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Abstract

The production of the high transverse momentum (3 < pT < 14 GeV/c) electrons from10

heavy-flavour (charm and bottom quark) decays was measured with the ALICE detector in
Pb–Pb collisions at the LHC, at a centre-of-mass energy

√
sNN = 2.76 TeV per nucleon–

nucleon collision. The pT-differential production yields at mid rapidity, |y| < 0.6, were used
to calculate the nuclear modification factor RAAwith respect to a proton-proton reference
obtained from the cross section measured at

√
sNN = 2.76 TeV (pT < 8 GeV/c) and a15

FONLL [59] calculations (pT > 8 GeV/c). RAA shows a strong suppression (up to a factor
of 4) in the 10% most central Pb–Pb collisions and a weaker but still significant suppression
(up to a factor of 2) in peripheral (60-80%) collisions.
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1 Introduction
High-energy heavy ion collisions provide a unique opportunity to study properties of hot and20

dense QCD medium composed of deconfined partons - the quark-gluon plasma (QGP). The
QGP is predicted by the lattice QCD calculations [1–4]. The cross-over transition from hadronic
matter to the QGP matter at zero baryochemical potential is expected to take place once the tem-
perature of the matter Tc reaches values of about 150 MeV and/or energy density εc of about
0.5 GeV/fm3 [5, 6]. The measurements indicate that the most violent collisions of lead ions at25

the LHC at
√

sNN = 2.76 TeV create conditions well above the critical temperature at approxi-
mately zero baryochemical potential. To characterize the physical properties of the short lived
QGP (lifetime of about 10 fm/c [7]) the experimental studies use the auto-generated probes,
such as highly virtual partons created early in the collision, thermally emitted photons, and par-
ticle correlations sensitive to the collective expansion and the dynamics of the system. While30

the correlations of soft particles are sensitive to the shear viscosity-to-entropy ratio within the
medium, thermal radiation to its temperature, the interaction of hard partons with the medium
allows to measure the density of the medium. The suppression of high-energy jets (jet quench-
ing) due to their interactions with a quark gluon plasma was first proposed in [8] and is being
explored experimentally at RHIC and the LHC.35

Strong suppression of high transverse momentum particle production in heavy-ion collisions
was first reported at RHIC [9–12]. These modifications of particle yields are quantified with the
nuclear modification factor RAA. The RAA ratio is constructed by dividing the yields in Pb–Pb
collisions by the cross-section in pp collisions scaled by the average nuclear overlap function
(〈TAA〉 [13]) such that40

RAA =
dNAA/d pT

〈TAA〉dσpp/d pT
, (1)

where dNAA/d pT is the pT -differential yield in nucleus-nucleus (AA) collisions, while dσ/d pT
is the pT -differential inclusive cross section in pp collisions. For processes that scale with the
number of binary nucleon-nucleon collisions the RAA formulated in Eq. 1 is by definition unity
when no nuclear effects are present. The experiments at RHIC reported RAA of about 0.2 for
central events and the observation was ascribed to the in-medium energy loss of the energetic45

partons (jet quenching). Similar observations have been reported by the LHC experiments with
charged hadrons and fully reconstructed jets [14–18].

The RAA consistent with unity (no nuclear effects) has been measured for the color neutral ob-
jects (direct photons, W and Z bosons) in Pb–Pb at

√
sNN = 2.76 TeV [19–21] collisions as well

as for the charged hadron in p–Pb collisions at
√

sNN = 5.02 TeV [22]. These measruements50

confirm that the observed jet quenching in nucleus-nucleus collisions cannot be explained by an
initial state parton shadowing and must originate from the final state interactions of energetic
partons with a dense colored medium.

The heavy-flavor is an attractive tool for studies of the in-medium parton energy loss. The
production of heavy-quarks is rather well understood in terms of perturbative QCD (pQCD)55

formalism. Good agreement between the theoretical calculations and measurements of various
heavy-flavor particle production cross sections in hadronic collisions is established over a wide
range of center-of-mass energies from RHIC [23, 66], through Tevatron [25–27] to the LHC
[28–32].

