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What is Quark-Gluon Plasma (QGP) ?

At extreme temperature and energy density,
QCD predicts a phase transition from
hadronic matter to a deconfined partonic
matter, the Quark-Gluon Plasma (QGP)

nucleon boundary
irrelevant

% 200 m
= < Quarks and Gluons
p— 2 Critical point?
v 1
= ® Decoo
- “In
E l 9/))@/
y
D 400 2 Hadrons %,
- ¢ O %
5 s
— ‘*}c’ %
&
R %
Color Super-
Neutron stars  conductor?
O : ’
" Nucle Net Baryon Density

RHIC, LHC : high temperature, low baryon density
5 FAIR : moderate temperature, high baryon density



The Large Hadron Collider (LHC)




The Large Hadron Collider (LHC)




Heavy-ion collisions: Creating the QGP state

Schematic picture of the time evolution of Heavy-ion collisions :
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Heavy-ion collisions: Creating the QGP state

Schematic picture of the time evolution of Heavy-ion collisions :
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Initial state Pre equilibrium expansion
e Coalescence: combination of quarks close in

In medium effects:
. Energy loss phase space
* Fragmentation: break up of colour strings

* Collectivity connecting partons

Initial state effects:
e Gluon saturation
e Modification of PDFs




Heavy quarks: a unique probe of QGP

 Heavy quarks: charm and beauty, predominantly produced by the parton-parton hard scattering
In heavy-ion collisions -> perturbative QCD can be applied.
* In heavy-ion collisions: a quark-gluon plasma (QGP) state is produced
-> Heavy quarks are produced before QGP formation (tage ~ 1 fm/c and tq = 1/2maq < 0.1 fm/c)
-> |dentity is preserved while traversing the medium
-> Experience the complete evolution of QGP medium

Beauty
| 7 K. p, . mc~ 1.3 GeV/c? mp ~ 4.2 GeV/c?
e / t.~ 0.08 fm/c tp ~ 0.03 fm/c
.

Mid Rapidity

 Energy loss of partons traversing the QGP is expected to occur via both
inelastic (radiative energy loss via medium-induced gluon radiation) and
elastic (collisions with the QGP constituents) processes.

Hydrodynamic
Evolution Foo B Y [Therefore, heavy quarks act as
ase (<1,
> important tools for characterizing the
a) without QGP b) with QGP z

medium formed in heavy-ion collisions.
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pp collisions: p—Pb collisions:
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 Possible modification of the quark hadronization
* Reference for p—Pb and Pb—Pb systems

Production of heavy-quark hadrons can be calculated using the factorization approach:

do€
dp5

Parton distribution Hard scattering cross Fragmentation function
functions (PDFs) section (pQCD) (hadronisation)

(5131, L2, LR, MF)

Assumed to be
universal across
collision systems



Two important probes

Open heavy flavour: Charm hadrons (D°, D+, Quarkonia: charmonium (cc): Jiy, v',...,
...), bottom hadrons (B°, B4,...) bottomonium (bb): Y..
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e Both probe medium transport properties via, e.g. the collective expansion of the QGP
 Both pillars evolved and extended significantly over the years
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The ALICE detector (Run 2)

lectro//'agnetic orimeter

Time-Of-Flight detector :
- trigger nner ‘racking System

- particle identification

- particle identification - track reconstruction
- vertex determination

Time Projection Chamber

110 V.. AN/, IAYEm “l'.\ :

- track reconstruction

- particle identification

HF hadrons in ALICE
- DY K~ #* T T A Yy - centrality estimation
Dt = Kxtnt ' - event plane estimation
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ISIONS

Results in pp coll
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Colliding system:p-p

Energy: 13 TeV

Run:285602
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Prompt charm hadron :
hadrons from c-quark hadronisation or
from the decay of excited charm hadrons

 pr-differential cross sections described
by pQCD calculations (FONLL, kT-

factorization, GM-VFNS) = Good
agreement within uncertainties

FONLL :

JHEP 05 (1998) 007, JHEP 10 (2012)
137

kT-factorization :

Phys. Rev. D 104 (2021) 094038
GM-VFNS :

JHEP 12 (2017) 021, Nucl. Phys. B 925
(2017) 415-430



Prompt A7/DO ratio : Questioning the Universality

Measurements of the baryon-to-meson
yield ratio -> pr-dependent enhancement

of AT/DO ratio in pp w.r.t. e+e-

Phys. Rev. C 107 (2023) 064901
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Cross section of non-prompt D mesons
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Non-prompt charm hadron:
Charm hadrons from beauty-
hadron decays

