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Abstract

The production of beauty hadrons was measured via sentd&ptiecays at mid-rapidity with the
ALICE detector at the LHC in the transverse momentum intetva pr < 8 GeV/c in minimum-
bias p—Pb collisions af/syy =5.02 TeV and in B < pr < 8 GeV/cin the 20% most central Pb—Pb
collisions at,/Syn = 2.76 TeV. The pp reference spectra&=5.02 TeV and,/s= 2.76 TeV, needed
for the calculation of the nuclear modification fact®senr and Rpppp Were obtained by a pQCD-
driven scaling of the cross section of electrons from bedaiyron decays measuredgs = 7 TeV.
TheRppppis about 0.7 with an uncertainty of about 30% in the interval By < 6 GeV/cand 0.47
with an uncertainty of 25% in & pr < 8 GeV/cin Pb—Pb collisions. Belo = 3 GeV/c, theRpppp
values increase with decreasing transverse momentumystéraatic uncertainties of 30—45%. The
Ropb is consistent with unity within systematic uncertainti€sbout 20% at highpr, increasing at
low pr, and is well described by theoretical calculations thaluide cold nuclear matter effects in
p—Pb collisions. The measur&dp, and these calculations indicate that cold nuclear mattectsf
are small at high transverse momentum also in Pb—Pb caolisibherefore, the observed reduction
of Rppppbelow unity for highpy can be ascribed to an effect of the hot and dense medium farmed
Pb—Pb collisions.
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1 Introduction

In collisions of heavy nuclei at ultra-relativistic enexgj a high-density colour-deconfined state of
strongly-interacting matter, called Quark—Gluon Plas@&RP), is expected to be produc&iml, 2]. Due
to their large massesng >> Aqcp), heavy quarks (charm and beauty) are almost exclusivelgyaed

in the early stage of the collision via hard parton scattgricharacterised by production-time scales of
less than 0.1 and 0.01 fmfor charm and beauty quarks, respectivEly [3]. They cangtbes, serve as
probes to test the mechanisms of medium-induced partogetfess, because the formation time of the
QGP medium is expected to be about 0.30‘{@0 and its decoupling time is about 10 fafbr collisions

at LHC energiesﬂS . Due to their stronger colour couplingft® medium gluons are argued to lose more
energy than quark [EI—S]. Further, the radiative energy tdheavy quarks is predicted to be reduced
with respect to light quarks due to the mass-dependentatistrof the phase space into which medium-
induced gluon radiation can take place (dead-cone ef@éﬁ. In addition, the collisional energy loss
in an expanding QGP is expected to be reduced for heaviekgb&cause the spatial diffusion coef-
ficient scales inversely proportional with the quark m@.[ﬂ' he effect of the charm-quark mass on
energy loss becomes negligible at high transverse momemu® 10 GeV/c, where the ration./ pr
approaches zerEIM]. Therefore, due to the larger masstybgaarks can be sensitive probes for testing
the mass dependence of the parton energy loss up to tramswersenta well above 10 Gg¥ [Iﬂ].
Final-state effects, such as colour-charge and mass depemaf parton energy loss, can be studied
experimentally through the spectra of hadrons containgay quarks in comparison with light-flavour
hadrons in heavy-ion (AA) collisions.

The understanding of final-state effects requires measmtnof initial-state effects in Cold Nuclear
Matter (CNM), which are inherent to nuclei in the collisiopsgem and thus present in AA collisions.
Measurements in proton—nucleus (p—A) collisions are us@w/éestigate cold nuclear matter effects such
as the modification of the Parton Distribution Functions Fpinside the nucleus with respect to those
in the proton,kr broadening via parton collisions inside the nucleus priothe hard scattering and
energy loss in cold nuclear matté[@—lg]. The effects ofbold) nuclear matter can be studied using
the nuclear modification factoRaa (Rpa), defined as the ratio of ther distributions measured in AA
(p—A) collisions with respect to the one in pp collisions:

1 dNAA/de
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where dNaa /dpr and do,,/dpr are thepr-differential yield and production cross section of a given
particle species in AA and pp collisions, respectively, dfgh ) is the average of the nuclear overlap
function for the centrality range under study![20].

Previous beauty-hadron production measurements in pigiools at various energies at RHI@[HI 22],
the Tevatron@:%] and the LHdﬂ[ZQ] are described by dFi@eder plus Next-to-Leading-Log per-
turbative Quantum Chromodynamics (FONLL pQCD) caIcuiﬁi(ﬁd} ] within uncertainties.

At both RHIC and the LHC, a suppression of the yield of D mesams highpr electrons and muons
from heavy-flavour hadron decays was observed in AA colisiol he suppression is nearly as large as
that of light-flavour hadrons at highr [@—@] The D meson and pidppppwere found to be consistent
within uncertainties and described by model calculatidrag include a colour-charge dependent energy
loss @ELBE% However, in addition to energy loss, thelear modification factor is also influenced
by e.g. the partorpt spectrum and the fragmentation into hadrans [[Ih 40]. leambre, the nuclear
modification factordRpppp0f prompt D mesons and of/from B meson decays were compared in the
pr interval 8< pr < 16 GeV/c for D mesons and.6 < pr < 30 GeV/c for J/iy mesons in order to have

a similar averager (=10 GeV/c) for the heavy hadronﬁba 42]. This comparison with eted
indicates that charm quarks lose more energy than beautksyirathis py interval in central Pb—Pb
collisions. The b-jet yield as measured in Pb—Pb collisials® shows a suppression compared with
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the yield expected from pp collisions in the jet-interval 70< pr < 250 GeV/c [@]. Recently, the
relative contributions of electrons from charm- and bedu#giron decays were measured as a function of
transverse momentum in Au—Au collisions at RHIC [44]. Thiera hint that in the momentum interval

3 < pr < 4 GeV/ctheRayau Of electrons from beauty-hadron decays is larger than freleotrons from
charm-hadron decays.

In p—Pb collisions at the LHC, the nuclear modification fastof B mesonleS], b—jet%G , Y/from
beauty-hadron decayEMﬂ 48], leptons from heavy-flavadirdn decays and D mesons |[49, 50] were
investigated extensively. The results are consistent mnity within uncertainties and compatible with
theoretical calculations including cold nuclear mattéees Eégb] Therefore, the observed suppres-
sion of charm and beauty yields at high in Pb—Pb collisions is not explained in terms of initialtsta
effects but is due to strong final-state effects induced liyphdonic matter.

In central d—Au collisions at/syn = 200 GeV at RHIC, an enhancement was measured at backward
rapidity by means oRyay of muons from heavy-flavour hadron deca@ [51]. Theoretadtulations
including modified PDFs cannot describe the data, implyivad tnodels incorporating only initial-state
effects are not sufficient and suggesting the possible itapoe of final-state effects in the d—Au collision
system. Recently, a potential signature of collective bigha in small systems was observed via the
anisotropic flow parametes of charged hadrons in p—Pb coIIisiovE[ 55] and in d—AlesiohsEé,

@], suggesting radial flow as a possible explanation of t@ecement of thByay [@].

In this paper, the invariant cross section in p—Pb and yireRki—Pb collisions are presented together with
the nuclear modification factor&®,pp and Rppp, Of electrons from beauty-hadron decays in p—Pb and
Pb—Pb collisions a{/syn = 5.02 TeV and /syy = 2.76 TeV, respectively. The identification of electrons
from beauty-hadron decays is based on their separationtfreinteraction vertex, induced by the sizable
lifetime of beauty hadrons. The p—Pb (Pb—Pb) measuremeatsthe rapidity rangiap| < 0.6 (|Yiap| <

0.8) and thepr interval 10 < pr < 8.0 GeV/c (1.3 < pr < 8.0 GeV/c). In the p—Pb collisions, due to
the different energy per nucleon of the proton and lead b#aeentre-of-mass system (cms) is shifted
by Ay = 0.465 in the proton beam direction, resulting in the rapidioyerage—1.06 < yems < 0.14

for electrons. Given the cms energies and the rapidity emes in the p—Pb and Pb—Pb collisions,
both measurements probe, at the lowpst similar values of Bjorkenc of about 102 for electrons
from beauty-hadron decaﬁ59]. The Pb—Pb measuremerttitcted to the 20% most central Pb—Pb
collisions, where the largest effect of energy loss on hdkapur production is expected.

