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Abstract. We present measurements of the nuclear modification factor of heavy-flavour decay leptons in
p-Pb collisions at /syn = 5.02 TeV and Pb-Pb collisions at /syn = 2.76 TeV, the elliptic azimuthal
anisotropy of heavy-flavour decay leptons in Pb—Pb collisions at \/sxy = 2.76 TeV, and the angular
correlations between heavy-flavour decay electrons and charged particles in p-Pb collisions at \/syN =
5.02 TeV and in pp collisions at /s = 2.76 and 7 TeV. Results are compared to theoretical predictions.

1. Introduction

The ALICE experiment is dedicated to the study of the strongly-interacting medium formed in heavy-
ion collisions at LHC energies. Heavy quarks, i.e. charm and beauty, are suited to access the properties
of the created medium, since they are mainly produced in initial hard parton scattering processes and
experience the whole evolution of the system.

The modification of the transverse momentum spectra of heavy-flavour hadrons in Pb—Pb collisions
with respect to binary scaled pp collisions is sensitive to the parton energy loss within the Quark-Gluon
Plasma (QGP). The measurement in p—Pb collisions is aimed at accessing cold nuclear matter (CNM)
effects on heavy-flavour production, such as nuclear modification of the PDF at low x. The nuclear
modification factors in Pb—Pb collisions (Raa) and in p—Pb collisions (Rppy) are defined as:
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where dNaa /dpr is the pr-differential yield in Pb—Pb collisions, Tx4 is the nuclear overlap function in
Pb—Pb collisions, which is evaluated with the Glauber model [1]], A is the mass number of the Pb nucleus,
dGyp/dpt and dGypy 4y, are the pr-differential cross sections in pp and p-Pb collisions, respectively. For
particles produced in hard-scattering processes, one expects nuclear modification factors equal to unity
in absence of initial and final state effects in nuclear collisions.

The anisotropy of particle emission can be used to further investigate the QGP properties. The
anisotropy is obtained from the particle azimuthal distribution in momentum space expressed as a Fourier
series with respect to the reaction plane (RP), which is defined by the impact parameter direction and the
beam direction [2]:
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where @ is the azimuthal angle of the particle emission direction, Wrp is the (true) reaction-plane angle,
which is experimentally estimated from the event-plane angle. The coefficients v,, which can also be



computed as v, = (cos[n(@—Wgp)]), represent the azimuthal anisotropy magnitude of the n-th harmonic.
The elliptic azimuthal anisotropy (v2) of heavy-flavour hadrons at low transverse momentum provides
insight into the collective motion of heavy quarks, whereas v, of heavy-flavour hadrons at high transverse
momentum is sensitive to the path-length dependence of the heavy-quark energy loss within the QGP.

Another observable used to access the collective patterns in the particle production is the two-particle
angular correlation, which is the differential yield of trigger-associated particle pairs in azimuth (A@) and
in pseudorapidity (An):
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where Nyigger is the number of trigger particles and N,,i; is the number of pairs of trigger and associated
particles. The angular correlation between heavy-flavour decay electrons (trigger particle) and charged
particles (associated particle) in pp collisions can be used to estimate the relative contribution of beauty-
hadron decay electrons to the yield of heavy-flavour decay electrons. The measurement in p—Pb collisions
can be used to investigate cold nuclear matter effects and a potential existence of collective phenomena
in such collisions.

In this paper, heavy-quark production is investigated by measuring electrons and muons from semi-
leptonic decay channels, which have a branching ratio of the order of 10%. We present measurements
of the nuclear modification factor of leptons from heavy-flavour hadron decays in p—Pb collisions at
/SN = 5.02 TeV and Pb—Pb collisions at /sy = 2.76 TeV, the elliptic azimuthal anisotropy of heavy-
flavour decay leptons in Pb—Pb collisions at /syn = 2.76 TeV, and the angular correlations between
heavy-flavour decay electrons and charged particles in pp collisions at /s = 2.76 and 7 TeV and in p-Pb
collisions at /sy = 5.02 TeV.

2. ALICE experiment and particle identification

The ALICE detector is described in detail in [3]. The centrality [4] and the event-plane angle in Pb—Pb
collisions are measured with the VO detector, which comprises two scintillator counters positioned on
each side of the collision vertex: VOA (2.8 <1 < 5.1) and VOC (-3.7 <n < -1.7). The amplitude of the
signal in the VOA detector is also used in p—Pb collisions to classify events according to the multiplicity
of particles produced at backward rapidity.

