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Measurement of beauty production in DIS and FZI’3 extraction
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Abstract Beauty production in deep inelastic scattering
with events in which a muon and a jet are observed in the
final state has been measured with the ZEUS detector at
HERA using an integrated luminosity of 114 pb~!. The
fraction of events with beauty quarks in the data was de-
termined using the distribution of the transverse momentum
of the muon relative to the jet. The cross section for beauty
production was measured in the kinematic range of photon
virtuality, Q% > 2 GeV?, and inelasticity, 0.05 < y < 0.7,
with the requirement of a muon and a jet. Total and differ-
ential cross sections are presented and compared to QCD
predictions. The beauty contribution to the structure func-
tion F, was extracted and is compared to theoretical predic-
tions.

1 Introduction

The production of beauty quarks in ep collisions at HERA
provides a stringent test of perturbative Quantum Chro-
modynamics (QCD), since the large b-quark mass
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(mp =~ 5 GeV) provides a hard scale that should ensure reli-
able predictions in all regions of phase space, including the
kinematic threshold. Especially in this region, with b-quark
transverse momenta comparable to or less than the b-quark
mass, next-to-leading-order (NLO) QCD calculations based
on the mechanism of dynamical generation of the (mas-
sive) b quarks [1-6] are expected to provide accurate pre-
dictions.

The cross section for beauty production has previously
been measured in ep collisions [7-20], as well as in pp col-
lisions at the S ppS [21-24] and Tevatron [25-39] colliders,
in yy interactions at LEP [40—-42], and in fixed-target 7 N
[43,44] and pN [45-47] experiments. Most results, includ-
ing recent results from the Tevatron, are in good agreement
with QCD predictions. Some of the LEP results [40], how-
ever, deviate from the predictions.

This paper reports on a ZEUS measurement of beauty
production in deep inelastic scattering (DIS) extending the
kinematic region of previous ZEUS measurements [16, 17].
The class of events investigated is

ep — ebbX — ejet uX’,

in which at least one jet and one muon are found in the
final state. A data set partially overlapping with that of
the first ZEUS measurement [16] was used. Looser cuts
on muons and jets were applied. For muon identifica-
tion, an extended combination of detector components was
used. This resulted in a better detection efficiency than ob-
tained in the previous analysis and allowed the threshold
of the muon transverse momentum to be lowered. This
is important for the extraction of the beauty contribution
to the proton structure function, Fé’b , for which an ex-
trapolation to the full phase space has to be performed.
Such an extraction was already performed by the ZEUS
collaboration [17] using an independent data set cover-
ing the kinematic range Q? > 20 GeV2. In the present
analysis, the kinematic range of the measurement was ex-
tended to Q2 > 2 GeV2. A comparison to the results ob-
tained by the H1 collaboration [18-20], using an inclusive
impact parameter technique, is also presented in this pa-
per.

Due to the large b-quark mass, muons from semi-leptonic
b decays usually have high values of prTel, the transverse mo-
mentum of the muon relative to the axis of the jet with which
they are associated. For muons from charm decays, from K
and 7 decays, and in events where a hadron is misidentified
as a muon, the prTel values are typically lower. Therefore,
the fraction of events from b decays in the data sample can
be extracted by fitting the prT‘t1 distribution of the data using
Monte Carlo (MC) predictions for the processes producing
beauty, charm and light quarks.

@ Springer

In this analysis, the visible cross section, o, and dif-
ferential cross sections as a function of Q2, the transverse
momentum of the muon, Pl;’ and its pseudorapidity,’ n*,

as well as the transverse momentum of the jet, pJTe’t, and
its pseudorapity, 7!, were measured. They are compared
to leading-order (LO) plus parton-shower (PS) MC predic-
tions and NLO QCD calculations. The beauty contribution
to the proton structure-function F; is extracted as a function
of 02 and the Bjorken scaling variable, x, and compared to
theoretical predictions.

2 Experimental set-up

The data sample used corresponds to an integrated luminos-
ity £=114.1 £ 2.3pb™!, collected by the ZEUS detector
in the years 1996-2000. During the 1996-1997 data tak-
ing, HERA provided collisions between an electron® beam
of E, =27.5GeV and a proton beam of E, = 820 GeV,
corresponding to a centre-of-mass energy /s = 300 GeV
(L300 = 38.0 £ 0.6 pb_l). In the years 1998-2000, the
proton-beam energy was E, =920 GeV, corresponding to
Vs =318GeV (L3153 =76.1+ 1.7 pb~1).