The paper is organised as follows: Secfibn 2 describes theriexental apparatus and the data samples
used in both analyses, which are outlined in Sedfion 3. Beththe analysis in p—Pb and Pb—Pb colli-
sions are given in Sectioh$ 4 dnd 5, respectively. The détation of the pp reference spectra for the
calculations of theR,p, and Repppis reported in Sectioh] 6. The results are presented andssisdun
Sectior Y. Sectionl 8 summarises the results.

2 Experimental apparatus and data samples

A comprehensive description of the ALICE apparatus andatfopmance can be found iHGO] ar@[m],

respectively. Electron tracks were reconstructed andifikohusing detectors located inside the solenoid
magnet that generates a field of 0.5 T parallel to the beamsttire Forward and backward detectors
inside and outside the magnet were employed for triggebiagkground rejection and event characteri-
sation.

Charged particles are tracked with the Inner Tracking Sy<igS) [_6__6@2] and the Time Projection
Chamber (TPCiE3] in the pseudorapidity rangée< 0.9. The ITS consists of six cylindrical layers of
silicon detectors. The two innermost layers are made of@ilPixel Detectors (SPD), the two middle
layers of Silicon Drift Detectors (SDD) and the two outermiayers of Silicon Strip Detectors (SSD).
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In the direction perpendicular to the detector surface tdted material budget of the ITS corresponds
on average to 7.7% of a radiation Ien [62]. In this analyllie ITS was also used to reconstruct the
primary (interaction) vertex and the track impact paramajedefined as the distance of closest approach
of the track to the interaction vertex in the plane transygosthe beam direction. The resolution din

is better than 65um and 70um for charged particles with momenta larger than 1 GeWh Pb—Pb
and p—Pb collisionml], respectively, including the te8on of the primary vertex determination. The
particle identification capability of the four outer layafsthe ITS via the measurement of the ionisation
energy loss B /dxwas used at low transverse momentum in the p—Pb analysisTH@ewhich provides
up to 159 space points per track, is used for particle ideatifin via the measurement of the specific
energy loss H/dx in the detector gas. The tracks reconstructed in the ITStendPC are matched to
hits in the other detectors inside the magnet located ag¢daeglii. The Transition Radiation Detector
(TRD) @] surrounding the TPC provides hadron and electdamtification via the measurement of
the specific energy lossfdx and transition radiation. During the Pb—Pb (p—Pb) datantakieriod it
covered 7/18 (13/18) of the full azimuth. Therefore, onlylin Pb—Pb analysis it was used to verify the
amount of hadron contamination within the electron iderdiibn strategy at low transverse momentum
(see Sectioh]5). The Time-Of-Flight array (TO@[BS], basedMulti-gap Resistive Plate Chambers
(MRPCs), provides hadron rejection at low transverse maamervia the time-of-flight measurement,
within the electron identification strategy applied in battalyses. The TO detectors, arrays of Cherenkov
counters, located a+350 cm and—70 cm from the interaction point along the beam direct@] [66
provided, together with the TOF detector, the precise stad for the time-of-flight measurement in the
p—Pb analysis. For central Pb—Pb events the start time wiegsa¢sd only using the particle arrival times
at the TOF detector.

The SPD, the TO detectors as well as the VO scintillator afrplaced on both sides of the interaction

point at 2.8< n < 5.1 (VO-A) and—3.7 < n < —1.7 (VO-C), respectively, can be employed to define a
minimume-bias trigger. The two Zero Degree Calorimeters@@DRhat are symmetrically located 112.5 m

from the interaction point on either side, were used in tHénef event selection to reject beam-gas

interactions by correlating the time information with theedrom the VO detectors.

The Pb—Pb and p—Pb data presented here were recorded inr2)20XE3, respectively. Minimum-bias
p—Pb collisions were selected by requiring coincident aigin VO-A and VO-C (VOAND condition).
Beam-gas interactions were rejected offline by the afor¢ioveed correlation of the ZDC and VO time
information. The Pb—Pb collisions were collected with tviffedent minimum-bias interaction triggers.
The first trigger condition required signals in two of theldaling three detectors: SPD (two hits in the
outer SPD layer), VO-A and VO-C. The second trigger conditiequired a coincidence between V0-A
and VO-C. Both minimum-bias trigger conditions had efficies larger than 95% for hadronic interac-
tions, whereas the second rejected electromagnetic pexés a large exterﬂ67]. Only events with a
primary vertex withird- 10 cm from the centre of the detector along the beam direvtEne considered
in the p—Pb and Pb—Pb analyses. The Pb—Pb events were ¢sgdgoto centrality classes by fitting
the sum of the two VO signal amplitudes with a geometricalBé&-model simulatiorEiO], as described
in [@]. The Glauber-model simulation yields a value of B3490.74 mb ! for the average nuclear over-
lap function(Taa) for the 20% most central Pb—Pb collisions considered in tadyais. About 100 and
3 million p—Pb and 20% most central Pb—Pb events passedftime afelection criteria corresponding to
an integrated luminosity df’"® = 47.8+ 1.6 ub~! andLPPPP= 2.2+ 0.2 b2, respectively.

int int
3 Analysis overview and electrons from background sources
The identification of electrons from beauty-hadron decaydivided into the following steps:

— selection of tracks with good quality,

— electron identification (elD),
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— determination of the electron yield from beauty-hadrocags.

The signal contains both electrons from direct decays @, branching ratiox~11%) as well as cascade
decays (b~ ¢ — e, branching ratiox10%) of hadrons that contain a beauty (or anti-beauty) q[@k
Throughout the paper the term ‘electron’ denotes both mleand positron. The track selection proce-
dure is identical to previous analyses on the productioresftens from beauty-hadron deca@ , 25].
The selection criteria are the same in the p—Pb and Pb—Pysasakxcept for the restriction of the geo-
metrical acceptance in rapidity, which was adjusted in eaflision system to the region where the TPC
could provide optimal electron identification, taking irdocount the detector and running conditions
during each data-taking period. In Pb—Pb collisions thisesponds to the rapidity rand@ap| < 0.8
and in p—Pb tdyjap| < 0.6. The tracks were required to have associated hits in bafhl®fers, in order
to minimise the contribution of electrons from photon casi@ns in the ITS detector material and the
fraction of tracks with misassociated hits (see below).

The electrons were identified with the TPC and the TOF deteeia the measurement of their respective
signal, specific energy loss in the gag(dx) and the time-of-flight. The selection variable (hereafter
nIPC or n[°F) is defined as the deviation of the measured signal of a trattkrespect to the expected
signal for an electron in units of the corresponding detestsolution @rpc or oror). The expected
signal and the resolution originate from parametrisatmfiite TPC and TOF detector signals, described
in detail in @]. For both analyses, particles were acakpiéth the TPC as electron candidates if they
satisfied the condition-0.5 < n]P¢ < 3. This asymmetric selection was chosen to remove hadraais, t
are mainly found at negative”C values. However, at low and high transverse momentum, the el
strategy based on TPC is subject to contamination from platns, protons and deuterons. To resolve
these ambiguities, a selection cutjof°F| < 3 was applied for the wholpr range in the Pb—Pb analysis
and forpr < 2.5 GeV/cin the p—Pb analysis. The remaining hadron contaminatichdetermined via
data-driven methods in the p—Pb analysis and subtracttstistly (see Sectionl4). The technique used
for the Pb—Pb analysis is described in Sedfibn 5.

