the
and the hadronization correction. For further details see the captiogaption to Fig. 4.

to Fig. 4. _ _
x5 range do/dx} '+ stat+ syst. Chad
u-chambers Muons a,; o*stat+xsyst. o""°XCp.q Chad (pb)
(Pb) (pb) 0.00, 0.25 12.9+6.7"%3 0.68
rear 484 015 65+15 19 4315 0.80 0.25, 0.50 20.8+7.2"52 0.83
barrel 2316 0.25 38.2+3.4°25 33.9%° 0.89 0.50, 0.75 30.0+5.21 51 0.86
forward 868 021 16.6-3.3'22 652 086 0.75, 1.00 165+14'%2 0.90
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FIG. 5. Differential cross sections as a function @ the muon pseudorapidity and (b) transverse momenturpf, for pf
>2.5GeV and— 1.6< 7#<2.3, for muons coming fronb decays in dijet events witpf*>7, p2>6 Gev, 71, 7*2<2.5, 0.2y
<0.8,Q%<1 Ge\2. The datapoints are compared to the predictions of NLO Q@dbtted line: parton-level jets; dashed line: corrected to
hadron-level jets The full error bars are the quadratic sum of the statisficaler pari and systematic uncertainties. The band around the
NLO prediction represents the variation on the theoretical predictions obtained by varyingjtiaek mass ang, and u; as explained in
the text. The data are also compared to the predictions ofve# (solid line histogramhand Giscape (dot-dashed line histogranvonte

Carlo models.

QCD while thep slope tends to be too soft inaScabEand ~ Cross sections fob-jets in dijet eventso(ep—e’jjX). A
PYTHIA b-jet is defined as a jet containing a(Br an anti-B hadron.

: : : r This correction was performed usinggf¥IA and accounts
) The J‘_at associated WLth the muar -je9 reprodu_ces Fhe for the b— w branching ratio, including direct and indirect
kinematics of theb (or b) quark to a good approximation. gecays, and for the full muon phase space. Figutesahd
The p-jet is defined as the jet containing the B hadron thatgg) "and Table V show the differential cross-sections
decays into the muon. Figuresah and Gb) and Table IV /g b-jet andda/dp2t. The level of agreement df jets

show the differential cross section for the jet associated withy iih the NLO QCD and MC predictions is similar to that

a muon passing the cuts of E) as a function of the jet  onq for they jets. It should be noted that the hadronization
pseudorapidity, do/d»*7®, and transverse momentum, ., rections in the first twa® e bins are largd~—20%.

do/dpy®, for 7*1#<2.5 andpf *>6 GeV. Theu-jet dis- To compare the present result with a previous ZEUS mea-
tributions are well reproduced by the NLO and by the MCgyrement given at the-quark level, the NLO QCD predic-
models. tion was used to extrapolate the cross section for dijet events

The p-jet cross sections have been corrected to obtain tgjith a muon to the inclusivéo-quark cross section. The
b-quark differential cross section as a function of the quark
TABLE IIl. Differential muon cross section as a function of  transyerse  momentumgdo(ep—bX)/d p_?, for b-quark
andp4 . For further details see the caption to Fig. 5. pseudo-rapidity in the laboratory fra"hﬁb|<2 (correspond-
ing to a rapidity in theep center of mass of-3.75< Y2,

7" range da/d"#fzgati syst. Chad <0.25), for Q?<1 GeV? and 0.2<y<0.8, was obtained
P from the dijet cross section for events withzajet within
-1.6,-0.75 46+1.3°58 0.83 | p*1® <2 using the NLO prediction corrected for hadroni-
—-0.75, 0.25 18.8+2.2"37 0.88 zation. Theb quark was not considered in the definition of
0.25, 1.30 16.7+2.4°2] 0.92 theb-quark cross section. As a cross-check, the measurement
1.30, 2.30 10.0+2.3" 74 0.91 was corrected to thé-quark level using the WHIA MC,
¢ ran dofdpt+ stat+ svst c giving a result in agreement within 6%. The result, shown in
PT range oldpr = stal-= syst. had Fig. 7 and Table VI, is compared to the previous ZEUS mea-
(GeV) (pb/GeV) surement[9] of the b-quark cross section fop2>p™"
2.5, 4.0 16.1+2.3739 0.87 =5 GeV and 7°|<2, translated into a differential cross sec-
4.0, 6.0 7.1+1.0°}3 0.92 tion using the NLO prediction and plotted at the average
6.0, 10.0 1.69+0.32"932 0.97 b-quark transverse momentu:{rp?), of the accepted events