A detailed description of the ZEUS detector can be found
elsewhere [48]. A brief outline of the components that are
most relevant for this analysis is given below. Charged par-
ticles were tracked in the central tracking detector (CTD)
[49-51], which operated in a magnetic field of 1.43 T pro-
vided by a thin superconducting coil. The CTD consisted
of 72 cylindrical drift chamber layers, organised in 9 su-
perlayers covering the polar-angle region 15° <6 < 164°.
The transverse-momentum resolution for full-length tracks
iso(pr)/pr =0.0058 pr @ 0.0065 & 0.0014/pr, with pr
in GeV.

The high-resolution uranium-—scintillator calorimeter
(CAL) [52-55] consisted of three parts: the forward (FCAL),
the barrel (BCAL) and the rear (RCAL) calorimeters. Each
part was subdivided transversely into towers and longi-
tudinally into one electromagnetic section and either one
(in RCAL) or two (in BCAL and FCAL) hadronic sec-
tions. The CAL energy resolutions, as measured under test-
beam conditions, are o (E)/E = 0.18/+/E for electrons and
o (E)/E = 0.35/+/E for hadrons, with E in GeV.

The muon system consisted of barrel, rear (B/RMUON)
[56] and forward (FMUON) [48] tracking detectors. The

I'The pseudorapidity is defined as = — In(tan %), where the polar an-
gle, 6, is measured with respect to the Z axis. The ZEUS coordinate
system is a right-handed Cartesian system, with the Z axis pointing in
the proton beam direction, referred to as the “forward direction”, and
the X axis pointing towards the centre of HERA. The coordinate origin
is at the nominal interaction point.

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



Eur. Phys. J. C (2010) 69: 347-360

351

B/RMUON consisted of limited-streamer (LS) tube cham-
bers placed behind the BCAL (RCAL), inside and outside
the magnetised iron yoke surrounding the CAL. The bar-
rel and rear muon chambers covered polar angles from 34°
to 135° and from 135° to 171°, respectively. The FMUON
consisted of six planes of LS tubes and four planes of drift
chambers covering the angular region from 5° to 32°. The
muon system exploited the magnetic field of the iron yoke
and, in the forward direction, of two iron toroids magnetised
to 1.6 T to provide an independent measurement of the muon
momentum.

Muons were also detected by the sampling Backing
Calorimeter (BAC) [57]. This detector consisted of 5200
proportional drift chambers which were typically 5 m long
and had a wire spacing of 1 cm. The chambers were inserted
into the magnetised iron yoke (barrel and two endcaps) cov-
ering the CAL. The BAC was equipped with analogue (for
energy measurement) and digital (for muon tracking) read-
outs. The digital information from the hit wires allowed
the reconstruction of muon trajectories in two dimensions
(XY in barrel, YZ in endcaps) with an accuracy of a few
mm.

The luminosity was measured from the rate of the
bremsstrahlung process ep — eyp. The resulting small-
angle photons were measured by the luminosity monitor
[58], a lead-scintillator calorimeter placed in the HERA tun-
nel at Z =—107 m.

3 Event selection and reconstruction
3.1 Trigger selection

Events containing either a scattered electron, a muon, two
jets, or charmed hadrons were selected online by means
of a three-level trigger system [48, 59] through a combi-
nation of four different trigger chains as explained else-
where [15]. The average trigger efficiency for events within
the chosen kinematic region with a jet and with a re-
constructed muon from b-quark decay was (93 £ 2)%.
For events with Q2 > 20 GeV?, the inclusive DIS triggers
yielded an efficiency of almost 100%. For the lowest Q2 val-
ues, 2 < Q2 <4 GeVz, the efficiency of the combined trig-
ger chains was 73%.

3.2 General event selection

Offline, the event vertex was required to be reconstructed
within |Z| < 50 cm around the interaction point. A well-
reconstructed scattered electron with an impact point on the
surface of the RCAL outside a region of £12 cm in X and
£6 cm in Y around the beampipe and

E, > 10GeV,

0% >2 GeV?

was required, where the estimator of Q2, Qg, was recon-
structed using the energy, E., and the angle of the scattered
electron.