The electrons passing the track and elD selection criteiggnate, besides from beauty-hadron decays,
from the following background sources. In what follows, @ and non-prompt contributions are
marked in parentheses as ‘P’ and ‘NP’, respectively:

— (P) Dalitz and di-electron decays of prompt light neutralsons {°,n, p, w,n’, @),
— (P) di-electron decays of prompt heavy quarkonigs(&tc.).

— (NP) decay chains of hadrons carrying a strange (or amatige) quark,

— (NP) photon conversions in the detector material,

— (NP) semi-leptonic decays of prompt hadrons carrying anst{ar anti-charm) quark.

The measurement of the production of electrons from belhatyon decays exploits their larger mean
proper decay lengthr ~ 500 um @]) compared to that of charm hadrons and most other baokg
sources, resulting in a larger average impact parametes. sigm of the impact parameter value is at-
tributed based on the relative position of the track and ttimary vertex, i.e. if the primary vertex
lies on the left- or right-hand side of the track with respiecthe particle momentum direction in the
transverse plane.

The impact parameter distribution is asymmetric with resped, = 0, because electrons from photon
conversions are mainly produced in the beam pipe at a raitdnde of 2.9 cm from the interaction
point and in the innermost SPD layer at a radial distance ®fcg, and the impact parameter value
is proportional to the charge of the electron and the magtietid. Therefore, the impact parameter
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Fig. 1: Impact parameter distribution for the intervabk pr < 2.0 GeV/c in the 20% most central Pb—Pb
collisions. The impact parameter value of each track wasiptield by the sign of the charge of each track and the
sign of the magnetic field. The individual distributions &ectrons from beauty- and charm-hadron decays, from
Dalitz-decays of light mesons, and from photon conversiegre obtained by HIJING and PYTHIA simulations.
The bottom panel shows the ratio of the data and ‘Sum’.

distribution for positive charges is the mirrored versidnttee distribution for negative charges with
respect to an impact parameter of zero. Thus, they can b&amvby multiplying the impact parameter
value by the sign of the particle charge and the magnetic figid latter is relevant, because the magnetic
field direction was reversed during the Pb—Pb data takinigpger

Figurel shows the resulting distribution of the measurgehichparameter value multiplied by the sign of
the charge of each track and the sign of the magnetic fieldhéqpt interval 15 < py < 2.0 GeV/cin the
20% most central Pb—Pb collisions. The impact parameténiitiiions for electrons from beauty- and
charm-hadron decays, from Dalitz decays of light mesons framm photon conversions are also drawn
for comparison. The distributions were obtained from MoB#lo simulations and normalised to the
data using the fit values described in Sedfibn 5. The digtoibdor electrons from photon conversions is,
as explained before, visible as an asymmetric and shifsdfalition. The impact parameter distribution
of electrons from prompt sources, such as Dalitz and quarkoecays, is determined by the impact
parameter resolution. The electrons from these sourcab@seategorised as Dalitz decays within both
analyses.

The Monte Carlo simulations were produced as follows. A daropminimum-bias Pb—Pb collisions
at,/syn = 2.76 TeV was generated with HIJING V1. @[69] for efficieranyd acceptance corrections
as well as to obtain the impact parameter distributions fatgn conversions and Dalitz decays. To
increase the statistics of electrons from charm- and be@adyon decays, a signal enhanced sample was
generated using pp events produced by the generator PYTBIKAZ4L Eb] with Perugia-0 tune [[71].
Each added pp event contains oBec kb pair. For the p—Pb analysis, the same procedure was used. Th
generated particles were propagated through the ALICErapmausing GEANTﬁZ] and a realistic
detector response was applied to reproduce the perfornuditice detector system during data taking.
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The inclusive yield of electrons originating from strarfggdron decays is small compared to the other
background sources. However, as these electrons origirate secondaryr® from strange-hadron
decays (Ig, KO, K*, A) and three prong decays of strange hadron%,K}%), the impact parameter
distribution is broader than that of electrons from Dalitd ali-electron decays of other light neutral
mesons. Sectiong 4 aphd 5 describe how the analyses harslbathiground contribution.

Although requiring hits in both SPD layers, electrons fronofon conversions in detector material with
production radii outside the SPD layers were observed te pagsed the track selection. These electron
tracks are wrongly associated with signals of other padigh the inner detector layers. Within this paper
these electrons are called ‘mismatched conversions’. Twuat of mismatched conversions depends
on the track multiplicity within the event and thus has adangnpact for the Pb—Pb analysis. Sectibhs 4
and® outline how the analyses deal with the mismatched csioves.

The impact parameter distributions of electrons from maskbround sources are narrow compared to
the one of electrons from beauty-hadron decays. By applyiminimum cut on the absolute value of the
impact parametejdo|, the fraction of electrons from beauty-hadron decays cas bie enhanced. The
remaining background can be described using a cocktail adedind subtracted statistically to obtain
electrons from beauty-hadron deca@ [Q 25]. This methad applied in the p—Pb analysis and is
described in detail in Sectidd 4. Another technique, useithénPb—Pb analysis (see Sectidn 5), is to
make use of the whole impact parameter distribution, i.eotapare the impact parameter distributions
of the various electron sources from simulation (temp)atgth the impact parameter distribution of all
measured electron candidates to estimate the individusifibations.

4 Data analysis in p—Pb collisions

The identification of electrons from beauty-hadron decaythé p—Pb analysis is based on the selec-
tion of electrons with large impact parameters. This metivad already applied in pp collisions at
V/S=2.76 TeV andy/s = 7 TeV ,]. Since the impact parameter distribution lettons from
beauty-hadron decays is broader compared to the one ofa@ledtom most background sources (see
SectiorB), the requirement of a minimum absolute impacrpater enhances the signal-to-background
(S/B) ratio of electrons from beauty-hadron decays. Theairimg background due to hadron contam-
ination and electrons from background sources was obtaiiaed data-driven method and from Monte
Carlo simulations re-weighted to match tpe distributions of the background sources in data, respec-
tively, and then subtracted.

4.1 Extraction of electrons from beauty-hadron decays

Electron candidates with an impact paramétigf > 0.0054+ 0.078x exp(—0.56 x py) (with do in cm
andpr in GeV/c) were selected. This selection criterion was determinech fMonte Carlo simulations
to maximise the significance for electrons from beauty-badiecays. The selection of the minimum
impact parameter ipr dependent, because the width of the impact parameterdistm, the S/B ratio
as well as the true impact parameter distribution of theovsrielectron sourcelﬂ24] ape dependent.

The number of hadrons passing the track selection, elD fechinimum impact parameter requirement
was estimated at high transverse momentpm> 4 GeV/c) by parametrising the TP@.C distribu-
tion in momentum slices, and it was subtracted [73]. Aboyr af 4 GeV/c, the hadron contamination
increases with transverse momentum and reaches 10% at BcGedé Fig[R. At low transverse mo-
mentum @1 < 4 GeV/c), the hadron contamination is negligible except in thedvanse momentum
interval 1< pr < 1.2 GeV/c, see Fig[R, where electrons cannot be distinguished fratops via the
measurement of specific energy loss in the TPC gas. In additi@ requirement of a minimum im-
pact parameter increases the relative contribution ofreany protons originating from e.g\ and=*
decays, which have larger impact parameter values compareléctrons from beauty-hadron decays.



Measurement of electrons from beauty-hadron decays in prBIPb—Pb ALICE Collaboration

The relative abundance of protons in the electron candiskteple was determined by using the ITS
particle identification capabilities, because electrams protons can be separated with ITS in this mo-
mentum interval. The ITS energy loss signal was fitted witta-dkerived templates for electrons and
protons. The templates were obtainedointbins by selecting electrons and protons with tight sedecti
criteria in TOF and TPC. The estimated proton contributiwhjch is ~10% (4%) in thepr interval

1< pr<11GeV/c(1l1l< pr< 1.2 GeV/c), was subtracted statistically from the measured electron
candidatepy distribution.