In heavy-ion collisions heavy-qaurks are produced almost exclusively in the initial hard scat-60
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terings and interact with the medium. These interactions occur via both inelastic (radiative
parton energy loss) [33–35] and elastic (collisional energy loss) [36–38] processes that depend
on the parton type and the energy density of the medium. The interactions with the medium
modify the radiation pattern of the shower by inducing longitudinal drag (and associated longi-
tudinal diffusion), transverse diffusion, and enhanced splitting of the propagating partons. On65

average, for a given parton energy, gluons are to lose more energy than quarks due to the dif-
ference in Casimir color factor controling the strength of coupling to the colored medium in
favor of gluons. Furthermore, the so called radiation dead-cone effect (suppression of small-
angle gluon radiation) for the heavy-quarks plays a stronger role than for light quarks. For
massive quarks gluon radiation is forbidden at angles smaller than the ratio of mass and energy:70

θrad < m/E [39–43]. Consequently, the dead-cone effect predicts on average lower relative en-
ergy loss for heavy quarks as compared to light quarks. Thus the heavy-quarks of intermediate
energies are expected to have a stronger sensitivity, as compared to light quarks, to the longitu-
dinal drag - a transport coefficient which quantifies the energy loss per unit length encountered
by the high-energy parton [38]. As a result of multiple elastic collisions and possible in-medium75

resonant interactions wthin the hot medium the low-momentum heavy quarks are considered to
thermalize [44].

The predicted hierachy of energy loss ∆Eg > ∆Elight−q > ∆Eheavy−q motivated experimental
studies of the suppression patterns of the identified hadrons and leptons from the heavy-flavor
decays. This paper reports on the suppression in production (RAA< 1) of electrons from semi-80

leptonic decays of hadrons carying heavy-flavor (charm and beauty quarks) measured in Pb–Pb
collisions at

√
sNN = 2.76 TeV with the ALICE detector. The suppression is measured as a

function of collision centrality. The next sections of the paper define the experimental setup,
the analysis details together with the systematic uncertainties on the measured electron spectra.
The electron yields measured in bins of centrality defined as fractions of the total hadronic cross-85

section σ of Pb–Pb collisions are presented. The yields in the 10% of σ most-central collisions
(small impact parameter) are compared to the measurement of muons from heavy-flavor decays
at forward rapidities [45] as well as to selected calculations of in-medium energy-loss of heavy-
quarks.

2 Aparatus, Data Sample and Analysis90

2.1 Detector setup

The measurement was carried out by the ALICE detector at the LHC with Pb-ion beams at
centre-of-mass energy

√
sNN = 2.76 TeV. The complete description of the experimental setup

can be found in [46]. The main detectors located inside the solenoidal magnet of ALICE used
in this analysis were the Inner Tracking System (ITS), Time Projection Chamber (TPC), Elec-95

tromagnetic Calorimeter (EMCal). Moreover, a set of scintilator arrays, the VZERO detector,
has been used for triggering and event centrality determination.

It is composed of six cylindrical layers, two Silicon Pixel Detectors (SPD), two Silicon Drift
Detectors (SDD), and two Silicon Strip Detectors (SSD). The SPD barrel consists of staves
distributed in two layers around the beam pipe at a radius of 3.9 cm and 7.6 cm, covering a100

length of 24.5 cm in z direction. The outermost layer of the ITS (SSD) is at 43 cm from the
center of the detector.

The TPC with a radial extent of 85–247 cm enables the charged particle tracking beyond the ITS
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radius via the measurement of the ionization energy loss within the gas mixture of Ne-CO2 (9:1)
filling the volume of the detector. The TPC provides up to 159 independent space points per105

track. The combined information of the ITS and TPC can determine the momenta of charged
particles from pT of about 0.15 GeV/c to pT of about 100 GeV/c in |η |< 0.9 and full azimuth.