In order to reject events from photoproduction,
0? < 1 GeV?, the following cuts were applied:

YIB > 0.05,
e < 0.7,
40 < E — pz <65GeV,

where yjg and y, are estimators for the inelasticity, y, of the
event. For small values of y, the Jacquet-Blondel estima-
tor yjp = (E — pz)/(2E,) [60] was used, where E — pz =
Y E - piZ and the sum runs over all energy-flow objects
(EFOs) [61]. EFOs combine the information from calorime-
try and tracking, corrected for energy loss in dead material
and for the presence of reconstructed muons.

The large mass of a bb pair, at least ~ 10 GeV, usually
leads to a significant amount of energy deposited in the cen-
tral parts of the detector. To reduce backgrounds from light-
flavour events and charm, a cut

E7 > 8 GeV
was applied, with
1 1
ET == E(T:*a - E(Y:"a |100 - E;W

where E%al is the transverse energy deposited in the CAL,
E%a1|10° is the transverse energy in a cone of 10° around
the forward beam pipe and Ef is the transverse energy of
the scattered electron. The b and b quarks also fragment and
decay into a large number of particles. Therefore events with
a low number of observed tracks, Ntracks, Were rejected by
requiring

N Tracks = 8.
3.3 Jet identification and selection

Hadronic final-state objects were reconstructed from EFOs,
which were clustered into jets using the k7 cluster algo-
rithm KTCLUS [62] in its massive mode with the Er re-
combination scheme. The identified scattered electron was
removed [63] before the clustering procedure, while recon-
structed muons were included. Events were selected if they
contained at least one jet with transverse energy, EJTet, of

Ejet_ jetEjet 5GeV
T —pTW> eV,
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where E¥¢t, piet and pJTet are the jet energy, momentum
and transverse momentum, and within the jet pseudorapidity

(1Y) acceptance,

—2.0 < < 2.5.
3.4 Muon identification and selection

Muons were selected offline if they satisfied at least one of
the following criteria:

e a muon track was found in the inner B RMUON cham-
bers. A match in position and angle to a CTD track was
required. In the bottom region, where no inner chambers
are present, the outer chambers were used instead. For
muons with hits in both inner and outer chambers, mo-
mentum consistency was required;

e amuon track was found in the FMUON chambers. Within
the CTD acceptance, a match in position and angle to a
CTD track was required and the momentum was obtained
from a combined fit to the CTD and FMUON informa-
tion. Outside the CTD acceptance, candidates well mea-
sured in FMUON only and fitted to the primary vertex
were accepted;

e a muon track or localised energy deposit was found in
the BAC, and matched to a CTD track, from which the
muon momentum was obtained. In the forward region of
the detector, an energy deposit in the calorimeter consis-
tent with the passing of a minimum-ionising particle was
required in addition in order to reduce background related
to the proton beam or to the punch through of high-energy
hadrons.

Most muons were within the geometric acceptance of more
than one of these algorithms. The overall efficiency was
about 80% for muons with momenta above 2-5 GeV, de-
pending on the muon pseudorapidity, n*.

In the barrel region, the requirement that the muons reach
at least the inner muon chambers implies a muon transverse
momentum, p#, of about 1.5 GeV or more. In order to have
approximately uniform pseudorapidity acceptance, a cut

p’; > 1.5 GeV

was therefore applied to all muons. The coverage of the
tracking and muon systems resulted in an implicit upper cut-
off n* < 2.5. The expected signal muon distribution sug-
gested the explicit cut

" > —1.6.

A muon was associated with a jet if it was located within
a cone of AR = /A¢? + An? < 0.7 around the jet axis,
where A¢ and An are the distances between the muon and
the jet in azimuth angle and pseudorapidity, respectively. At
least one muon associated with a jet was required.

@ Springer

After all selection cuts, the final data sample contained
19698 events. In each event, only the muon candidate with
the highest p’; was considered.

4 Monte Carlo simulation

To evaluate the detector acceptance and to provide the sig-
nal and background distributions, MC samples of beauty,
charm, and light flavours (LF) were generated, correspond-
ing to 17, three, and about one times the integrated luminos-
ity of the data, respectively. The beauty and charm samples
were generated using the RAPGAP 3 MC program [64] in the
massive mode (m,. = 1.5 GeV, mp = 4.75 GeV), interfaced
to HERACLES 4.6.1 [65] in order to incorporate first-order
electroweak corrections. In RAPGAP, LO matrix elements
are combined with higher-order QCD radiation simulated in
the leading-logarithmic approximation. The hadronisation is
simulated using the Lund string model as implemented in
JETSET [66]. The lepton energy spectrum from charm de-
cays was reweighted to agree with CLEO data [67]. The lep-
ton spectrum from beauty decays was found to be in good
agreement [63] with that determined from e™e™ data. An in-
clusive MC sample containing all flavours was generated in
the massless mode using ARIADNE [68]. The subset con-
taining only LF events was used for the background simula-
tion, while the full sample was used for systematic studies.

