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Space time evolution of A-A collision
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Hard probes of A-A collision
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Hard probes in
nucleus-nucleus
collisions:

produced at the very
early stage of the
collisions in partonic
processes with large Q?

QCD can be used to
calculate initial cross
sections

traverse the hot and
dense medium

can be used to probe
the properties of the

meaium

HF quarks, due to their rest
mass, are natural hard probes
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Quarkonium production

Quarkonia are bound states of \

k e time

cc and bb (QQ ) pairs

QQ pairs are produced at the
very early stage of the collision
in partonlc processes with large

Q?

B pQCD can be used to calculate
|n|t|al partonic cross sections

bindin% of the QQ pair is a non-
perturbative process

Pre-Equilibrium
Phase (< 1)

in a QGP, the Debye screening ¢ quark

can “melt” the less tightly
bounded states [rLs 178 416]

T/T¢ 1/ r) [fml]

2
in a plasma with high density of ‘blp }
Q and Q, recombination of 12 [T

independently produced Q and Q .7, 35 )1,2P)

can happen [pLB 490 196, PRC63 054905] ({1P) ¥(25) v
m likely for charm at the LHC o
energy
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Open heavy flavour energy loss:

colour-charge and quark-mass dependence

can be studied looking ad different hadrons: exclusive channels (D,B),

prompt and non-prompt D and J/v,

j: 1 .4 __I T T T | T T T T | T T T T | T T T | T T T |_
T ALICE y| <05 -
I Centrality 0-10% _
1 ettt e ee e I__
i J/\V . Average D°, D*, D** 7
° nt —
0.8 H- o Charged particles ]
Jhp, 0-20%, |y| < 0.9 7]
0.6 prompt l? Prompt J/y, |y| < 2.4, CMS —
! . ]
0.4 | gigs o " B -
0.2 Y aignf" —
0 | | | | | | | | | | | | | | | | | | | | | | | | ]
10 20 30 40 50
ECoIIisionaI > p, (GeVic)
dE/dx relevant — ;
/ Radiative dE/dx dominates

Bulk of production
recombination relevant (even dominant for J/y)

1 dN,\/dpy
Rap =
( TAA> dO.pp / dp T

Energy loss depends on:
e Color charge AE; > AE, 4
e Parton mass AE. > AE,

At the parton level.
AEg > AEu,d,sz AE. > AE,

Naive expectation:
Raa(m) > Raa(D) > Raa(B) ?

More complicated due to
different production kinematic:
and fragmentation of light and
heavy quarks
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Open heavy flavour energy loss:

colour-charge and quark-mass dependence

can be studied looking ad different hadrons: exclusive channels (D,B),
prompt and non-prompt D and J/y, HF decay leptons ...

_Phys. lett. B 82

9 (2022) 137077
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Open heavy flavour energy loss:

colour-charge and quark-mass dependence

can be studied looking ad different hadrons: exclusive channels (D,B),
prompt and non-prompt D and J/wv, HF decay leptons ...
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Open heavy flavour energy loss:

colour-charge and quark-mass dependence

can be studied looking ad different hadrons: exclusive channels,
prompt and non-prompt D and J/y, HF decay leptons ....

nice experimental results ...

... but how to infer the properties
of the QGP?

- look at the theory models !

« comparisons to model predictions
« switch on/off ingredients of models
- fine tuning of models on data

« Bayesian approach
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Open heavy flavour energy loss:

colour-charge and quark-mass dependence

can be studied looking ad different hadrons: exclusive channels,
prompt and non-prompt D and J/y, HF decay leptons ....

Arxiv:2203.17058

PHENIX
Au-Au Vs=200 GeV
291 PHENIX ——
I Au+Au, 0%-10% coe
. : I =200 GeV i
nice experimental results ... 2t (B =
B unB — e (DGLV) y
s | e
. . B == D—€ i
...fbrL]lt how _Eo infer the properties ‘TD 1.8 | 3:2%@?}5‘3“’-
of the QGP- * - <. D — € (T-Matrix)
R
T R h
- look at the theory models ! N
0.5+ \\ L ) ‘ ' —
. . - - |y aL ST
« comparisons to model predictions i o T
« switch on/off ingredients of models A DT P B ST Fevws v
. fine tuning of models on data P30 Gevid
- Bayesian approach '

» comparisons to model predictions
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Open heavy flavour energy loss:

colour-charge and quark-mass dependence

ATLAS

Phys. Lett. B 829 (2022) 137077
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comparisons to model predictions
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DREENA-B:

B rad. and coll. E-loss
®m 141D Bjorken expanding QGP
B Q->Hq fragmentation

DAB-MOD

®  only Langevin dynamics

B TRENTO initial geometry

B Dg/2rnT=2.23 for c (2.79 for b)
B decoupling at T=160 MeV

B coalescence+fragmentation
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https://doi.org/10.1016/j.physletb.2022.137077

RAA

Rxn Of D mesons at the LHC
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comparisons to model predictions

PHSD: PRC 93, 034906 (2016)
POWLANG: EPJC 75, 121 (2015)
CATANIA: PRC 96, 044905 (2017)
MC@sHQ+EPOS: PRC 91, 014904 (2015)
LIDO: PRC 98 064901 (2018)

LBT: PLB 777 (2018) 255-259

DAB-MOD M&T: PRC 96 064903 (2017)

Raa shape: interplay of parton
energy loss, shadowing, radial flow,
hadronization mechanisms

much better constrains when
describing both Rxs and v»
... I'll come later on that
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A parenthesis

Control / understanding of the initial state effects and
hadronization mechanism is a prerequisite to use cand b
quarks as a probe of the QGP medium

Do we control properly initial state effects (shadowing at LHC)?

Are we sure that the produced c (b) quarks end up in a given
charm (beauty) hadrons with the same probability as in pp?

same fragmentation fractions in pp and Pb-Pb?

total charm cross-section (i.e. integrated down to pr=0) is a prime
quantity to be measured with precision
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Total charm cross section

STAR in Au-Au
D mesons and Ac

ALICE in Pb-Pb
D9 meson only

Collision System Hadron do,/dy [ub]
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AutAuat200Gey | D | 18%12+3 _ \\\\\\\\\\\\\\\\
Centrality: 10-40%  D_[2] 15+2 + 4 N\
O =Py <8 Gevic A [B] | 40x6+27" ‘
Total 112+6+27 .
Total | 130 + 30 + 26 oea<y <o

p+p at 200 GeV [4]

~30% uncertainties

1.0

Pb-Pb, 30-50%
lyl<0.5

crucial to measure all HF charm hadron ground states b A
with high precision 2 ol
as being done in pp (see, Phys. Rev. D 105, L0O11103) %

Pb-Pb, 0-10%
lyl<0.5

small uncertainty for D mesons
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Prompt D meson R,, and v,
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R e S St -s d
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| L Ll . -0.10t . M | . .
TR R eevio bR T e This is “state of the art”
after LHC runl1&run2
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... deeper insight into models
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Role of radiative
dE/dx vs. elastic
collisions

B Switching off
radiative E loss

Role of
hadronization

B Switching off
recombination
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Charm spatial diffusion coefficient

[0 Kkey transport parameter (quantifies drag, thermal, recoil forces)

A [ ——— LGR(ModelA) i
= i LGR (Model-B) i
(ﬁ 30 B —e— LQCD: Static -
— == LQCD: Static, Conti —
B —a— LQCD: Cl'?alrcr:n o 1 From that one
& Charm, CUJET3 i derives the drag and
b Charm, LIDO (Bolt.+Bayesian) . : :
20 [©  ——. Charm. Bolt. (2<-2) N momentum diffusion
% wiemms D-meson, HRG - coefficients:
L & | N 1 2T
10 - “/,/‘ H (P, T) = orTD. E
i 1
n P s o(T) = -4 \Ts.
_ u ") = 5D, 47
0 1 | 1 1
1
Li, Liao, EPJC 80 (2020) 671 T/T,
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Charm spatial diffusion coefficient

[0 Kkey transport parameter (quantifies drag, thermal, recoil forces)

tuning of models on data? ‘

- ] IQCD, L. Altenkort et al, PRD 103 (2021) 014511

- T IQCD, H.T. Ding et al, PRD 86 (2012) 014509

- B QCD, D. Banerjee et al, PRD 85 (2012) 014510
- B sTAR, PRL 118 (2017) 212301
- I ALCE, PLB 813 (2021) 136054

From that one
derives the drag and
momentum diffusion
coefficients:

1) — L. 2T
- I ALCE, JHEP 01 (2022) 174 IDLP; 2rTD, FE
1
coo b v b v b o b b o e b b b I\,"T: -47TT3
2 4 6 8 10 12 14 16 18 20 ) 27T D5
2nD,T.at T, ~ 155 MeV
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Charm spatial diffusion coefficient

[0 Kkey transport parameter (quantifies drag, thermal, recoil forces)

tuning of mre ata?