The EMCal occupies a cylindrical integration volume approximately 110 cm deep in the radial
direction, with front face ∼ 450 cm from the beam line. The EMCal detector design is based
on the Shashlik technology, as implemented in the PHENIX experiment [47] at RHIC, HERA-110

B [48] at HERA, and LHCb [49] at CERN. The detector is a layered Pb-scintillator sampling
calorimeter with a longitudinal pitch of 1.44 mm Pb and 1.76 mm scintillator with longitudinal
wavelength shifting fiber light collection. The detector is segmented into 12,288 towers grouped
into super modules. Each of the towers is approximately projective in pseudorapidity and az-
imuthal angle to the interaction vertex. The azimuthal coverage of EMCal is 107 degrees and in115

the longitudinal direction the EMCal has a length ∼ 700 cm, covering a pseudorapidity region
|η | < 0.7. The calorimeter design incorporates on average a moderate active volume density
of about 5.7 g/cm2 resulting from a 1:1.22 Pb to scintilator ratio by volume. This results in a
compact detector of about 20 radiation lengths.

The VZERO detector consists of two arrays of 32 scintillator tiles placed at distances z = 3.4120

m (VZERO-A) and z = −0.9 m (VZERO-C) from the nominal interaction point. VZERO-A
and VZERO-C cover full azimuth. The detector was used for triggering and event centrality
determination.

2.2 Event Sample and Triggers

The event sample considered in the analysis consisted of 14 ·106 0-10% most central collisions125

and 13 ·106 10-50% semi-central collisions recorded with a minimum-bias trigger, and 3.2 ·106

events (0-90%) triggered with the EMCal.

The minimum-bias trigger was set as a coincidence of signals from the VZERO-A and VZERO-
C. The time resolution of the VZERO system is better than 1 ns allowing for efficient discrimi-
nation of beam-beam collisions from background events produced upstream of the experiment.130

Additional suppression of background was provided by the timing information from the neutron
Zero-Degree Calorimeters (ZDC).

The primary vertex position for each collision was determined from the tracks reconstructed in
the ITS and the TPC by using an analytic χ2 minimization method, applied after approximating
each of the tracks by a straight line in the vicinity of their common origin.135

The offline selection retained only the events where the coordinate of the reconstructed vertex
measured along the beam direction was within ±10 cm around the nominal interaction point.
The event vertex reconstruction is fully efficient for the event centralities considered in this
analysis.

Collisions were classified in terms of percentiles of the total hadronic Pb–Pb cross section (event140

centrality) using the measured aplitudes in VZERO detector. The event centrality was related to
the number of participating nucleons Npart and the nuclear overlap function TAA via a Glauber
model [50] with a sharp impact parameter selection. Details on the centrality determination can
be found in [13].

The EMCal provides two hierarchically configured trigger layers L0 and L1. For this analysis145
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Fig. 1: Trigger turn-on curves: a-e) the ratio of inclusive electrons and EMCal clusters in EMCal trig-
gered and minimum-bias triggered events as a function of associated track pT in centrality bins between
0% and 50%; f) shows a similar ratio obtained with EMCal clusters for centrality 50-80%. The pT from
which the spectra from the EMCal trigger are used are indicated with black dashed lines. The scaling
factors are summarized in table 1

the data was recorded with the L1 trigger in coincidence with the VZERO interaction trigger.
The EMCal L0 trigger algorithm was setup to detect high energy single showers (more energetic
than 1.7 GeV). The trigger logic of L1 trigger employed a sliding window algorithm of 4x4
towers integrating the deposited energy within the set of the 16 towers and accepting the events
with at least one set above the set threshold. The sliding step of the algorithm was 2x2 towers.150

Additionally, the trigger logic was configured to adjust the online threshold according to the
event centrality estimated from the analog sum of the VZERO detector signals. The threshold
was asjusted such that the rejection rate was approximately constant as a function of the event
centrality. The threshold varied from 7 GeV in 0-10% most central events and 2 GeV in 80-90%
centrality class (most peripheral events).155

