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Heavy-lon Collisions

o Goal: study the properties of nuclear matter at extreme
conditions of temperature and energy density

C Transition to a state where quarks and gluons are deconfined (Quark
Gluon Plasma, QGP)

V From lattice QCD: T4 1-%66MeV- g¢a 0.5 &eV/fm

& Bazavov et al, PRD90 (2014) 094503
& Borsanyi et al, JHEP 1009 (2010) 073
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Heavy flavours (HF) in heavy-ion
collisions

BT fou‘ /f"/Trc,, » Charm and beauty quarks: unique
N probes of the medium

adron Ca ,,,.0*‘°\ C Produced at the very early stage of
o the collision in partonic scattering
\ i e processes with large Q2
V pQCD can be used to calculate initial
Cross sections

(t< 1 fm/c) C Small rate of thermal production in
C quark the QGP (m,,>>T)
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Central region

‘ C Large mass, short formation time

V Experience the entire evolution of the
medium

C Interactions with medium constituents

dondt c hflavorgbat canh e
-8 modify the phase-space distribution
“*£ & | of heavy quarks
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Heavy flavours in ALICE
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Charm production in pp coII|S|ons

» HF production cross sections in pp
collisions described by pQCD
calculations within uncertainties

C FONLL
& Cacciari et al., JHEP 1210 (2012) 137

C GM-VENS
& Kniehl et al., EPJ C72 (2012) 2082

C LO ky-factorization
& Maciula, Szczurek, PRD 87 (2013) 094022
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D-meson cross-section
on the upper side of the

FONLL uncertainty band,
as at d ow

& ALICE, JHEPO1 (2012) 128

1& ALICE, JHEPO7 (2012) 191
3& ALICE, PLB718 (2012) 279

& ALICE, arXiv:1605.07569



Beauty production In pp collisions

. HF production cross sections inpp 5 1 .. ey B ebae
collisions described by pQCD € o P ST
calculations within uncertainties £ q%aﬂ _____

C FONLL - 107
& Cacciari et al., JHEP 1210 (2012) 137 '
C GM-VENS

& Kniehl et al., EPJ C72 (2012) 2082
C LO ky-factorization

& Maciula, Szczurek, PRD 87 (2013) 094022
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Beauty cross-section well described by

FONLL as at lower as

& ALICE, JHEP 1211 (2012) 065
& CMS, EPJ C71 (2011) 1575
& LHCb, EPJ C71 (2011) 1645



HF production cross section
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» Total charm and beauty production cross sections described
by NLO pQCD calculations within uncertainties

C Charm on the upper edge of the theoretical uncertainty band at all

collision energies



Nuclear modification factor

Production of HF in nuclear collisions Pb-Pb measurement

C Expected to scale with the number of nucleon-
nucleon collisions N, (binary scaling) %

Observable: nuclear modification factor

1 dN,,/dp,  QCDmedium
<NCO”> dep/de QCDvaCUlJm pp reference

:

Raa(Pr) =

If no nuclear effects are present Y R,,=1

Interactions with the constituents of the hot, dense and
deconfined medium created in the collision can modify
(YRl 1) the phase space distri
C In-medium parton energy loss

V via elastic collisions and gluon radiation
C Collective flow
C In-medium hadronization 8



Cold nuclear matter effects:
p-Pb CO||ISIOnS

o GOAL: assess the role of cold o 4 e
nuclear matter (CNM) effects 5 ol uh

C Initial-state effects: = 22 -

V Nuclear modification of the PDFs < 44 0.4

Y shadowing at low Bjorken-x isthe £. 2 | 0.2

dominant effect at LHC energies T o0 E 0.0

V Initial-state energy loss

V K broadening
Y d u emultipt collisions of the
parton before the hard scattering

C Final-state effects

V Final-state energy loss

V Interactions with the particles
produced in the collision
Y collective expansion?
Y Mini QGP?

o Crucial for interpretation of Pb-Pb
results



Backward rapidity

HF decay lepton R p,

(Pb-going side)