The generated events were passed through a full simu-
lation of the ZEUS detector based on GEANT 3.13 [69].
They were subjected to the same trigger requirements and
processed by the same reconstruction programs as the data.

Imperfections of the simulation of the muon range in
dense materials as well as of the efficiency of the muon de-
tectors were corrected using an independent data set of iso-
lated muons from J /¢ and Bethe-Heitler events [70]. Tab-
ulated as a function of p? and n*, these corrections were
applied to MC events on an event-by-event basis.

Figure 1 shows the comparison of the MC simulation to
the data for a selection of variables of the measured muon
and the associated jet. The MC agrees reasonably well with
the measured distributions. This demonstrates that the MC
can be reliably used to calculate the detector-acceptance cor-
rections.

5 NLO calculations

Next-to-leading-order QCD predictions for the visible cross
sections were obtained in the fixed-flavour-number scheme
(FFNS) using HvQDIS [6]. The b-quark mass was set to
mp = 4.75 GeV and the renormalisation, wg, and factori-

sation, wr, scalesto ug = ur = %‘/Q2 + p% +ml2), where

pr is the average transverse momentum of the two b quarks
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Fig. 1 Data (dots) compared to
MC predictions (histograms)
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in the Breit frame. The parton density functions (PDF) were
obtained by repeating the ZEUS-S [71] PDF fit in the FFNS
with the quark masses set to the same values as in the
HvQDIS calculation.

A model of b fragmentation into weakly decaying
hadrons and of the decay of b hadrons into muons was used
to calculate muon observables from the partonic results. The
hadron momentum was obtained by scaling the quark mo-
mentum according to the fragmentation function of Peter-
son et al. [72] with the parameter ¢ = 0.0035. The semi-
leptonic decay spectrum for beauty hadrons was taken from
JETSET [66]. Direct (b — ) and indirect (b — c¢(¢) = 1
and b - 7 — ) b-hadron decays to muons were con-
sidered together according to their probabilities. The sum
of the branching ratios of direct and indirect decays of b
hadrons into muons was fixed to 0.22, as implemented in
JETSET.?

The NLO QCD predictions were multiplied by hadro-
nisation corrections to obtain jet variables comparable to
the ones used in the cross section measurement. These cor-

3The small deviation from the latest PDG values [73] is negligible
compared to the quoted uncertainties.

050 05195 2 2

T]jet

1.5 -1

EX (Gev)

rections are defined as the ratio of the cross sections ob-
tained by applying the jet finder to the four-momenta of all
hadrons and that from applying it to the four-momenta of all
partons. They were evaluated using the RAPGAP program;
they change the NLO QCD predictions by typically 5% or
less.

The uncertainty of the theoretical predictions was eval-
uated by independently varying g and pup by a factor of
2 and 1/2 and m;, between 4.5 and 5.0 GeV. Each of these
variations resulted in uncertainties of about 5-10% in the
kinematic range of this measurement.

The HvQDIS NLO predictions were also used for the ex-
trapolation of the measured visible cross sections to szb .
For this step, uncertainties on the hadronisation corrections,
the branching ratios and the shape variation due to the choice
of PDF were also included. B

Several other predictions are available for szb . The pre-
dictions by the CTEQ [74] and MSTW [75] groups use NLO
calculations based on the general-mass variable-flavour-
number scheme (VFNS) with different treatments of the
flavour-threshold region [76]. The MSTW prediction is also
available in a variant partially including NNLO terms [75].
The NLO prediction of GJR [77] is based on the FENS. The

@ Springer



354

Eur. Phys. J. C (2010) 69: 347-360

Table 1 PDF schemes and parameters of the calculations described in Sect. 5 and shown in Fig. 5

PDF Order Scheme u% M%e myp (GeV) o

MSTWO08 NLO o? VENS 0? 475 0.1202
MSTW08 NNLO appr. o’ VENS 0? 475 0.1171
CTEQ6.6 NLO a, a2 VENS 0? 0% +m? 45 0.1180
GJR08 NLO o? FFNS m? 42 0.1145
ABKM NNLO appr. o) FFNS Q% +4m? 4.5 0.1129
ZEUS-S+HVQDIS o? FFNS 10+ pt +m) 4.75 0.1180

prediction of ABKM [78, 79] is based on a partial NNLO
FFNS calculation which is almost complete in the thresh-
old region Q2 ~ m% Each of these calculations were done
using PDFs extracted within the respective scheme. The
scales, masses and o values used by each prediction are
summarised in Table 1.

