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1. Introduction

The study of heavy flavour (charm and beauty) production in
proton-proton collisions at LHC (Large Hadron Collider) energies
provides an important test of perturbative QCD (pQCD) calcula-
tions [1,2] in a new energy domain, where unprecedented small
Bjorken-x (momentum fraction) values are probed. In the rapid-
ity region 2.5 < y < 4, charm (beauty) production at /s =7 TeV
is expected to be sensitive to x values down to about 610~
(2 - 107). Important progress has been achieved in the under-
standing of heavy flavour production at lower energies. In earlier
measurements, the beauty production cross section in pp collisions
at /s = 1.8 TeV measured by the CDF and DO experiments [3,4] at
the FNAL Tevatron, was found to be higher than Next-to-Leading
Order (NLO) pQCD predictions [1]. More recent results from the
CDF Collaboration [5], for pp collisions at /s = 1.96 TeV, are de-
scribed well by Fixed Order Next-to-Leading Log (FONLL) [6,7]
and NLO [8] pQCD calculations. The charm production cross sec-
tion measured at the FNAL Tevatron [9] is also well reproduced
by FONLL [10] and GM-VEN [11] calculations within experimen-
tal and theoretical uncertainties, although at the upper limit of the
calculations. The PHENIX and STAR Collaborations [12,13] at the
RHIC (Relativistic Heavy lon Collider) measured the production of
muons and electrons from heavy flavour decays in pp collisions at
A/s = 0.2 TeV. The upper limit of FONLL pQCD calculations [14] is
consistent with the measurement of electrons from heavy flavour
decays in the mid-rapidity region, while in the forward rapid-
ity region the production of muons from heavy flavour decays is

* © CERN for the benefit of the ALICE Collaboration.

underestimated by the model calculations. Furthermore, at LHC en-
ergies, the ATLAS [15], LHCb [16] and CMS [17,18] Collaborations
reported on the measurement of beauty production in pp collisions
at /s =7 TeV. The results are consistent with NLO pQCD calcula-
tions within uncertainties. A similar agreement with FONLL calcu-
lations is also observed for mid-rapidity electrons and muons from
heavy flavour decays, measured by the ATLAS experiment [19] in
pp collisions at /s =7 TeV. In this respect, it is particularly inter-
esting to perform the measurement of heavy flavour decay muon
production in the forward rapidity region at the LHC and compare
it with theoretical models.

The investigation of heavy flavour production in pp collisions
also constitutes an essential baseline for the corresponding mea-
surements in heavy ion collisions. In the latter, heavy quarks are
produced at early stages of the collision and then experience the
full evolution of the extremely hot and dense, strongly interacting
medium [20,21]. The modification of the heavy flavour transverse
momentum distributions measured in heavy ion collisions with
respect to those measured in pp collisions is considered as a sen-
sitive probe of this medium [22,23].

Finally, the study of heavy flavour production is also impor-
tant for the understanding of quarkonium production, both in pp,
p-nucleus and nucleus-nucleus collisions [20,21].

The ALICE experiment [24] measures the heavy flavour pro-
duction at mid-rapidity through the semi-electronic decay chan-
nel [25] and in a more direct way through the hadronic D-meson
decay channel [26], and at forward rapidity through the semi-
muonic decay channel. In this Letter, we present the measure-
ment of differential production cross sections of muons from
heavy flavour decays in the rapidity range 2.5 < y <4 and trans-
verse momentum range 2 < p; < 12 GeV/c, with the ALICE muon
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spectrometer [24], in pp collisions at /s = 7 TeV. The results are
compared to FONLL pQCD calculations [2,27].

The Letter is organized as follows. Section 2 consists of an
overview of the ALICE experiment with an emphasis on the muon
spectrometer and a description of data taking conditions. Section 3
is devoted to the analysis strategy: event and track selection, back-
ground subtraction, corrections, normalization and determination
of systematic uncertainties. Section 4 addresses the experimental
results: p¢- and y-differential production cross sections of muons
from heavy flavour decays at forward rapidity, and comparisons to
FONLL pQCD predictions. Conclusions are given in Section 5.