To obtain the inclusive electron spectra utilizing both triggers in each centrality class the per
event yield of electrons from the triggered sample was scaled to the minimum-bias yield by
normalization factors extracted with a data driven method. Figure 1 shows the ratio of pT
differential yields of the electron candidate tracks from the EMCal triggered sample and the
minimum-bias trigger sample as a function of the track pT for all but one centralities considered160

in the analysis. The electron candidates were selected based on the ionization energy loss in the
TPC gas and the ratio of the EMCal cluster energy and the momentum of the particle track. Due
to lack of statistics in the most peripheral selection (50-80%) the correction of the trigger in that
interval was obtained using EMCal clusters (shown in section (f) of Fig. 1).

The relative difference in the normalization factors depending whether selecting electrons or165
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clusters was below 8.5%. This residual difference was included in the systematic uncertainty of
the measurement. The difference in the shape of the curves in Fig. 1 for pT below the plateau
is a consequence of the particle mixture contributing to the EMCal clusters and response of
the EMCal to charged hadrons. The scaling factors for all centrality bins as well as the pT at
which the minimum-bias and EMCal trigger spectra are are summarized in Table 1. Finally, the170

inclusive pT spectrum of electrons is formed by adding the electron spectrum from minimum
bias events below the trigger plateau to the spectrum measured with the EMCal trigger at the
plateau region.

Centrality
Normalization

factor
Plateau above
pT (GeV/c)

0-10% 41 ± 2.5% 9
10-20% 32 ± 3.2% 9
20-30% 37 ± 3.2% 8
30-40% 38 ± 3.0% 6
40-50% 47 ± 6.3% 6
50-80% 88.7 ± 3.5% 5

Table 1: Middle column: trigger scaling factors extracted from the ratio of electrons (or EMCal clusters)
pT spectra in EMCal triggered and minimum-bias events. Right column: particle pT at which the
spectrum measured in minimum-bias events and EMCal triggered events are added to form the inclusive
electron pT spectrum. The scaling factors within centralities 0-50% were extracted using the electron
tracks, whereas for centralities larger than 50% the spectrum of EMCal clusters is used. The table
corresponds to Fig. 1.

2.3 Electron reconstruction

Particle track reconstruction and particle identification were performed based on the informa-175

tion from the detectors of the central barrel, located inside a solenoid magnet, which generates
a 0.5 T field parallel to the beam direction. The main detectors used for the event vertex recon-
struction and charged particle tracking were the ITS and the TPC. The particle momentum (p)
is determined from the combined track fit using the ITS and TPC space points with a resolution
of ∼ 1% at 1GeV/c and ∼ 3% at 10 GeV/c [51].180

The retained tracks satisfied a cut on χ2 per degree of freedom in the track fit such that for
each track χ2/NDOF < 2. The achieved tracking efficiency for the primary charged particles
is of about 80% and it is transverse momentum independent for tracks with pT

track > 2 GeV/c.
Moreover, the efficiency does not depend significantly on the event centrality [51].

For the reconstruction of electrons in this analysis the tracks with a minimum of 70 out of 159185

possible TPC space points were retained. In addition tracks were selected using the distance
of closest approach (DCA) to the reconstructed collision vertex. Accepted tracks were within
|DCAxy| < 2.4 cm in the transverse plane and |DCAz| < 3.2 cm along the beam axis. Further-
more, the tracks were selected within the azimuthal and pseudorapidity acceptance of EMCal
|η | < 0.6. Each track was required to contain at least one point measured in the SPD. The190

electron candidates were selected by applying momentum dependent cut on the ionization en-
ergy loss (dE/dx) within the TPC by requiring the measured dE/dx between -1 to 3 standard
deviations (σT PC−dE/dx) from the expected mean of dE/dx for electrons.
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Additional hadron rejection used the combination of the particle’s energy deposited within EM-
Cal and a cut on the electromagnetic shower shape [51, 52]. Since the shower from an electron195