Electrons are identified at mid rapidity (|n| <0.9) with the Inner Tracking System (ITS), the Time-
Projection Chamber (TPC), the Time of Flight (TOF), and the ElectroMagnetic Calorimeter (EMCal).
The identification with the ITS and the TPC is based on the specific particle energy loss dE/dx . The time
of flight of particles is used to reject hadrons in the low momentum region where the hadron dE/dx curves
cross the curve corresponding to electrons measured with the TPC. The electron identification with the
EMCal is based on the distribution of the energy-to-momentum E /p ratio (with E/p =~ 1 for electrons)
and the shower shape. The electron candidate sample is composed of heavy-flavour decay electrons and
background electrons, which are mainly electrons from photon conversions in detector material and from
Dalitz decays. The yield of background electrons is estimated using two different methods, depending on
the analysis, and subtracted statistically from the identified electron sample. The first method estimates
background electrons from invariant mass of electron-positron pairs, which is expected to have small
values for pairs from conversions and from Dalitz decays. The second method uses a Monte Carlo (MC)
calculation of the background contributions based on the measured 7’ and 1-meson cross sections [3]].
The selection of electrons from beauty-hadron decays is based on the track impact parameter (dp), which
is the distance of closest approach (DCA) between the charged track and the interaction vertex in the
transverse plane. Due to the long lifetime of beauty hadrons (¢t ~ 500 um), the impact parameter of
beauty-hadron decay electrons is on average larger than the one of background electrons, which also
include electrons from charm-hadron decays in this case.

Muons are reconstructed with the Muon Spectrometer at forward rapidity (-4 < m < -2.5). The track
candidate in the muon tracking chambers is required to be matched with the trigger chambers in order to



reject the hadronic background. A cut on p x DCA, where DCA is the distance between the extrapolated
muon track and the interaction vertex, is applied to remove non-primary tracks. The muon candidate
sample includes muons from heavy-flavour hadron decays and muons from background sources, which
are mainly 7 and K decays. Background muons are estimated in pp collisions via MC simulations, while
the estimation in p—Pb and Pb—Pb are obtained with the measured muons from 7 and K decays at mid
rapidity extrapolated to forward rapidity based on MC simulations. The forward-backward asymmetry of
charged particles measured by the CMS Collaboration [6] is used for the extrapolation in p—Pb analysis.

3. Results

For all results shown in this section, the vertical error bars represent the statistical uncertainties, the
horizontal error bars indicate the bin widths and the boxes represent the total systematic uncertainties.
The boxes centered at R,pp, = 1 and Raa = 1 represent the normalization uncertainty. The convention used
for the rapidity sign in p—Pb collisions is negative for Pb-going direction, which addresses the orientation
of the muon spectrometer, and positive for p-going one.

3.1. Nuclear modification factors

The pp reference for the Raa and R,p, measurements (Eq. [[) of electrons from heavy-flavour hadron
decays at \/snn = 2.76 and 5.02 TeV, respectively, was obtained by using a pQCD-driven /s-scaling [7]
of the measured cross section of heavy-flavour decay electrons in pp collisions at /s = 7 TeV [3] for
pr < 8 GeV/c and by using FONLL predictions [8] for pr > 8 GeV/c. The measured cross section of
electrons from beauty-hadron decays in pp collisions at /s =7 TeV [9] was scaled to 5.02 TeV and used
as reference for Rypp, of electrons from beauty-hadron decays at /sxy = 5.02 TeV. The pp reference for
the Rppy of heavy-flavour decay muons was obtained by +/s-scaling [7] of the measured cross section
of muons from heavy-flavour hadron decays in pp collisions at /s = 2.76 [10] and 7 TeV [L1l]. The
measured cross section of heavy-flavour decay muons in pp collisions at /s = 2.76 [10] was used as
reference for Raa of heavy-flavour decay muons at /sy = 2.76 TeV.

Figure |1| (left panel) shows the nuclear modification factors measured for electrons from heavy-
flavour hadron decays and from beauty-hadron decays in minimum bias p—Pb collisions at /sy = 5.02
TeV. Results are compatible with unity within the uncertainties. The right panel of Fig. |1{ shows the
comparison of the measured Rppy, of electrons from heavy-flavour hadron decays to FONLL calculations
[8] with EPS09 parameterization [12] for the nuclear modification of the PDFs in p—Pb collisions. The
calculation describes the data within the uncertainties.
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Figure 1. Left panel: Rppy, of electrons from decays of heavy-flavour hadrons (square symbols) and
beauty hadrons (circle symbols) as a function of pr at /sy = 5.02 TeV at mid rapidity (-1.06 < ycys <
0.14). Right panel: Rppy of electrons from heavy-flavour hadron decays as a function of pr at \/snn
= 5.02 TeV compared to FONLL calculations [8] with EPS09 parameterization [12] for the nuclear
modification of the PDFs in p—Pb collisions.



