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Abstract

Differential measurements of beauty photoproduction cross sections in ep collisions
performed with the H1 detector at HERA are presented. The data were collected at an ep
centre-of-mass energy of 319 GeV in the years 1999-2000 and correspond to an integrated
luminosity of 48 pb−1. Events are selected by requiring at least two high-transverse mo-

mentum jets, p
jet1(2)
t > 7(6) GeV, jet pseudorapidities |ηjet| < 2.5, and a muon in the

final state. Both the lifetime signature and the large mass of b flavoured hadrons are ex-
ploited to determine the fraction of events in the sample containing beauty. Cross sections
are measured in the region Q2 < 1 GeV2 with inelasticity 0.2 < y < 0.8 for muons with
−0.55 < ηµ < 1.1 and pµ

t > 2.5 GeV. The visible dijet-muon production cross section
is measured to be σvis(ep → ebb̄X → ejjµX) = (42.5 ± 3.4(stat.) ± 8.9(sys.))pb.
Differential measurements are presented as a function of the transverse momentum of the
muon, the pseudorapidity of the muon and the quantity xobs

γ . The results are compared with
Monte Carlo models based on leading order QCD and with next-to-leading order QCD cal-
culations.



1 Introduction

This paper presents measurements of open beauty production in ep collisions in the photopro-
duction regime, where a quasi-real photon (Q2 ∼ 0) is emitted by the incoming lepton and
interacts with the proton. The large mass of the b quark provides a hard scale, which makes
the study of b quark production in photoproduction an excellent testing ground for perturbative
QCD (pQCD).

In pQCD, at leading order (LO), two processes can be distinguished which contribute to the
photoproduction of heavy quarks. In direct photon processes the quasi-real photon from the
positron enters directly in the hard process, e.g. γg → bb̄, while in resolved photon processes
the photon fluctuates into a hadronic state before the hard interaction and acts as a source of
partons, one of which takes part in the hard interaction. Previous measurements, both in photo-
production [1–4] and in deep inelastic scattering, have shown that the beauty production cross
section lies significantly above the next-to-leading order QCD (NLO) expectations. Similar
observations have been made in hadron-hadron collisions [5], and also in two-photon interac-
tions [6].

This paper presents a new photoproduction measurement using a data sample three times
larger than in the previous analysis [1]. Events with two jets and a muon in the final state are
used to measure the beauty photoproduction cross section

e+p → e+bb̄X → e+ + jj + µ± + X.

The cross section is measured differentially as a function of the muon transverse momentum,
pµ

T , muon pseudorapidity, ηµ, and xobs
γ , where xobs

γ is defined as the fraction of the (E − pz) of
the hadronic system that is carried by the two highest pT jets:

xobs
γ =

(E − pz)jet1 + (E − pz)jet2

(E − pz)h

.

In LO QCD, xobs
γ is the fraction of the photon energy that enters the hard interaction.

For the measurement presented here both the lifetime signature and the large mass of b
flavoured hadrons are used to determine the fraction of beauty quark events in the sample.
Experimentally, the beauty quark mass and lifetime are reflected in a broad prel

T distribution,
the transverse muon momentum with respect to the jet direction and a large impact parameter
δ of the muon track relative to the primary vertex. The measurement of the impact parameter
is facilitated by the high precision tracking made possible with the H1 central silicon tracker
(CST). The fraction of b quark events in the final sample is determined by a fit to the two-
dimensional distribution of the prel

T and δ observables in the data with adjustable fractions of
beauty, charm and light-quark components, the shapes of which are taken from Monte Carlo
(MC) simulations.

