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Beauty production in the photoproduction regime (Q2 < 1GeV2) using events with
semileptonic beauty decays has been measured with the ZEUS detector. Three differ-
ent analyses measuring beauty production are presented here. The first analysis is a
preliminary result using 124 pb−1 data taken in 2005, while the second and third anal-
ysis are final results using 120 pb−1 data taken between 1996 and 2000. Differential
cross-sections are extracted, as well as the total beauty production cross-section. The
measurements are compared to each other and to previous results from the ZEUS and
H1 collaborations as a function of the transverse momentum of the beauty quark.

1 Introduction

Beauty production at HERA is an important tool to investigate our present understanding of
the theory of Quantum Chromo-Dynamics (QCD). On the one hand the large b mass, taken
as the hard scale, ensures that the cross-sections are always perturbatively calculable. On
the other hand, the simultaneous presence of competing hard scales, in the photoproduction
case mainly the transverse momentum (pt) of the heavy quark, induces additional theoretical
uncertainties due to terms in the perturbative expansion which depend logarithmically on
the ratio of these scales. Results on three different measurements in the photoproduction
regime using the ZEUS detector are presented here [1]. A detailed description of the ZEUS
detector can be found elsewhere [2].

2 Theoretical predictions

The measurements are compared to leading order (LO) plus parton shower (PS) Monte
Carlo predictions. In the case of the dijet analyses the PYTHIA Monte Carlo program was
used, while in the dimuon analysis a mixture of PYTHIA and RAPGAP was used in order
to take into account the DIS contribution in this analysis. For quantitative comparisons
QCD next-to-leading order (NLO) predictions in the massive approach [3] are used. The
photoproduction cross-section is calculated using the Weizsäcker-Williams approximation
(WWA) with an effective Q2

max cutoff of 1 GeV2. For the analysis using a dimuon double
tag the cutoff was raised to 25 GeV2 in order to include the DIS contribution to the cross-
section. In the case of the dijet analyses the factorisation and renormalisation scales are set
to µ = µ0 =

√

p2
t + m2

b , while the scales are set to µ = µ0/2, as there are hints that this
might be a better choice[4].

3 Measurement of beauty photoproduction at HERA II

A sample of photoproduction events with two jets and a muon in the final state was selected
from ep collisions collected during 2004 and 2005, corresponding to an integrated luminosity
of L = 124 pb−1. The jets were reconstructed using the KTCLUS algorithm in the longi-
tudinal invariant mode in the E-recombination scheme. At least two jets with |ηjet| < 2.5
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and p
jet1(2)
T > 7(6) GeV were required. At least one jet was required to contain a muon

candidate of pµ
T > 2.5 GeV in a pseudorapidity range of −1.6 < η < 2.3. Standard cuts and

requirements were applied to reject DIS events. After this selection 7424 muons were left.
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Figure 1: Differential cross-
section as a function of pµ

T

The heavy flavour content of the selected sample was de-
termined by means of the transverse momentum of the
muon with respect to the jet axis, prel

T , and the im-
pact parameter of the muon track calculated as the clos-
est distance of approach of the muon with respect to
the beamspot, δ. While the prel

T variable separates well
beauty from charm and light flavour, the impact parame-
ter separates the beauty and charm contribution from the
light flavour. To extract the fractions of b,c and lf in the
sample a binned χ2 fit of the two-dimensional distribution
of prel

T versus δ was performed by adjusting the relative
normalisation of the three MC samples to reproduce the
data. Using the fit result, a total visible cross-section was
obtained and compared to QCD NLO predictions:

σvis
bb̄

= 46.8 ± 4.0(stat.)+6.1
−7.2(syst.) pb , σvis

NLO = 41.5+13.9
−8.9 pb.

for the process ep → e′bb̄X → e′jjµX ′ in the kinematic range Q2 < 1 GeV, 0.2 < y <

0.8, p
jet1(2)
T > 7(6) GeV, |ηjet| < 2.5, pµ

T > 2.5 GeV and −1.6 < ηµ < 2.3. The cross-section
was found in agreement with the corresponding QCD NLO prediction. Differential cross-
sections were measured in the same kinematic range as a function of the muon transverse
momentum dσ/dpµ

T and the muon pseudorapidity, dσ/dηµ. The beauty fraction was deter-
mined independently for each cross-section bin. The results [5] are compared and found in
good agreement to a measurement of the ZEUS HERA-I data [6] and to QCD NLO predic-
tions computed with the FMNR program. The beauty cross-sections as a function of pµ

T is
shown in fig. 1. For the measurement with the HERA-I data, only the prel

T variable could be
used to discriminate between beauty and background. The relative fraction of charm and
light flavour were therefore fixed in this analysis.

4 Beauty photoproduction using decays into electrons at HERA

Similar to the analysis presented in the previous section this analysis [7] is based on a dijet
plus lepton selection, but in this case at least one b quark decays semileptonically into an
electron: ep → e′bb̄X → e′jjeslX

′. The identification of electrons close to a jet is more diffi-
cult than the identification of muons, but electrons can be identified down to lower momenta.