2. The ALICE experiment and data taking conditions

A detailed description of the ALICE detector can be found
in [24]. The apparatus consists of two main parts: a central
barrel (pseudo-rapidity coverage: |n| < 0.9) placed in a large
solenoidal magnet (B = 0.5 T), which measures hadrons, electrons
and photons, and a muon spectrometer (—4 < 1 < —2.5'). Several
smaller detectors for global event characterization and triggering
are located in the forward and backward pseudo-rapidity regions.
Amongst those, the VZERO detector is used for triggering purposes
and in the offline rejection of beam-induced background events. It
is composed of two scintillator arrays placed at each side of the
interaction point and covering 2.8 <n <5.1 and —3.7 <n < —1.7.
The central barrel detector used in this work for the interaction
vertex measurement is the Silicon Pixel Detector (SPD), the inner-
most part of the Inner Tracking System (ITS). The SPD consists
of two cylindrical layers of silicon pixels covering || < 2.0 and
In| < 1.4 for the inner and outer layer, respectively. The SPD is
also used in the trigger logic.

The muon spectrometer detects muons with momentum larger
than 4 GeV/c and is composed of two absorbers, a dipole magnet
providing a field integral of 3 Tm, and tracking and trigger cham-
bers. A passive front absorber of 10 interaction lengths (1), made
of carbon, concrete and steel, is designed to reduce the contribu-
tion of hadrons, photons, electrons and muons from light hadron
decays. A small angle beam shield (6 < 2°), made of tungsten,
lead and steel, protects the muon spectrometer against secondary
particles produced by the interaction of large-n primary parti-
cles in the beam pipe. Tracking is performed by means of five
tracking stations, each composed of two planes of Cathode Pad
Chambers. Stations 1 and 2 (4 and 5) are located upstream (down-
stream) of the dipole magnet, while station 3 is embedded inside
the dipole magnet. The intrinsic spatial resolution of the tracking
chambers is better than 100 pm. Two stations of trigger chambers
equipped with two planes of Resistive Plate Chambers each are lo-
cated downstream of the tracking system, behind a 1.2 m thick
iron wall of 7.2 A;. The latter absorbs most of the hadrons that
punch through the front absorber, secondary hadrons produced in-
side the front absorber and escaping it and low momentum muons
(p < 4 GeV/c). The spatial resolution of the trigger chambers is
better than 1 cm and the time resolution is about 2 ns. Details
concerning track reconstruction can be found in [28,29].

The results presented in this publication are based on the anal-
ysis of a sample of pp collisions at /s =7 TeV collected in 2010,
corresponding to an integrated luminosity of 16.5 nb1.

The data sample consists of minimum bias trigger events (MB)
and muon trigger events (u-MB), the latter requiring, in addition

! The muon spectrometer covers a negative pseudo-rapidity range in the ALICE
reference frame. n and y variables are identical for muons in the acceptance of
the muon spectrometer, and in pp collisions the physics results are symmetric with
respect to 1 (y) = 0. They will be presented as a function of y, with positive values.

to the MB trigger conditions, the presence of one muon above a
transverse momentum (p¢) threshold that reaches the muon trig-
ger system. The MB trigger is defined as a logical OR between the
requirement of at least one hit in the SPD and a hit in one of the
two VZERO scintillator arrays. It also asks for a coincidence be-
tween the signals from the two beam counters, one on each side
of the interaction point, indicating the passage of bunches. This
corresponds to at least one charged particle in 8 units of pseudo-
rapidity. The logic of the pu-MB trigger requires hits in at least
three (out of four possible) trigger chamber planes. The estimate of
the muon transverse momentum is based on the deviation of the
measured track with respect to a straight line coming from the in-
teraction point, in the bending plane (plane measuring the position
along the direction perpendicular to the magnetic field). By apply-
ing a cut on this deviation, tracks above a given p; threshold are
selected. The p; threshold allows the rejection of soft background
muons mainly coming from pion and kaon decays, and also to limit
the muon trigger rate when high luminosities are delivered at the
interaction point. In the considered data taking period, the p; trig-
ger threshold was set to its minimum value of about 0.5 GeV/c
and the corresponding muon trigger rate varied between about
40 and 150 Hz. The instantaneous luminosity at the ALICE inter-
action point was limited to 0.6-1.2 - 10%° cm~2s~! by displacing
the beams in the transverse plane by 3.8 times the r.m.s. of their
transverse profile. In this way, the probability to have multiple MB
interactions in the same bunch crossing is kept below 2.5%.