This paper is organised as follows: In sections 2 and 3 the detector components used for this
analysis and the event selection are described. The Monte Carlo simulations and data sets used
to model the signal and background components of the data are described in section 4. In section
5 the calculations in perturbative QCD performed at next-to-leading order are explained. The
key observables prel

T and δ are introduced in section 6 and the fit procedure used to determine
the relative fractions of signal and background components is explained. The measured cross
sections are presented in section 7 and compared with predictions from Monte Carlo simulations
and pQCD.
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2 Detector Description

The H1 detector is described in detail in [7]. Charged particles emerging from the interaction
region are measured by the central tracking detector (CTD) in the pseudorapidity range −1.74 <
η < 1.741. The CTD comprises two large cylindrical central jet drift chambers (CJC) and two
z-chambers arranged concentrically around the beam-line within a solenoidal magnetic field of
1.15 T. The CTD also provides triggering information based on track segments in the r-φ plane
from the CJC and the z-position of the vertex from a double layer of multi-wire proportional
chambers.

The CJC tracks are linked with hits in the Central Silicon Tracking Detector (CST) [8],
which consists of two cylindrical layers of silicon strip detectors, surrounding the beam pipe
at radii of R = 57.5 mm and R = 97 mm from the beam axis. These double-sided silicon
detectors with readout strip pitches of 50 µm and 88 µm provide resolutions of 12 µm in r-φ
and 25 µm in z. Average hit efficiencies reach values of 97 (92)% in r-φ (z). For tracks with
CST hits in both layers the transverse distance of closest approach (dca) of the track to the
interaction point can be measured with a resolution of σdca ≈ 33 µm ⊕ 90 µm/pT [GeV]. The
first term represents the intrinsic resolution and includes the uncertainty of the CST alignment.
The second term gives the contribution from multiple scattering in the beam pipe.

The energies of final state particles are measured using CTD+CST track information and
measurements of the energy deposited in the liquid argon (LAr) calorimeter, which surrounds
the tracking chambers and covers the range −1.5 < η < 3.4. The backward region (−4.0 < η <
−1.4) is covered by a lead–scintillating fibre calorimeter (SPACAL [9]) with electromagnetic
and hadronic sections. The calorimeters are surrounded by the iron return yoke of the solenoidal
magnet. The tracks of muons which penetrate the main detector are reconstructed using limited
streamer tubes placed within the iron in the range −2.5 < η < 3.4. The luminosity is measured
using the small angle Bremsstrahlung process (ep → epγ) in which the final state photon is
detected in a calorimeter close to the beam-pipe at 103 m from the interaction region.

3 Event Selection

The data were recorded in 1999 and 2000 and correspond to an integrated luminosity of 48 pb−1.
The events were triggered by requiring the coincidence of signals from the muon system, the
central drift chambers and the multi-wire proportional chambers. Photoproduction events are
selected by requiring that there be no high energy electromagnetic cluster in the backward
calorimeter. The accepted range of negative four-momentum transfer squared is restricted to
Q2 < 1 GeV2. An inelasticity cut 0.2 < y < 0.8, where y is calculated using the Jacquet-
Blondel method [10], further reduces remaining background from deep inelastic scattering. Jets
are reconstructed using the inclusive kt algorithm [11] with radius R = 1 in the η-φ plane. The
ET -recombination scheme is applied giving massless jets. The selection requires at least two
jets with transverse energy p

jet1(2)
t > 7(6) GeV, of which at least one contains a muon candidate.

1The pseudorapidity η of an object with polar angle θ is given by η = − ln tan(θ/2), where θ is measured
with respect to the z-axis given by the proton beam direction.
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Muons are identified in the barrel part of the instrumented iron, corresponding to polar angles
35◦ < θ(µ) < 130◦, and are required to have transverse momenta pµ

t > 2.5 GeV. At least two
CST-r-φ-hits must be associated with the muon candidate track, measured in the central drift
chambers. The combined CJC-CST r-φ-track fit probability must exceed 10%. The final event
sample consists of 1452 events.

4 Monte Carlo Simulations and Control Data Samples

Monte Carlo event samples for the processes ep → ebb̄X , ep → ecc̄X and light quark pro-
duction are generated using the PYTHIA program [12] which is based on leading order QCD
and parton showers. PYTHIA simulates direct and resolved photon processes and also includes
excitation processes, in which one heavy quark (c or b) originates from the resolved photon or
the proton. PYTHIA is run in an inclusive mode and generates all the above processes using
massless matrix elements. The CTEQ5L [13] parton densities are used for the proton and those
of GRVG-LO [14] for the photon. The light quark sample is used to simulate the background
from fake muons, i.e. hadrons misidentified as muons, and decays of light mesons into muons.
The program CASCADE [15], a Monte Carlo generator which implements the CCFM parton
evolution equation [16] is used for cross checks and for comparisons with the measured cross
sections.

