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The production of muons from heavy-ﬂavour hadron decays in p–Pb collisions at √s


NN=5.02 TeV
 was studiedfor 2<pT<16 GeV/c withthe ALICE detectoratthe CERNLHC. Themeasurement was
 performedatforward (p-goingdirection)and backward(Pb-going direction)rapidity, intheranges of
 rapidityinthecentre-of-masssystem(cms)2.03<ycms<3.53 and−4.46<ycms<−2.96,respectively.


Theproductioncrosssectionsandnuclearmodiﬁcationfactorsarepresentedasafunctionoftransverse
 momentum (pT). At forward rapidity, the nuclear modiﬁcation factoris compatiblewith unity while
 at backward rapidity, inthe interval 2.5<pT<3.5 GeV/c,it is above unity by morethan 2σ. The
 ratiooftheforward-to-backwardproductioncrosssectionsisalsomeasuredintheoverlappinginterval
 2.96<|ycms|<3.53 andissmallerthanunityby3.7σ in2.5<pT<3.5 GeV/c.Thedataaredescribed
 bymodelcalculationsincludingcoldnuclearmattereffects.


©2017TheAuthor(s).PublishedbyElsevierB.V.ThisisanopenaccessarticleundertheCCBYlicense
 (http://creativecommons.org/licenses/by/4.0/).FundedbySCOAP3.


1. Introduction


The study of ultra-relativisticheavy-ion collisions aims at in-
 vestigatingthepropertiesofstrongly-interactingmatterunderex-
 tremeconditionsoftemperatureandenergydensity.Under these
 conditions,Quantum Chromodynamics (QCD) calculations on the
 lattice predict a transition to a Quark–Gluon Plasma (QGP) in
 which colour conﬁnement vanishes and chiral symmetry is par-
 tiallyrestored[1,2].Heavyquarks(charmandbeauty)areessential
 probes of the properties of the QGPsince they are produced in
 hard scattering processes in the early stage of the collision and,
 while propagating through the medium, interact with the QGP
 constituents. The nuclear modiﬁcation factor RAA is commonly
 used to characterise heavy-quark interaction with the medium
 constituents.Itisdeﬁnedastheratiobetweentheparticleyieldin
 nucleus–nucleus(AA)collisionsandareferenceobtainedbyscaling
 theyieldmeasuredinproton–proton(pp)collisionsbythenumber
 ofbinary nucleon–nucleoncollisions, calculatedwiththeGlauber
 model[3].Heavy-quarkproductioninppcollisionsatvariousener-
 giesisdescribed withinuncertaintiesbyperturbativeQCD(pQCD)
 calculations[4–11].IncentralPb–Pbcollisions(√


sNN=2.76 TeV),
 asuppressionofDmesonsandleptonsfromheavy-ﬂavourhadron
 decaysby afactorofabout3–5wasmeasured fortransversemo-
 menta pT>4 GeV/c [5,12–14].FurtherinsightsintotheQGPevo-
 lution and the in-medium interactions can be gained from the


 E-mailaddress:alice-publications@cern.ch.


studyof the particle azimuthal anisotropy expressed in terms of
 Fourierseries,wherethe secondorder coeﬃcient v2 isthe ellip-
 tic ﬂow. A positive v2 was observed atlow and/or intermediate
 pT in semi-central Pb–Pb collisions for D mesons and electrons
 fromheavy-ﬂavourhadrondecaysatmid-rapidity[15–17]andfor
 muonsfromheavy-ﬂavourhadrondecaysatforwardrapidity[18],
 conﬁrming the signiﬁcant interaction of heavy quarks with the
 mediumconstituents.


Although the suppression of high-pT particle yield suggests
 thatheavy quarkslosea signiﬁcantamountoftheir initialenergy
 [19–25],thissuppressioncannotbe,apriori,exclusivelyattributed
 to the interaction of quarks with the hot and dense medium
 formed inthe collision.Indeed,for acomprehensive understand-
 ing of Pb–Pb results, it is fundamental to quantify Cold Nuclear
 Matter (CNM) effects, which can modify the pT spectra in nu-
 clear collisions independentlyfrom the formationof a QGP. Cold
 nuclearmatter effectsincludethemodiﬁcationofthePartonDis-
 tribution Functions (PDFs) ofthe nucleiwith respect toa super-
 positionofnucleonPDFs,addressedbynuclearshadowingmodels
 [26,27] or gluon saturation models as the Colour Glass Conden-
 sate (CGC)effectivetheory [28,29].Other CNM effectsare Cronin
 enhancement through kT broadening [30–32] and energy loss in
 the initial[33] andﬁnal stagesof thecollision.These effectscan
 be assessed by studying p–Pb collisions, where the formation of
 an extended hot and dense system is not expected. A possible
 presence of ﬁnal-state effects insmall systems at RHIC andLHC
 energies issuggestedby measurementsoflong-rangecorrelations
 [34–38] consistent withthe presenceof collective effects.Thisis
 http://dx.doi.org/10.1016/j.physletb.2017.03.049
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(2)furthersupportedby themeasurements ofthe species-dependent
 nuclear modiﬁcation factors of identiﬁed particles in d–Au colli-
 sions [39], multiplicity dependenceof 
π
±, K±, p and produc-
 tioninp–Pbcollisions[40],andasigniﬁcantsuppressionofψ(2S)
 yieldsincomparisontothoseofJ/ψ [41,42].