Figure [2| shows the nuclear modification factors measured for muons from heavy-flavour hadron
decays in minimum bias p—Pb collisions at \/syn = 5.02 TeV at forward (2.5 < ycys < 3.54) and
backward (-4 < ycus < -2.96) rapidities. Results are also compared to NLO(MNR) pQCD calculations
[13] with EPS09 parametrization [12] for the nuclear modification of the PDFs in p—Pb collisions. Rppy
of heavy-flavour decay muons is compatible with unity within the uncertainties and calculations describe
the data within uncertainties in different rapidities. Rppp at low pr in the backward rapidity region is
slightly larger than unity, but consistent with the model calculation.
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Figure 2. Rppy, of heavy-flavour decay muons as a function of pr at /sy = 5.02 TeV at forward
rapidity, 2.5 < ycus < 3.54, (left panel) and backward rapidity, -4 < ycys < -2.96 (right panel). Results
are compared to NLO(MNR) pQCD calculations [13] with EPS09 parametrization of shadowing [12].

Figure 3] (left panel) shows the nuclear modification factors (Raa) measured for electrons at mid
rapidity (|y| < 0.6) and muons at forward rapidity (2.5 < y < 4), both from heavy-flavour hadron
decays, as a function of pr in Pb—Pb collisions at /sy = 2.76 TeV in the 0-10% centrality class.
A strong suppression of heavy-flavour decay leptons for pt > 3 GeV/c is observed in central Pb—Pb
collisions. Since the measured nuclear modification factors of heavy-flavour decay leptons in p—Pb
collisions are compatible with unity, this suppression suggests that heavy quarks lose energy within the
created medium. Figure E] (central panel) shows Raa measured for electrons and muons from heavy-
flavour hadron decays as a function of pr in Pb—Pb collisions at /sy = 2.76 TeV in less central
collisions (muons in the 40-80% and electrons in the 40-50% centrality class). A decrease of suppression
is observed with respect to central collisions, which is consistent with the path-length dependence of the
parton energy loss in the medium as well as the dependence of the medium density with the collision
centrality. Figure [3] (right panel) shows Raa measured for electrons from beauty-hadron decays at mid
rapidity (|y| < 0.8) as a function of pr in Pb—Pb collisions at \/snn = 2.76 TeV in the 0-20% centrality
class. The observed suppression of electrons from beauty-hadron decay for pr > 3 GeV/c provides a
hint of beauty quark in-medium energy loss.

3.2. Elliptic azimuthal anisotropy

The panels of Fig. f] show the elliptic azimuthal anisotropy (v2) measured for electrons at mid rapidity
(ly] < 0.7) and muons at forward rapidity (2.5 <y < 4), both from heavy-flavour hadron decays, as a
function of pr in Pb—Pb collisions at /syn = 2.76 TeV for the centrality classes 0-10% (left panel),
10-20% (central panel) and 20-40% (right panel). A positive v, is observed at low pr, in particular with
more than 36 significance in the range 2 < pt < 3 GeV/c for heavy-flavour decay electrons and in the
range 3 < pr < 5.5 GeV/c for heavy-flavour decay muons in the 20-40% centrality class, which indicates
that charm quarks participate in the collective motion of the medium. Results suggest an increase of v,
from central to semi-central collisions, which is consistent with the expectation of the evolution of the
geometrical anisotropy of the overlap region of the colliding nuclei with the centrality.
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Figure 3. Left panel: Raa of electrons (circle and star symbols) and muons (triangle symbols) from
heavy-flavour hadron decays as a function of pr in Pb—Pb collisions at \/sny = 2.76 TeV for the
centrality class 0-10%. Central panel: Raa of electrons measured in the 40-80% and muons in the 40-
50% centrality classes. For both panels, electrons are measured at mid rapidity (|y| < 0.6), while muons
are measured at forward rapidity (2.5 < y < 4). Right panel: Raa of beauty-hadron decay electrons as a
function of pr in 0-20% central Pb—Pb collisions at /syn = 2.76 TeV at mid rapidity (]y| < 0.8).
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Figure 4. v, measured for electrons from heavy-flavour hadron decays at mid rapidity (|y| < 0.7) and
muons from heavy-flavour hadron decays at forward rapidity (2.5 < y < 4) as a function of pt in Pb—Pb
collisions at y/syn = 2.76 TeV in 0-10% (left panel), 10-20% (central panel) and 20-40% (right panel)
centrality classes.