Figure[2 shows the transverse momentum distribution oftreles passing the track, elD, and impact
parameter selection, before efficiency corrections. Thdrititions due to the proton and hadron con-
tamination at low and higlpy, respectively, determined via the aforementioned mettawdsshown.
Also shown are the distributions of electrons originatingni the various background sources, which
were obtained using the Monte Carlo simulations describe&ectior B. To match the measured shapes,
the pr differential yields of the background sources were re-Wigd in the Monte Carlo simulations
prior to the propagation through the ALICE apparatus withABE3. As there is no measurement of
the i° production cross section in p—Pb collisions available, tiénput was based on the measured
charged-pion spectrﬂ?@?S] assumMg = (N + N )/2. Due to the requirement of a minimum
impact parameter, the contribution of electrons from deaafysecondary® from strange-hadron de-
cays is comparable with the one from primary decays. Thezefee measuregr spectra of K, Kg and

A\ [Iﬂ] were used to compute the corresponding weights. Tarolte weights, the pion and strange-
hadron spectra were parameterised with a Tsallis funct®odescribed in [73]. The contributions of
electrons originating from strange-hadron decays weladed in the distributions of Dalitz decays and
photon conversions in Figl 2, respectively, for secondagpfrom strange-hadron decays or three-body
decays of strange hadrons (see Sedflon 3). The other ligkamsd], p, w, n’ and @), which contribute
little, via Dalitz decays and photon conversions compaceprimary ° decays, were re-weighted via
my-scaling of ther® spectrum[?lS]. The electron background from charm-hadewags was estimated
based on the &) D* and DY meson production cross section measurements with AL|E|ﬂEih491e
transverse momentum intervals<lpr < 16 GeV/c, 2 < pr < 24 GeV/c and 2< pr < 12 GeV/c, re-
spectively. In a first step the measurements were extragubtatthepy interval 1< pr < 24 GeV/c by
assuming constant ratio* and O /DP from the measured D meson production cross sections. Next
the pr differential production cross sections were extrapoldategr = 50 GeV/c via FONLL pQCD
calculations. About 10% of the electrons wipth < 8 GeV/c originate from the extrapolated D meson
high-pr region (pr > 24 GeV/c). The electron contribution from{ decays was estimated using the
ratio o (A\)/o (D°+ D+) measured by the ZEUS CoIIaboratidE[?G]. Analogous to thletlmesons,
the measured D mesqn spectra were also used to re-weight thedistributions in the Monte Carlo
simulations.

The signal of electrons from beauty-hadron decays wasraataifter subtraction of the aforementioned
background contributions from the measured electron datelisample after track selection, elD and im-
pact parameter requirement. The resulimgspectrum is shown in Figl 2. Atr = 1 GeV/c, the number

of electrons from beauty-hadron decays is approximatelyaletp the one from charm-hadron decays,
from Dalitz decays of light mesons and from photon conversiae. the S/B ratio is approximately3.
With increasingpr the background electron yield from Dalitz decays of lightsores and from photon
conversions quickly decreases compared to the contribati@lectrons from charm-hadron decays. In
the pr interval 45 < pr < 5 GeV/c, the S/B ratio reaches its maximum of 3. Here the electrok-bac
ground mostly originates from charm-hadron decays. Atéighk, the S/B ratio decreases again due to
the increasing hadron contamination. Other backgrounctesusuch as di-lepton decays ap dhesons
are negligible due to the minimum impact parameter selectithe yield of electrons from Drell-Yan
processes is negligible over the whagerange ].

The raw yield of electrons from beauty-hadron dechlys. was then corrected for the geometrical
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Fig. 2: Raw transverse momentum distribution of electrons aftakirelD and impact parameter requirement in
comparison with the proton and hadron contamination asagedllectrons from the different background sources
in p—Pb collisions. The contributions of electrons fronmastye-hadron decays are included in the distributions
labelled ‘Dalitz/di-electron bkg.” and ‘Conversion bkgrhe error bars represent the statistical uncertainties.

acceptancegfeo) as well as for the efficiencyef of the track reconstruction, matching and selection
criteria, TOF electron identification and minimum impactgraeter requirement using the Monte Carlo
simulations. The total efficiency shows a significaptdependence, mainly due to tbgcut. It is about

6% atpr = 1 GeV/c, 10% at 2.5 GeYc and 22% at 8 GeXt. The efficiency of the TPC electron iden-
tification selection §rpc) was determined to be 69% via a data-driven approach bastmw nﬁ’cdistri—
butions [[213]. The effects of the finite momentum resolution ¢he energy loss due to Bremsstrahlung
Were[ﬁlk%.rj into account in a bin-by-bpy resolution correction step based on a Monte Carlo simula-
tion L7,

The pr-differential invariant cross section of electrons fronabiy-hadron decays$e™ +e7)/2, is thus
given as:

1 doc 1 1 1 Neraw  Onp

2ntpr dprdy 2 2mpSeeAYAPT Egeo X € X &rpc Nimb’

where ps*"'¢is the centre of theor bin with width Apr and Ay denotes the geometrical acceptance in
IViab| to which the analysis was restricteblly;, is the total number of analysed minimum-bias events.
The p—Pb cross section for the minimum-bias VO trigger dimai which has an efficiency of more than
99% for non-single-diffractive (NSD) p—Pb coIIisior[%%?Bj oYY =2.09+0.07 b [79].

()

4.2 Systematic uncertainties estimation

An overview of the relative systematic uncertainties isvamdin Table[1. The systematic uncertainties
were estimated as a function pf by repeating the analysis with modified track selection dbDcceteria
and by varying the background yields within their estimatadertainties.

The uncertainty of the tracking results from differencedata and Monte Carlo simulations for the track
reconstruction with the ITS and the TPC, which includes theeutainty of finding a hit in the ITS for
a track reconstructed in the TPC. The latter uncertainty) 3%s taken from@O], where the effect was



Measurement of electrons from beauty-hadron decays in prBIPb—Pb ALICE Collaboration

studied for charged patrticles. The TOF-TPC matching uateyt (5%) was obtained by comparing the
matching efficiency of electrons from photon conversiomstiied via topological selections in data and
Monte Carlo simulations. The TOF elD uncertainty was detiog repeating the analysis with different
elD selection criteria. At higlpr the TOF was not used in the analysis and thus the corresgpndin
uncertainty does not apply in this region. The uncertaiftype TPC elD was estimated in the same way
as for the TOF elD. The systematic uncertainty of the deteation of the hadron contamination ranges
from 1% to 6%, i.e. increasing as the contamination itsethuvicreasingpr.

The systematic uncertainty of the minimum impact paranreguirement was evaluated by varying this
selection criterion byt1 o, whereo corresponds to the measured impact parameter resoluddnAL
1 GeV/c (8 GeV/c) this corresponds to&10% (= 25%) variation of the cut value.

The number of electrons from photon conversions increagadly with decreasing transverse momen-
tum (see Fid.2). The difference in yield of mismatched cosieds in data and Monte Carlo simulations
was estimated and assigned as a systematic uncertaintihig-purpose pions from g<decays identified
via topological and invariant mass cdﬁ[Bl] can be usedyumxtheir decay vertex can be reconstructed,
in contrast to electrons from photon conversions, for witichmore difficult due to their small opening
angle. The yield of pions from Xdecays was studied as a function of the production vertex avitl
without requiring a signal in both SPD layers and compardt thie corresponding results from Monte
Carlo simulations. The difference in yield was propagated ihe simulation by renormalising the num-
ber of electrons from photon conversions. Repeating tHeahdlysis with the varied conversion yield
results in the uncertainties listed in Table 1.

The systematic uncertainty arising from the subtractiogl®@étrons from the various background sources
was evaluated by propagating the statistical and systemiatiertainties of the light-meson, strange- and
charm-hadron measurements used as input to re-weiglpttiistributions in Monte Carlo simulations.
Uncertainties due to ther-scaling of the background yields, estimated as 30% [73],the extrapola-
tion of the D mesoipy distributions to the unmeasured transverse momentumnegiere included. The
latter was obtained by using the uncertainties of the variduneson ratios and by using a power-law fit
instead of FONLL pQCD calculations for the extrapolatiortef pr reach to 50 GeYc. The uncertainty

of the contribution of electrons frofi; decays was estimated by varying the ratio\¢)/o (D°+ D+)

by 4+ 50% of its original value. The resulting uncertainty is ngiple compared to the overall systemat-
ics, because th&; contribution is small.