- T IQCD, H.T. Ding et al., PRD 86 (2012) 014509 From that one

- I QCD, D. Banerjee et al, PRD 85 (2012) 014510 derives the dr_'ag E!nd
momentum diffusion

- N sTA%.PRU118 (2017212301 | coefficients:

- ] IQCD, L. Altenkort et al, PRD 103 (2021) 014511

- I ALCE, PLB 813 (2021) 136054 ) T2
e (5.T) = s
- I ALCE, JHEP 01 (2022) 174 (P.T) 2rTD, FE
1
| | | | | | I\\ | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | f\., T —_ . 47[-T3,
2 4 6 8 10 12 14 16 18 20 ) 21T Ds

2nD, T, at T, ~ 155 MeV

Simply obtained as the ranges of the 2xrDsT- parameters used by a set of
theory models that provides a good description of Raa (¥2/ndf<5), v, and
v3 (x2/ndf<2) experimental data
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: :‘E%s ko e & E f_rom recombination with
o @ b—e - E light quarks?

Y(1S) 5-60% » (WM

#
j * negligible recombination.
oot O What do we learn about b

_ quark flow?

llllll IIllllll'{Pl'!:lquI':I‘\"l:>
—E’:@_
—3— 8-
-E—
—@
-+
4.‘»

2 10 12 14 16 18
p_ (GeV/c)

T
@mu&ﬂq} lpath dependent dE/dy
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a deeper look at beauty v,

first measurement of non-prompt D° v2

(@ 30-50% CMIC{ _ non-prompt Jip vs
reliminar
PbPb 5.02 TeV ( .58enb'!;n ary f f HF
0.0F — CMS-HIN-21-008 cMS V2 O muons from
0.15F E 0.12:_Scallar Pr;duct I IIPromplt JAp I Nlonprolmpt\.l/lw _E
- prompt DO " [ Cent. 10-60 % O16<lyl<24 Q16<lyl<24 3 o L L L L L A o
N 0.1 ‘E‘—E— 01F 1 S0 | | [ [ |
—— B Plyl<24 dlyl<24 = e — DAB- DO ]
> C 1 DAB-MOD c—D"—u
0.05F gﬁgﬁ E% i 0.08 — DAB-MOD b—B’—u
F—— E ] DREENA-B c—D°—u |
0 N 0.06 = ~ I + DREENA-B b—B’—>p
> __ = i
~0.05}- b — DO 004 1 O i+
1 1 1 1 1 0.02— ] s
0 5 10 15 20 25 = 3 - :%):]
p, (GeVic) B E s 14 |
E 3 I T+t
—0,02:— —: ] ﬁ ,,,,,,,,,,,,,,,,,,,,,,,, 4
0 — 0 _.O.'.Of?lll —: '|||||11|||\|||1\|||1|||1|||-
Prompt D° v, > non-prompt D® v, 5 10 15 20 25 30 35 40 45 5 5 10 15 20 25 30

p. (GeVrc) [N [GeV]

Prompt J/iY v, > non-prompt J/i v, —
Mass splitting of charm anc

bottom at low prin v,

Qualitative conclusion: as naively expected, b quarks less effected by
collective dynamics, hence far away from thermalization

to be quantitative > theory descriptions (in synchro with that of the c sector)
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Bottomonium suppression in the QGPF

PbPb 368 ub™', pp 28.0 pb” (5. 02 TeV)
Illlllllllll]lllllll

very clear  lyl<24

I 1™ Cent0-00% . S ““/“n‘?‘-n—--r--E
ordering of R, , as : ! upplementary
in the sequential 0.8_—
melting picture

B transport calculation
describe
measurements

from regeneration - 0 |

Du He Rapp
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Bottomonium suppression in the QGPF

. 21007 oD 1.6 b pp 300 pb™ (5.02 TeV)
First measurement T e
g 12 <24 ]
of Y(3S) in Pb-Pb e oty
) b ksshant

RA[(ES) = —e— Y(1S) (2015 PbPblpp) ]
R (2S) ~ . 0.8_— Y28 ]
AA $ 0 1
: — o o6 -
B what is the origin 7} . Y(@9) :
of those Y(3S)? oaE Tt ¢ J
O from corona ? . -

O from peripheral e "
collisions ? T (IG1||5IVl/ )'2|o' S

. p. (GeV/c
0 just from T

recombination ?
12/10/22 Giuseppe E. Bruno 22




Bottomonium suppression in the QGPF

First measurement PbPD 1.6 5 po
of Y(3S) in Pb-Pb 12 p'Tm;V,c' o
T lyl<24
R. (39 s
A[(‘ZS) ~ 0.7 i
R 0.8:
ad . = L H]
B what is the origin °-°_% -
of those Y(3S)? st B
O from corona ? ozt % N
[0 from peripheral c%........ﬂ...... g W
collisions ? v e

