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1. Introduction

Quantum Chromodynamics (QCD) calculations on the lattice predict that, under extreme con-
ditions of temperature and energy density, nuclear matter undergoes a phase transition to a state
in which partons (quarks and gluons) are no longer confined in hadrons. Such a state is called
Quark-Gluon Plasma (QGP). At the Large Hadron Collider (LHC), ultra-relativistic heavy-ions are
made to collide in order to produce such a state of matter in the laboratory.

Heavy quarks (charm and beauty) are considered to be excellent probes of the medium formed
in high-energy heavy-ion collisions. Indeed, due to their large masses, they are produced in the
initial stage of the collision in hard partonic scattering processes. Before hadronizing into D and B
mesons (containing charm and beauty quarks, respectively), charm and beauty quarks experience
the full evolution of the produced medium. Furthermore, the measurement of the heavy flavour
production cross section in proton-proton collisions is an important test-bench for perturbative
QCD predictions.

If one considers nucleus-nucleus (A-A) collisions as an incoherent superposition of nucleon
interactions, heavy flavour production is expected to scale with the number of nucleon-nucleon
collisions. It is therefore possible to define an observable sensitive to any modifications of the
expected yield. This observable is the nuclear modification factor and is defined as

L.}
<Ncoll> Ypp

where the yield (Y) of heavy flavours in A-A collisions is compared to the one in proton-proton

Ryp =

collisions multiplied by the mean number of binary nucleon-nucleon collisions (N,,;;) in A-A colli-
sions. This last quantity can be estimated through the mean value of nuclear overlap function (T4)
in the Glauber model [1].

Since quarks and gluons carry colour charge, they are expected to lose energy via elastic
collisions and via gluon radiation, while moving through a coloured medium such as the QGP. Due
to their larger Casimir coupling, gluons should lose more energy with respect to quarks. In addition,
the energy loss for quarks has a dependence on the mass through the so called “dead-cone” effect
[2]: the heavier the quark is, the less energy it is expected to lose.

The parton energy loss modifies the transverse momentum (pr) spectra of the observed hadrons
resulting in R44 < 1 in the intermediate and high pr ranges. In addition, the colour charge and
mass-dependence should give rise to the following Ra4 hierarchy: R, < REA < REA. Finally,
one can check if the in-medium recombination is the predominant hadronization mechanism at low
transverse momenta: in the D meson family, the relative abundance of strange over non-strange
mesons is expected to be larger in A-A with respect to pp collisions [3].

Another important question related to heavy quarks concerns their participation in the col-
lective motion of the medium and their thermalization in the medium. In non-central heavy-ion
collisions, where an almond shaped fireball is formed, pressure gradients are larger in the plane
defined by the beam direction and the impact parameter than in the direction perpendicular to that
plane. One can therefore expect an anisotropy in the particle azimuthal distribution that can be
decomposed in a Fourier series. The dominant anisotropic term in the Fourier decomposition is the
second coefficient vo, commonly called elliptic flow. If heavy quarks thermalise in the medium, a
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non-zero v, at low-pr is expected. At higher p7, heavy quarks are not thermalised and are travel-
ling for different path lengths in the medium, depending on the emission angle of the particle with
respect to the reaction plane: the v, measurement at high-p7y can give insights on the energy loss
dependence on the in-medium path length.

2. Heavy flavour measurements with ALICE

The large heavy-flavour production cross section at LHC energies, which for charm (beauty) is
about one (two) orders of magnitude larger than at RHIC, allows us to study the effects previously
described with better precision and in a broader kinematical range. ALICE (A Large Ion Collider
Experiment)[4] is the experiment at the LHC, which is designed to study heavy-ion collisions. It
comprises a set of detectors covering the central rapidity region (|| < 0.9) embedded in a solenoid
magnet providing a 0.5 T field, a muon spectrometer at forward rapidity (—4 <71 < —2.5) and a
set of small acceptance detectors used for triggering and for the event characterization.

Heavy flavour measurements with ALICE can be carried out in different decay channels and
kinematical regions. At mid-rapidity, heavy flavours can be measured by identifying the electrons
from semi-leptonic decays as well as by reconstructing the full hadronic decays of charm mesons
and baryons. At forward rapidity, the inclusive production of heavy flavours is measured in the
semi-muonic decay channel.