is fully contained and accurately measured by the EMCal, the ratio of the energy (E) measured
by the EMCal and the momentum (p) for electron tracks is approximately unity (E/p ∼ 1).
The distribution is qualitatively different in the case of hadrons. The tracks extrapolated to the
sensitive volume of EMCal were matched with a cluster if the cluster-track residual in azimuth
and pseudorapidity was within a window of |∆ϕ| < 0.05 and |∆η | < 0.05. For the tracks with200

pT > 2GeV/c the cluster-track residuals are stongly peaked at zero and such a selection results
in an efficiency of 90% and increases for higher momentum electrons. The E/p as a function of
the n ·σT PC−dE/dx for charged particles matched with an EMCal cluster in 0-10% most-central
events is shown in Fig. 2.
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Fig. 2: Left: The ratio of E/p as a function of n ·σT PC−dE/dx in 0-10% most central Pb-Pb events,
where p is charged particle’s momentum, E is the matched EMCal cluster energy, and σT PC−dE/dx is the
expected energy loss in the TPC gas expected for electrons. Right: E/p for electrons in two transverse
momentum selections. The blue (color online) histogram shows the hadron contamination - an E/p
distribution for particles 3 σ away from the expected electron TPC−dE/dx normalized to electron E/p
at small values of the ratio (away from the electron signal).

From the primary tracks matched to an EMCal cluster the electron candidates were selected205

using a momentum independent energy-momentum cut of 0.9 < E/p < 1.3. Furthermore, the
shapes of the measured showers in the calorimeter can be characterized by the two eigenvalues
(λ0 and λ1) of the covariance matrix built from the tower coordinates weighted by the loga-
rithms of the tower energies. These eigenvalues may be used to differentiate between different
incident particle species [51]. A loose cut of λ0 < 0.3, corresponding to the short-axis of the210

shower shape projected onto the EMCal surface was applied as the characteristic electromag-
netic shower of an electron is strongly peaked at λ0 = 0.25. With further suppression of the
residual hadron contamination of about factor 2. such shower shape cut causes at maximum 5%
loss of the electron efficiency.

The remaining hadron background in the electron sample was estimated with a data driven215
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approach. The shape of the residual hadron background in the E/p at the position of electron
peak was reconstructed using the E/p distribution for hadron dominated tracks selected with
σT PC−dE/dx < −3.5. The E/p distribution of the hadrons was then normalized to match the
distribution of the electron candidate distribution between 0.4 < E/p < 0.7 (away from the true
electron peak). An example of the E/p distributions together with the hadron contamination220

for two selected transverse momentum bins is shown in the left panel of Fig. 2.

The data driven studies of the E/p indicated that these electron identification cuts allow to
suppress the hadron contamination in the electron sample to about 2 % for electrons with pT <
5 GeV/c and to about 10 % for electrons with pT < 18 GeV/c in 0-10% most central collision.
The hadron contamination was estimated separately for each centrality selection as a function225

of pT , and subtracted from the electron sample.

The reconstruction efficiencies related to the cuts on the ionization loss in the TPC were esti-
mated with data-driven techniques [51]. Whereas, the EMCal specific efficiencies were calcu-
lated using high statistics Monte Carlo simulations of proton-proton and heavy-ion collisions
with complete detector response modeled by GEANT and verified using available collision data230

with measurements of photons, electrons from photon conversions and electrons from the de-
cays of J/ψ mesons [51]. The product of detector acceptance and reconstruction efficiencies
for inclusive electrons for the most central 0-10% collisions is shown in the left panel of Fig.
2.3. This efficiency depends moderately on the event centrality as it follows the efficiency of
the dE/dx selection [51].235
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Fig. 3: Left: Product of acceptance and efficiency for inclusive electrons as a function of the electron pT

. Right: efficiency for photonic electrons as a function of transverse momentum.