Cold nuclear matter effects on heavy-ﬂavour production have
 been thoroughly investigated at RHIC by the PHENIX and STAR
 Collaborations through the measurement of the production of
 leptons from heavy-ﬂavour hadron decays in d–Au collisions at


√sNN=200 GeV.Anenhancementoftheyieldsofelectrons from
 heavy-ﬂavour hadron decays, with respect to a binary-scaled pp
 reference, wasobserved atmid-rapidity[43,44].An enhancement
 (suppression) of muons from heavy-ﬂavour hadron decays was
 measuredatbackward(forward)rapidity[45].Thedifferencesob-
 servedbetweenforwardandbackwardrapidityarenotreproduced
 by modelsbased onlyon modiﬁcationsof theinitial partonden-
 sities[27].Finally,the recent measurementof azimuthal correla-
 tionsbetweenelectronsfromheavy-ﬂavourhadrondecaysatmid-
 rapidityandmuonsfromheavy-ﬂavourhadron decaysatforward
 rapidity [46] shows a suppression of theyield of electron–muon
 pairs with φ=
π
, suggesting that CNM effects modify the c¯c
 correlations. An experimental effort to quantify CNM effects on
 heavy-ﬂavourproduction isunderway alsoatthe LHC. The mea-
 surementofthe pT-integrated nuclearmodiﬁcation factorof J/ψ
 fromB-hadron decays in p–Pb collisions at √

sNN=5.02 TeV by
 theLHCbCollaboration[47]indicates asuppressionby about20%


atforwardrapidity andnosuppressionatbackward rapidity.The
 measurementsofthenuclearmodiﬁcationfactorsofB+,B0andB0s
 bytheCMSCollaboration[48]andoftheforward-to-backwardra-
 tioofJ/ψfromB-hadrondecaysbytheATLASCollaboration[49]at
 high pT are alsocompatiblewithunity. The mid-rapiditynuclear
 modiﬁcationfactorsofprompt Dmesons [50]andelectrons from
 heavy-ﬂavourhadron andbeauty-hadrondecays[51,52]measured
 bytheALICECollaborationarefoundconsistentwithunity.


This Letter presents differential measurements of the produc-
 tion of muons from heavy-ﬂavour hadron decays for 2< pT<


16 GeV/c in p–Pb collisions at √


sNN=5.02 TeV at forward and
 backward rapidity performed by the ALICE Collaboration at the
 LHC.Comparisons withmodel calculationstoextract relevant in-
 formationconcerningCNM effectsare alsodiscussed.Thesemea-
 surements cover forward (2.03<ycms<3.53, p-going direction)
 andbackward(−4.46<ycms<−2.96,Pb-goingdirection)rapidity
 regions.The Bjorken-xvaluesofgluonsinthePbnucleusprobed
 by measurements of muons from heavy-ﬂavour hadron decays
 have been estimated with PYTHIA 8 (Tune 4C) [53] considering
 Leading Order(pair creation) andNext-to-Leading Order(ﬂavour
 excitationandgluonsplitting) processes.Atforwardrapidity,they
 arelocatedintherangefromabout5·10−6 to10−2 andtheme-
 dian ofthe distribution is about10−4. At backward rapidity,the
 Bjorken-x values are expected to vary from about 10−3 to 10−1
 andthemedianisoftheorderof10−2.


TheLetterisstructured asfollows.Section2describestheap-
 paratuswithanemphasisonthedetectorsusedintheanalysisand
 thedatatakingconditions.Section3addressestheanalysisdetails.


Section4presentstheresults,namelythepT-differentialcrosssec-
 tions and nuclear modiﬁcation factors at forward and backward
 rapidity and theforward-to-backward ratio in a smaller overlap-
 pingrapidityinterval(2.96<|ycms|<3.53).Finally,theresultsare
 comparedwithmodelcalculationswhichincludeCNMeffects.


2. Experimentalapparatusanddatasamples


AdetaileddescriptionoftheALICEdetectorisavailablein[54]


andits performance is discussed in [55]. Muons are detected in
 ALICEusingthemuonspectrometerinthepseudo-rapidityinterval


−4<
η
lab<−2.5.Themuonspectrometerconsistsofi) a frontab-
 sorbermadeofcarbon,concreteandsteelof10interactionlengths
 (λI)locatedbetweentheinteractionpoint(IP)andthespectrome-
 ter that ﬁlters out hadrons, ii)a beam shield throughoutits en-
 tire length, iii) a dipole magnet with a ﬁeld integral of 3 T·m,
 iv) ﬁve tracking stations, each composed of two planes of cath-
 odepadchambers,v)twotriggerstations,eachequippedwithtwo
 planes of resistiveplate chambers andvi) an iron wall of7.2 λI
 placed between the tracking and trigger systems. The following
 detectors are also involved in the analysis. The Silicon Pixel De-
 tector (SPD), which constitutes the two innermost layers of the
 Inner Tracking System (with pseudo-rapidity coverage |η
lab|<2
 and|η
lab|<1.4 fortheinnerandouterlayer,respectively),isused
 forreconstructingthepositionofthecollisionpoint.Twoscintilla-
 torarrays(V0)placedoneachsideoftheIP(withpseudo-rapidity
 coverage 2.8<η
lab<5.1 and −3.7<η
lab<−1.7) are used for
 triggeringpurposesandtorejectoﬄinebeam-inducedbackground
 events. The V0 as well as the two T0 arrays, made of quartz
 Cherenkov countersandcovering theacceptance 4.6<η
lab<4.9
 and−3.3<η
lab<−3.0,areemployed todeterminetheluminos-
 ity.TheZeroDegreeCalorimeters(ZDC)locatedat112.5 monboth
 sidesoftheIParealsousedintheoﬄineeventselection.