6 Extraction of beauty signal

The beauty signal was extracted from the distribution of the
transverse momentum of the muon with respect to the mo-
mentum of the associated jet, prTel, defined as

rel __ |5’u X ﬁjet|
VI
where p* is the muon and pI° the jet momentum vector.
The fraction of beauty, f,;, and background, fukg, events
in the sample was obtained from a two-component fit to the
shape of the measured prTel distribution, d,,, with a beauty
and a background component:

b bk
dy = fopdl? + fokgdp * )

where the prTel

the RAPGAP MC: dﬁg = dgE’MC. The corresponding distri-

distribution of beauty, dﬁb , was taken from

bution for the background, dEkg, was obtained from the sum
of the LF, dl];F, and the charm, dff , distributions weighted
according to the charm and LF cross sections predicted by
RAPGAP and ARIADNE, respectively,

A€ =rd$ + (1 —r)dyF, 2)

where r is the predicted charm fraction. The distribution dlI;F
was obtained using a sample of measured CTD tracks not
identified as muons. These tracks, typically from a & or K
meson, were required to fulfill the same momentum and an-
gular cuts as the selected muons; they are called unidentified
tracks in the following. The prTel distribution for unidenti-
fied tracks, dy, is expected to be similar to dlI;F, under the

assumption that the probability for an unidentified track to
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be identified as a muon, P,_,,, does not depend strongly
on prTel. Monte Carlo predictions for dlI;F and d, were used

to correct d:

dLF,MC
LF _ w
df = de o 3)
X

The ratio dl';F’MC /aMC€ accounts for differences between dbp

and d, due to a residual prTel dependence of P,_,, and for

the charm and beauty contamination in the unidentified track
sample.

The data cannot be used to extract the distribution dff.
Two different options were therefore considered to describe
it: the distribution given by the RAPGAP MC, i.e. dff =
dff’MC, or the same distribution corrected using the uniden-
tified track sample, as in the case of the LF background:

o dy
dif = %Wd;C*MC. )
The average of these two distributions was taken as the nom-
inal dff. The small differences between them were treated as
a systematic uncertainty.

Figure 2 shows the measured distribution of the muon
prTel together with the results of the fit according to (1). The
fitted sum of the two components reproduces the data rea-
sonably well. The fraction of beauty in the total sample is

ZEUS

2 104 :_- LN e e e B e By -_:
§ F o ZEUS 114pb" ]
w - ~~"MC bb E
F MC cT+LF 1

10°F T MC bb+cT+LF
10 E .

: | PR 1 |---:. PN DR L:

0 0.5 1 1.5 2 3

Py (GeV)

Fig.2 Measured prTel -distribution and fit from MC. Details as in Fig. 1
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S5 = 0.16 £ 0.01 (stat.). For the determination of differ-
ential cross sections, the fraction of beauty events in the
data was extracted by a fit performed in each cross-section
bin.

The average cross sections obtained from the two differ-
ent running periods (/s = 300 and 318 GeV) are expressed
in terms of a single cross section at /s = 318 GeV. The cor-
rection factor of +-2% was obtained using the HvQDIS NLO
calculation.