2.4 Heavy-flavor electron spectra

There are three main sources of electrons contributing to the population of the inclusive elec-
trons: a) the heavy-flavour electrons from the semi-leptonic decays of hadrons containing charm
or beauty quark; b) electrons which originate from leptonic decays of quarkonium (J/ψ and ϒ

mesons); and c) the so-called photonic electrons, originating mainly from photon decays of π0
240
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and η mesons that convert in the detector material.

The yield of photonic electrons was measured by pairing electrons with oppositely charged part-
ner tracks and requiring invariant mass of the pair to be close to zero. The partner tracks were
selected by requiring lose track quality and dE/dx cuts in the TPC acceptance. The photonic
electron reconstruction employed a package based on the Kalman filter method [53]. The pairs245

satisfying the opening angle ∆ϕ < 0.1 condition and a cut on the invariant mass of minv < 0.1
GeV/c were selected for further analysis. These selected unlike-sign pairs, however, can con-
tain not only true photonic electrons but also a contribution from random pairs, where heavy
flavor decay electrons may be selected. This combinatorial background to photonic electrons
was estimated by calculating an invariant mass for the like-sign electrons and subtracted from250

the photonic electron yield.

The reconstruction efficiency of the photonic electrons (εeγ ) was extracted from the Monte Carlo
simulations with full detector response and was found to be event centrality independent. The
efficiency shown in Fig. 2.3 is about 30% at pT = 4 GeV/c and about 50% at pT = 10 GeV/c
rising slowly to 55% at 18GeV/c. The number of photonic electrons was calculated as the255

difference of the electrons contributing to the unlike-sign pairs and the like-sign pairs scaled
by the reconstruction efficiency such that: Neγ = (NeULS −NeLS)/εeγ . The estimated photonic
electron contribution to the inclusive electron sample in the 10 % most central collisions is
about 30% at pT = 3GeV/c and drops with pT to 25% at 12 GeV/c. At higher pT the heavy
flavour decay electrons are by far the dominant contribution to the inclusive electron sample.260

The contribution to the inclusive electrons from J/ψ decays was estimated using the measured
J/ψ production cross section at

√
sNN = 7 TeV in pp collisions [54] and scaled by the nuclear

modification factor RJψ

AA∼ 0.8 based on the measurements at the LHC [56, 57]. The contribution
from ϒ states was estimated by taking the pT dependence of the cross-section ratio of Jψ and
ϒ. The ratio is about 3% at pT

qq̄ ∼ 5GeV/c raising to 50% at 15 GeV/c.265

The heavy-flavour electron yield was then determined by subtracting the photonic electron yield
and the feed-down electrons from the J/ψ decays from the inclusive electron yield after apply-
ing the corrections for the reconstruction efficiencies. The pT differential yields of heavy flavour
decay electrons corrected for acceptance and efficiencies in 0-10%, 10-20%, 30-40%, 40-50%,
50-70% and 70-90% centrality classes are shown in Fig. 4270

3 Discussion of systematic uncertainties
The systematic uncertainties contributing to the uncertainty of the reconstructed heavy-flavor
electron spectrum can be grouped into three categories:

– the event selection (the event vertex selection, the event normalization including the scal-
ing of the EMCal trigger events, and the event centrality selection)275

– the electron signal extraction (tracking and particle identification),

– the non-heavy-flavor background determination.

An overview of the systematic uncertainties and their relative contribution to the electron spectra
are presented in Tab. 2. Within the figures the systematic uncertainties are represented as shaded
boxes around the data points.280
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Fig. 4: Differential spectrum of electrons from semi-leptonic decays of heavy-flavor hadrons in bins of
centrality of Pb–Pb collisions at

√
sNN = 2.76 TeV.

Event normalization. The comparison of the event normalization obtained with the EMCal
cluster and the normalization obtained from the inclusive electrons showed a maximum devi-
ation of 8.5% in the extracted triggered event normalization. This deviation had been fully
propagated as the uncertainty on the EMCal trigger normalization factor.