Over the wholept range, the systematic uncertainty due to the subtractiogleatrons from charm-
hadron decays dominates. The uncertainty due to the stibtrax electrons from light-hadron decays is
large at very lowpr, but decreases rapidly with increasipgas does the overall yield of this background
source, as shown in Figl 2. At high, the uncertainty of the hadron contamination increases.

As the individual sources of systematic uncertainties amrrelated, they were added in quadrature to
obtain the total systematic uncertainty. The total una@etteamounts to 38% for the lowegk interval
and decreases to 12%@at = 8 GeV/c.

The systematic uncertainty due to the determination of tlsdeon—nucleon cross section for the minimum-
bias trigger condition is 3.70/@79].

5 Data analysis in Pb—Pb collisions

In the Pb—Pb analysis, the yield of electrons from beautyrdra decays was extracted using the full
information contained within the impact parameter disttitn of all electron candidates. From the
shape of the impact parameter distribution within greinterval, it is possible to infer the contribu-

tions from the different electron sources (see Seéfion &nplates for these distributions were obtained
from Monte Carlo simulations including effects such asipkrtifetime and the detector response. The
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Source l<pr<25GeV/c | 25< pr<8GeV/c
Tracking and matching 5.6% 5.2%
TOF matching and elD 5.4% n/a
TPCelD 3% 3%
Hadron contamination n/a 1% to 6%
Minimum dp requirement 5% 5%
Mismatched conversions 4% to 0.3% negligible
Light- and strange-hadron decay bkg. 17% to 1.5% 1.3% to 0%
Charm-hadron decay bkg. 32% to0 9.6% 8.9% t0 6.2%
Total 38%1t014% | 12%
Normalisation uncertainty 3.7%

Table 1: Systematic uncertainties in the p—Pb analysis. The twonaotuwith the different momentum intervals
correspond to the TPC and TOF and TPC-only elD strategiéssitual sources of systematic uncertaintiesye
dependent, which is reported using ranges. The lower andryaues of the interval, respectively, represent the
uncertainty apr = 1 GeV/c (pr = 2.5 GeV/c) andpt = 2.5 GeV/c (pr = 8 GeV/c) for the TPC and TOF (TPC-
only) elD strategy. The lower and upper values of the intefwmathe hadron contamination agg = 4 GeV/c
and 8 GeVc. The second group of entries in the table is related to th&éodetised to extract the electrons from
beauty-hadron decays.

templates were then added with appropriate weights to dejgethe measured impact parameter distri-
bution for all electron candidates. An example is shown m[li This template fit was performed using
the method proposed iﬂSZ]. The approach relies on the atecdescription of the impact parameter
distributions in Monte Carlo simulations. Thus, detailéddses of differences between the impact pa-
rameter distributions in data and Monte Carlo simulatioeserperformed. Differences were corrected
for, while the related uncertainties were propagated aailddtbelow. For the template fit method, four
classes of electron sources were distinguished. Theirdtj@aameter distributions, as provided by the
Monte Carlo simulations for eagby interval, will be referred to as fit templates in the folloginThe
four categories correspond to electrons from beauty-madexays, from charm-hadron decays, from
photon conversions and electrons from other processeshwiill be referred to as ‘Dalitz electrons’.
The latter is dominated by electrons from Dalitz decaysgiitlineutral mesons. The impact parameter
distribution of Dalitz electrons is similar to that of thednan contamination because they both originate
from or close to the interaction point.

5.1 Extraction of electrons from beauty-hadron decays

The fit templates from the Monte Carlo simulations can beidened as random samples of the unknown
true distributions. For each of the four electron sourcessiered in the previous section, there is a
number of counts in the template for each impact parametgisbe Figlil). The number of counts from
a particular electron sourcein a particular bini is calledaj;. Its unknown expectation value is called
Aji and is considered as a free parameter of the fit. The fit fumaithe sum of the expectation values,
each weighted with the appropriate amplitude paramgtef; = 3 ; pj Aji. The bin counts of the impact
parameter templates are connected to their expectatioles/aia Poisson statistics. The same relation
holds between the fit function and the dadg (ithin each impact parameter bin leading to the likelihood
distribution [82]

log.Z = Zdi log fi — fi+ZZajiIogAji—Aji . 3)
i T

This gives one free amplitude parameter for each electrarcea;) and one free expectation value
parameter for each electron source and impact parametgAR)n The main parameters of interest
are thepj, in particular ppeauty While the nuisance parameteds; arise due to the finite statistics of
the templates. Evaluating the full likelihood distribution several hundred dimensions is challenging.
Therefore a simpler approach is to use the maximum liketlre®an estimator for the amplitudes of the
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electron sources.

An iterative procedure to find the maximum likelihood witlspect to theA;; for fixed p; is suggested
in [@]. Numerical minimisation is then performed only fbetp;. Equations for the iterative procedure
can be found by setting the differentials#/tfdA;; to zero. Solving these equations fay;, yields an
iterative rule for each bin.

For a bini with a finite number of entries from data, but zero counts inafrihe templates, the likelihood
distribution of theA;; is not well represented by its maximum. This happens mostiyé tails of the
distributions (see Fid.]1), where the contribution of ele@es from beauty-hadron decays dominates.
Thus, for this case only the contribution from this source wansidered.

To obtain the raw vyield of the signal, i.e. electrons from uigéhadron decays, in a givepr inter-
val, the number of electrons in the template was scaled byrthglitude parameteppeauy AS in the
p—Pb analysis, the raw yield was then corrected for the ge@akacceptance, track reconstruction, and
track selection criteria as well as the TOF acceptance dhdigihg Monte Carlo simulations. The TPC
elD efficiency was determined via a data-driven approaatgusliectrons from photon conversions iden-
tified via topological cuts and the invariant mass [83]. Tharespondingn]FC distributions were fitted
with the functionLandau - Exp ® Gauss ], which describes the distributions including fluctaas,
and the efficiency determined as the ratio of electrons bedod after the TPC elD selection criterion
(see Sectiohl3). Next ther spectrum was unfolded. The off-diagonal elements of theorese matrix
are small. For this reason no regularisation was used inrtfeding procedure to avoid additional sys-
tematic uncertainties. The unfolding was done using a maiversion of the response matr77]. Due
to the restrictedpr range of the measurement there is some dependence of tHdathf@lues on bins
that have not been measured, mainly the adjacent bins. Ve 8o$, the yield was measured in two fur-
ther bins (11 < pr < 1.3 GeV/c and 8< pr < 12 GeV/c) and used only in the unfolding calculations.
The statistical uncertainties were propagated accorging|

To validate this signal extraction method, the template thod was also applied to the p—Pb data,
where results were found to be consistent with the cut medlesdribed in Sectidn 4.

5.2 Systematic uncertainties estimation

The systematic uncertainties are summarized in Table 2 Whee estimated using data-driven methods
where possible.