T T

p-Pb | 5, = 5.02 TeV, p*« c¢,b decays
-4y <-2.96

- ALICE Preliminary

—— NLO (MNR) with EPS09 shadowing
—— Z.B. Kang et al.: incoherent multiple scattering
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& ALICE, PLB754 (2016) 81

» Rppy Of HF decay leptons:

C consistent with unity at mid- and forward rapidity

12

Forward rapidity
(p-going side)

T T T3

p-Pb \ 5, =5.02 TeV, p*«c,b decays
2.5<ycms<3.54

- ALICE Preliminary

— L

—— NLO (MNR) with EPS09 shadowing B
Vitev: coherent scattering + kT broad + CNM Eloss -

systematic uncertainty on normalization ]
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C slightly larger than unity at backward rapidity for 2< p< 4 GeV/c

o Described within uncertainties by models including cold
nuclear matter effects

10



D mesons in p-Pb collisions

Backward rapidity
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& ALICE, PRL113 (2014), 232301
& ALICE, arXiv:1605.07569

& LHCb-CONF-2016-003

o Charm production in p-Pb collisions described by pQCD
calculations including nuclear PDFs and/or other CNM effects

-> No Indication of significant cold nuclear matter effects

on charm production




More charm in p-Pb collisions

» D-meson nuclear modification & ALICE, arXiv:1605.06963

L L L B B B
factor (Qypp) IN centrality bins T % 5<po<sGovic ps 1 Gevic
C Energy deposited in neutron ZDC g I 3 ]
(ZN) provides an (almost) unbiased & ' -io% S0816 Uncertainty (pp) :
estimation of collision centrality 2 f "i0¢, scale uncertainty (p-Pb) .
C Compatible with unity also for the P
20% most central p-Pb collisions 15T
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» Azimuthal correlations between
D mesons and charged particles
C Properties of the correlation peak

Induced by the charm-quark
fragmentation are compatible in

0.5

[ & ALICE, arXivi1602.07240 pp and p-Pb collisions
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QGP p-Pb collisions ?
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Models with only CNM effects
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Unexpected results from light-flavour hadrons qualitatively resembling
the collective behaviour observed in Pb-Pb collisions

C Also in the charm sector?
Data on D-meson R,
assuming QGP formatlon In p-Pb collisions

C Current data disfavour a suppression >15% at high p-

C Can not discriminate the two scenarios with current uncertainties 13

compared to Langevin transport models

& ALICE, arXiv:1605.07569



Hot and dense medium effects:
Pb-Pb collisions

» Interaction of heavy quarks with
the QCD medium constituents

C Energy loss:

V Elastic collisions with the medium
constituents (-> collisional energy
loss)

V Gluon radiation
CMomentum gain due
from medium collective expansion

V Do low-p; heavy quarks thermalize
in the medium?

C In-medium hadronization

V Hadronization via (re)combination of
the charm quark with a (light) quark
from the medium ?




D mesons in Pb-Pb collisions
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Submitted to JHEP, arXiv:1508.06888
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& ALICE, JHEP1603 (2016) 081

o Strong suppression of
prompt D-meson yield In
central Pb-Pb collisions

C uptoafactorof5atp;a 1 0

GeV/c

& ALICE, JHEP1603 (2016) 082
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» Hint for less suppression of D_*
than non-strange D at low p-

C Expected if recombination plays a
role in charm hadronization

& Kuznetsova, Rafelski, EPJ C 51 (2007) 113
& He, Fries, Rapp, PLB 735 (2014) 445 15



D-meson R,, vs. models

& ALICE, JHEP1603 (2016) 081
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The suppression is a final-state effect

-> due to interactions with the hot and dense medium




HF decay lepton R,,

eY b at mid-rapidity _
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» Indication for beauty decay electron yield suppression in
central Pb-Pb collisions for p>3 GeV/c

» Production of heavy-flavour decay muons (dominated by
beauty for p>4-5 GeV/c) suppressed in Pb-Pb collisions

C Suppression described by models including energy loss in QGP

-> substantial energy loss of beauty quarks in the medium
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