The alignment of the tracking chambers, a crucial step for
the single muon analysis, was carried out using the MILLEPEDE
package [30], by analyzing tracks without magnetic field in the
dipole and solenoidal magnet. The corresponding resolution is
about 300 pm in the bending plane, for tracks with p; > 2 GeV/c.
With such alignment precision, the relative momentum resolution
of reconstructed tracks ranges between about 1% at a momentum
of 20 GeV/c and 4% at 100 GeV/c.

3. Data analysis

The single muon analysis was carried out with muon trigger
events while, as will be discussed in Section 3.4, minimum bias
trigger events were used to convert differential muon yields into
differential cross sections. The identification of muons from charm
and beauty decays in the forward region is based on the p. distri-
bution of reconstructed tracks. Three main background contribu-
tions must be subtracted and/or rejected:

- decay muons: muons from the decay of primary light hadrons
including pions and kaons (the main contribution) and other
meson and baryon decays (such as J/¥ and low mass reso-
nances 7, o, @ and ¢);

- secondary muons: muons from secondary light hadron decays
produced inside the front absorber;

- punch-through hadrons and secondary hadrons escaping the
front absorber and crossing the tracking chambers, which are
wrongly reconstructed as muons.

A Monte Carlo simulation based on the GEANT3 transport code
[31,32] and using the PYTHIA 6.4.21 event generator [33,34] (tune
Perugia-0 [35]) was performed to obtain the p; distributions of
these different contributions. They are displayed in Fig. 1 after all
the selection cuts discussed in Section 3.1 were applied. After cuts,
the component of muons from heavy flavour decays prevails over
the background contribution for p; = 4 GeV/c. The simulation re-
sults indicate that the hadronic background and the contribution of
fake tracks (tracks which are not associated to one single particle
crossing the whole spectrometer) are negligible. The component of
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Fig. 1. Transverse momentum distribution of reconstructed tracks in the muon spec-
trometer after all selection cuts were applied (see Section 3.1 for details). The dis-
tributions were obtained from a PYTHIA [33,34] (tune Perugia-0 [35]) simulation of
pp collisions at /s =7 TeV. The main sources are indicated in the figure.

muons from W* and Z° decays, which dominates in the p; range
30-40 GeV/c [36,19], is not considered in this analysis. This con-
tribution is negligible in the p; range of interest 2-12 GeV/c.

3.1. Data sample: event and track selection

The data sample used in the physics analysis amounts to
1.3-107 p-MB trigger events. These selected events satisfied the
quality criteria on detector conditions during data taking and the
analysis quality criteria, which reduced the beam-induced back-
ground. This was achieved by using the timing information from
the VZERO and by exploiting the correlation between the number
of hits and track segments in the SPD. The accepted events have at
least one interaction vertex reconstructed from hits correlation in
the two SPD layers. The corresponding total number of tracks re-
constructed in the muon spectrometer is 7.8-10°. Various selection
cuts were applied in order to reduce the background contribu-
tions in the data sample. Tracks were required to be reconstructed
in the geometrical acceptance of the muon spectrometer, with
—4 <n<-2.5and 171° < O,ps < 178°, 0,5 being the track polar
angle measured at the end of the absorber. These two cuts re-
ject about 9% of tracks. Then, the track candidate measured in the
muon tracking chambers was required to be matched with the cor-
responding one measured in the trigger chambers. This results in a
very effective rejection of the hadronic component that is absorbed
in the iron wall. This condition is fulfilled for a large fraction of re-
constructed tracks since the analysis concerns w-MB trigger events.
The fraction of reconstructed tracks that are not matched with a
corresponding one in the trigger system is about 5%. For compar-
ison, in MB collisions this fraction is about 64%. Furthermore, the
correlation between momentum and Distance of Closest Approach
(DCA, distance between the extrapolated muon track and the in-
teraction vertex, in the plane perpendicular to the beam direction
and containing the vertex) was used to remove remaining beam-
induced background tracks which do not point to the interaction
vertex. Indeed, due to the multiple scattering in the front absorber,
the DCA distribution of tracks coming from the interaction vertex
is expected to be described by a Gaussian function whose width
depends on the absorber material and is proportional to 1/p. The
beam-induced background does not follow this trend and can be
rejected by applying a cut on p x DCA at 50, where o is extracted
from a Gaussian fit to the p x DCA distribution measured in two
regions in 6,5, corresponding to different materials in the front
absorber. This cut removes 0.4% of tracks, mainly located in the
high p; range (in the region p; > 4 GeV/c, this condition rejects
about 13% of tracks). After these cuts, the data sample consists of
6.67 - 106 muon candidates.