PYTHIA 8

Comput. Phys. Commun. 191 (2015) 159-177
Eur. Phys. J. C 74 (2014) 3024

FONLL

JHEP 05 (1998) 007
JHEP 10 (2012) 137

« Consistent with data within
uncertainties

TAMU
Phys. Rev. Lett. 131 (2023) 012301

- Good agreement for DO
- Tend to overestimate the D

GM-VENS

JHEP 12 (2017) 021

Nucl. Phys. B 925 (2017) 415-430
J. Phys. G 41 (2014) 075006

- Underestimate the data at low
pt, whereas a better description
at high pr



baryon-to-meson ratio

Phys. Rev. D 108, 112003
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—— T . I Ratio of pr-differential production cross

pp, Vs = 13 TeV - section of non-prompt A" and D°
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A/Kg v Ratio Ag/ (BO+B+) is a bit lower than

prompt A}/D°
non-prompt A’/D°
---- Ay/(B°+B")

non-prompt A/DO
v’ Beauty, charm, and strange hadrons

have a similar trend and are compatible
within uncertainties

v' PYTHIA with CR-BLC tune describes
the data for pt > 2 GeV/c and
significantly higher at low pr for heavy-
flavour hadrons
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Results in p—Pb coll

Run:265338

Timestamp:2016-11-11 02:02:08(UTC)

Colliding system:p-Pb

Energy: 5.02 TeV




Prompt and non-prompt A 7/DO ratio

Phys. Rev. C 107, 064901
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Similar trend of in both pp and p-Pb

collisions

e Shift towards higher pt in p—Pb
collisions attributed to radial flow
(described by QCM prediction)

Decreasing trend of non-prompt at

midrapidity with increasing pr

 Baryon enhancement at low pt —
hadronisation effects apart from in-
vacuum fragmentation
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Rprb Of prompt charm hadrons in p—Pb collisions
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Rpeb Of Nnon-prompt charm hadrons
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nCTEQ15 v Suppression at forward rapidity whereas compatible with unity at
Phys. Rev. D 93 (2016) 085037

backward rapidity
v Good agreement with model predictions within uncertainties

 Consistent with B meson Rppb result from CMS at high pr
17
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ALICE

Run:244918

Timestamp:2015-11-25 11:25:36(UTC)
System: Pb-Pb

Energy: 5.02 TeV

Results in Pb-Pb collisions
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AT/DO ratio

C

SHMc : JHEP 07 (2021) 035
Catania : Phys. Lett. B 821 (2021) 136622 (pp) EPJC 78 (2018) 348 (Pb-Pb)
TAMU : Phys. Lett. B 795 (2019) 117-121 (pp) Phys. Rev. Lett. 124 (2020) 042301 (Pb—Pb)

Iyl <05  30-50% Pb-PbF|s=502TeV pp-

SHMc + FastReso + corona

AL/ D°

Catania

__ 7777 TAMU _

Ratio increases from pp to semicentral and central Pb-Pb collisions at the intermediate prt region

® Compare to different model predictions

v SHMCc : describe the ratio in semicentral collisions and underestimate the data in 4 < pr < 8 GeV/c in central collisions
v’ Catania : underestimate the data in the intermediate pr region
v TAMU : reproduce the magnitude and shape of the data, and better description within uncertainties
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AT/DO ratio

o B | ]
N - N
~ 2;_ ALICE yl < 0'5_; pr-integrated ratio vs multiplicity from pp to Pb-Pb
+<°1 8 e pp, Vs =13 TeV _ stat. © SHMc — v No multiplicity dependence observed
1 .Gf— v pp, Vs =5.02 TeV syst. + Catania _f
- A p—Pb, \ls,,, =5.02 TeV extr. < TAMU - - _ o
145 o Pbpb, |5, = 5.02 TeV [ total & PYTHIA 8- ) 3“99.95" a"f"."d'f'ed mefh_a"'zm of haﬁ.r "."'Zat:f;'.lf:"?olls
1.2F 0 Au-Au, |5, = 200 GeV - adronic collisions w.r.t ete- and e-p collisions ( )
11_ STAR, PRL 124 (2020) 172301 -
0.8 éf - Catania and TAMU describe the data, while SHMc
- N N underestimates the data
0'6:_ e ¢ ¢ ® E v  unobserved charm-baryon states need to be assumed
_ ® i J - . . .
0.4 ¢ A S — in normalisation
0.2 -
: ] | I I B | ] | | 1 1 111 | | | L1 1 111 | ] ] I:
1 10 107 10°
(AN /dm) 0