7 Systematic uncertainties

The systematic uncertainties on the measured cross sections
were determined by varying the analysis procedure or by
changing the selection cuts within the resolution of the re-
spective variable and repeating the extraction of the cross
sections. The numbers given below give the uncertainty on
the total visible cross section, o;. The systematic uncertain-
ties on the differential distributions were determined bin-by-
bin, unless stated otherwise. The following systematic stud-
ies were carried out:

e muon detection: the differences between cross sections
derived from muons identified in the BAC and those
found in the muon chambers was used to estimate the ef-
fect of the uncertainty in the muon detection. The result-
ing value of £7% was used for all bins;

o fit of the beauty fraction: the uncertainty related to the
signal extraction was estimated by changing the charm
contribution to the background, r, by +20% and —20%
in (2). This leads to a systematic uncertainty of +4%;

e background prel shape uncertainty: the charm pr61 shape,
dl‘f, in (2) was varied between the prediction from RAP-
GAP and that obtained applying the correction from the

unidentified track sample in (4). In addition, the correc-
LF MC

dMC and

tion functions 1 — dMC in (3) and (4) were
varied by +50%, resultmg ina :|:9% cross-section uncer-
talnty,

e charm semi-leptonic decay spectrum: the reweighting to
the CLEO model was varied by +50%, resulting in an
uncertainty of £4%;

e cnergy scale: the effect of the uncertainty in the absolute
CAL energy scale of £2% for hadrons and of +1% for
electrons was J_rg%;

e cut on E‘}al: a change of the cut by +1 GeV leads to
changes in the cross section of f%%;

e cut on Ntpcks: @ change of the cut to > 7 or to > 9 leads
to an uncertainty of 4_'%%;

o trigger efficiency: the uncertainty on the trigger efficiency
for events with 02 < 20 GeV? was +2%.

All systematic uncertainties were added in quadrature. In
addition, a 2% overall normalisation uncertainty associated

ZEUS
< 10E
2 Ei ® ZEUS 114 pb'
O . $ ... e MC RAPGAP x 2.1
Q NLO (HVQDIS)
e 1=
@ E
E L
8101
we b i ...............
:\\\\\H‘ \\\\\\\‘ | I
10 10° I
Q“(GeV?)

Fig. 3 Differential beauty cross section as a function of the photon vir-
tuality, 2, for events with at least one jet and one muon, compared to
the RAPGAP LO+PS MC normalised to the data, and compared to the
HvQDpIs NLO QCD calculations. The errors on the data points corre-
spond to the statistical uncertainty (inner error bars) and to the statisti-
cal and systematic uncertainty added in quadrature (outer error bars).
The shaded bands show the uncertainty of the theoretical prediction
originating from the variation of the renormalisation and factorisation
scales and the b-quark mass

with the luminosity measurement was added in quadrature
to the uncertainty of the total cross section. This uncertainty
was not included for the differential cross sections.

8 Cross section

A total visible cross section of
0,5 =70.4 £5.6 (stat.) £]1% (syst.) pb

was measured for the reaction ep — ebbX — ejetp X’
in the kinematic region defined by: _Q2 > 2GeV?,
0.05 < y < 0.7, and at least one jet with EJTet > 5 GeV and
—2 < 9 < 2.5 including a muon of p4 > 1.5 GeV and
n* > —1.6 inside a cone of AR < 0.7 to the jet axis. Jets
were obtained using the k7 cluster algorithm KTCLUS [62]
at the hadron level in its massive mode with the E7 recom-
bination scheme. Weakly decaying B-hadrons were treated
as stable particles and were decayed (e.g. to a muon) only
after application of the jet algorithm.

This result is to be compared to the HvQDIS NLO pre-
diction of

NLO
oNO =46.4 3% pb,

where the uncertainty is calculated as described in Sect. 5.
Figure 3 and Table 2 show the differential cross section®
as a function of Q2 compared to the HvQDIS NLO calcu-