Dijet event samples which fulfill the same selection criteria as the signal sample, but without
the muon trigger and muon-identification requirements, are used to study the tracking and jet
reconstruction resolutions. The resolutions of the Monte Carlo simulations are tuned so that the
PYTHIA light quark event sample accurately describes these data samples.

5 Predictions Based on QCD NLO Calculations

The program for fixed order massive NLO calculations by Frixione et al. [17] was modified to
facilitate the comparison of the calculation with the visible cross sections in the experimentally
accessible kinematic range. The outgoing partons (b quark, b̄ quark and the gluon) are combined
into jets using the inclusive kt jet-algorithm (in the Et-scheme). The b quark is then fragmented
to a B Hadron using the Peterson fragmentation function [18] with a fragmentation parameter
ε = 0.0033 which subsequently decays into a muon. The muon decay spectrum takes both
direct and cascade decays via charm into account.

The calculation is performed for a b quark mass of 4.75 GeV with factorisation and renor-
malisation scales defined as µR = µF =

√

m2
b + (pb

t)
2. Systematic errors are estimated by

varying the b quark mass up and down by 0.25 GeV and µR and µF up and down by factors
of two. These variations are performed simultaneously and lead to cross section changes of
∼ 25%. For the structure functions the DIS-scheme parametrisations CTEQ5D [13] for the pro-
ton and GRV-G HO [14] for the photon are taken. The cross section variation when using other
proton structure functions such as MRSG or MRST1 [19] is less than 8% in all regions of the
measurement. The uncertainty due to variations of the fragmentation parameter ε by 25% is
below 3%.
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The obtained parton level cross sections are corrected to the hadron level using the PYTHIA
Monte Carlo generator. The corrections are smaller than 20% in all bins of the measurement
except for the region 0.5 <xobs

γ < 0.75 where the correction is ∼ 40%. If the Monte Carlo
generator CASCADE is used the calculated cross sections at hadron level are generally 15% −
20% smaller than those obtained from PYTHIA.

6 Determination of Signal and Background Components

For each muon candidate, the impact parameter δ is calculated in the plane transverse to the
beam axis. Its magnitude is given by the distance of closest approach of the track to the primary
event vertex. Its sign is positive if the intercept of the track with the jet axis is downstream of the
primary vertex, and negative otherwise. Decays of long-lived particles are signalled by positive
impact parameters, whereas the finite track resolution yields a symmetric distribution centered
on zero. The transverse profile of the beam interaction region at HERA has a Gaussian width of
about 145 µm in the horizontal and of about 25 µm in the vertical direction. The average x and
y coordinates are determined by the information collected from many events recorded within
the same time intervals. For each event the knowledge of the ep collision point is significantly
improved by applying a primary vertex fit to selected tracks. The muon track candidate under
consideration is excluded from this fit. An average muon impact parameter resolution of 80
µm is achieved with comparable contributions from the muon track resolution and the primary
event vertex position uncertainty. The transverse momentum prel

T of the muon track is calculated
relative to the momentum of the associated jet after subtraction of the muon momentum.

The two observables δ and prel
T are complementary in the discrimination of the beauty com-

ponent in the data from the background sources. The fraction of beauty events in the data
is determined from a combined fit to the two-dimensional distribution of δ and prel

T . The fit
uses the shapes of the distributions of beauty, charm and light quark events from the PYTHIA
Monte Carlo simulation. The relative weights of all three components are adjusted such that
the likelihood is maximized. The overall normalisation of the summed contributions is ad-
justed to match the data. The fit yields a sample composition of fb = (30.7 ± 2.5) % (beauty),
fc = (60.6±4.5) % (charm) and fuds = (8.7±4.0) % (uds). Here the errors refer to the statisti-
cal uncertainties. The quality of the description of the data sample using the fractions obtained
with the two-dimensional fit is demonstrated using the one-dimensional δ and prel

T projections.