SHMc : JHEP 07 (2021) 035
Catania : Phys. Lett. B 821 (2021) 136622 (pp) EPJC 78 (2018) 348 (Pb-Pb)
TAMU : Phys. Lett. B 795 (2019) 117-121 (pp) Phys. Rev. Lett. 124 (2020) 042301 (Pb-Pb)
PYTHIA 8 : Comput. Phys. Commun. 191 (2015) 159-17
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Raa and v2 of non-strange D mesons
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Phys. Rev. Lett. 124 (2020) 042301
LIDO

Phys. Rev. C 100 (2019) 064911
PHSD

Phys. Rev. C 92 (2015) 014910
DAB-MOD

Phys. Rev. C 102 (2020) 024906
Catania

Phys. Rev. C 96 (2017) 044905
Phys. Lett. B 805 (2020) 135460
MC@sHQ+EPOS2

Phys. Rev. C 89 (2014) 014905
LBT

Phys. Rev. C 94 (2016) 014909
Phys. Lett. B 777 (2018) 255
POWLANG+HLT

EPJC 75 (2015) 121

JHEP 02 (2018) 043

LGR

EPJC 80 (2020) 671

Understanding the heavy-quark interactions with the medium constitutes by comparing Raa and vz with models
v Models fairly describe the data, but challenging to describe the Raa and v2 simultaneously
v Realistic QGP evolution, collisional/radiative energy loss, and hadronization mechanisms (fragmentation/coalescence) are
required to describe the data

Sensitive to quark diffusion, thermalisation with the medium, and hadronization mechanisms for 2 < pr < 6 GeV/c
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Raa of charm hadrons
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e Suppression of all charm species from pt > 6 GeV/c for 0-10% and from pr1 > 4 GeV/c for 30-50% -> Interaction of
charm quarks with the medium

 Hint of a hierarchy Raa(D?) < RAA(D;_ ) < Raa( Azf) in 4 < pr <8 GeV/c in 0-10%, while less pronounced in 30-50%
e For pr > 10 GeV/c, all Raa are compatible within uncertainties
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Raa ratio of non-prompt D mesons
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v Larger energy loss of charm quark with respect to beauty quark in central collisions

v Consistent with unity in semicentral collisions

TAMU model describes the data for central collisions while overestimates for semicentral collisions

v Possible enhancement at low pT — the abundance of strang%quarks and the hadronisation via recombination

TAMU
Phys. Lett. B 735
(2014) 445



Elliptic flow of non-prompt D mesons

> nal _
QOA_AUC ly| < 0.8
ﬁt . 30-50% Pb-Pb, \'Sy = 2.02 TeV |
cDISB 03— Non-prompt D’ _
~ [ ¢ Prompt D°, D*, D** average ]
> L (PLB 813 (2021) 136054) -
0.2 = Syst. from data n
i _$_ B *%& Syst. from B feed-down |
0.1 Hep -
. T #_ﬁ—Fcl— | _
0.0—F=fF i
B | | | L | | ]

T 10

p_ (GeV/c)

—
W

O
N

v, {SP, |A7|>0.9}

)
—

0.0

~ ALICE
- 30-50% Pb-Pb, (s, = 5.02 TeV

Non-prompt D’
b (= ¢) = e (PRL 126 (2021) 162001)

<
N
O
>

x

| I I | I I

YA

1

J

%
A 17 1]

—aw =
RPN

U

A~ 22 Lo (b (- 0) > e)

L1 1

§ LIDO (Non-prompt D) LIDO (B meson)

[ 1 | |

| I | | I | | I | I | I | I | l

0 2 4 6 8 10 12

p_ (GeV/c)

Non-prompt D9 v2 is lower than that of prompt non-strange D meson v2
v Different degree of participation between charm and beauty quarks in the medium expansion Compatible with the v2 of
beauty-decay electrons within uncertainties
v Good agreement with LIDO predictions

v No significant difference of decay kinematics between B meson and non-prompt D°® meson
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 beauty quark transport
- collisional+radiative
» fragmentation+coalescence



Summary

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

ALICE 1 ALICE 2 ALICE 2.1 ALICE 3

In pp collisions :
® Production cross section described by pQCD calculations

® Fragmentation function universality is violated in pp collisions

v Hadronisation via recombination is dominant at low pT
In p—Pb collisions :

® Heavy-quark production is not significantly affected by CNM effects
® Enhanced baryon production in p—Pb collisions w.r.t pp collisions in the intermediate pT region
In Pb-Pb collisions :

® Baryon enhancement depends on the event multiplicity, while pT-integrated baryon-to-meson ratio is consistent across
collision systems
® Both charm and beauty quarks lose energy in the medium

v Beauty quarks lose less energy than charm quarks

® Heavy quarks participate in a hydrodynamically expanding medium, v2(HF) > 0
v v2(c) > v2(b)
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What’s going on ?