4Cross section integrated over the bin, divided by the bin width.
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Table 2 Measured cross sections in bins of Q2, p;, nt, pjTet and 7t sections have an additional global uncertainty of 2% from the luminos-
for beauty production with a muon and a jet as defined in Sect. 8. The ity uncertainty. The NLO cross sections and their uncertainties were
statistical and systematic uncertainties are shown separately. The cross calculated with HVQDIS
02 bin do/dQ? Sstat Bsyst doN0/d 0?
(GeV?) (pb/GeV?) (pb/GeV?)
24 7.4 +1.6 2 34707
4-10 3.38 +0.51 .3 1.561021
10-25 1.10 +0.14 o 0.61709%
25-100 0.255 +0.033 Ry 0.16310:018
100-1000 0.0060 40.0020 oo 0.009270:9008
P; d”/dl# Sstat Ssyst d”NLO/dI#
(GeV) (pb/GeV) (pb/GeV)
1.5-2.5 32.7 +4.4 o3 18.47%8
2.5-4.0 15.4 +2.2 Y 11.97]3
4.0-6.0 5.02 +0.90 Toes 3.66103
6.0-10.0 0.91 +0.29 o 0.59790
nt do /dn* Sstat Ssyst do N0 /dpit
(pb) (pb)
—1.6--05 8.7 +2.7 3 54108
—0.5-0.2 16.2 +4.6 M 16753
0.2-0.9 27.9 +3.6 by 19.073%
0.9-2.5 17.1 +1.9 e 9.4%17
s do /dp! Sstat Byst doNLO /g plet
(GeV) (pb/GeV) (pb/GeV)
4-10 6.96 +0.75 e 4.547058
10-15 2.69 40.39 o2 2371039
15-30 0.64 +0.14 e 0.4370:02
et do /dni* Stat Seyst do™NLO fdniet
(pb) (pb)
-1.6--0.5 14.4 +3.1 29 6.2102
—0.5-0.2 14.8 +3.8 ey 16.4739
0.2-0.9 24.0 +3.8 i 18.24,7
0.9-2.5 17.1 +2.2 23 9.4%13

lation, and the RAPGAP MC prediction scaled to the data. 9 Extraction of FZI’E
Differential cross sections as functions of pf., n*, p]T‘:t and ) )
it are given in Fig. 4. In shape, both the MC and the NLO The beauty contribution to the proton structure-function

QCD calculation reasonably describe the data. The differ- 2, F2P, can be defined in termZS of the inclusive double-
ence in normalisation is correlated to and consistent with the  differential bb cross section in 0~ and x as

difference observed for the total cross section. The largest d2obb ) . 5
fraction of the observed difference of about 2 standard devi- WQZ = E ([1 + 1=y ]F 2 (X . 0 )
ations can be attributed to the low x and Q2, and therefore _

low pr, region. — yzFfb (x, Qz)).
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Fig. 4 Differential beauty cross ZEUS
section as a function of (a) p‘TL,
(b) 0, (¢) " and (d) P s F 2 F
compared to the HvQDIS NLO 8 "‘E ® ZEUS 114 pb'! (a) :?" 40 (b>
QCD calculations and to the re) 1 & "" H ===+ MC RAPGAP x 2.1 =y E
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The contribution from Fy is small for the measured Q% and
x ranges and was neglected. The reduced cross section for
events containing b quarks, Gbb (x, Q2) ~ FbP , 18 defined
as

_ 2 _bb 4
bb(x’ QZ) deo xQ

T dx dQ?2ma?(1+ (1 —y)2)’

o

In this paper, the bb cross section is obtained by measur-
ing the process ep — ebbX — ejeti X'. The extrapola-
tion from the measured range to the full kinematic phase
space is performed using HvQDIS to calculate &1{’11]10 (x, 0?).
The reduced cross section is then determined using the ratio

dZO.bF—nA. dzglzggu
of the measured, I dor to calculated, Ted0T double-

differential cross sections:

% (x;, Q%) = 688 o (i, 0

)dde2 dxdQ? )

2, bb- 2, bb—p
dec?"—H / doy o
The measurement was performed in bins of Q? and x, see
Table 3. The Q2 and x values for which szb was extracted,
see Table 4, were chosen close to the centre-of-gravity of
each 02 and x bin.

Predictions for szb were obtained in the FFNS using
HvQDIs. In this calculation, the same parton densities,
beauty mass and factorisation and renormalisation scales
were used as for the NLO predictions for the differential
and double-differential cross sections discussed above. The
uncertainty of the extrapolation was estimated by varying
the settings of the calculation (see Sect. 8) for 513}]10()61‘, Ql.z)
and dzoﬁig” /dx d Q* and adding the resulting uncertain-
ties in quadrature. The extrapolation uncertainties are listed
in Table 4. _

The result of the thb extraction is shown in Fig. 5, to-
gether with values from a previous ZEUS measurement [17]
focusing on the higher Q2 region, and HI measurements
[18-20] using a completely different measurement tech-
nique. The HvQDIS + ZEUS-S NLO prediction and other
predictions with different parameters (see Sect. 5) are also
shown.