The efficiency due to the ITS track selection criteria (hitdoth SPD layers) does not depend strongly
on the particle species. Thus, charged tracks could be usedrapresentative sample with respect
to the geometric effects, such as inactive areas of the tdete€he normalisation for the efficiency
was performed by making use of phase space (pseudorapititpzmuthal angle) regions where the
efficiency was close to unity. Averaging over the phase spaads a proxy for the total efficiency
which was compared between data and Monte Carlo simulatindsyielded a difference of 2%. The
uncertainty for non-geometric effects was estimated torbeller than 3%. The efficiencies of the
requirements on charged tracks with good quality, the TOt€hirag and TOF elD depend more strongly
on the particle type. Therefore, only an electron samplddcba representative. It was obtained by
selecting electrons from photon conversions. Due to thgelgarticle multiplicity in central Pb—Pb
collisions (resulting in a sizeable hadron contaminatit comparison was done using weak additional
particle identification, in more peripheral collisions,danith different ITS track selection criteria. To
account for biases due to these additional criteria, thesewaried and the results were checked for
consistency. The estimated systematic uncertaintiesbang 8% for the requirement of charged tracks
with good quality and about 10% for the TOF matching and elBe Bystematic uncertainty of the
TPC elD includes differences in the elD efficiency for elens from beauty-hadron decays and for
electrons from photon conversion (due to the different geeapidity distributions) in the sample as
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well as the uncertainty of the extrapolation towards longi°. The uncertainty due to the modelling of
the n]PC distribution was checked by comparing different model dptions with the standard one and
by comparing with a clean sample of pions. The total unaataif 5% for the TPC elD is the quadratic
sum of the following contributions: 2% from the extrapatatj 2% from the pseudorapidity dependence,
3% from a possibler dependence and 2% from the tail of < distribution.

To estimate the statistical and systematic uncertaintjnerektracted signal yield due to the maximum-
likelihood fit, a Monte Carlo closure test was used with adangimber of independent samplings for
pseudo-data and templates. The charm yield of the test wieiwa avoid underestimating the uncer-
tainty in pr intervals with downward fluctuations of the measured chaiefdy The systematic uncer-
tainty varies between 19% and 6% between the diffepgrihtervals.

There is an uncertainty in how well the impact parameteridigions of the different electron sources
are described by the Monte Carlo simulations. Where passinly differences were corrected for. The
remaining uncertainty was propagated to the measuredrapeof electrons from beauty-hadron decays
by changing the fit templates within their uncertainties.

The different resolution of the impact parametdg) (with the given track and event selection criteria
in Monte Carlo simulations and data was corrected for. The ef the correction was estimated by
comparing the impact parameter distributions of primamnpj yielding a 10-12% worse resolution
in data compared to the Monte Carlo simulations in fgerange of the measurement. To correct for
this effect, a Gaussian distributed random number was atidedch impact parameter value such that
the resolution in the Monte Carlo simulations matched tlidhe data. The central values of the yield
of electrons from beauty-hadron decays were estimated) asiasolution correction of 10%. The yield
using a correction of 12% instead, differs by about 10%rat 1.3 GeV/c with the difference decreasing
quickly towards highept. The effect of the correction was found to be negligible Far p—Pb analysis.

Despite the strong elD requirements, there is a significantaenination of the electron sample by
hadrons (mostly charged pions). The contribution was egéthusing a clean TPC energy loss signal of
pions identified with the TRD, which was fitted to thg™ distribution, suggesting a contamination of
the electron candidate sample of about 15% even for lowtsaas momentum. The contamination was
not explicitly subtracted. The impact parameter distidnbf charged hadrons is similar to that of the
Dalitz template. This means that the contribution of therbadontamination to the impact parameter
distribution was absorbed into the Dalitz template by thenfithod. To account for slight differences
between the distributions, the result was compared withusiity the hadron impact parameter template
instead. A hypothetical template with the same mixture dftDalectrons and hadrons as in data would
yield a result between these two extreme cases.piror 5 GeV/c, the fit using the hadron template
was used for the central points as the contribution fromdvaldominates compared to that of the Dalitz
electrons. The difference in the measured yield of elestfoym beauty-hadron decays after exchanging
the Dalitz template for the hadron template is 7%t 1.3 GeV/c decreasing towards higher transverse
momentum. The proton contamination is significant only Wwepg = 1.3 GeVj/c.

Like for the p—Pb analysis, the influence of the differenceigid of mismatched conversions in data
and Monte Carlo simulations had to be considered, espg@slit increases with the multiplicity of the
event. By making use of the multiplicity dependence, it wassible to create templates that either over-
or underestimate this effect. This was cross-checked wiagyed pions from Kdecays as done in the
p—Pb analysis (see Sectionl4.2). The change of the resuftaagured spectra of electrons from beauty-
hadron decays was used as an estimate for the systematitaimtye which is 7% atpr = 1.3 GeV/c
and decreases towards higher transverse momentum.

As for the p—Pb analysis, electrons from secondary pion hrebtbody decays of hadrons carrying a
strange (or anti-strange) quark had to be considered, iefipeas these have broader impact parameter
distributions than Dalitz electrons (see Secfibn 3). Duthéadifferent final states, both the template for
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electrons from photon conversions and the template fortDalectrons are affected. These were split
into a contribution from the decay of strange particles dredrest. For the fit they were considered as
separate templates, but the amplitude parameters werteddophave a fixed ratio. The relative strength
of the strangeness content was varied by a factor of two wihidhdes the variation expected from the
measured kaon/pion ratiﬂ38]. The resulting differencehim yield of electrons from beauty-hadron
decays is B% for low pr decreasing towards higher transverse momentum.

Electrons at a fixed transverse momentum have mother garticla range opr values. The impact
parameter distributions of electrons depend on the momredistributions of the mother particles. For
the charm case this can be disentangled by making use of theuneel charnpy distribution @1].
For the beauty case this means that the result of the measntret@pends on the input beauty-hadron
spectrum in the Monte Carlo simulation. The effect was ettt by varying the beauty-hadrqw
distribution of the templates and observing the resultimange in the measured electrppdistribution.
The beauty-hadropr distribution was obtained according to PYTHIA simulatiavith a Perugia-0 tune
which describes the measured p—Pb data well. Therefordfean ef the variation of thepr distribution
was studied by introducing a momentum-dependent nucledifitetion factorRaa. An Raa based on

a theoretical calculation was used for the central poﬁs;. [B has values near unity for low transverse
momenta and drops to aboutdrom a hadrorpr of 5 to 10 GeVc. This was varied to half its effect
(Raa — (1+Raa)/2) in order to estimate the associated uncertainty. Forlthent case, the variation
was done according to the measurement uncertaintiés [84é. difference in the resulting measured
yield of electrons from beauty-hadron decays is about 8% moé visible pt dependence.

For the template fit, all species of charmed hadrons were itmdbnto one template. The same holds
for the beauty case. The baryon fraction of heavy hadronarigitly not known for Pb—Pb collisions
and might be different than for pp collisions. Because ofdtiierent masses and decay channels, the
various heavy-flavour hadron decays produce electrons diffterent impact parameter distributions.
The templates were split into their contributions from omgsons or only baryons, with fixed ratios of
the fit amplitudes. To estimate the uncertainty, the baryactibn was increased by a factor of three for
both charm and beauty simultaneously, motivated by thdtsestithermal model calculationﬂ%]. This
led to a change in the measured yield of electrons from bdaadyon decays of about 5% with no clear
momentum dependence. Decreasing the baryon ratio evenda® & $maller effect.

Source Associated uncertainty
Tracking and matching 4.7%
TOF matching and elD 10%
TPCelD 5%
Signal extraction 17% to 12%
do resolution correction 10% to 0.4%
Hadron contamination 7% 10 1.4%
Mismatched conversions 7% to 1.4%
Strangeness 1.3% to 0.3%
Mother particlepr distribution 8%
Baryon/meson ratio 5%

| Total | 26% to 17% |

Table 2: Systematic uncertainties in the Pb—Pb analysis. Individoarces of systematic uncertainties are
dependent, which is reported using intervals. The lower wgkr value of the interval, respectively, lists the
uncertainty atpr = 1.3 GeV/c and pr = 8.0 GeV/c. The second group of entries in the table is related to the
method used to extract the electrons from beauty-hadrcaydec
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6 Reference pp cross sections afs = 2.76 TeV and,/s = 5.02 TeV

For the calculations of the nuclear modification fact@gs, andRpppp corresponding pp reference spec-
tra at\/s=5.02 TeV and,/s= 2.76 TeV are needed. To obtain these, the same method isrubeth
analyses. Itis described in more detail in the followingtfer p—Pb analysis.