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

ALICE 1 ALICE 2 ALICE 2.1 ALICE 3

Upgraded The 2nd generation inner
readout of time o ___Jracking systemyiiS2)

projeCtlon -' " ™ % Nov 2022: Pb—Pb @5.36 TeV

, 4' '/*(’ i

H ISEEE i v
, - ;'{”?.( r Barrel T"--_‘;.!{‘.‘-'.L; LR L e 18" November 2022
.-’ _— . Q. JL.9/

- ~ v 3 4

I
il '/,‘ ‘

-

~——

')
-_‘ “—-‘ .~ —
%
A

Muon forward tracker (MFT)

Fast integrated trigger (FIT)
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Recent results from Run3 : D] and b— D? production
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e . Q
085 . PYTHIA 8 = & - D° meson, |y| < 0.5 g
¥ g S Monash - 2 B = 8
; =Y 1 w 0.15— ¢ pp, ¥s=13TeV (JHEP 10 (2023) 092) —
0.75 - e = - = pp,fs=13.6TeV g
E \\ \ CR - Mode 2 E B — e
06:_ b Ol \~\\ CR -Mode 3 o : B % L :
o.sim E-%HL H “ = 0.10F . —
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e Measurements are extended to lower ptr and more granular w. r. t. run 2

= Stronger constraints on the modelling of charm-quark hadronization
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What’s next?

2010-2013 2015-2018 2022-2025

ALICE 1 ALICE 2 ALICE 2.1

2029-2032 2035-2038

XD IZD
ALICE 3

The 3rd generation inner
tracking system (ITS3)

END-WHEEL (C-side)

END-WHEEL (Aside)

Silicon Genesis: 20 micron thick wafer

Open cell
carbon foam
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What’s next?
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CERN-££.2023.009 o
TN 22D
27 January 2023 —
ALICE

ALICE upgrades during

The ALICE experiment: the LHC Long Shutdown 2 e

A journey through QCD ALICE 3

r
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» Nuclear modification factor:

1Ar
X = s — M RM\JE
AA  rescaledpp (N =) d’N oo/ AP AY R =1-’ r
if no medium ot

effects :: "soft"
0.0(;-

[ 57 1
Tranverse Momentum (GeVic)

» Elliptic flow: initial spatial anisotropy+ hydro = final momentum anisotropy
Quantified by the second Fourier coefficient, v,

dN N oc
@ = % 1 -1- ; @05 (n ((p s ‘I’R)) ;:zgtlon%

vg =< €082(Ppart — VYEP) >

Driven by overlap geometry
-> Related to pressure gradients & shear viscosity to entropy ratio (n/s)

-> Sensitive to thermalization of the system
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Raa ratio of prompt D©

TAMU
Phys. Lett. B 735 (2014) 445
CUJETS3.1
= - . . - Chin. Phys. C 43 (2019) 044101
[ ALcE Com len ALICE, Pb-Pb, {5 = 5.02 TeV ST Phys: €43 (2019)
- Pb-Pb, |/s,, =5.02 TeV ] TAMU £273 MC@sHQ+EPOS?2
o0 iy 0. iy 0-10%, |y| < 0.5 EPJC 80 (2020) 671
e non- prompt D Phys. J. C 80 (2020) 1113
: . MC@sHQ+EPOS2
= e Phys. Rev. C 89 (2014) 014905
; e data " LER central value
N N LLLLEY )m settom, (E-loss) oo ii) m_set to m, (coalescence)
- “imm ||| ) W/o shadowing —— — iv) Wlo coalescence
- /7N
| / S—_
: //
213 --l-
N
& | 5 0 15 20

Non-prompt D° Raa is systematically higher than that of prompt D0 for pr > 5 GeV/c in both centrality classes
v Hint of a mass dependent in-medium energy loss

Raa ratio of non-prompt D0 to prompt D0 as a function of pr in 0-10% centrality compared to model predictions
v At low pT, formation of D mesons via coalescence makes a hardening of the prompt D% meson pT
v At hight pT, beauty quarks lose less energy than charm quarks via radiative processes

33



Recent results from Run3 : X" (2520)/X ) *(2455)
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e SHM agrees with data within uncertainties
e PYTHIA with neither Monash nor CR-BLC reproduces data

e Ratio sensitive to c-diquark spin-1 to spin-0 suppression factor
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