[0 just from

recombination?
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J/y suppression and regeneration:
LHC vs. RHIC

dominant

contribution -
from 5 18f
recombination 161
at the LHC 14F

B bulk of 12F [ :
; .y Global uncertainty .
roduction at 1t 1 1 ity Il

ikl unconiaint
oW pT 0.8 0 % @ l
B low preffect oo @%@3 H H ¥ LHC

R L o o e e B LA B e
Au+Au@54.4 GeV, p. > 0.2 GeVlc, e'e™, |y|<1.0 —

Ru+Ru&Zr+Zr@200 GeV, p_>0.2 GeV/c, e'e’, |y|<1.0 J/ll’ _:
p+Au@200 GeV, P, > 0 GeV/c, u*u-, |y |<0.5, PLB2022 .
p+Au@200 GeV, p, > 5 GeV/c, e'e, |y|<1.0

Au+Au@200 GeV, P, > 0.15 GeV/c, u*u-, |y |<0.5, PLB2019 ]
Pb+Pb@2.76 TeV, P, > 0 GeV/c, e'e, |y |<0.8, ALICE, PLB2014 ]
7 Pb+Pb@5.02 TeV, P, > 0.15 GeV/c, e'e™, |y |<0.9, ALICE, NPA2021

pAu
N
[

AAs,

: o o ]
04 ® ]
5 ! 5
0.2 - - -
- STAR Preliminary RIHC
O'.l....|....|....|....|....|....|....|....|....
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Inclusive y(2S) production in Pb-Pb

TAMU: Nucl. Phys. A943 (2015) 147 - N —

S .
_ ALICE Preliminary, 2.5 < y.

SHMc: Nature 561 7723 (2018) 321 o oms <4 03 <p, <12 GeVic ]
é | T T T T I; T T T I T T T T I T T T T I T T T T I T T T T i % 0 02 : . pb*Pb. \’I?m = 5.02 Tev =
= - { = 4 T N - ) —
< q4f Pb-Pb, {5,,= 5.02 TeV OMS. ly,__| < 1.6,0-100% 5 NABO, 0 < y_ <1 (EPJ C49(2007) 559)
[ ALICE,25<y_ <4,0-90% (EPJC78(2018)509) o |\ o Pb-Pb. VS = 17 GeV
1.2 e J/y (JHEP 2002 (2020) 041) ® Jhy . g 0.015 - " ]
- @ y(2S) (preliminary) w(2S) '
1t b . |
0.8 F 0.01HE\ $ |
0.6 F [ EJF ...... R ’
[ 0.005 + AR EETDRN"" MM bbbt St
0.4F _ === SHMc, |5, = 5.02 TeV ’
L - — TAMU, {5, = 5.02 TeV
B . . L o . . . il — | . I L |
0'2: = 12 E @ ALIGE (pp ref: ¥s = 5.02 TeV, arXiv:2109.15240) 3
0 - l: | 2 — ® NASD (ppref: Vs = 27 GeV, from EPJC48 325(2008)) 3
R S = |
O =

08¢
—-?o@im*wae J ;
0(2):

stronger suppression of y(2S) than J/y o 02 | MR
B sequential suppression for charmonium? b 0 50 100 150 200 250 300 35<0N 400

Increasing trend of R, towards low p+
also for y(2S)

B Hint of y(2S) production via regeneration

Compatible with midrapidity CMS results O TAMU also compatible with
in the common pr range the centrality dependence
TAMU reproduces the Ras pr dependence of the y(2S) / J/y ratio
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RAA

| I | | i I | L 1 PR SRR SR T A TN TR RN AN NN SN S SN T N T S S
0 5 10 15 20 0 100 200 300 400

J/w R in Pb-Pb collisions at V/syy=5.02 TeV

T ] T T T T T T T T T

< T T T I T T T T I T T T T I T T T T
ALICE Preliminary D:< ALICE Preliminary, Pb-Pb, VSNN =5.02 TeV
Pb-Pb (Syy = 5.02 TeV 27 Inclusive Jiy, ly] < 0.9 e Data (2018) 7

osene BTG,
¢ Data 0-10%  © Data 0-20% Comover (Ferreiro et al.)
TAMU TAMU SHM (Andronic et al.)