The data are all compatible within uncertainties; at low
x, the new measurements, in agreement with the previous
ZEUS measurement, have a tendency to lie slightly above
the H1 data. The largest difference is about 2 standard devia-
tions. The new measurement extends the kinematic coverage
down to Q% =3 GeV? and x = 0.00013. The predictions
from different theoretical approaches agree fairly well with
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Table 3 Measured cross sections for different Q2, x bins for beauty
production with a muon and a jet as defined in Sect. 9. For each bin,
the Q2 and log; x borders are shown. The centre-of-gravity, calculated
to NLO using HVQDIS, is given for illustration only. The term ﬁ"mx

can also be read as % do. The statistical and systematic uncertain-
xlog 10 dx

ties are shown separately. The cross sections have an additional global

uncertainty of 2% from the luminosity uncertainty. The NLO cross sec-

tions and their uncertainties were calculated with HvQDIS

Q< bin log;( x bin centre-of-gravity Tlogrgx d0” Sstat Bsyst Tlog,x d0°
(GeV?) 02, logox (pb/GeV?) (pb/GeV?)
2-4 —4.60-—3.50 2.86, —3.98 6.3 +1.5 14 24404
4-20 —4.40--3.75 6.12, —3.91 0.83 +0.17 514 0.26:£003
4-20 —3.75--345 8.58, —3.65 2.37 +0.42 937 0.83£013
4-20 —3.45--2.50 12.45, —3.12 0.80 +0.15 +512 0.48£006
20-45 —3.60-—3.00 28.78, —3.19 0.587 +0.086 3987 0.178£0029
20-45 —3.00- —1.00 32.50, —2.68 0.100 +0.034 5027 0.079£9911
45-100 —3.30-—2.60 64.36, —2.82 0.150 +0.033 5020 0.067£0038
45-100 —2.60-—1.00 71.74, —2.29 0.045 +0.014 5018 0.035£00%3
100-250 —3.00-—2.30 145.69, —2.49 0.0206 £0.0089 00091 0.0174£39018
100-250 —2.30-—1.00 168.03, —1.99 0.0054 £0.0056 00052 0.0135+£39012
250-3000 —2.50-—1.00 544.53, —1.73 0.00065 £0.00027 090013 0.0007 1099004

Table 4 Extracted values of szh . The statistical and systematic un-
certainties are shown separately. The uncertainty of the extrapolation
to the full muon and jet phase space of the reaction ep — ebbX —

ejet/e X' is also shown. The cross sections have an additional global
uncertainty of 2% from the luminosity uncertainty

0% (GeV?) x F B Bsys Sextrapol
3 0.00013 0.0026 +0.0006 00012 +0-000¢

5 0.00013 0.0057 +0.0012 +0:0029 +0:9003
12 0.0002 0.0138 +0.0024 00048 +0-0022
12 0.0005 0.0059 £0.0011 00022 00013
25 0.0005 0.0279 +0.0041 0001 0000
40 0.002 0.0101 +0.0034 30053 +0-9008
60 0.002 0.0268 +0.0058 0009 00088
80 0.005 0.0129 +0.0039 +0-0063 +0-0008
130 0.002 0.0257 +0.0111 +30172 +0-9029
130 0.005 0.0061 +0.0063 00053 +0:9003
450 0.013 0.0155 +0.0066 00008 50013

each other. The HvQDIS predictions are somewhat lower
than the ZEUS data at low Q2 and x, where the influence
of the beauty-quark mass is highest, while at higher Q2 the
data are well described by all predictions.

10 Conclusions

The production of beauty quarks in the deep inelastic scat-
tering process ep — ebbX — ejetu X’ has been studied

@ Springer

with the ZEUS detector at HERA. Differential cross sections
as a function of Q2, p# , M, pJ;t and 7’¢' were measured. In
all distributions, the data are reasonably described in shape
by the Monte Carlo and by the HvQDI1S NLO QCD calcu-
lation. However, at low Q2 and transverse momenta, where
the mass effect is largest, HVQDIS tends to under_estimate
the measured values. The extracted values of Fé’b extend
the kinematic range towards lower Q2 and x with respect
to previous measurements. They are reasonably described
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Fig. 5 sz b as a function of Q2. The errors on the data points (filled cir-
cles) correspond to the statistical uncertainty (inner error bars) and to
the statistical and systematical uncertainty added in quadrature (outer
error bars). The horizontal lines indicate the zero-line for each series
of measurements. Results from previous measurements (open symbols)
and from different QCD predictions (/ines and band) are also shown.
See Sect. 5 and Table 1 for details

by different QCD predictions, whose spread is smaller than
the current experimental uncertainty.
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