At present no pp measurement\@ = 5.02 TeV exists. Therefore, the cross section of electfimms
beauty-hadron decays measured in the momentum interegbl < 8 GeV/c at/s=7 TeV @] was
scaled to,/s=5.02 TeV by applying a pQCD-driveyfs-scaling [87]. Thepr-dependent scaling function
was obtained by calculating the ratio of the production £mections of electrons from beauty-hadron
decays from FONLL pQCD calculationE[ 32] ¢ = 5.02 TeV and\/s = 7 TeV. Both the direct

(b — e) and the cascade decay-thc — €) were considered. For the calculations at both energees th
same parameters were used for the beauty-quark mgss 4.75 GeV/c?), the PDFs (CTEQ6.@8]) as

well as the factorisatiopr and renormalisatiopir scales withug = Ug = o = 4 /mg+ p%b, wherepr p

denotes the transverse momentum of the beauty quark. Thestaimties of thepr-dependent scaling
function were estimated by varying the parameters. Thetpapark mass was set to, = 4.5 and

5 GeV/c?. The uncertainties for the PDFs were obtained by using the@3[6 PDF uncertaintieﬂ88].
The contribution from the scale uncertainties was estichayeusing six different setsug/ Lo, Ur/ Ho) =
(0.5,0.5),(1,0.5),(0.5,1),(2,1),(1,2),(2,2). The unaimties originating from the mass and PDF variations
are negligible. The uncertainty stemming from the variatdd the scales was defined as the largest
deviation from the scaling factor obtained witly = pr = Lo. The resulting,/s-scaling uncertainty is
almost independent gifr. It ranges fromf‘z‘% at1 GeVcto aboutf%% at 8 GeV/c. The total systematic
uncertainty of the pp reference spectrumy& = 5.02 TeV is then given as the bin-by-bin quadratic
sum of the,/s-scaling uncertainty and the relative systematic unaestadf the measured spectrum
at /s = 7 TeV. For the statistical uncertainties the relative utaieties of the spectrum measured at
\/S=7 TeV were taken.

For the Rpppp analysis, the measured spectrum\& = 7 TeV was scaled tq/s = 2.76 TeV using
FONLL pQCD calculations at the respective energies. Theeayatic scaling uncertainty is aboﬂt%%

at 1 GeV/c and about” g% at 8 GeV/c. The resulting pp reference spectrum was found to be censist
with the measurement of electrons from beauty-hadron deicayp collisions at/s = 2.76 TeV @],
shown in Fig[B. The measured spectrum/@t= 2.76 TeV was not taken as a reference for Ragpp,
because of larger statistical and systematic uncertaittien the reference obtained via tfe-scaling.

The systematic uncertainty of the normalisation relatethéodetermination of the cross section of the
minimum-bias trigger used for the measuremeny/at 7 TeV is 3.5% and also holds for the obtained
pp reference spectra gfs=5.02 TeV and/s=2.76 TeV.

The systematic uncertainties of the inpyt-differential cross section of electrons from beauty-badr
decays measured afs= 7 TeV, the normalisation uncertainty, as well as the sgalimcertainties for the
reference spectra are summarised in TRble 3.

7 Results

The pr-differential cross section and invariant yield of eleagdrom beauty-hadron decays at mid-
rapidity in minimum-bias p—Pb collisions gtSyny = 5.02 TeV and in the 20% most central Pb—Pb colli-
sions at,/Syn = 2.76 TeV, respectively, are shown in Hifj. 4. The markerboited at the centre of the
pr bin. The vertical bars indicate the statistical uncertafmtthe boxes represent the systematic uncer-
tainties. The pp reference spectra, obtained via the pQ@@+d,/s-scaling from the measurement in pp
collisions at,/s= 7 TeV as described in Sectibh 6, are shown for comparisor.pptreference spectra
were multiplied by the number of nucleons in the Pb nucleus e88) for the p—Pb and with the nuclear
overlap function (Taa)) for the Pb—Pb comparison. The Pb—Pb result shows a supredslectrons
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Fig. 3: Invariant cross section of electrons from beauty-hadrarage at,/s = 2.76 TeV obtained by a pQCD-
driven scaling of the cross section measured in pp collgsian/s = 7 TeV in comparison with the measured
spectrum in pp collisions ays = 2.76 TeV [89].

45% to 35% for 1< pr < 1.5 GeV/c
pp spectrum 7 TeV 35% to 20% for 15 < pt < 2.5 GeV/c
< 20% forpy > 2.5 GeV/c
Normalisation uncertainty 3.5%
scaling uncertainty for p—Pb (/s=5.02 TeV)| Pb—Pb (/s=2.76 TeV)
atpr =1GeV/c 5% o
atpr =8 GeV/c 2% %

Table 3: Systematic uncertainties of thg-differential cross section of electrons from beauty-loaddecays
measured a{/s=7 TeV [ﬂ], the normalisation uncertainty, as well as thaling uncertainties for the reference
spectra at/s = 5.02 TeV and\/s = 2.76 TeV. The scaling uncertainties for the referencetspece slightlypr
dependent; the uncertainties are given for the two extnefriatervals. Details are described in the text.

from beauty-hadron decays at high compared with the yield in pp collisions. Such a suppres&on
not seen in the comparison of the p—Pb spectrum with thegmoreling pp reference.

The nuclear modification factof@pppp and Rypp are shown in Figll5 (left). Th&ppppwas obtained
using Equatiorf]l. Th&yp, was calculated as the ratio of the cross section of electirons beauty-
hadron decays in p—Pb and pp collisions scaled by the nunfilmercteons in the Pb nucleus (A = 208).
The statistical and systematic uncertainties of the Pb+Pb-Bb and the pp spectra were propagated as
independent uncertainties. The systematic uncertaiofié®e nuclear modification factors are partially
correlated between ther bins. The normalisation uncertainty of the pp spectrum aedinhcertainty of
the nuclear overlap functiofTaa) or the normalisation uncertainties of the p—Pb spectruspeetively,
were added in quadrature. The normalisation uncertaiatieshown as filled boxes at high transverse
momentum in Fig. 5.

The Rypp is consistent with unity within uncertainties (of about 2886 pr > 2 GeV/c) for all shown
transverse momenta. The production of electrons from bezadron decays is thus consistent with
binary-collision scaling of the corresponding measurenirepp collisions at the same centre-of-mass
energy. The values of tHe-pppfor the 20% most central Pb—Pb collisions increase pfok 3 GeV/c,
with sizeable uncertainties of 30—45%. In the intervat Bt < 6 GeV/c, the Rppppis about 0.7 with a
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Fig. 4: Invariant cross section (left) and yield (right) of electsofrom beauty-hadron decays as a function of
transverse momentum in minimum-bias p—Pb collisiong&iy = 5.02 TeV and in the 20% most central Pb—Pb
collisions at,/syn = 2.76 TeV. The pp reference spectra scaled by the numberatéans in the Pb nucleus (A
= 208) and by(Taa ), respectively, are shown as well. The vertical bars repitebe statistical uncertainties, the
boxes indicate the systematic uncertainties. The pp anld pefnalisation uncertainties of 3.5% and 3.7% as well
as the one of the nuclear overlap functi@aa ) of 3.9% are not shown.

systematic uncertainty of about 30%; ir6pr < 8 GeV/c the ratio is 0.47 with an uncertainty of about
25%. In the latter transverse momentum range the suppnesdio respect tdRpppp= 1 is a 3. effect
taking into account the statistical and systematic uniceits.