TheresultspresentedinthisLetterarebasedonthedatasam-
 ples recorded by ALICE during the 2013 p–Pb run. Due to the
 different energyper nucleon ofthecolliding beams(Ep=4 TeV,
 EPb=1.58 TeV), the centre-of-mass of the nucleon–nucleon col-
 lisions is shifted in rapidity by y=0.465 with respect to the
 laboratory frame in thedirection ofthe protonbeam. Data were
 collected withtwo beamconﬁgurations by reversingthe rotation
 direction of the p and Pb beams. This allowed us to measure
 muon productionintherapidity intervals2.03<ycms<3.53 and


−4.46<ycms<−2.96,thepositiverapiditiescorrespondingtothe
 proton beam traveling in the direction of the muon spectrome-
 ter(p–Pbconﬁguration)andthenegativerapiditiestotheopposite
 case(Pb–pconﬁguration).


The data samples used for the analysis consist of muon-
 triggered events,requiringinadditiontotheminimumbias (MB)
 trigger condition the presence of one candidate track with a
 pT above a threshold value in the muon trigger system. The
 MB trigger is formed by a coincidence between signals in the
 two V0 arrays (>99% eﬃciency for the selection of non-single
 diffractivecollisions).Datawerecollectedusingtwodifferenttrig-
 ger pT thresholds, of about 0.5 GeV/c and 4.2 GeV/c, deﬁned
 as the pT value for which the muon trigger probability is 50%.


In the following, the low- and high-pT trigger threshold sam-
 ples are referred to as MSL and MSH, respectively. The beam-
 induced background events were removed by using the timing
 information from the V0 arrays. Collisions outside the nominal
 timing of the LHC bunches were rejected using the information
 from the ZDC. The maximum instantaneous luminosity at the
 ALICE IP during data-taking was 1029 Hz/cm2, andthe probabil-
 ity formultipleinteractions ina bunch crossing (pile-up)was at
 most 2%.Theintegratedluminositiesfortheuseddatasamplesare
 196±7 μb−1 (4.9·103±0.2·103μb−1)inthep–Pbconﬁguration
 and254±9 μb−1 (5.8·103±0.2·103 μb−1)inthePb–pconﬁg-
 uration forMSL- (MSH-) triggered events. The calculation of the
 integratedluminositiesandassociateduncertaintiesisdiscussedin
 Section3.


3. Dataanalysis


3.1. Muoncandidateselection


The oﬄineselectioncriteriaofmuoncandidatesaresimilar to
thosedescribed in[4,5].Trackswere requiredto bereconstructed



(3)inthekinematicregion−4<
η
lab<−2.5 and170◦< θabs<178◦
 (θabs is the polar angleat the end of the absorber).In addition,
 tracks in the tracking systemwere required to matchtrack seg-
 ments in the trigger system. This results in a very effective re-
 jection of the hadronic background that is absorbed in the iron
 wall. A selection on the Distance of Closest Approach (DCA) to
 the primary vertex of each track weighted with its momentum
 (p)wasalsoapplied.Themaximumvalueissetto6σ
p·DCA,where


σ
p·DCAistheresolutiononthisquantity.Thislatterfurtherreduces
 thecontributionfrom faketracks comingfromthe associationof
 uncorrelatedclustersinthetrackingchambersandbeam-induced
 backgroundtracks.Themeasurementofmuonsfromheavy-ﬂavour
 hadrondecaysisperformedinthe interval2<pT<16 GeV/c by
 combining MSL-triggered and MSH-triggered events. The former
 areuseduptopT=7 GeV/c,thelatterathigherpT.Thelargeyield
 ofmuonsfromsecondarylight-hadrondecaysproducedinsidethe
 frontabsorberpreventsthemeasurement belowpT=2 GeV/c.In
 the pT interval ofthemeasurement, thebackgroundcontribution
 consistsmainly of muons fromdecays of primary charged pions
 andchargedkaonsproducedattheinteractionpoint.The compo-
 nentofmuonsfromJ/ψ decays,foundtobelessthan1–3%ofthe
 inclusivemuonyield,dependingonrapidityand pT,was notsub-
 tracted.Moreover, thebackgroundcontributionofmuonsfromW
 andZ/γ
 isalsosmallinthepT intervalofinterest[56](lessthan
 2–3%atpT=16 GeV/c).

3.2.Analysisstrategy


Nuclearmattereffectsontheproductionofmuonsfromheavy-
 ﬂavourhadron decayscan bequantiﬁed by meansofthe nuclear
 modiﬁcationfactor,Rμ±←HF


pPb ,whichcanbewrittenas:


RμpPb±←HF
(
pT) =
 1

A
·
dσ
pPbμ±←HF/
dpT
 dσ
ppμ±←HF/
dpT


,
 (1)

whereAisthemassnumberofthePbnucleus,d
σ
ppμ±←HF/dpTand
 dσ
pPbμ±←HF/dpT arethe pT-differentialproductioncrosssectionsof
 muons from heavy-ﬂavour hadron decays in pp and p–Pb colli-
 sions,respectively.