taken from the Monte Carlo:
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FIG. 6. Differential cross sections as a function (af the pseudorapidity;“ 7 and (b) the transverse momentupt’® of the jet
associated to the muon, fp¥7*'>6 GeV, »*1¢'< 2.5, for muons passing the selection of Et). and coming fromb decays; differential
cross sections as a function @ the pseudorapio!ityyb'jet and(d) the transverse momentupﬁ?"Et of the jet containing & hadron. All the
cross sections are evaluated for dijet events \plfH> 7, p’Te‘2>6 GeV, 7%, 7®<2.5 0.Xy<0.8, Q%<1 Ge\?. The data(pointy are
compared to the predictions of NLO QC(dotted line: parton level; dashed line: corrected to hadron JeVéle full error bars are the
quadratic sum of the statisticéihner parj and systematic uncertainties. The band around the NLO prediction represents the uncertainty on
the theoretical prediction corrected for hadronization. The data are also compared to the predictionsoiithésBlid line histogramand
CAscADE (dot-dashed line histogranMonte Carlo models.

do doNLO o(ph>pin the pseudorapidity and transverse momentum of the muon
ape) 1 Tdpe O pB= i, * and ofx!®s. Differential cross sections for the production of
T/ ph T (e TR b-jets were also measured.

_ _ ~ The results were compared to MC models and to a NLO
The two independent measurements are consistent and @CD prediction combined with fragmentation and B-hadron

agreement with the NLO QCD predictions. decay models. This prediction is in good agreement with the
data in all the differential distributions. TheyR41a MC
IX. CONCLUSIONS model is also able to give a reasonable description of the

differential cross sections. TheAScADE MC model also

Bottom production identified by semi-leptonic decay into gives a reasonable description of the data, except for the low-
muons has been measured in dijet events w@d  yiets region
© .

<1GeV. Differential cross sections for the reacti@p The large excess of the first measurement of bottom pho-
—e'bbX—e'jjuX' have been measured as a function oftoproduction over NLO QCD, reported by the H1 collabora-

012008-12



BOTTOM PHOTOPRODUCTION MEASURED USING . .. PHYSICAL REVIEW 0, 012008 (2004

TABLE IV. Differential cross section for jets associated with a  TABLE V. Differential cross section fob-jets as a function of
muon as a function of*7® and p4'®. For further details see the 7> and p-br"e‘. For further details see the caption to Fig. 6.
caption to Fig. 6.

: : 7°® range do/d 7P+ stat+ syst. Chad
7*® range do/d e+ stat+ syst. Chad (pb)
b
(pb) -1.6,-0.6 152+ 29" %1 0.68
-1.6,-0.6 8.6-1.7 13 0.73 -0.6, 0.4 356+41"39 0.78
-0.6,0.4 18.9+2.2"28 0.84 0.4, 1.4 275+45"33 0.96
0.4, 1.4 14.3+2.3"%3 0.97 14,25 229+44" 3% 1.06
14,25 14.4+2.7"23 1.00 : _
. . 42 pie range do/dpiet+ stat+ syst. Chad
p4T®t range do/dps®+ stat+ syst. Chad (GeV) (pb/GeV)
Ge b/Ge
(GeV) (pb/Gey 6, 11 137+14°22 0.85
6, 11 6.41+0.67" 192 0.88 11, 16 43.8+55' 7, 0.86
11, 16 2.98+0.37° 033 0.88 16, 30 5.7+1.2°39 0.89
16, 30 0.51+0.11°3%8 0.90
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& zEuebsrose 200 N i (inner parj and systematic uncertainties. The
; i - dashed line shows the NLO QCD prediction with

......... E the theoretical uncertainty shown as the shaded

NLO QCD ....... ] band.
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TABLE VI. Differential b-quark cross-sectiodo/dp$. The first columns show the differential-jet
cross-sectiolo/d p41* restricted td 7* <2, the corresponding hadronization correction and the average
b-quark transverse momentutm®), as obtained from thev?Hia MC. Theb-quark differential cross section
da/dp? for | n°| <2, evaluated atp®), is shown in the last column. For further details see the caption to Fig.

7.
p4 ¥ range do/dp47* stat+ syst. Chad (p%) do/dpb+ stat+ syst.
(GeVv) (I7*7¥<2) (pb/GeVy (Gev) (pb/GeV)
6, 11 6.22+0.63 )04 0.87 8.5 70+7.2"8
11, 16 2.74+0.36"04%; 0.88 13.6 14.4+1.9'31
16, 30 0.43+0.10°39¢ 0.88 21.25 1.37+0.32°93
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tion, the U.S.-Israel Binational Science Foundation and th&nergy Physics. Universidad Autonoma de Madrid was sup-
Benozyio Center for High Energy Physics. Tel. Aviv Univer- ported by the Spanish Ministry of Education and Science
sity was supported by the German-Israeli Foundation and thgyrough funds provided by CICYT. H. H. Wills Physics
Israel Science Foundation. Calabria University Physics De aporatory at University of Bristol, the Department of Phys-
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sita‘La Sapienza,’ Universita di Torino, and Universitel  £norqy Nuclear Physics Group at Imperial College London,
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