Heavy-flavour decay electrons

Electron identification is performed at mid-rapidity (|n| < 0.6 and |n| < 0.8 depending on the
detectors used in the analysis) combining the information of several Particle IDentification (PID)
detectors. The Time Projection Chamber (TPC) is the main detector used both for the identification,
via dE/dx measurement, and for tracking. The information from the Time Of Flight (TOF) detector
is combined with the TPC information for resolving PID ambiguities at low momenta, while at high
momenta, the suppression of hadron contamination is performed adding the information of other
detectors such as the Transition Radiation Detector (TRD) and the ElectroMagnetic Calorimeter
(EMCal).

The most important background contributions to the inclusive single electron spectrum are:
Dalitz decays of light neutral mesons, photon conversions in the material, di-electron decays of
quarkonia and direct radiation. These background contributions were estimated either using a
cocktail of the non-heavy-flavour electron sources, or by applying a selection on the invariant mass
of eTe™ pairs and they were statistically subtracted from the inclusive electron spectrum.

It is possible to separate the beauty contribution to the inclusive heavy flavour decay electron
spectrum with two different techniques, one based on the angular correlation between electrons
and hadrons and the second based on the larger decay length for B mesons compared to D mesons,
which results in a larger separation of their decay electrons from the primary vertex compared to D
mesons and other sources.

D meson hadronic decays

Thanks to the excellent tracking and vertexing capabilities of the TPC and the ITS (Inner
Tracking System), at mid-rapidity charmed mesons can be reconstructed through their hadronic
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decay channels: D — K- 7+, D — K ntzx", D*" — D", Df — K*K~ 7z and their charge
conjugates. Thanks to the large decay length (= 100-300 ttm) of D mesons, charged charged tracks
are selected which fulfill the decay topologies having the decay points displaced with respect to the
interaction vertex. The D meson yield is then extracted from a fit to the invariant mass distribution
of the selected candidates. The PID information from the TPC and the TOF helps in the reduction of
the combinatorial background, which is particularly important in the high multiplicity environment
of heavy-ion collisions.

Heavy flavour decay muons

At forward rapidity, the measurement of heavy flavours can be performed in the semi-leptonic
decay channel by reconstructing single muon tracks in the muon spectrometer. It consists of a pas-
sive front absorber, five stations of tracking chambers equipped with a dipole magnet that provides
3 T-m of integrated B field and a trigger system placed after an iron filter. The muon identification
is obtained by requiring the matching between the reconstructed track in the tracking system and
the corresponding track segment in the trigger system. In order to remove fake tracks and tracks
from beam-gas interactions, a cut on the transverse distance between the track and the interaction
point is applied.

The main background contribution consists of in-flight muonic decays of pions and kaons. In
pp collisions, this contribution is estimated with Monte Carlo simulations, while in Pb-Pb events,
where light hadron spectra can be modified by the medium formed in the collision, an extrapola-
tion of 7w and K yields measured at mid-rapidity is performed. Since the rapidity dependence of
their yield in nuclear collisions is unknown, a 100% of systematic uncertainty is assigned to the
extrapolated yields.

3. Results

The data samples used in the analyses presented in these proceedings have been recorded in
2010 and 2011 and they include pp collisions at /s = 2.76 and 7 TeV and Pb-Pb collisions at
V/Synv = 2.76 TeV. Similar trigger strategies have been used both for the pp and the Pb-Pb cases:
data have been collected with minimum bias triggers based on logical combinations of signals in
VZERO detectors (two arrays of scintillators covering the pseudorapidity ranges —3.7 <1 < —1.7
and 2.8 <1 < 5.1) and the two innermost layers of the ITS. Additional specific trigger requirements
have been set up for the electron and muon channels. The centrality of the collisions in Pb-Pb events
has been determined from the sum of the VZERO signal amplitudes.