Figure 1 shows the measured impact parameter distribution in the data together with his-
tograms indicating the contributions from b production and from the c and uds backgrounds us-
ing the relative fractions obtained in the two-dimensional fit. The data are well described by the
sum of the estimated contributions. As a cross check a free fit to the δ distribution alone yields
a sample composition of fb = (28.0 ± 4.2)%, fc = (51.9 ± 9.6)% and fuds = (20.1 ± 8.1)%,
in good agreement with the above fit results.

In figure 2 the observed prel
t distribution is shown. The histogram represents the summed

contributions from b production and from the backgrounds, using the fractions determined
above. The data distribution is reasonably well described by the sum of the estimated con-
tributions. As a cross check a free fit is performed to the prel

T distribution alone. The shapes of
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the prel
T distributions for charm and light quark events are very similar and hence these two con-

tributions are combined using the prediction from the PYTHIA Monte Carlo simulation. The
fit yields a sample composition of fb = (28.8± 2.8)%, fc + fuds = (71.2± 3.2)%, also in good
agreement with the above fit results.

Figure 3 shows the distributions of the muon transverse momentum pµ
T , the pseudorapidity

ηµ, the transverse momentum p
jet1(2)
t for the highest and second-highest-pt jet and of the observ-

able xobs
γ obtained from data together with the expectation of the PYTHIA Monte Carlo simu-

lation using the fractions of beauty, charm and light quarks obtained from the two-dimensional
fit. The overall normalisation of the number of events in the Monte Carlo simulation is adjusted
to the data. The data are adequately described by the simulations.

7 Results

The cross section measurements reported here are obtained from the likelihood fit to the two-
dimensional distribution of prel

T and δ. The number of beauty events in the data, as estimated
from the fit, is translated into a cross section by dividing by the detector acceptance, the effi-
ciency and the integrated luminosity. The detector acceptances and efficiencies are determined
from the PYTHIA Monte Carlo simulation.

The dijet-muon beauty production cross section, σvis(ep → ebb̄X → ejjµX), is measured
in the visible range Q2 < 1 GeV2, 0.2 < y < 0.8, pµ

T > 2.5 GeV, −0.55 < ηµ < 1.1,

p
jet1(2)
t > 7(6) GeV and |ηjet| < 2.5. The cross section is defined for jets which include all final

state particles. The muon must be associated with one of the two jets. The visible cross section
is measured as

σvis(ep → ebb̄ → ejjµX) = (42.5 ± 3.4(stat.) ± 8.9(sys.))pb.

The dominant sources of the systematic uncertainty are the muon identification efficiency
and the modeling of the tracking and vertexing resolutions. Dependence on the physics model
is studied by using for the modeling of beauty and charm events alternatively the CASCADE
Monte Carlo simulation and by using either Peterson [18] or Lund [20] fragmentation.

In comparison the prediction from the NLO QCD calculation including fragmentation and
hadronisation corrections as described in section 5 is (24.1+7.2

−5.1)pb. Taking the errors of both
measurement and theory into account the calculation is below the measurement by 1.5 σ.

The differential cross sections are measured as functions of the pseudorapidity ηµ (figures 4
and 5), the transverse momentum of the muon pµ

T (figures 6 and 7) and of xobs
γ (figures 8 and 9).

The cross section values are determined separately for each bin, using the beauty fraction from
the fit to the two-dimensional distribution of prel

T and δ in that bin. The cross section is obtained
by dividing the number of beauty events from the fit by the detector acceptance and efficiency,
the integrated luminosity and the width of the bin.

