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Heavy quarks: QGP tomography

ALICE

Heavy quarks (charm and beauty): produced at the early stage of heavy-ion
collisions before the QGP creation
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o Ran =1 If no medium effect and/or
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z Initial state effects

e Radiative vs. collisional energy loss
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Heavy quarks: QGP tomography

Heavy quarks (charm and beauty): produced at the early stage of heavy-ion

collisions before the QGP creation _ _
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Parton distribution Hard scattering Fragmentation

functions (PDFs) cross section function

pp collisions (hadronization)

¢ Reference for pA and AA collisions

e Test pQCD factorization theorem
= Assume universal fragmentation and
constrained from e-et/ep collisions

p-Pb collisions
¢ |[nspect cold nuclear matter (CNM) effects

e Collectivity at high-multiplicity (?)



Time Projection Chamber (T
* |n| < 0.9, charged-particle
tracking and identification (PID)
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Muon spectrometer
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e VOA: 28 <n<51,VOC:-3.7<n <-1.7

e Triggering and multiplicity determination &




ALICE heavy-flavour programme

Gonoe) Hadronic decays (|y| < 0.8)
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e Strong suppression and significant v2 at intermediate pr
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30
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= Hint that charm participates to the medium collective motion

¢ Most charm quark transport models able to describe both the Raa and v»



Charm-quark transport

I QCD, L. Altenkort et al, PRD 103 (2021) 014511 Diffusion coefficient Ds

- I
B QCD, D. Banerjee et al, PRD 85 (2012) 014510 quark mass

I sTAR PR 118 (2017) 212001 | (haracterization of the

transport properties of
D ALICE, PLB 813 (2021) 136054

the medium
B  ALCE, JHEP 01 (2022) 174 | -
| | | | | | | | | e Constrains the specific

2 4 6 8 10 12 14 16 18 20 shear viscosity n/s
2nD T .at T. =155 MeV

Newest constraints from ALICE by combining D meson Raa and v2
o 1 5< ZHDS(T) < 45, Tcharm = (mcharm/ T) DS(T) = 3-9 fm/C < Tmedium = 10 fm/c

¢ |[ndicate charm may thermalize in the medium

IQCD, H.T. Ding et al., PRD 86 (2012) 014509 e Almost independent of
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¢ Mass effects are important to describe data

GeV/ : :
10 PBY9) o Coalescence plays a relevant role at intermediate pr
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ALICE JHEP 2212 (2022) 126

Non-prompt D mesons are less suppressed than prompt D mesons

RAA(beaUty) > RAA (Charm) = AEbeauty < AEcharm



Beauty-quark elliptic flow

“ALICE
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e Beauty-quark transport models give reasonable description to data

e Except TAMU (collisional only), both collisional interactions and radiative

processes, and hadronisation via coalescence are considered in models 10
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= Suggest interplay between hadronization via recombination and radial flow
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o Suggest Raa(b—Dst) > Raa(b—D0) at pt = 5 GeV/c: recombination with
strange quarks in a strangeness-rich environment

YALICE Phys. Lett. B846 (2023) 137561
ALICE Phys. Lett. B839 (2023) 137796
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1= 1 - Significantly higher than e-e+ and ep
: . P ©  collisions (PYTHIA 8)
g ° § @ E = Suggest a modified hadronization
E mechanism Iin hadronic collisions
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(AN /dn),, 05

ALICE Phys. Lett. B839 (2023) 137796

e Catania and TAMU which contain hadronization via coalescence describe
data, while Statistic Hadronization Model (SHIVIc) underestimates data

= No multiplicity dependence observed

12



ALICE

pp, Vs =13 TeV _

y|<0.5-

N.., multiplicity classes

(dN_,/dn):
—m— 3.1
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PYTHIA 8.243 ]
— — Monash _

77} CR-BLC Mode 2
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o pr-differential Act/DO ratio measured in pp
collisions shows a substantial increase for
iIncreasing multiplicity

e | argely underestimated when comparing to
the default PYTHIA tune (Monash)

e Good agreement including color-reconnection
processes beyond leading color (CR-BLC),
e.d., ‘junctions”, between partons created in
different MPls
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Strange charmed baryons in pp

ALICE
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ALICE Phys. Rev. Lett. 127 (2021) 272001 [ (GeV/c)
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ALICE Phys. Lett. B846 (2023) 137625

e Enhancement of strange charmed baryon-to-meson ratio w.r.t. e-et is
stronger than A¢+/DO

e All models are challenged by the data 14
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e Charm-quark fragmentation fractions to
different hadrons f(c—H.) at the LHC
compared with LEP and HERA results

e Enhancement of baryon — overall reduction
of relative D-meson abundance by a factor of
1.5 w.r.t e-et and ep collisions