Figure[5|shows v, (left panel) and Raa (right panel) of electrons from heavy-flavour hadron decays as
a function of pr measured in Pb—Pb collisions in 20-40% and 0-10% centrality classes, respectively [[14]].
The simultaneous comparison of Ras and v, to model calculations [[15 16} 17, (18] presents a challenge
for the latter and will eventually allow to constrain model parameters.

3.3. Correlations

Figure [6] (left panel) shows the azimuthal correlation between electrons from heavy-flavour hadron
decays and charged hadrons in pp collisions at y/s = 2.76 TeV at mid rapidity in two different electron pr
ranges [19]. The width of the near-side peak is larger for electrons from beauty-hadron decays than from
charm-hadron decays due to the different decay kinematics of charm and beauty hadrons. The measured
correlation between heavy-flavour hadron decays and charged hadrons (eyr — h) can be expressed as
a sum of the correlation between beauty-hadron decay electrons and charged hadrons (e, — /) and the
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Figure 5. Left panel: v, of electrons from heavy-flavour hadron decays as a function of py measured
in Pb-Pb collisions in mid rapidity (]y| < 0.7) in the 20-40% centrality class. Right panel: Ras of
electrons from heavy-flavour hadron decays as a function of pt measured in 0-10% Pb—Pb collisions at
mid rapidity (]y| < 0.6). For both panels, results are compared to parton transport models [13, 16} [17, [18].

correlation between charm-hadron decay electrons and charged hadrons (e, — h):

C(A(p’ An)é’y[:*h =A + rbC(A(van)eb*h + (1 - rb)C(A(pv An)eﬂfhv (4)

where C(A@,An) is defined in Eq. [3) A is a constant related to the uncorrelated background, and ry,
is the relative contribution of electrons from beauty-hadron decays to the yield of heavy-flavour decay
electrons. Equation[]is used to fit the correlation-distribution templates obtained from a MC simulation
with Pythia, for electrons from beauty and charm hadron decays separately, to the measured correlation
in order to obtain the parameter r;,. An example of fit is shown in the left panel of Fig. [6] The right panel
of Fig. [6] shows r;, and the pr-differential production cross section of electrons from beauty-hadron
decays in pp collisions at 1/s = 2.76 TeV at mid rapidity (|y| < 0.7) obtained via the correlation between
electrons from heavy-flavour hadron decays and charged hadrons [19]. The cross section is obtained
using the r, parameter and the measured heavy-flavour decay electron cross section from [20]. Results
are compared to the ones obtained using the impact parameter method. The measured relative beauty
contribution to the heavy-flavour decay electron yield is described by predictions from different pQCD
calculations [8, 21}, 22].

Figure [/] (left panel) shows the angular correlation between electrons from heavy-flavour hadron
decays and charged particles at mid rapidity (|n| < 0.9) in pp collisions at /s = 7 TeV and in p-Pb
collisions at /sy =5.02 TeV for three multiplicity classes (0-20%, 20-60%, and 60-100%), which are
based on VOA signal amplitude. The pr ranges of heavy-flavour decay electrons and hadrons are 1-2
GeV/c and 0.5-2 GeV/c, respectively. A similar shape of the angular correlation distributions is observed
in low-multiplicity p—Pb collisions at /sy =5.02 TeV and in pp collisions at /s = 7 TeV. However an
increase in the yield in the near and away sides is observed in p—Pb collisions with increasing multiplicity.
The observed modification can be quantified by the near side Icp, which is the ratio between the per-
trigger yield in high and low multiplicity collisions:

yield(—n/Z < A(p < n/2>0%_20%
CP = . .
yield(—7t/2 < AQ < T/2)60%—100%
The measured near side Icp in p—Pb collisions at /snn =5.02 TeV as a function of electron pr (central
panel of Fig. [/) indicates that there is an enhancement of associated particles for low-pr electrons in
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Figure 6. Left panel: azimuthal correlation between electrons from heavy-flavour hadron decays and
charged hadrons in pp collisions at \/s = 2.76 TeV (a) low-pr electrons (1.5 < p§ < 2.5 GeV/c) are
measured in the MB trigger sample for [n| < 0.9 (b) high-pr electrons (4.5 < p§ < 6 GeV/c) are
measured in the EMCal trigger sample for |n| < 0.7. The circles indicate the data points, the diamond
symbols represent the MC distribution for charm-hadron decay electrons, square symbols are the MC
distribution for beauty-hadron decay electrons, and the line represents the MC fit (Eq. ). Right panel:
(a) relative contribution of electrons from beauty-hadron decays to the heavy-flavour decay electron
yield. Results are compared to different pQCD calculations [8} 21} 22]]. (b) pr-differential inclusive
production cross section of electrons from beauty-hadron decays. The circle symbols represent the data
points measured via the azimuthal correlation between electrons from heavy-flavour hadron decays and
charged hadrons, and the square symbols are the data points obtained using the impact parameter method.

high-multiplicity p—Pb collisions. The enhancement observed for heavy-flavour decay electrons with 1
< pr < 2 GeV/c is further investigated by subtracting the measured correlation in A@ and An in low
multiplicity (60-100%) collisions from the one measured in high multiplicity (0-20%) events, in order
to remove the contribution from jets. The result shown in Fig. [/| (right panel) indicates a long-range
correlation in Am, also observed for light-flavour hadron-hadron angular correlations measured in p—Pb
collisions at \/syn = 5.02 TeV [23, 24]. For light-flavour hadrons, this double-ridge structure can be
described by calculations including gluon saturation in the initial state [25] and by models assuming an
hydrodynamic expansion of final state particles in small systems [26), 27]].

4. Conclusions

The pr-differential production cross section of electrons from beauty-hadron decays and the relative
contributions of electrons from beauty-hadron decays to the yield of heavy-flavour decay electrons are
obtained in pp collisions at /s = 2.76 TeV using two different techniques, which agree with each other
within the uncertainties. Measurements of Rp,py, of electrons from heavy-flavour hadron decays and from
beauty-hadron decays at mid rapidity and Rppy of heavy-flavour decay muons at forward and backward
rapidities are compatible with unity. A double-ridge structure is observed in the correlation between
heavy-flavour decay electrons and charged particles in p—Pb collisions at \/syn = 5.02 TeV. A similar
structure is also observed in light-flavour hadron-hadron correlations, where it can be described by either
initial or final state effects. The investigation of the double-ridge structure in heavy-flavour hadron
decays, whose statistics will be significantly increased in Run 2, can contribute to clarify the origin of
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Figure 7. Left panel: azimuthal correlation between low-pr electrons (1 < p}. < 2 GeV/c) from heavy-
flavour hadron decays and low-pt charged hadrons (0.5 < p% < 2 GeV/c) at mid rapidity (|n] < 0.9,
|An| < 1.6). The histogram represents the measument in pp collisions at /s = 7 TeV. The circles,
squares and triangles represent the measurement in p—Pb collisions at /syn = 5.02 TeV in the 0-20%,
20-60% and 60-100% multiplicity classes, respectively. Central panel: ratio between the near-side yields
in high (0-20%) and low (60-100%) multiplicity classes (Eq. [3)) as a function of electron pr in p-Pb
collisions at /sny = 5.02 TeV at mid rapidity (|n| < 0.9, |An| < 1.6). Right panel: Difference between
the two-particle correlation distributions in A and in An measured in high (0-20%) and low (60-100%)
multiplicity classes in p—Pb collisions at \/syn = 5.02 TeV at mid rapidity (|n| < 0.9, |An| < 1.6).

the effect. Measurements of Raa of heavy-flavour decay leptons in central Pb—Pb collisions at /snn =
2.76 TeV show a strong suppression of heavy-flavour decay leptons at intermediate and high pt. Results
of Rppp and Raa of heavy-flavour decay leptons suggest small cold nuclear matter effects and indicate
that the suppression observed in Pb—Pb collisions is due to the presence of the hot and dense medium.
The measurement of the Raa of beauty-hadron decay electrons in the 20% most central Pb—Pb collisions
hints at a suppression for pr > 3 GeV/c, which could indicate in-medium energy loss of beauty quarks.
A positive v, of electrons and muons from heavy-flavour hadron decays is observed with more than 36
significance in Pb—Pb collisions at /sy = 2.76 TeV in the 20-40% centrality class, which suggests
collective motion of low-pt charm quarks.
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