The measurement of the heavy flavour decay muon production
is performed in the region p; > 2 GeV/c where the contribution
of secondary muons is expected to be small (about 3% of the total
muon yield, see Fig. 1). In such a p; region the main background
component consists of decay muons and amounts to about 25% of
the total yield (see Fig. 1).

3.2. Subtraction of the background contribution of decay muons

The subtraction of the background component from decay
muons (muons from primary pion and kaon decays, mainly)
is based on simulations, using PYTHIA 6.4.21 [33,34] (tune
Perugia-0 [35]) and PHOJET 1.12 [37] as event generators. In or-
der to avoid fluctuations due to the lack of statistics in the high p
region in the Monte Carlo generators, the reconstructed p; distri-
bution of decay muons, obtained after all selection cuts are applied
(Section 3.1), is fitted using

dN <—decay a

dpt (p? +b)¢’
where a, b and c are free parameters. The fits are performed in
five rapidity intervals, in the region 2.5 < y < 4. The normalization
is done assuming that the fraction of decay muons in the data
is the same as the one in the simulations, in the region where
this component is dominant (p; < 1 GeV/c). Finally, the (fitted) p
distribution is subtracted from the measured muon p; distribution.
The subtracted p; distribution is the mean of the p; distributions
from the PYTHIA and PHOJET event generators.

The total systematic uncertainty due to this procedure in-
cludes contributions from the model input and the transport code
(GEANT3 [31,32]). The former takes into account the shape and
normalization of the p. distribution of decay muons, and the ob-
served difference in the K*/7* ratio as a function of p; in the
mid-rapidity region [38] between ALICE data and simulations. The
results show that both PYTHIA (tune Perugia-0) and PHOJET un-
derestimate this ratio by about 20%. The corresponding uncertainty
due to this difference between data and simulations is propagated
to the muon yield in the forward rapidity region. The effect of
the transport code is estimated by varying the yield of secondary
muons within 100% in such a way to provide a conservative esti-
mate of the systematic uncertainty on the secondary particle pro-
duction in the front absorber. The systematic uncertainty from the
model input varies from about 7% to 2% as y increases from 2.5
to 4, independently of p¢, while the one from the transport code
depends both on y and p¢ and ranges from 4% (3.7 <y < 4) to
a maximum of 34% (pr =2 GeV/c and 2.5 < y < 2.8). The cor-
responding values of these systematic uncertainties as a function
of py and y are summarized in Table 1. They are added in quadra-
ture in the following.

(1)

3.3. Corrections

The extracted yields of muons from heavy flavour decays are
corrected for acceptance, reconstruction and trigger efficiencies by
means of a simulation modelling the response of the muon spec-
trometer. The procedure is based on the generation of a large
sample of muons from beauty decays by using a parameteriza-
tion of NLO pQCD calculations [29]. The tracking efficiency takes
into account the status of each electronic channel and the residual
mis-alignment of detection elements. The evolution of the track-
ing efficiency over time is controlled by weighting the response
of electronic channels as a function of time. The typical value of
muon tracking efficiency is about 93%. The efficiencies of the muon
trigger chambers are obtained directly from data [28] and em-
ployed in the simulations. The typical value of such efficiencies
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Systematic uncertainties introduced by the procedure used for the subtraction of decay muons. MC and transport refer to the systematic uncertainty due to model input and

transport code, respectively. See the text for details.