The data are compared with expectations obtained from the PYTHIA and CASCADE gen-
erators and the prediction from the QCD NLO calculation. For PYTHIA the contribution from
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resolved events is displayed separately in the figures. While both generators, PYTHIA and
CASCADE, give a good description of the shapes of the ηµand xobs

γ distributions observed in
the data, their predictions lie significantly too low. The disagreement in normalization appears
to decrease towards larger values of pµ

T (figure 6). The comparison of the data with the QCD
NLO prediction shows that the ηµ and xobs

γ distributions are well described in shape. In contrast
the pµ

T dependence of the prediction appears to be somewhat harder than the measured leading
to good agreement at large pµ

T (figure 7).

Using the same data sample as described above, including the jet requirements, an inclusive
muon cross section σ(ep → bb̄X → µX) is determined. The same kinematic region as in
previous analyses [2] is chosen, Q2 < 1 GeV2, 0.1 < y < 0.8, pµ

t > 2 and 35◦ < θ < 130◦,
and the AROMA program [21] is used for the extrapolation into the unmeasured phase space2.
The result is σ = (177 ± 14(stat.) ± 37(sys.)) pb. The systematic error does not include a
contribution from the uncertainty of the extrapolation. The result is good in agreement with
previous measurements of the inclusive b → µX cross section.

In the earlier measurements the measured cross sections were given after extrapolation using
LO QCD Monte Carlo simulations. The results showed large deviations from the NLO QCD
expectation. Good agreement of this analysis with the previous measurements is found when
using the same extrapolation procedure, as discussed in the previous paragraph. More recently,
the HERA beauty data have been compared with NLO QCD predictions calculated in the ex-
perimentally accessible kinematic region as described in section 5. Using the latter procedure
the predictions from NLO QCD are in significantly better agreement with the data, but still fall
somewhat low.

8 Conclusions

New measurements of beauty production cross sections performed with the H1 detector at
HERA are presented. The analysis uses semi-muonic decays of b flavoured hadrons and ex-
ploits their lifetime and mass properties in a simultaneous fit to the impact parameter and rela-
tive transverse momentum distribution of the decay muons. The total visible dijet-muon cross
section, measured in the region Q2 < 1 GeV2, 0.2 < y < 0.8, pµ

T > 2.5 GeV, −0.55 < ηµ < 1.1,

p
jet1(2)
t > 7(6) GeV and |ηjet1,2| < 2.5, is a factor of 1.8 (1.5 σ) above the prediction from NLO

QCD.

The cross sections are also measured differentially in ηµ, pµ
T , and xobs

γ . The excess above
expectations from NLO QCD and also from the leading order parton shower Monte Carlo gen-
erators PYTHIA and CASCADE appears to decrease somewhat towards larger values of pµ

T .
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Figure 1: Distribution of impact parameter δ of the muon track. The data (points) are compared
with the Monte Carlo simulation (solid line). The decomposition of the Monte Carlo distribution
into the b (dashed line), the c (dotted line) and the light quark (dash-dotted line) components is
determined from a fit to the two-dimensional distribution of prel

T and δ (see text).
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Figure 2: Distribution of transverse muon momentum prel
T relative to the jet axis. The data

(points) are compared with the Monte Carlo simulation (solid line). The decomposition of the
Monte Carlo distribution into the b (dashed line), the c (dotted line) and the light quark (dash-
dotted line) components is determined from a fit to the two-dimensional distribution of prel

T and
δ (see text).
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Figure 3: Distribution of the muon transverse momentum pµ
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momentum p
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t for the highest and second-highest-pt jets, and the observable xobs

γ . The data
are compared to the PYTHIA Monte Carlo simulation. The estimated contributions of beauty,
charm and light quark events, taken from the fit result, are shown as separate curves.
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Figure 4: Differential dijet muon beauty production cross section dσ/dηµ(ep → ebb̄X →
ejjµX) as a function of ηµ in the range Q2 < 1 GeV2, 0.2 < y < 0.8, pµ

T > 2.5 GeV, −0.55 <

ηµ < 1.1, p
jet1(2)
t > 7(6) GeV and |ηjet| < 2.5. The inner error bars show the statistical error,

the outer error bars represent the statistical and systematic uncertainty added in quadrature.
Also shown are the predictions from the Monte Carlo generator programs PYTHIA (solid line),
the resolved contribution to the PYTHIA cross section (dashed-dotted line) and CASCADE
(dashed line).
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Figure 5: Differential dijet muon beauty production cross section dσ/dηµ(ep → ebb̄X →
ejjµX) as a function of ηµ in the range Q2 < 1 GeV2, 0.2 < y < 0.8, pµ