Thelatterisevaluatedas:


d
σ
pPbμ±←HF

dpT 
=



⎛



⎝
dN

μ±
 pPb


dpT 
−
dN

μ±←π,K
 pPb


dpT



⎞



⎠ ·
 1

Lint
,
 (2)

where dNμ±/dpT and dNμ±←π,K/dpT are the pT-differential
 yields of inclusive muons and of muons from charged-pion and
 charged-kaon decays, respectively. The integrated luminosity Lint
 iscomputedasNMB/
σ
MB,whereNMB and σ
MB arethenumberof
 MB collisions andthe MB trigger cross section, respectively. The
 latterwas measured invan der Meerscansandis 2.09±0.07 b
 (2.12±0.07 b) for the p–Pb (Pb–p) conﬁguration [57]. Since
 the analysis is based on muon-triggered events, the number of
 equivalentMBeventsisevaluated asNMB=FMSL(MSH)·NMSL(MSH),
 whereNMSL(MSH)isthenumberofanalysedMSL- (MSH-)triggered
 events, and FMSL(MSH) is a normalisation factor. The number of
 MSL- andMSH-triggeredevents amountsto 1.45·107(2.63·107)
 and107(1.53·107)forthep–Pb(Pb–p)samples,respectively.The
 normalisationfactoris determinedwith twodifferent procedures
 describedhereafter.Theﬁrstprocedureisbasedontheoﬄinese-
 lectionof muon-triggered events in the MB data sample. Inthis
 approach, FMSL is the inverse of the probability of meeting the
 MSL trigger condition in an MB event. The normalisation factor

FMSH is obtained as the inverse of the product of the probabil-
 ityofmeetingtheMSHtriggercondition inaMSL eventandthat
 ofmeeting the MSL trigger condition in aMB event. The second
 procedure is based on the run-averaged ratio of the MB trigger
 ratetothatofmuontriggers(MSLorMSH),eachcorrectedbythe
 fractionofeventspassingtheevent-selectioncriteria.Notethatin
 both procedures, the number ofMB events is corrected forpile-
 up.Finally,theweighted averageoftheresultsobtainedwiththe
 two approachesis computed, using the statistical uncertainty as
 weight. The results are FMSL=28.20±0.08 (20.50±0.04) and
 FMSH=1032.8±7.2(798.3±4.8)atforward(backward)rapidity.


Thequoteduncertaintiesarestatistical.


The measured pT-differential muon yield is corrected for ac-
 ceptance and for the tracking and trigger eﬃciencies using the
 same procedure asforthe analysisof pp collisions at√


s=2.76
 and 7TeV [4,5]. Thisprocedure isbased on a Monte Carlo sim-
 ulationusingasinput the pT andrapiditydistributions ofmuons
 frombeauty-hadrondecayspredictedbyFixedOrderNextToLead-
 ingLog(FONLL)calculations[58].1Thedetectordescriptionandits
 response are modelled using theGEANT3 transport package [59]


takinginto account thetime evolution ofthe detectorconﬁgura-
 tion.For pT>2 GeV/c,theproductofacceptanceandeﬃciencyin
 MSL-triggeredeventstendstosaturateatavaluecloseto85%and
 75%atforward(p–Pbconﬁguration) andbackward rapidity(Pb–p
 conﬁguration),respectively.ThelowervalueobtainedforthePb–p
 systemismainlyduetoalowereﬃciencyofthetrackingchambers
 inthecorrespondingdatatakingperiod.TheMSHtriggereﬃciency
 plateauisonlyjustreachedat pT=16 GeV/c,whichleads toval-
 ues of the acceptance times eﬃciency slightly lower than those
 obtainedfortheMSLtrigger,eveninthehighpTregion.


The subtraction of backgroundmuons from charged-pion and
 charged-kaon decaysisbased ona data-tunedMonte Carlocock-
 tail. First, the contribution of muons from charged-pion and
 charged-kaondecaysin2.03<ycms<3.53 isestimatedbyextrap-
 olatingtoforwardrapiditythepT-differentialyieldsperminimum-
 bias event of charged pions and kaons measured by the ALICE
 Collaborationintherapidityregion−0.5<ycms<0 for pT values
 upto pT=20 GeV/c [60].Afurther pT extrapolation,bymeansof
 a power-lawﬁt,wasperformedto extendthe pT coverageto the
 charged-pion andcharged-kaon momentum range,which is rele-
 vanttoestimatethecontributionofmuonsfromcharged-pionand
 charged-kaondecaysupto pT=16 GeV/c.


The rapidity extrapolation of the [d2Nπ±,K±/dpTdy]mid−ycms


mid-rapiditycharged-pionandcharged-kaonyieldstoforwardra-
 pidityisperformedaccordingto:


d2Nπ±,K±


dpTdy 
=
Fextrap(
pT,
y) ·




d2Nπ±,K±
 dpTdy





mid−ycms


(3)


wherethe pT- andy-dependent extrapolationfactor Fextrap(pT,y)
 isobtainedby means oftheDPMJET eventgenerator [61], which
 describes thepseudo-rapidity distribution of chargedparticles in


−2<
η
lab<2 reasonablywell [62].The HIJING2.1generator[63]

is employed to estimate thesystematic uncertainty(Section 3.3).


Itwas alsocheckedthat compatibleresultsareobtainedwiththe
 AMPT model [64]. Then,the (pT, y) distributions of muonsfrom
 charged-pion and charged-kaon decays in the acceptance of the
 muonspectrometeraregeneratedwithasimulation,usingasinput
 thecharged-pionandcharged-kaondistributionsobtainedwiththe
 extrapolationproceduredescribedabove.Theabsorbereffectisac-
 countedforbyrejectingchargedpionsandchargedkaonsthatdo


1 Thesensitivityoftheproductofacceptanceandeﬃciencyontheinputdistri-
butionswasestimatedbycomparingtheresultswiththosefromasimulationusing
muonsfromcharmdecays.Thedifferencesarenegligible(lessthan1%).



(4)notdecay withina distancecorresponding toone hadronicinter-
 actionlengthintheabsorber.Thecharged-pion andcharged-kaon
 distributions atbackwardrapidity,for−4.46<ycms<−2.96,are
 estimated by using the distributions extrapolated at forward ra-
 piditywithDPMJETasa startingpoint,asdiscussedabove.These
 pT and y distributions are scaled by the pT-dependent charged-
 particleasymmetryfactormeasured bytheCMSCollaborationfor
 1.3<|
η
cms|<1.8 [65].The systematicuncertaintyresultingfrom
 thedifferentrapidity coverageis discussedinSection 3.3.Finally,
 the distributions of muons fromcharged-pion and charged-kaon
 decays at backward rapidity are obtained with the fast simula-
 tion procedure described above for the forward rapidity region.