MC Transport
pr (GeV/c)
[2.0;2.5] [2.5;3.0] [3.0;3.5] [3.5;4.0] [4.0; 4.5] [4.5;5.0] >5.0
25<y<28 7% 34% 22% 20% 16% 12% 10% 6%
28<y<3.1 5.5% 22% 18% 14% 12% 10% 8% 6%
31<y<34 45% 10% 9% 8% 7% 6%
34<y<37 3.0% 6%
37<y <40 2.0% 4%
2
i() 1'2: 2.5<y<4 - % is the pi- and y-differential yield of muons from
e heavy flavour decays;
u —_— - Nl’\j[; and NZ_iMB are the numbers of reconstructed tracks that
0'8;_ - satisfy the analysis cuts in MB and w-MB trigger events, re-
0.6 spectively;
R — Npmp is the number of minimum bias collisions corrected as
0.4 a function of time by the probability to have multiple MB
- interactions in a single bunch crossing, and oyp is the cor-
0.2 responding measured minimum bias cross section.
S T T Te T owms is derived from the oyzero-anD Cross section [39] measured

8 10 12
generated P, (GeVic)

Fig. 2. Acceptance x efficiency as a function of generated p¢, obtained from a sim-
ulation of muons from beauty decays.

is about 96%. Fig. 2 shows the resulting acceptance and efficiency
(A x ¢€) as a function of generated p;. The global A x & increases
significantly up to about 2 GeV/c and tends to saturate at a value
close to 90%.

The systematic uncertainty corresponding to the sensitivity of
A x ¢ on the input p; and y distributions was estimated by
comparing the results with those from a simulation using muons
from charm decays. This amounted to less than 1% and was ne-
glected. The accuracy in the detector modelling introduces a sys-
tematic uncertainty estimated to be 5%, by comparing the values
of trigger and tracking efficiencies extracted from data and simu-
lations [28].

The distortion of the measured p. distribution, dominated in
the high p; region by the effect of residual mis-alignment, is also
corrected for by introducing in the simulation a residual mis-
alignment of the same order of magnitude as in the data. However,
this residual mis-alignment is generated randomly. A p; depen-
dent relative systematic uncertainty on the muon yield of 1% x p¢
(in GeV/c) is considered in order to take into account the differ-
ences between the real (unknown) residual mis-alignment and the
simulated one. This is a conservative value determined by compar-
ing the reconstructed p; distribution with or without including the
residual mis-alignment.

3.4. Production cross section normalization

The differential production cross section is obtained by normal-
izing the corrected yields of muons from heavy flavour decays to
the integrated luminosity. Since the yields have been extracted us-
ing u-MB trigger events, the differential production cross section
is calculated according to

2 2 nE
doy=.pyr  d°Ny=cpyr Ny  oms 2)
= - _MB
dpcdy dpedy NI b Nnp
where:

with the van der Meer scan method [40]. The VZERO-AND condi-
tion is defined as a logical AND between signals in the two VZERO
scintillator arrays. Such a combination allows one to reduce the
sensitivity to beam-induced background. The oyzgro-anp/OMB Ta-
tio is the fraction of minimum bias events where the VZERO-AND
condition is fulfilled. Its value is 0.87 and it remains stable
within 1% over the analyzed data sample. This gives oyp = 62.5 +
2.2 (syst.) mb. The statistical uncertainty is negligible, while the
3.5% systematic uncertainty is mainly due to the uncertainty on
the beam intensities [41] and on the analysis procedure related
to the van der Meer scan of the VZERO-AND signal. Other ef-
fects, such as oscillation in the ratio between MB and VZERO-AND
counts, contribute less than 1%.

3.5. Summary of systematic uncertainties

The systematic uncertainty on the measurements of the p-
and y-differential production cross sections of muons from heavy
flavour decays accounts for the following contributions discussed
in the previous sections:

background subtraction: from about 5% (3.7 <y < 4) to
a maximum of 35% (2.5 <y < 2.8, pr =2 GeV/c), see Sec-
tion 3.2 and Table 1;

detector response: 5% (Section 3.3);

residual mis-alignment: 1% x p¢ (Section 3.3);

luminosity measurement: 3.5% (Section 3.4).

The resulting systematic uncertainty, in the rapidity region
2.5 < y < 4, varies between 8-14% (the 3.5% systematic uncer-
tainty on the normalization is not included).