At least two jets with |ηjet| < 2.5 and E
jet1(2)
T > 7(6) GeV were required, reconstructed us-

ing the KTCLUS algorithm in the E-recombination scheme. At least one jet was required to
contain an electron candidate of pe

T > 0.9 GeV in a pseudorapidity range of |η| < 1.5. Stan-
dard cuts and requirements were applied to reject DIS events. Beauty was extracted using a
likelihood ratio test of five different input variables: dE/dx, the average energy loss per unit
length of the track in the central tracking device; EEMC/ECAL, the fraction of the calorime-
ter energy, ECAL, deposited in the the electro-magnetic part, EEMC ; ECAL/ptrack, the en-
ergy of the EFO taken from the calorimeter information divided by the track momentum;
prel

T , the transverse momentum of the electron with respect to the jet axis and ∆φ; the az-
imuthal angle between the electron candidate and the missing transverse momentum vector.
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Figure 2: Differential cross-
section as a function of pe

T

While the first three variables are for electron identifi-
cation, the last two discriminate between semileptonic
beauty and charm and background events. The test
function T is calculated for the electron hypothesis from
semileptonic beauty decays and the distribution of −2 lnT
used to determine the fractions of beauty and charm from
semileptonic electron decays and background in a three
parameter maximum likelihood fit of the different Monte
Carlo samples to the data in a range of −2 lnT < 10.
The total visible cross-section for beauty and charm in
the kinematic range of Q2 < 1 GeV2, 0.2 < y <

0.8, E
jet1(2)
T > 7(6) GeV, |ηjet| < 2.5, pe

T > 0.9 GeV
and |ηe < 1.5|is

σvis
b = 125 ± 11(stat.)+10

−11(syst.) pb , σvis
c = 278 ± 33(stat.)+48

−24(syst.) pb.

The cross-sections were found in agreement with the corresponding QCD NLO predictions:

σNLO
b = 88.5+22

−13 pb , σNLO
c = 380+170

−110 pb.

Differential cross-sections have been measured as a function of pe
T , ηe, xj

γet, Ejet1
T , ηjet1, Ee jet

T ,

and ηe jet for beauty and charm. All measured cross-sections agree within the uncertainties
with the QCD NLO predictions. The beauty cross-sections as a function of pe

T is shown in
fig. 2.

5 Measurement of total and differential cross-sections for beauty

production from dimuon events at HERA
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Figure 3: Differential cross-
section as a function of ∆φµµ,
(mµµ > 3.25GeV)

The third analysis [8] is based on a dimuon double tag.
No photoproduction selection is applied, the contribution
with DIS events is about 15%. The event selection is
mainly based on the requirement of two good muon can-
didates with a transverse momentum of pµ

T > 1.5GeV and
of pµ

T > 0.75 GeV for high quality muons. The selected
events can be classified in four classes of like-sign and
unlike-sign combinations with a high (mµµ > 4 GeV) or
a low (mµµ < 4 GeV) dimuon mass. 2 muons originating
from the same beauty quark through the sequential decay
b → cµX → sµµX ′ lead to unlike-sign combinations with
a low dimuon mass, while muons from different b quarks
lead to like-sign and unlike-sign combinations with a high
dimuon mass. An important background source comes from primary charm-quark pair pro-
duction, where both quarks decay semileptonically into a muon. These can only lead to
unlike-sign contributions. Other background leading to unlike-sign combinations include
heavy quarkonium (VM) and Bethe-Heitler (BH) processes. These contributions can be
very well estimated, as they are not directly accompanied by hadronic activity. Background
from false muons i.e. from decays in flight or misidentified hadrons are almost charge uncor-
related, thus should give equal contributions to the like-sign and unlike-sign combinations.
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The number of beauty events Nbb̄→µµ can therefore be measured from the difference of like-
sign and unlike-sign combinations . Using this method to determine the beauty content, the
total ep cross-section for bb̄ production has been measured and found in agreement with the
QCD NLO prediction within errors:

σtot = 13.9 ± 1.5(stat.)+4.0
−4.3(syst.) nb, σNLO = 7.8+4.9

−2.3 nb.

Differential cross-sections have been measured as a function of the muon variables and the
azimuthal angle ∆φµµ between the two muons, measuring correlations between the two
beauty quarks, see fig. 3. All differential cross-sections are in agreement with the theoretical
predictions.

6 Conclusions
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Figure 4: Differential cross-section as a func-
tion of pb

T .

Three measurements of beauty production
in the photoproduction regime using differ-
ent methods to determine the beauty con-
tent of the data and different kinematic
ranges have been presented. The total vis-
ible cross-sections have been measured as
well as the differential cross-sections as a
function of the muon and jet variables. The
last analysis could even extract the total
cross-section for beauty production in ep
collisions and measure bb̄ correlations.All
measured cross-sections are found to be in
agreement with the QCD NLO predictions
For each analysis the cross-section was de-

termined as a function of the transverse momentum of the beauty quark and compared to
previous measurements as well as to QCD NLO predictions, see fig. 4. While older mea-
surements tend to be higher than the predictions, the measurements presented here are all
in agreement with the predictions.
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