L., ~19.4 nb™ (pp)
L, ~93 ub" (Pb-Pb)

part

LS ($T02) TEL 91d “Ie 39 "J 0diadla] 43A0WO0D
/YT (ST0T) €¥6 VdN ‘Y ddey pue *X nQ :TWL

9e8+ET (6T0¢) L6/ 91d ““|B 39 "V dIUOIPUY :NHS

(T0Z ABIW T2) TT6#S0 ‘68 D¥d | 3@ NOYZ 2L

Rise of inclusive J/y Raa at low pt, stronger effect at y=0
B decisive signature of recombination

The SHM can describe the data at low p, while the TAMU
transport model agrees with data in the whole measured p+
ranges

Also centrality dependence qualitatively reproduced by models

8ST
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RAA

J/w R in Pb-Pb collisions at V/syy=5.02 TeV

T T T T T T

L ALICE Preliminary i
i Pb-Pb {syy = 5.02 TeV _
i Inclusive J/y lyl<0.9 25<y<4 i
® Data 0-10% ® Data 0-20% i
B TAMU TAMU |
B SHM SHM |
S —— —
Hegfhg 1
i - |

| 1 1 1 1 I I I 1 I ‘ 1 1 1 1

5 10 15

p. (GeV/c)

<<
<
Qc

— —
NP OoOMNN

0.8
0.6
0.4
0.2

" ALICE Preliminary ]
= Prompt J/y, Po—Pb, \[s, = 5.02 TeV E
E Jy —e'e, |y <0.9 3
£ - 0-10% =
3 L 10-30% 3
s --30-50% 1
e il ——
s e — E
= - —— =
| | 11 | 111 | | 11 | 1111 I | | 1 11 | I:l

2 3 4 5 6 7 8 9 10
[ (GeV/c)

Rise of inclusive J/y Raa at low py, stronger effect at y=0
B decisive signature of recombination
The SHM can describe the data at low pt, while the TAMU

transport model agrees with data in the whole measured p+
ranges

Effect confirmed when looking at prompt J/y production at
low p+ and midrapidity, clear centrality dependence
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HF jets in Heavy ion collisions

Parton energy loss Momentum Medium

Jet quenching broadening response

- best control of the
partonic kinematic
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Jets: what we expected and learned

PLB 790 (2019) 108 =
& | ATLAas anti-k,(R=o.4je2s C T y<2d Jets are CluenChed In

[5]0 - 10%, {5y = 2.76 TeV [PRL 114 (2015) 072302] AA I I

1,,,E,9,‘,,1,9%,}3:?7'«,,?,5:9?,1‘?,\( ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ||||,_ CO I S I O n S
(5730 740%, s, = 2.76 TeV [PRL 114 (2015) 072302]

[2130 - 40%, {5,y, = 5.02 TeV

| [ ] (T ) @nd luminosity uncer.

_ - up to pr =1 TeV

40 60 100 200 300 500 900
p, [GeV]
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Jets: what we expected and learned

L9 (POTI TR _ +s—PRC 08 (2016).0249
Cohe T T Ig Jets are quenched in ; | <21 ani, 08 [
océ ATLAS I anti-k, R = 0.4 jets | <2.1 q < | ATLAS v | < 2.1 anti-k, R=0.4 jets | ]
0-10%, Sy = 2.76 TeV [PRL 114 (2015) 072302 ici = [ I
1% (B 27eToy P 14 i s AA collisions <J O
L R L . | @ < & 20 < B <35 Gov
30 - 40%, |[sy = 5.02 TeV — o
ll:illl (T ar;j,\llﬂminosity uencer. /’ u p to pT = 1 TeV % 316 < Py < 398 GeV

Jets in the medium /" | E';z

appears softer aalegegpadt T

:.:P;:(ﬂ:% * | T 15?

[ Pb+Pb, s, = 5.02 TeV, 0.49 nb™, 0-10% i
0.5~ pp,\s=5.02TeV,25pb" -

Ll | L
107" 1

1072

enhancement of particles carrying
a small fraction of the jet
momentum is observed in Pb-Pb
w.r.t. pp, which increases with
centrality and with increasing jet
transverse momentum
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Jets: what we expected and learned

PRC 98 (2018) 0249

PLB 790 (2019) 108 : 2.5 R LR Us e
ATLAS ‘ ant|k(R 04192s S yl<24 JetS are quenChed N : ATLAS b ™ | <2.1 antik, R=0.4jets |||
Eg_lgé,,zﬁ::;ggg:z[PRL114(2015)072302] AA COIIISIOnS 1

o 0 ST oY 1Oy II - 2+ ® 126 < P < 158 GeV
[=130-40%, sy = 2.76 TeV [PRL 114 (2015) 072302] m L & 200 < p* < 251Gev

[+130 - 40%, |syy = 5.02 TeV t — 1 T V 3
HEEN (7,,) and luminosity uncer. /— u p O pT = e < 398 GeV