The obtained yields per event of muons from charged-pion and
 charged-kaondecaysatforwardandbackwardrapidities arethen
 scaledbyNMB andsubtractedfromtheinclusivemuonyields.


The relative contribution to the inclusive muon yield due to
 muonsfromcharged-pionandcharged-kaondecaysdecreaseswith
 increasing pT fromabout27%(35%)at pT=2 GeV/c to2%(2%)at
 pT=16 GeV/c,atforward(backward)rapidity.Inthesmallerover-
 lappingacceptance2.96<|ycms|<3.53 usedforthemeasurement
 oftheforward-to-backwardratioRμ±←HF


FB ,thebackgroundfraction
 decreases from about 19% (41%) at pT=2 GeV/c to 1% (3%) at
 pT=16 GeV/c,atforward(backward)rapidity.


The pT-differentialcrosssectionsofmuonsfromheavy-ﬂavour
 hadron decays in pp collisions at √


s=5.02 TeV, needed for
 the computation of RpPb at forward and backward rapidity, are
 obtained by applying a pQCD-driven energy and rapidity scal-
 ing to the measured pT-differential cross sections in pp colli-
 sions at √


s=7 TeV in the kinematic region 2.5< ycms<4.0
 and2<pT<12 GeV/c [4].Thescaling factorandits uncertainty
 areevaluated usingFONLL calculations[58] withdifferentsets of
 factorisationandrenormalisationscales andquarkmasses, asde-
 tailed in[66]. Thecurrentmeasurement ofthepp pT-differential
 cross section at √


s=7 TeV is limited to pT<12 GeV/c. There-
 fore, the pT-differential cross sections in 12<pT<16 GeV/c at


√s=5.02 TeV are obtained from FONLL calculations at √
 s=
 5.02 TeV, rescaled to match the result of the data-driven pro-
 cedure in 6<pT<12 GeV/c. Note that in the limited interval
 2<pT<10 GeV/c,thepT-differentialcrosssectionofmuonsfrom
 heavy-ﬂavourhadrondecayswasalsomeasuredinppcollisionsat


√s=2.76 TeV. Asa cross-check,it was veriﬁedthat whenusing
 thismeasurementin theprocedure forscalingto √


s=5.02 TeV,
 compatible results are obtained with respect to those from the


√s=7 TeV case,althoughwithlargeruncertainties.2
 Theforward-to-backwardratio,Rμ±←HF


FB ,deﬁnedastheratioof
 the cross section of muonsfrom heavy-ﬂavour hadron decays at
 forwardrapiditytothatatbackwardrapidityinarapidityinterval
 symmetricwithrespectto ycms=0,


RμFB±←HF
(
pT) = [
dσ
pPbμ±←HF/
dpT]
2.96<ycms<3.53


[
dσ
pPbμ±←HF/
dpT]
−3.53<ycms<−2.96


,
 (4)

isalsoasensitiveobservableforthestudyofCNMeffects.Thisra-
 tiocanbe computedonlyintherestrictedoverlapping y interval
 2.96<|ycms|<3.53 coveredatbothforwardandbackwardrapid-
 ity.


3.3. Systematicuncertainties


ThemeasurementofthepT-differentialcrosssectionsofmuons
 fromheavy-ﬂavourhadrondecaysisaffectedbysystematicuncer-


2 Thisresultsfromlargeruncertaintiesandalargerenergygapat√


s=2.76 TeV
 comparedto√


s=7 TeV.


Table 1


SystematicuncertaintiesaffectingthemeasurementofthepT-differentialcrosssec-
 tionandnuclearmodiﬁcationfactorofmuonsfromheavy-ﬂavourhadron decays
 at forwardrapidity(2.03<ycms<3.53)andbackwardrapidity(−4.46<ycms<


−2.96).Seethetextfordetails.ForthepT-dependentuncertainties,theminimum
 andmaximumvaluesaregiven.TheyaregivenatpT=2 GeV/candpT=16 GeV/c,
 exceptforthebackgroundsubtractionwheretheﬁrst(last)valuecorrespondsto
 pT=16 (2) GeV/c. The systematicuncertainties of the pp reference (σppμ±←HF
 pT-dependentandglobal)contributeonlytothesystematicuncertaintyonthenu-
 clearmodiﬁcationfactors.


Source Forward rapidity Backward rapidity


Tracking eﬃciency 2% 3%


Trigger eﬃciency 1% (4%) for MSL (MSH) 1% (4%) for MSL (MSH)


Matching eﬃciency 0.5% 0.5%


Mis-alignment 0.5%·pT 0.5%·pT


Background subtraction 1–7% 1–15%


Integrated luminosity 3.8% 3.5%


σppμ±←HF(pT-dependent) 9–26% 9–30%


σppμ±←HF(global) 3.5% 3.5%


tainties of the inclusive muon yield, the background subtraction
 and the determination of the integrated luminosity. For the nu-
 clearmodiﬁcationfactor,alsothesystematicuncertaintyonthepp
 referencecrosssectionmustbeconsidered.