Electron identification. The systematic uncertainties on track selection and electron identifica-285

tion where assessed via multiple variations of the analysis cuts. For each set of cuts the analysis
has been repeated and compared to the results obtained with the default set of cuts. These vari-
ations involved changes in track quality cuts, such as the number of the measured space points
in the TPC, the track momentum fit quality, the cut on number of measured space points in the
ITS with the minimum one hit in the SPD. The uncertainties were extracted as a function of290

track pT and for each event centrality separately. In addition, the electron identification cuts in
the TPC (nσT PC−dE/dx) and EMCal (E/p range) were varied near the the nominal values. The
uncertainty originating from the knowledge of the material budget was estimated via complete
detector simulations with varied radiation length by 4% [51].

Subtraction of electrons from J/ψ . The uncertainty on the subtracted background electrons295

from the J/ψ decay was estimated from the measured production yields in heavy-ion collisions
[57] and by varying the RAA of the quarkonia from 0.5 up to an extreme value of 1. The
experimental uncertainties on the measurement of RAA has been taken as a quadratic sum of
statistical and systematic uncertainties. The CMS Collaboration reported a measurement of
RJ/ψ

AA ( for pT > 6.5GeV/c and |η | < 1.2) in 0-100% centrality collisions [58]. The calculated300

uncertainty is consistent with the uncertainties deduced from the CMS result.
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Systematic uncertainty

Source pT dependence [GeV/c] Uncertainty (%) Centrality dependence

Tracking / material weak within 2-14 4 none
E/p 2 (10) 5 (2) weak
nσT PC−dE/dx 2 (10) 3 (7) weak
Photonic background 2 (10) 3 (7) weak
J/ψelectron background 2 (10) 4 (10) weak
EMcal trigger correction only high-pT 8.5 weak
Centrality estimation n/a 1-2 weak

Table 2: Summary of systematic uncertainties on the heavy-flavor electron yields grouped according to
their sources. Where applicable the uncertainty was taken at two pT regions of 2 and 10 GeV/c. For
details on the extraction of the uncertainties see text. The centrality dependence column summarizes
the uncertainties extracted separately for each centrality selection. The weak dependence envelopes
deviations of the order of few (up to 3) % .

4 Nuclear modification factor
The production cross section of heavy-flavor electrons from proton-proton collisions at

√
s =

2.76 TeV needed to compute the nuclear modification factor was obtained from the existing
measurements at

√
s = 7 TeV and from the FONLL pQCD calculations [59, 60]. In the follow-305

ing, dσpp/dpT was obtained for pT < 8 GeV/c using a pQCD-driven extrapolation [61] of the
measured cross-section at

√
s = 7 TeV [62] to

√
s = 2.76 TeV. For pT > 8GeV/c, the FONLL

calculation
√

s = 2.76 TeV was used directly. The uncertainties associated with the extrapola-
tion of the measurements and uncertainties from theory amount to about 10% of the uncertainty
on the reported RAA.310

Figure 6 shows the resulting RAA of heavy-flavor electrons for all centrality bins considered
in the analysis. In all cases the electron production yields are suppressed. In the most central
events the RAA reaches values below 0.4 while for the more peripheral events the suppression
is weaker. The suppresison pattern and its centrality dependence is consistent with in-medium
energy loss of heavy-quarks and complements the previous observations. Up to now the in-315

medium energy loss of heavy-flavor at the LHC has been studied via open charm measure-
ments of RAAof D-mesons [68], heavy-flavor muon measurements at forward rapidities [45],
and measurements of b-jet production [63]. At RHIC the nuclear modification of heavy-flavor
production has been studied via its semileptonic decays in Au-Au collisions by the PHENIX
Collaboration [64] and by the STAR Collaboration via measurements of D-mesons [65] and320

semileptonic decays [67].