3.1 pp results

Figure 1a shows the pr-differential cross section for inclusive heavy-flavour decay electrons in
pp collisions at /s =7 TeV [5]. Minimum bias events, corresponding to an integrated luminosity
of 2.6 nb~!, were used. The ALICE measurement is complementary to that of the ATLAS collab-
oration [7], which covers a higher pt range. FONLL perturbative QCD calculations describe well
the data in all the measured pr range [8]. A similar result has been obtained at forward rapidity in
the semi-muonic decay channel [11] analyzing minimum bias events in coincidence with a single
muon trigger signal using an integrated luminosity of 16.5 nb~".
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Figure 1: pr-differential cross section for heavy-flavour electron production at mid-rapidity for pp
collisions at /s =7 TeV [5, 6]. The inclusive measurement (a) is shown together with the results
from ATLAS. The contribution of electrons from B decays, shown together with the one from D
decays, (b) is selected exploiting their separation from the primary vertex. The measurements are
compared to FONLL pQCD calculations.

The separation of the beauty contribution to the single electron spectrum is shown in Figure 1b
based on an integrated luminosity of 2.2 nb~! [6]. The transverse momentum spectra of the beauty
and the charm components are well reproduced by pQCD calculations and their ratio shows that
the beauty decay contribution to the inclusive electron yield takes over the charm one for py > 4
GeV/e.

Perturbative QCD calculations also describe within uncertainties the measurements of the in-
clusive production cross sections for prompt D mesons in pp collisions at /s =7 TeV [12, 13].
Figure 2 shows the pr-differential cross section for D™ and D mesons and similar results have
been obtained for the D and the D** mesons. The determination of the total c¢ production cross
section has been performed by extrapolating the measured pr-differential cross sections to the full
phase space [14].

The same analysis has been performed on the data collected in pp collision at /s = 2.76 TeV.
Results for muons and prompt D mesons [15, 14] and preliminary results for heavy-flavour decay
electrons are reproduced by pQCD calculations within uncertainties.

3.2 Pb-Pb results

The heavy flavour nuclear modification factor has been measured in different centrality classes
in all the hadronic and semi-leptonic channels previously described [15, 16, 18].
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Figure 2: pr-differential cross sections of D™ and D{ at mid-rapidity in pp collisions at /s =
7 TeV [12, 13] compared to FONLL[8], GM-VFNS[10] and LO-k;-factorization[9] theoretical
predictions.

In Figure 3a, R44 ’s for electrons and muons from semi-leptonic decay of heavy flavours in the
most central collisions (0-10%) are shown as a function of the transverse momentum. The proton-
proton reference used for the muon R44 is the cross section measured in pp collisions at /s = 2.76
TeV , while for the electron channel the reference has been obtained, for pr < 8 GeV/c, by re-
scaling in energy the cross section measured at /s =7 TeV . The scaling factor was defined as the
ratio of the FONLL predictions at the two energies [17]. For pt > 8 GeV/c FONLL predictions
were used as pp reference in the R44 . Despite the different rapidity intervals, muons and electrons
show similar suppression and pt dependence.

The nuclear modification factor for prompt D mesons in the most central collisions (0-7.5%)
is shown in Figure 3b. This includes the first measurement of D in heavy ion collisions. As for
the heavy flavour decay electrons, the pp reference has been extrapolated from the measurement at
/s =7 TeV through pQCD FONLL calculations. The results for DT, D?, D** are compatible and
show a suppression by a factor 3-5 for pr > 5 GeV/c. The measurement for D seems to indicate a
higher R44 value with respect to non-strange D-meson species at low pr, but the large uncertainties
do not allow a firm conclusions on this issue yet.

In order to study the expected hierarchy in the energy loss of light flavour, charm and beauty
hadrons, Figure 4a shows the average Ry4 of D mesons (D, DY and D**) as a function of the trans-
verse momentum together with R4y of charged particles and pions in the most central collisions.
The two nuclear modification factors have a similar pr dependence. A hint of a larger magnitude
for R44 od D mesons is observed at low pr, but more accurate studies with larger statistics are
needed to draw firm conclusions.