The systematic uncertainty affecting the yield of inclusive
 muons contains the2% (3%) systematicuncertaintyon the muon
 trackingeﬃciencyatforward(backward)rapidity [67,68]andthe
 systematicuncertaintyassociatedwiththemuontriggereﬃciency
 of1%withtheMSLtriggerand4%withtheMSHtrigger.Adetailed
 description ofthe procedureused to evaluatetheseuncertainties
 isfoundin[55,67,68].A0.5%systematicuncertaintyduetotheef-
 ﬁciencyofthematchingbetweentrackingandtriggerinformation
 isalsoadded.AconservativepT-dependentsystematicuncertainty
 of0.5%·pT (inGeV/c) isassignedto takeintoaccount thediffer-
 ence betweenthe true (unknown) residual mis-alignment of the
 spectrometerandthesimulatedone.


The systematic uncertainty of the estimate of the yield of
 muonsfromcharged-pion andcharged-kaon decayscontainscon-
 tributions from the uncertainty on i) the measured mid-rapidity
 pT distributionsofchargedpionsandkaonsandtheir pT extrapo-
 lation,of5–8%,ii)therapidity extrapolation,of7–26%(2–27%)at
 forward(backward)rapidity,depending on pT,estimatedbycom-
 paringtheresultsfromDPMJETandHIJINGgeneratorsandiii)the
 absorbereffect,of15%,obtainedbyvaryingtheinteractionlength
 inthe absorberwithin reasonable limits.Atbackward rapidity,in
 addition to previous systematic uncertainties a systematicuncer-
 taintyarisesfromtheprocedurethatmakesuseoftheasymmetry
 factormeasuredbytheCMSCollaboration[65]indifferentrapidity
 intervalswithrespecttoourmeasurement.Thisuncertainty,about
 15–18%, is calculated by varying the asymmetry factor between
 unityandtwotimesthemeasuredvalue forchargedparticles.An
 additional 15% uncertainty is included to account for the varia-
 tions with pT ofthe measured asymmetry factorwithrespect to
 a uniform distribution in the high pT region. All the aforemen-
 tioned uncertainties are added in quadrature to obtain the total
 uncertainty on the background subtraction, which results in an
 uncertaintyonthepT-differentialcrosssectionandnuclearmodi-
 ﬁcationfactorofmuonsfromheavy-ﬂavourhadrondecaysof1–7%


(1–15%)atforward(backward)rapidity(Table 1).


The systematic uncertainty of the measurement of the inte-
grated luminosity includescontributions from
 σ
MB andNMB. The
systematicuncertainty ofNMB ofabout1% reﬂectsthe difference
betweenthe normalisationfactor FMSL(MSH) valuesobtainedwith
thetwodifferentproceduresdescribedinSection3.2.Thesystem-
aticuncertaintyof σ
MBamountsto3.5%(3.2%)forthep–Pb(Pb–p)
conﬁguration, with a total correlated uncertainty between these


(5)twoconﬁgurationsof1.6%.The luminositymeasurementwasper-
 formed independentlyby usinga second referencecross section,
 based on particle detection by the T0 detector [57]. The lumi-
 nosities measured with the two detectors differ by at most 1%


throughoutthewhole data-takingperiod. Thisvalue iscombined
 quadraticallywiththe systematicuncertainties on 
σ
MB andNMB,
 leadingtoatotaluncertaintyontheintegratedluminosityof3.8%

(3.5%)forthep–Pb(Pb–p)conﬁguration.


Thesystematicuncertaintyoftheppreferenceat√


s=5.02 TeV
 accounts for the uncertainties of i) the measurement of the
 pT-differentialcross section ofmuonsfromheavy-ﬂavour hadron
 decaysat√


s=7 TeV,of8–14%,plus aglobaluncertaintyof3.5%


fromthe luminosity measurement [69] quoted separately, ii)the
 energyscalingfactor,obtainedbyconsideringdifferentsetsoffac-
 torisationandrenormalisation scales andquark massesin FONLL
 as detailed in [66], of 3% (7%) at pT=2 GeV/c and 2% (4%) at
 pT=12 GeV/c at forward (backward) rapidity,iii) the procedure
 basedon FONLLpredictionsfor12<pT<16 GeV/c,of26%(30%)
 atforward(backward) rapidity,andiv) therapidityextrapolation.


The uncertaintyon the latter amounts to 2% at forward rapidity
 andisnegligibleatbackwardrapidity.Itisestimatedfromthepp
 crosssectionsat√


s=7 TeV measuredinthefull acceptanceand
 in various rapidity sub-intervals [4]. These rapidity sub-intervals
 arecombinedinordertomimictherapidityintervalsinvestigated
 inthep–PbandPb–pconﬁgurations(Section2),scaledwithFONLL
 tothefullrapiditycoverageandcomparedwiththemeasurement.


A summary of the systematic uncertainty sources previously
 discussed,afterpropagationtothemeasurementsofd
σ
pPbμ±←HF/dpT
 andRμ±←HF

pPb ,ispresentedinTable 1.Themaincontributiontothe
 Rμ±←HF


pPb systematic uncertainty comes from the pp reference, in
 particularinthehighpT region(pT>12 GeV/c).Mostofthesys-
 tematic uncertainties are uncorrelated as a function of pT, with
 theexception ofthesystematicuncertainties ofmis-alignmentin
 pp andp–Pb collisions which are correlated bin-to-bin in pT,of
 thedetectorresponse whichispartiallycorrelated,andofthelu-
 minositywhichisfullycorrelated.Thetotalsystematicuncertainty
 onRμ±←HF


pPb varieswithinabout12–28%(18–31%)atforward(back-
 ward)rapidity.