¢ No significant energy dependence at the LHC

15
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ALICE Phys. Rev. D109 (2024) 072005

e DO tagged jets have less splitting than the inclusive ones — consistent with
the harder fragmentation and dead-cone effect [ALICE Nature 605 (2022) 440]

¢ |[ndication that charm fragmentation into Act Is softer and produces more
collinear-associated particles compared to fragmentation into DO
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ALICE Phys. Rev. D108 (2023) 112003

o A\.t/DO ratio: similar values and pt dependence between prompt
and non-prompt

e [otal beauty cross section compatible with other measurements
and pQCD calculations
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Charm modification in p—Pb
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ALICE Phys. Rev. C107 (2023) 064901

® Roprb(\ct) > 1 at intermediate pr: possible CMN effects + coalescence

e pr-integrated nuclear modification factor is consistent with 1: constrains on nPDFs 18
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e Positive v2 of inclusive muons at forward rapidity (dominated by HF
decays in pt > 2 GeV/c)

= Good agreement with c,b—e at mid-rapidity within uncertainties

= Described by both parton escape (AMPT) and initial stages partons

correlations (CGC) mechanisms
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A jcurney through QCD
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The ALICE experiment:
A journey through QCD
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A journey through QCD

2010-2013 2015-2018 2022-2025 2029-2032 2035-2038
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Fast integrated trigger (FIT)




Dst and b— D9 production
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¢ Measurements are extended to lower pt and more granular w. r. t. run 2

= Stronger constraints on the modelling of charm-quark hadronization
22
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e PYTHIA with neither Monash nor CR-BLC reproduces data

e Ratio sensitive to c-diguark spin-1 to spin-0 suppression factor
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Next-generation experiment

2010-2013 2015-2018 2022-2025 2029-2032 2035-2038
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ALICE

26



3
@

A

n

Central regio

~

_~ _ Racdron Gas

;,(6 -
ch o2 2

Hard Soft
probes probes
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(to< 1 fm/c)

kin

beam

beam

Heavy-ion collisions probe the strongly-
Interacting matter — the quark-gluon
plasma (QGP) under extreme conditions
of high temperature and energy density

Hard probes created at initial stage of
the collision

= QGP tomography

Soft probes created in the “fireball”

= Fingerprint of the QGP evolution o7



Heavy quarks: QGP tomography

ALICE

Heavy quarks (charm and beauty): produced at the early stage of the

collisions before the QGP creation

time Collective expansion
A

L = Radial flow
T/@\—: radial flow

Central region

= Push low pt particles toward
iIntermediate pr

po: initial momentum
B: flow velocity
- m: particle mass

(to< 1 fm/c)

= More pronounced In central collisions

beam beam = Mass dependence 28



ALICE

Heavy quarks: QGP tomography

collisions before the QGP creation

time

L

Central region

QQc:. . Hadron Gas .

Coalescence/recombination — hadron formation
via (di-)quark combination in the QGP medium

(to< 1 fm/c)

-pT,hadron = I pT,parton, N = 2 (meSOn), 3 (baryOn)

- g oE .
= Sensitive to baryon and meson species

= Baryons from lower momenta partons (denser)
29
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A AA
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e Significant charmed hadron vz coefficient — consistent with strong suppression

‘ ALICE
RS Pb-Pb, ys,,, = 5.02 TeV
3_ Lo Centrality 0-10%
i y| <0.5
E_—*‘

E __.__'_'__+__
B | L1 11 I | | | | L1 11 I | | |
0 1 2 34567 10 20 30

p. (GeV/ce)

— PHSD

= = PHSD w/o recomb.
- POWLANG
— DAB-MOD

=== POWLANG w/o recomb.
== DAB-MOD w/o recomb.

Centrality 30-50%
ly| < 0.8

2 3 4 5678910 20 30

¢ Hadronization via coalescence is important at low and intermediate pr

ALICE JHEP 2201 (2022) 174 [ sl
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e Significant charmed hadron vz coefficient — consistent with strong suppression

e Radiative energy loss Is important at intermediate and high pr 31



— GSI/Hd+BW

o 0.8 —
A B
PG 0.7:_ ALICE \/7 5.02 TeV ly| < 0.5 E
— v pp o 0-10% Pb-Pb
B Catania Catania
06 1amU TAMU -
5 5: ------ POWHEG+PYTHIAG ----- POWLANG HTL =

1 2

e Enhanced A./DO ratio in Pb—Pb w.r.t. pp — suggest
interplay between recombination and radial flow

3 4567 10

20 30 40

p_ (GeV/c)
¢ Hints of enhanced Dst/D0 ratio at intermediate ptin Pb—-Pb
w.r.t. pp — support charm hadronization via recombination
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ALICE Phys. Lett. B839 (2023) 137796

ALICE Phys. Lett. B827 (2022) 136986
ALICE arXiv:2211.04384
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rich environment TAMU model: energy loss via collisional processes,

and hadronisation via coalescence and fragmentation

= Qualitatively describes data 33