1.5

Jets in the medium /" | E';z

T e appears softer

L izt

[ Pb+Pb, s, = 5.02 TeV, 0.49 nb™, 0-10%

o [GOV] 051 pp.1s=502TeV.25p0" i
-2 -
The hard core of the 10 10 !
TR L e B B B LA . .
f F 0-10% Pb-Pb s, =276 TeV ALICE _]etS get narrower in
> 30~ Anti-k; charged jets, R =0.2 - / .
B[ s0sp", <60GeVie s the medium
2, 250 ' W ALICE data .
= ® PYTHIA Perugia 2011 ] | (55
20 O PYTHIA8Tune4C —| | CN
- T 1 | = . _ . :
s, 1| | Girth = Wldth of a jet
r = o
L —o— o= —
F - 1 S — —
- - Q g= ZLE]et ]et lAR ,]etJ
5= 312
—eo— —a ™~
- —s— o
—.—
L S SRS oy T
S e 1 1E
S . ) . )
3 | e B
0.5 _,_:._/——.—i
0 0027004 006 008 01 og.12
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Jets: what we expected and learned

PLB 790 (2019) 108

& | ATLAS | antik, R=04jets
[2]0 - 10%, {Syy = 2.76 TeV [PRL 114 (2015) 072302]

[+10-10%, Sy = 5.02 TeV

[+130 - 40%, |s\y =5.02 TeV

I PNN
[ [ ]] (TAA) and luminosity uncer.

1 [5130 740%, sy = 2.76 TeV [PRL 114 (2015) 672302]

l<2.4

/

o 5[ \ \ \ T \
ko) C
o~ [ 0-10% Pb—Pb |5y, =2.76 TeV ALICE
> 30~ Anti-k; charged jets, R =0.2 -
S ch ]
" - 40 < pleel <60 GeV/c L
s, 25 W ALICE data -
= @ PYTHIA Perugia 2011 ]
20% O PYTHIA8 Tune 4C
F b
15— - -
F =
F —o— —o—
== e
5;]'\: » -]
r P N—
| —.—
o= , |, L by
O r | | |
S ke ]
% 1.5 —o— |
r —_
Q i .
0.5~ e e
0 002 004 006 008 0.1 012
g9

\

JHEP 10 (2018) 139

Jets are quenched in
AA collisions

- up to pr =1 TeV

Jets in the medium /

appears softer

The hard core of the

| ATLAS b | < 2.1 anti-k, R=0.4 jets
P
N
N L
mQ o= ® 126 < P < 158 GeV
F ¢ 200 < ﬂ:‘ < 251 GeV
& 316 < ;ﬂ:‘ < 398 GeV
1.5
L 1
m K]}
1 S D

[ Pb+Pb, s, = 5.02 TeV, 0.49 nb™, 0-10%

2.5—ERG 98 (2018) 0249

0.5~ pp,\]s=5.02TeV,25pb" -
L ! Lol L L

1072 107"

jets get narrower in
the medium

the soft part diffuses —

to large angles

P(Ar) distribution of ch.track
(weighted by p+tk) in anular
ring around the jet axis
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anti-k; R=0.4 jets, P> 120 GeV, mie'|<1 6
3_— ' p™ > 0.7 GeV CMS E
-10%| ™
C& | p’T’k >2 GeV 0-10% g
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b jets in Pb-Pb at LHC
©o-20% @20-50% : Qsodso% %%A%

T T T LI [T 1 T T ] T LRI I I ]
14— ATLAS Centrality 0-20% ] mﬁ 14— ATLAS Centrallty 20-50% Q? 141 Centrallty 50-80% ]
I anti-k, R=0.2 b jets lyl<21 szN =5.02TeV 4  anti-k, R=02b ]ets lyl<21 vSNN 502 Tev 4 - szN =502 TeV R
< 12‘_ Pb+Pb2018 14nb ] 12'_ Pb+Pb2018 1.4nb? ] 12‘_ I
< pp 2017, 260 pb™! 1 20 pp 2017, 260 pb™ 1 “r 1
4R CEECEECEEEEE LR CEEEEECEELEE = R R YT T e W -
-I-'d, 08 3 08 ] 08 =
"=o06 — 06F - 06— ATLAS -
0 ] C ] E antik, A=02 beets, lyl <21 []Li and Vitev ]
04 a4l 04 Pb+Pb2018 14 nb” [JLIDO model 7
[JLiand Vitev @@ LIDO model == Dai et al. ] C [JLiand Vitev ggLIDO model === Dai et al. ] C pp 2017,260 pb ==Dai et al. ]
| | | | | | L L L L | | Ll | | | | L L L L | | | L 4