All systematic uncertainties entering the d
σ
pPbμ±←HF/dpT mea-
 surement at forward and backward rapidity affect the Rμ±←HF

FB
 measurement,withtheexceptionofthe1.6%contributionfromthe
 uncertaintyon the luminosity, which is fullycorrelated between
 theresultsatforwardandbackward rapidity.The maincontribu-
 tiontotheRμ±←HF


FB systematicuncertaintycomesfromthemuon
 background at low pT (pT < 4 GeV/c) as well as the detector
 responseandmis-alignmentin thehigh-pT region.The totalsys-
 tematicuncertaintyonRμ±←HF


FB decreaseswithincreasing pT,from
 about20%(pT=2 GeV/c)to10%(pT=16 GeV/c).


4. Resultsandcomparisontomodelpredictions


The pT-differentialcrosssectionsofmuonsfromheavy-ﬂavour
 hadron decays measured in p–Pb collisions at √


sNN=5.02 TeV
 at forward rapidity (2.03< ycms<3.53) and backward rapidity
 (−4.46<ycms<2.96) intheinterval 2<pT<16 GeV/c aredis-
 played in Fig. 1. They are further used to compute the nuclear
 modiﬁcationfactor RpPb.Verticalbarsrepresentthestatisticalun-
 certaintiesandemptyboxes,smallerthanthesymbols,thesystem-
 aticuncertainties that includeall sources discussed in Section 3,
 exceptthenormalisation uncertainties. Theseconventionsrelated
 tothedrawingofuncertainties applyalsototheﬁguresdiscussed
 inthefollowing.


Fig. 1.Productioncrosssectionsofmuonsfromheavy-ﬂavourhadrondecaysasa
 functionofpTforp–Pbcollisionsat√


sNN=5.02 TeV atforwardrapidity(2.03<


ycms<3.53)andbackwardrapidity(−4.46<ycms<−2.96).Statisticaluncertain-
 ties(bars)andsystematicuncertainties(boxes)areshown.


Fig. 2 shows the pT-differential nuclear modiﬁcation factor,
 Rμ±←HF


pPb ,inp–Pbcollisionsat√


sNN=5.02 TeV atforwardrapidity
 (toppanel) andbackward rapidity(bottompanel). Besidesstatis-
 ticalandsystematicuncertainties,alsothenormalisationisshown
 asaﬁlledboxat Rμ±←HF


pPb =1.The signiﬁcantlysmallerstatistical
 (andlargersystematic)uncertainties for pT>12 GeV/c compared
 to the interval 7<pT<12 GeV/c reﬂectthe different procedure
 usedforthe determinationofthepp reference, describedinSec-
 tion3.2.ThepT-differentialRμ±←HF


pPb atforwardrapidityiscompat-
 ible withunity within uncertainties over the whole pT range. At
 backward rapidity,Rμ±←HF


pPb islargerthanunity witha maximum
 signiﬁcanceof2.2
σ
 fortheinterval2.5<pT<3.5 GeV/c,ascalcu-
 latedfromthecombinedstatisticalandsystematicuncertainties.At
 higher pT,itiscompatiblewithunity.Themeasurements indicate
 thatCNMeffectsaresmallandthatthestrongsuppressionofthe
 yieldsofmuonsfromheavy-ﬂavourhadrondecaysobservedinthe
 10%mostcentralPb–Pbcollisions[5]shouldresultfromﬁnal-state
 effects, e.g. the heavy-quark in-medium energy loss. The trends
 measuredbyALICEinp–Pbcollisions,includingthehintforanen-
 hancementatbackward rapidity,are similartothoseobservedby
 the PHENIX Collaboration at RHIC for muonsfrom heavy-ﬂavour
 hadrondecaysmeasuredind–Aucollisionsat√

sNN=200 GeV at
 forward(1.4<ycms<2.0)andbackward(−2.0<ycms<−1.4)ra-
 pidity[45].


As shown in Fig. 2, Next-to-Leading Order (NLO) perturba-
 tive QCDcalculationsbyMangano, NasonandRidolﬁ(MNR)[70],
 which make use of the EPS09 [26] parameterization of nuclear
 PDFs(CTEQ6M[73])anddonotincludeanyﬁnal-stateeffect,de-
 scribe the measurements in the two rapidity regions reasonably
 wellwithinexperimentalandtheoreticaluncertainties.Thedataat
 forwardrapidity arealso welldescribed by calculationsincluding
 nuclearshadowing,kT broadeningandenergylossincoldnuclear
 matter[71],whichpredict RpPbveryclosetounityoverthewhole
 momentum rangeofthe measurement.Anagreement withthese
 calculationswasalsoreportedbyALICEforDmesonsandelectrons
 from heavy-ﬂavourhadron decaysmeasured atmid-rapidity [50,
 51].The pT-differentialRμ±←HF


pPb atbackwardrapidityisalsocom-
paredwithpredictionsfromamodelincludingincoherentmultiple
scatteringeffectsofhardpartonsinthePbnucleusbothininitial-
state andﬁnal-state interactions [72]. This model expects also a
small enhancement at low values of transverse momentum and



(6)Fig. 2.Nuclearmodiﬁcationfactorofmuonsfromheavy-ﬂavourhadrondecaysasa
 functionofpTforp–Pbcollisionsat√


sNN=5.02 TeV atforwardrapidity(2.03<


ycms<3.53,top)andbackwardrapidity(−4.46<ycms<−2.96,bottom)compared
 tomodelpredictions[70–72].Statisticaluncertainties(bars),systematicuncertain-
 ties(openboxes),andnormalisationuncertainties(ﬁlledbox atRμpPb±←HF=1)are
 shown.Filled(open)symbolsrefertotheppreferenceobtainedfromanenergy
 andrapidityscalingtothemeasurementat√


s=7 TeV (anextrapolationbasedon
 FONLLcalculations).


describes the measurement fairly well over the whole pT range.