The spectrum of the electrons is sensitive to both charm and beauty quark energy loss. From the
decay kinematics it follows that while the electrons of pT below 4 GeV are mostly sensistive
to the charm energy loss. On the other hand, a large fraction (more than 60%) of the elec-
trons at about 10 GeV originate from b-quarks [60]. The results reported here for electrons at325

mid-rapidity complement the measurement of the strong suppression of muons from the semi-
leptonic decays of heavy-flavor at forward rapidities [45] and the RAA reported by the ALICE
Collaboration for D-mesons [68, 69]. Figure 6 shows the comparison of these measurements.
The lepton measuremnents show remarkable similarity in the supression pattern that within the
uncertainties does not exhibit [any] rapidity dependence.330
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The electron RAA at midrapidity confirms a strong in-medium energy loss of heavy quarks. The
electron spectrum above 7 GeV/c contains a significant contribution from the b-quarks thus the
strong suppression of electrons for pT > 10 GeV/c is consistent with a signigicant in-medium
energy loss of b-quarks.
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Fig. 5: RAAof electrons from heavy-flavor decays in centrality bins of Pb–Pb collisions at
√

sNN =

2.76 TeV. The solid band at 1 brackets the uncertainty on the pp reference. The band is not in the fig.

5 Comparison to models of parton energy loss335

Note: text below will have to be revisited vis-a-vis discussion of comparison of spectra to the
models; description of *what* these models are is needed and perhaps a sharper conclusion
with respect to D-meson RAA. A new figure added - to be discussed and decided what to be
included.

The electron RAA in the most central Pb-Pb events is compared to several theoretical models340

of the in-medium heavy-quark energy loss in Fig. 7. Some of those models were previously
compared to the RAA of the D-meson in most central Pb–Pb collisions [68] as well as the non-
zero eliptic flow of the D-meson in semi-central Pb–Pb collisions [70]. The calculations incor-
porate heavy quark transport with collisional energy loss in an expanding quark-gluon plasma
(BAMPS) [71]; heavy quarks transported with in-medium resonance scattering and coalescence345

(Rapp et. al) [72]; and heavy quark transport (Langevin equation) with collisional energy loss
(POWLANG) [73].

While all the models reproduce the large suppression, there are several distinct features that
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Fig. 6: RAAof electrons, muons [45] from heavy-flavor decays and propmt D0 mesons [69] in most
central Pb–Pb collisions. Left: Electron and muon RAA compared with D-meson RAA in 0-10% most
central collisions. Right: RAA of electrons in 40-50% centrality selection for electrons, 40-80% for
muons and D-mesons. Notes: D’s from (a) are in preparation - not published. Need an uncert. at 1.

can be extracted albeit the experimental uncertainties. The calculation by Rapp et al. seems
to reproduce the data best towards pT beyond 9 GeV/c, while systematically missing the sup-350

pression at the lower pT . The POWLANG calculation captures the suppression on average,
suggesting however, a descending trend as a function of pT while data despite the uncertain-
ties do not seem to share that feature. Finally, the BAMPS theory curve is somewhat always
below the central values of the points while it seems to be capturing the overal features of the
measurement well.355

Fig. 7: RAA of electrons from heavy-flavor decays in 10% most central Pb–Pb collisions at
√

sNN =

2.76 TeV compared to several theoretical models [71–73]. Fig. will change.
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Fig. 8: Alrernative (new) figure. Not described in the text. Added for completeness. Multiple curves
from theory need to be resolved (cross-check the meaning).

6 Summary
In summary, the pT differential yields of electrons from semi-leptonic heavy-flavor decays of
charm and beauty mesons where measured in several centrality classes of Pb–Pb collisions at√

sNN = 2.76 TeV at mid-rapidity. The nuclear modification factor RAA for 0-10% most central
events indicates a strong in-medium energy loss of charm and beauty quarks. The suppression360

is significantly weaker towards more peripheral events. These observations are quantitatively
consistent with measurements of RAA for muons from semi-leptonic heavy-flavor decays sug-
gesting none or a very weak rapidity dependence of the energy loss between mid-rapidity and
rapidities of 4. Moreover, a number of theoretical calculations of in-medium energy loss for
heavy-quarks [with various success] is able to reproduce the experimental findings.365
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