4. Results and model comparisons

The measured differential production cross sections of muons
from heavy flavour decays as a function of p; in the rapidity re-
gion 2.5 <y <4 and as a function of y in the range 2 < p; <
12 GeV/c are displayed in Fig. 3 (circles), left and right panels,
respectively. The error bars (which are smaller than symbols in
most of the p; and y bins) represent the statistical uncertain-
ties. The boxes correspond to the systematic uncertainties. The
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Fig. 3. Left: p-differential production cross section of muons from heavy flavour decays in the rapidity range 2.5 < y < 4. Right: y-differential production cross section
of muons from heavy flavour decays, in the range 2 < p; < 12 GeV/c. In both panels, the error bars (empty boxes) represent the statistical (systematic) uncertainties.
A 3.5% normalization uncertainty is not shown. The solid curves are FONLL calculations and the bands display the theoretical systematic uncertainties. Also shown, are the
FONLL calculations and systematic theoretical uncertainties for muons from charm (long dashed curves) and beauty (dashed curves) decays. The lower panels show the

corresponding ratios between data and FONLL calculations.

systematic uncertainty on opp is not included in the boxes. The
results are compared to FONLL predictions [2,27] (black curve and
shaded band for the systematic uncertainty). The central values
of FONLL calculations use CTEQ6.6 [42] parton distribution func-
tions, a charm quark mass (m¢) of 1.5 GeV/c?, a beauty quark
mass (my,) of 4.75 GeV/c% and the renormalization (ug) and fac-
torization () QCD scales such that wr/wmo = ug/to =1 (o =

Mq =/ P? +m3). The theoretical uncertainties correspond to the
variation of charm and beauty quark masses in the ranges 1.3 <
me < 1.7 GeV/c? and 4.5 < my, < 5.0 GeV/c?, and QCD scales in
the ranges 0.5 < ur/(o < 2 and 0.5 < ug/po < 2 with the con-
straint 0.5 < up/uRr < 2. The FONLL predictions for muons from
beauty decays include the components of muons coming from
direct b-hadron decays and from b-hadron decays via c-hadron
decays (e.g. B— D — u channel). The uncertainty band is the en-
velope of the resulting cross sections. The ratios between data and
FONLL predictions are shown in the bottom panels. A good de-
scription of the data is observed within uncertainties, for both the
p¢ distribution (up to 12 GeV/c) and the y distribution (in the
p¢ range from 2 to 12 GeV/c). The measured production cross sec-
tions are systematically larger than the central values of the model
predictions. The ratio of data over central values of FONLL cal-
culations as a function of p; and y is about 1.3 over the whole
pe and y ranges. This is consistent with the ALICE measurements
of the pi-differential production cross sections of D mesons [26]
in the central rapidity region. The CMS and ATLAS Collaborations
made complementary measurements of the heavy flavour produc-
tion, with electrons and/or muons measured at mid-rapidity in
pp collisions at 4/s =7 TeV [18,19]. The production of muons from
beauty decays, measured by the CMS Collaboration in |n| < 2.1 and
at high p; (pr > 6 GeV/c), exhibits a similar agreement with NLO
PQCD calculations within uncertainties: the data points lie in the
upper limit of the model predictions. The results from the ATLAS
Collaboration concerning the production of muons and electrons
from heavy flavour decays in |n] < 2.0 (excluding 1.37 < |n] <
1.52) and in the region 7 < p; < 27 GeV/c are also consistent with
FONLL calculations.

The theoretical charm and beauty components are also dis-
played in Fig. 3. According to these predictions, the muon con-
tribution from beauty decays is expected to dominate in the range

pt 2 6 GeV/c. In this region, it represents about 62% of the heavy
flavour decay muon cross section.

A similar comparison between data and FONLL calculations was
performed in five rapidity intervals from y = 2.5 to y =4 (Fig. 4,
upper panels). The corresponding ratio of data over FONLL pre-
dictions is depicted in the lower panels of Fig. 4. The model cal-
culations provide an overall good description of the data up to
pt = 12 GeV/c in all rapidity intervals, within experimental and
theoretical uncertainties.

5. Conclusions

We have presented measurements of the differential production
cross sections of muons from heavy flavour decays in the rapid-
ity range 2.5 < y <4 and transverse momentum range 2 < p; <
12 GeV/c, in pp collisions at /s =7 TeV with the ALICE experi-
ment. The FONLL pQCD calculations are in good agreement with
data within experimental and theoretical uncertainties, although
the data are close to the upper limit of the model calculations.
Both the p; and y dependence of the heavy flavour decay muon
production cross section is well described by the model predic-
tions. The results provide an important baseline for the study of
heavy quark medium effects in nucleus-nucleus collisions.
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