In Figure 4b, Rqa of D mesons in 6 < pt < 12 GeV/c is shown as a function of the centrality.
The result of J/y from B decay (non-prompt J/y) measured by the CMS collaboration at mid-
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Figure 3: Ras as a function of pt for central Pb-Pb collisions at /syy = 2.76 TeV . (a): the
measurement in the electron channel at mid-rapidity is shown together with the one in the muon
decay channel at forward rapidity. (b): prompt D, D°, D** and D Ras at mid-rapidity. The
global systematic uncertainties are shown as filled boxes at R44 =1.
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Figure 4: (a): average DT, D? and D** mesons in the 0-7.5% centrality class and charged hadron
and pion R4y in the 0-10% centrality class. Error bars indicate the statistical uncertainties, empty
boxes the systematic uncertainties. (b): average D meson R4 (6 < pt < 12 GeV/c) as a function
of the number of participant nucleons, Np, compared with the CMS measurement of non-prompt
J/w measured in |y| < 1.2 (6.5 < pr < 30 GeV/c).

rapidity (|y| < 1.2) and pr > 6.5 GeV/c is also plotted in the figure for comparison. The R4 of
non-prompt J/y is larger than the one of D mesons, which supports the expected hierarchy in the
energy loss of b and ¢ quarks.

The second term v; of the Fourier decomposition of the azimuthal distribution of heavy flavours,
the so-called elliptic flow, has been measured at mid-rapidity in the electron decay channel (Fig-



Heavy flavour production measurements with ALICE at the LHC Francesco Bossu

— T - 03F
294D I Pb-Pb 2.76 TeV| g f
= 0.4F - Sy=2.76 TeV r
e NN 1 8 0250
g 0.3F JALICE 1 Centrality 30-50% ] ° T
2 03 = 3 r
e 1 _ ] 3 o2F ALICE
o2 =R Y e S PRELIMINARY
F r,_ i z H . £ 015
0.1 - 0 = F ‘
oF g -
r 3] 0.05- I::‘fg
0.1 \\J 3 f
F e D°%EP2A¢bins E - -
'O-ZT * D.; EP ZA(D bIT]S Empty box: syst. from data ] E
r * | D7, E‘P 2A¢‘ bins | | Filled box:syst‘ from Bf‘esd-dow‘n: 0.05-20-40% Pb-Pb, ﬁ =2.76 TeV, |T]|<0.7
ee o oo oo boc b o e o bve by v b v b b
0 18 0 2 7 6 8 0 12 14
P, (GeVlc) p, (GeVrc)
(a) (b)

Figure 5: Heavy flavour elliptic flow in semi-central Pb-Pb collisions at /syy =2.76 TeV as func-
tion of the transverse momentum (a) for prompt D mesons and (b) heavy flavour decay electrons.
Error bars represent statistical uncertainties and boxes indicate systematic errors.

ure 5b) and for prompt D, D° and D** mesons (Figure 5a) [18]. The measurements have been
performed for semi-central Pb-Pb collisions, namely in the 20-40% centrality range for electrons
and 30-50% for D mesons. The elliptic flow has been measured as a function of the transverse
momentum in the range 1.5 < pt < 13 GeV/c for the electrons and 2 < pt < 18 GeV/c for the
charmed mesons. The v,(pr) of the three D meson species agrees within uncertainties. All mea-
surements show a non-zero elliptic flow at low pr which suggests that heavy quarks participate in
the collective expansion of the produced medium.

4. Conclusions

With the analysis of the data collected both in pp and in Pb-Pb collisions in the first years
of LHC operation, the ALICE collaboration has shown that heavy flavour hadrons and leptons
from their decay provide valuable information to understand heavy quark production in hadronic
collisions and their interaction with the quark-gluon plasma.

The cross sections of charmed hadrons and heavy flavour (charm and beauty) decay leptons
have been measured in pp collisions at /s = 2.76 TeV and /s = 7 TeV. Perturbative QCD calcula-
tions describe the measurements within uncertainties. Proton-proton results provide the reference
for the Pb-Pb results. In the most central collisions, the heavy flavour measurements, at mid-
rapidity in the electron decay channel and for prompt D mesons, and at forward rapidity in the
muon decay channel, show a suppression of the yield by a factor 3-4 in the intermediate pt re-
gion. For a better understanding of the hot medium effects, analyses of proton-nucleus collisions,
recorded early in 2013, are ongoing with the aim of measuring the effect of the cold nuclear matter
on heavy-flavour production.

Charmed mesons and heavy-flavour electrons exhibit a positive elliptic flow in semi-central
collisions possibly indicating that heavy quarks participate in the collective motion of the system.
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These results underline the importance of high precision heavy flavour studies in the next LHC
runs.
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