80 100 120 140 160 180 200 220 240 260 280 80 100 120 140 160 180 200 220 240 260 280 80 10() 120 140 160 180 200 220 240 260 280
P [GeV] P [GeV] P [GeV]

LIDO: FONLL + HF diffusiont+energy loss ; Dai et al.: Sherpa + Langevin transport+radiation
(SCET) EFTs + medium modified splitting

[0 b jets suppressed in central collisions
[0 LIDO model describes well b-jet Raa, while and Dai underpredict the data.
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b jets in Pb-Pb at LHC

@ 0-20%

1.8~ EgLIDO model
C —Daietal

—_
(=]

—y
— N
IllllJlllIl

0 anti-k, R=02jets, Iyl <21
°F Pb+Pb2018,1.4(17) nb™

E pp 2017,260 pb™

b /inc. jet Raa

L L L B LN BLELEL BLEL L LN B BLELLE LI B
Centrality 0-20%

VSNN =502 TeV

—_ ary
=2} @
|

nclusive jet
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~
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/
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|II

b-jet
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o
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Pl PR IR IS U SRR R R PRTETEN RN R

80 100 120 140 160 180 200 220 240 260 280

LIDO: FONLL + HF diffusion+energy loss ; Dai et al.:

8 2050%

BLINLIL HL

[ EmLIDO model Centrality 20-50% —
r —Daietal VSNN =502 TeV

inclusive jet

AA

C ATLAS
C anti-k, R=0.2jets, Iyl<21

C Pb+Pb 2018, 14(17)nb”*
pp2|017?60Pp P IR I U R

b-jet
AA /

R

I|IIlIIII|]II|l]I|Il[IIIl

80 100 120 140 160 180 200 220 240 260 280

P [GeV]

(SCET) EFTs + medium modified splitting

O 00

collisions.

effects.

b jets suppressed in central collisions
LIDO model describes well b-jet Raa, While
Raa(b jet) ~ Raaline. jet) in peripheral while

Q 50-80% %%é

L L L D L U D L L B
18— ATLAS Centrality 50-80%

- anti-k, R=02jets, ly|<2.1 VSpy = 5.02 TeV
1>6_Pb+Pb2018 1.4(1.7)nb™
T pp 2017,260 pb™'

[ [ LIDO model
0»6_— —Dal etal | | 1 [ 1 1 |

Illllllll!]IIl]IIll]IIllII

30700 120140160 180 200 220 240 260 280"
P [GeV]

Sherpa + Langevin transport+radiation

and Dai underpredict the data.

in central

Dai calculations describe better the b / inclusive jet RAA ratio.
Differences between b and inclusive jets dominated by quark vs gluon energy loss
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Radial shape modification of b-jets

(A’I“) _ 1 Zje’cztrkE(Ar@,Arb)plsj_}‘dk @
P or EJetztrkptrk

v%,:SDZTGMF%Pb17nbtpp214pb,amﬁﬁjm(R:OAypf>420Ge%h1J<16

ie
CMS Preliminary _
Cent:30-90% Cent:10-30% Cent:0-10% [*b jets (PbPb)
[e] b jets (pp)
10 H [C=] Inclusive (PbPb)
= 2 [@7] Inclusive (pp)
. [% F 3 ¥ pr > 1 GeV
S [ = iE: iE:
= TE e e *&
10 2 :
830-90% @10 30% == @ 0- 10% ==
ﬁ —0—T —O0—
| PR B 1 1
0 02 04 06 08 1 02 04 06 08 1

02 04 06 08 1

Ar Ar Ar

[0 both b and inclusive jet shapes broader than in pp
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Radial shape modification of b-jets

1 EjetztrkE(ATa,ATb)p%k @
or EJet Ztrkptrk

-1 - . jet
VSny = 5.02 TeV, PbPb 1.7 nb™, pp 27.4 pb, anti-k jet (R = O.4).pf > 120 GeV, "LQJ <1.6

2.5-CMS Preliminary B —
[ =] b (PbPb)/b (pp) X [
- [o_] incl.(PbPb)/incl.(pp)

o p‘T’a"">1GeV [ [ | _T_

p(Ar) =

:i: : _._:3: i . —g—

1&:63;W ------------ f -- h—---o'-‘ -.-E'.:'E.}-"_P—_ ---------------- ii:---:a-:_::u_-ﬁ-—p-_ ----------------

) - .

ol 30-90%8 - 1o- 30%@ - 0-10%0
,0"02"'04 0.6 0I8 I1I 02 0.4 OIG 0I8 10I20I4OI6081
Ar Ar Ar