T > 2.5 GeV, −0.55 <

ηµ < 1.1, p
jet1(2)
t > 7(6) GeV and |ηjet| < 2.5. The inner error bars show the statistical error,

the outer error bars comprise the statistical and systematic uncertainty added in quadrature.
Also shown is the prediction from a pQCD NLO calculation [17] at parton level (dashed line)
and hadron level (solid line). The band shows the uncertainty obtained from a simultaneous
variation of the b quark mass, µr and µf (see text).

12



1

10

5 10 15

   Data

Pythia

Pythia Res.

Cascade

H1 Preliminarydσ/dp
µ
t (ep → ebb

−
X → ejjµX)

pµ
t  [GeV]

d
σ/

d
p

µ t [
p

b
/G

eV
]

Q2 < 1 GeV2;    0.2 < y < 0.8

p
jet
t > 7(6) GeV;  |ηjet| < 2.5

-0.55 < ηµ < 1.1

Figure 6: Differential dijet muon beauty production cross section dσ/dpµ
t (ep → ebb̄X →

ejjµX) as a function of pµ
T in the range Q2 < 1 GeV2, 0.2 < y < 0.8, pµ

T > 2.5 GeV, −0.55 <

ηµ < 1.1, p
jet1(2)
t > 7(6) GeV and |ηjet| < 2.5. The inner error bars show the statistical error,

the outer error bars comprise the statistical and systematic uncertainty added in quadrature.
Also shown are the predictions from the Monte Carlo generator programs PYTHIA (solid line),
the resolved contribution to the PYTHIA cross section (dashed-dotted line) and CASCADE
(dashed line).
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Figure 7: Differential dijet muon beauty production cross section dσ/dpµ
t (ep → ebb̄X →

ejjµX) as a function of pµ
T in the range Q2 < 1 GeV2, 0.2 < y < 0.8, pµ

T > 2.5 GeV, −0.55 <

ηµ < 1.1, p
jet1(2)
t > 7(6) GeV and |ηjet| < 2.5. The inner error bars show the statistical error,

the outer error bars comprise the statistical and systematic uncertainty added in quadrature.
Also shown is the prediction from a pQCD NLO calculation [17] at parton level (dashed line)
and hadron level (solid line). The band shows the uncertainty obtained from a simultaneous
variation of the b quark mass, µr and µf (see text).
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Figure 8: Differential dijet muon beauty production cross section dσ/dxobs
γ (ep → ebb̄X →

ejjµX) as a function of xobs
γ in the range Q2 < 1 GeV2, 0.2 < y < 0.8, pµ

T > 2.5 GeV,

−0.55 < ηµ < 1.1, p
jet1(2)
t > 7(6) GeV and |ηjet| < 2.5. The inner error bars show the

statistical error, the outer error bars comprise the statistical and systematic uncertainty added in
quadrature. Also shown are the predictions from the Monte Carlo generator programs PYTHIA
(solid line), the resolved contribution to the PYTHIA cross section (dashed-dotted line) and
CASCADE (dashed line).
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Figure 9: Differential dijet muon beauty production cross section dσ/dxobs
γ (ep → ebb̄X →

ejjµX) as a function of xobs
γ in the range Q2 < 1 GeV2, 0.2 < y < 0.8, pµ

T > 2.5 GeV,

−0.55 < ηµ < 1.1, p
jet1(2)
t > 7(6) GeV and |ηjet| < 2.5. The inner error bars show the

statistical error, the outer error bars comprise the statistical and systematic uncertainty added in
quadrature. Also shown is the prediction from a pQCD NLO calculation [17] at parton level
(dashed line) and hadron level (solid line). The band shows the uncertainty obtained from a
simultaneous variation of the b quark mass, µr and µf (see text).
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