A comparison of theRpppp Of electrons from beauty-hadron decays with the one fronrnchand
beauty-hadron decays is shown in Hi¢). 5 (right) for the 20%tnecentral Pb—Pb collisions. For the
latter Rpppp the pr-differential invariant yields of electrons from charm-dameauty-hadron decays pub-
lished in @)] for the centrality classes 0-10% and 10-20%eve®mbined. For the pp reference in
the momentum range up 1 < 12 GeV/c, the corresponding invariant cross section measurement at
/3= 2.76 TeV [25], which has uncertainties of about 20%, wasluer pr > 12 GeV/c, the ATLAS
measuremen3] ays=7 TeV was extrapolated tg’s = 2.76 TeV applying a FONLL pQCD-driven
V/s-scaling analogous to the method described in Seflion 6.ulbertainty of the pp reference in this
momentum range is about 15%. As expected, the results agftéa uncertainties at higpr, where the
beauty contribution is larger than the charm contribut].[ In the pr interval 3< pr < 6 GeV/c, the
suppression of thBppppfor electrons from beauty-hadron decays is about1€3s. This difference is
consistent with the ordering of charm and beauty suppnessen in the prompt D meson angyJfom

B meson comparisoﬂbﬂdﬂﬂ].

Within uncertainties, th&gpp is described by pQCD calculations including modificatiohshe parton
distribution functions (FONLLE@Z] + EPSOQNLE[Ql] near PDFs) as shown in Fig. 6 (left). The
data and the calculation suggest that cold nuclear mafatefare small at high transverse momentum.
Recent measurements of long-range correlations for cd&r@@rons@ﬁﬂS] and studies of the mean
transverse momentum as a function of the charged-partiglépticity in the event] suggest that there
might be collective effects in p—Pb collisions. The figurgoaleports the result of a calculation based on
the idea proposed in Reﬂ58], in which tipe distribution of beauty hadrons from a hydrodynamically
expanding medium is obtained from a blast-wave model. Thstiwave parameters were extracted
from fits to thepy-spectra of light hadron@M] in p—Pb collisions. The utaiaties of the measurement
do not allow for a conclusion on possible flow effects. Theadate also described by calculations
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Fig. 5: (left) Nuclear modification factofR,pp andRppp,0f electrons from beauty-hadron decays at mid-rapidity as
a function of transverse momentum for minimum-bias p—Phstohs at,/Syv = 5.02 TeV and 20% most central
Pb—Pb collisions a{/syny = 2.76 TeV. The data points of the p—Pb analysis were shiffed.05 GeV/c to the

left along thepr axis for better visibility. (right)Rpppp 0f electrons from beauty-hadron decays together with
the corresponding result for beauty- and charm—hadrony%@] for the 20% most central Pb—Pb collisions.
The vertical bars represent the statistical uncertaintibfie the boxes indicate the systematic uncertaintieg Th
normalisation uncertainties, common to all points, arenshas filled boxes at highr for all nuclear modification
factors.

which include CNM energy loss, nuclear shadowing and cattaraultiple scattering at the partonic
level @]. An enhancement at intermedigte is predicted by the calculations based on incoherent
multiple scatteringm]Q]. Presently, the large systematicertainties of the measurement do not allow
one to discriminate between the aforementioned theotet@oaches.

Perturbative QCD calculations including initial-statdeefs for Pb—Pb collisions ay/s = 2.76 TeV
(FONLL [@ 1+ EPSO9NLO@1] nuclear PDFs) cannot desetifie Rpppp at high transverse mo-
mentum (see Fid.l6, right), indicating that the suppresgianticularly evident in the interval & pr <

8 GeV/c, is induced by the presence of a hot and dense medium in tHesfite. At lower transverse
momentum, the large uncertainties do not allow one to caleciuhether the measur&ppppis larger
than that obtained from this calculation.

In order to gain further insight into the energy loss mechasi, particularly the relative importance of
radiative and collisional energy loss, the data are contpaith several models of heavy-quark trans-
port and energy loss in the QGP. Both radiative and collai@mergy loss are included in the pQCD
model MC@sHQ+EPOSﬁbZ], the partonic transport desonpBAMPS @@] and in WHDGC [94—
@]. The non-perturbative transport model TA [85] inahsdonly collisional processes, while the
POWLANG [93] transport calculation simulates the prodoetof heavy quarks using POWHEG and
their propagation in the plasma via a relativistic Langeguation. Heavy-quark energy loss can also
be calculated using the AAS/CFT heavy-quark drag maodel [96]

The right-hand side of Fi§] 6 shows the comparison of theouarmodels with the measur&g,pp, The
MC@sHQ+EPOS2 calculation with EPOS initial conditians, @], including the Landau-Pomeranchuk-
Migdal (LPM) effect m], is consistent with the data atlhigr. The BAMPS @@8} model is based
on pQCD cross sections including the running of the coupdind scaled by a constant factor The

two shown values ok cannot be distinguished given the uncertainties in the. datdbne WHDG calcu-
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represent the statistical uncertainties, while the bordgate the systematic uncertainties. The normalisation
uncertainty, common to all points, is shown as a filled boxgi Ipr for both collision systems.

lation, the medium density is assumed to be proportionaheéccharged particle multiplicity and a 1-D
Bjorken-expansion is included. The WHDG model describesieasurement well within the restricted
pr range shown.

The TAMU model includes collisional processes and incaaifes resonance formation close to the crit-
ical temperature as well as diffusion of heavy-flavour mesarthe hadronic phase. The hydrodynamic
expansion is constrained Ipy spectra and elliptic flow measurements of light hadrons. Cetheulations
are consistent with the data at high, indicating a limited sensitivity of the current data to ieditve
energy loss effects. The POWLANE[QB] transport calculatiakes into account initial-state nuclear
effects via EPS09 modifications of the PDFs and describesnftium using an underlying hydrody-
namical model. The transport coefficients used for the déiasiuof the heavy quark in the medium
are either extracted from lattice-QCD calculations or Hangérmal-Loop (HTL) resummatioZ]
of medium effects. The hadronisation via in-vacuum fragtagon functions or via in-medium string-
fragmentation routines occurs once the decoupling tenyoerés reached. The calculations are shown
for different transport coefficients with a decoupling teradureTyec = 155 MeV; the results with a tem-
perature ofTgec = 170 MeV look similar. No scenario is clearly favoured by therent data set. The
AdS/CFT model, which includes energy loss fluctuations ieadistic strong-coupling energy loss mode,
clearly shows a stronger suppression than the mea&gg

The MC@sHQ+EPOS2, the BAMPS as well as the TAMU calculatiescdbe the suppression seen
in data at high transverse momentum. They also show an Betesvards lower momentum reaching
RepppVvalues around unity or slightly above. The data show a larggease with decreasing transverse
momentum, however exhibit large systematic and statlaticeertainties.

8 Summary

The pr-differential cross section and invariant yield of eleagdrom beauty-hadron decays in minimum-
bias p—Pb collisions and in the 20% most central Pb—Pb imoils respectively, were measured at mid-
rapidity. The measurements are compared via the nucleaifioatithn factors with pp reference spectra,
obtained by a pQCD-driveR/s-scaling of the cross section of electrons from beautydradfecays
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measured a{/s = 7 TeV. TheRypp is consistent with unity within uncertainties of about 20%high
transverse momentuimy, which increase towards lowr. TheRyppis described by pQCD calculations
including initial-state effects, energy loss approactesvall as by a blast wave model calculation that
parametrises possible hydrodynamic effects. Rhgbpis about 0.7 with an uncertainty of about 30%
in the interval 3< pt < 6 GeV/c and 0.47 with an uncertainty of about 25% fok6pr < 8 GeV/c.
The suppression seen in the higher transverse momenturvalitenot described by pQCD calculations
including only initial-state effects, indicating a findhte effect as the origin. The values of tReypp
increase fopr < 3 GeV/c with uncertainties of about 30-45%. The measWReghpis described within
uncertainties by pQCD-inspired models of beauty-quarkgniess in the QGP. In the interval3 pr <

6 GeV/c, we observe that the suppression of Rpgp,for electrons from beauty-hadron decays is about
1.30 less than that from charm- and beauty hadron decays. THesatite is consistent with the ordering
of charm and beauty suppression seen in the prompt D mesahaficom B meson comparison.
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