Thesame modelisable todescribe both the pT-differential RpPb
 ofelectrons from heavy-ﬂavourhadron decaysmeasured at mid-
 rapiditywithALICE,whichisalsoconsistentwithunitywithinun-
 certainties[51],andtheenhancementseenatbackwardrapidityin
 d–Aucollisionsat√


sNN=200 GeV formuonsfromheavy-ﬂavour
 hadron decays [72]. Theoretical calculationsbased on the Colour
 GlassCondensatemodel[74]predict thatfortherapidityinterval
 2.5<ycms<3.53,the RpPb ofmuonsfromcharm-hadrondecays
 fortheinterval0<pT<4 GeV/cincreaseswithincreasingpTfrom
 about0.6to0.85.ThispredictedRpPb isslightlysmallerthanthat
 reported herefor muons from heavy-ﬂavourhadron decays,3 al-
 thoughforaslightlydifferentrapidityinterval.


The pT-differentialnuclearmodiﬁcationfactorsofmuonsfrom
 heavy-ﬂavourhadrondecayswerealsostudiedasafunctionofra-
 pidity,by dividingeach ofthetwo intervalsintwo sub-intervals.


TheresultsarepresentedinFig. 3.Inboththeforward(toppanel)


3 Fortheinterval0<pT<4 GeV/cthecomponentofmuonsfromcharm-hadron
 decaysdominatesaccordingtoFONLLcalculations[58].


Fig. 3. Nuclearmodiﬁcationfactorsofmuons fromheavy-ﬂavour hadrondecays
 asafunctionofpTfor p–Pbcollisionsat √


sNN=5.02 TeV intworapiditysub-
 intervalsatforward(top)andbackward(bottom)rapidity.Statisticaluncertainties
 (bars),systematicuncertainties(openboxes),andnormalisationuncertainties(ﬁlled
 box at RμpPb±←HF=1)areshown. Forvisibility, thepoints for the rapidityinter-
 vals2.79<ycms<3.53 and−3.71<ycms<−2.96 areslightlyshiftedhorizontally.


Filled(open)symbolsrefertotheppreferenceobtainedfromanenergyandrapid-
 ityscalingtothemeasurementat √


s=7 TeV (anextrapolationbasedonFONLL
 calculations).


and backward (bottompanel)rapidity regions, no signiﬁcant dif-
 ferenceisobservedbetweenthenuclearmodiﬁcationfactorsmea-
 suredinthetworapiditysub-intervals.4


Fig. 4 shows Rμ±←HF


FB for muons from heavy-ﬂavour hadron
 decays for the rapidity region 2.96<|ycms|<3.53 function of
 pT (Eq.(4)).Theforward-to-backwardratioisfoundtobesmaller
 than unity at intermediate pT, with a signiﬁcance of 3.7
σ
 for
 2.5<pT<3.5 GeV/c, and it rises gradually towards unity with
 increasing pT.ThisobservableisalsowelldescribedbyNLOpQCD
 calculationswiththeEPS09modiﬁcationoftheCTEQ6MPDFs.

5. Conclusion


In summary, the production of muons from heavy-ﬂavour
 hadron decays hasbeen measured in p–Pb collisions at √


sNN=
 5.02 TeV for 2<pT<16 GeV/c with the ALICE detector at the


4 It cannotbeexcluded thatadegreeofcorrelationbetweenthe tworapidity
sub-intervals,diﬃculttoquantify,ispresentinthevarioussystematicuncertainty
sources.



(7)Fig. 4.Forward-to-backwardratioofmuonsfromheavy-ﬂavourhadrondecaysasa
 function ofpTforp–Pbcollisionsat√


sNN=5.02 TeV comparedtomodelpredic-
 tions[70].Statisticaluncertainties(bars),systematicuncertainties(openboxes)and
 normalisationuncertainties(ﬁlledboxatRμFB±←HF=1)areshown.


CERNLHC.Measurementsoftheproductioncrosssectionsandnu-
 clearmodiﬁcationfactorshavebeenpresentedasafunctionofpT
 atforward (2.03<ycms<3.53,p-going direction)and backward
 (−4.46<ycms<−2.96,Pb-goingdirection)rapidity.Moreover,the
 pT-differentialforward-to-backwardratiohasbeenalsostudiedin
 thesmaller overlapping interval 2.96<|ycms|<3.53. Atforward
 rapidity,thenuclear modiﬁcation factoris compatiblewithunity
 overthewholepTrange.Atbackwardrapidity,adeviationfrombi-
 naryscalingissuggestedintheinterval2.5<pT<3.5 GeV/c with
 a signiﬁcance of about 2
σ
. The observed trends in the Rμ←HF

pPb
 measurements are reﬂected in the forward-to-backward ratio,
 whichshowsacleartendencytobebelowunity,withadeviation
 of3.7
σ
 for 2.5<pT<3.5 GeV/c. The measured nuclear modiﬁ-
 cation factors and the forward-to-backward ratio are reproduced
 within uncertainties by NLO pQCD calculationsincluding nuclear
 modiﬁcation ofthe PDFs. The nuclear modiﬁcation factorat for-
 wardrapidity isinagreementwitha modelcalculationincluding
 CNMeffects basedona nuclear shadowingscenario,kT broaden-
 ingandenergylossincoldnuclear matter.The dataatbackward
 rapidityarealsoreproducedbyamodelincludingincoherentmul-
 tiplescatteringeffects.Theresultsindicatethatthesuppressionof
 theproduction ofhigh-pT muonsfromheavy-ﬂavour hadron de-
 caysinthe0–10%mostcentralPb–PbcollisionsmeasuredbyALICE
 isduetoﬁnal-stateeffectsinducedbythehotanddensemedium
 formedinthesecollisions.
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