[0 both b and inclusive jet shapes broader than in pp
[0 relative modifications of b jets stronger than inclusive jets
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Radial shape modification of b-jets

1 1 r @
P(AT) — 5_7“ N—.tzjetsztrkE(Ara,Arb)ptTk
je

(Syn = 5.02 TeV, PbPb 1.7 nb™, pp 27.4 pb™, anti-k, jet (R = 0.4): p'* > 120 GeV, | <1.6

o0 | CMS Preliminary B B
Za b rord oo 0-30% ©0-10%
- [&_] incl (Pbe )-incl.(pp) i i
R 1<p™* <4 GeV - - +—+—
5 30-90% - _—
& 1ol 8 i 4+ [ B ——
Aé .+_+-D-D- == \'+' - g
5 - =y =0— —_— - —_——
) W++++ R e i -
[ e o _____ T_Dr___ﬁ__ijwp_ __________________________________________________
0 T
I L i L L L L ! 1 1 1

0 02 04 06 08 1 02 04 06 08 1 02 04 06 08 1
Ar Ar Ar

[0 both b and inclusive jet shapes broader than in pp
[0 relative modifications of b jets stronger than inclusive jets
[0 more low p; tracks at large radius in b jets than inclusive jets
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Conclusions and outlook

O %OH(I)[CCI precision of HF experimental results reached at LHC and

B stringent constraints to models
[0 quantitative properties of the QGP to be inferred from models
that describe several observables at the same time

B nice example at this workshop: approach to understand role of
hadronization in HF production
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Conclusions and outlook

O %OHCI)[E:I precision of HF experimental results reached at LHC and

B stringent constraints to models

O rich experimental effort on both short and long timescale

« Systematic measurements of
multi-heavy-flavour hadrons

D-D correlations

* p-wave charmonium

«charm and beauty mesons and baryons: vz, Raa
*low pt regime, wider n range
» Ds constraint with beauty

RHIC o o
ALICE 3
NAG61 upgrade

Y spectroscopy :
-open heavy flavor over full kinematic range: v, Raa||* Onset of J/y suppression

- Hadronic decays of charmed mesons/baryons

«open charm production at SPS

Improved measurements: expected to offer new constraints to models; further
insights into the hot and dense medium, origin of collectivity in small systems
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Bottomonium suppression in the QGPF

First measurement "2 80 pe300eh 60270y

= - p, <30 GeV/c CMS _Z_ E
Of Y(3S) In Pb-Pb gm_ V<24 Preliminary |
(3S) EA 12 _— i Coupled —"_ —_
Ry4 T
29) ~ 0.7 7 1 =1 0:90 %
RA A i:o.s_— . T S] .
B what is the origin  Zos [Jﬂ o W o
of those Y(3S)? Zof I ]
O from corona ? 7 ozf\ e 2
O from peripheral R TR T R TR
collisions ? (N
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Y(1S) and Y(2S) Rja

PLB 822 (2021) 136579
3 rrrrprrrrprrrTrTrTprr T e e e e T Ty b I R D

X 1.2 :— Pb-Pb |5 =5.02 TeV,2.5<y <4.0 —: T2 :— ALICE (0-90%, p_ < 15 GeV/c) e« Y(1S) = Y(28) ]
N ALICE « Y(1S) = Y(2S) .—: - CMS (0-100%, p, < 30 GeV/c) Y(1S) = Y(2S) 1
1 L

Transport model
Y(1S) [ with  7Z,without regeneration -
Y(2S) B with ZZwithout regeneration -

Coup|ed Boltzmann equatlonS‘
= =r(1S) —T(2S)

Pb-Pb |5, = 5.02 TeV
0.8

Coupled Boltzmann equations
EY(1S) EY(2S)

0.6

9%0 (1202) L0dIHr suonenba uuewziog pa|dno)

0.4

N

Jlllllllll

0.2

L0650 (£102) 960Hd [8POIN Hodsuel |

22z, ————
RV 22 77y,
0 ca o b b by | T :Tl PRl i s Y Gt o2 2 e B =T

0 50 100 150 200 250 300 350 400

ALI-PUB-499460 part ALI-PUB-499484

0 stronger suppression of Y(2S) compared to Y(1S)
B confirmation at forward rapidity of the sequential suppression (CMS discovery)

O mild centrality dependence of Ry,
B in agreement with models (also without including regeneration mechanism)

0 rapidity dependence: hint for a decrease of Y(1S) Raa for y>3
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Elliptic flow of J/w and Y(1S)

JHEP 2020 (2020) 141 PRL123 (2019) 192301

0-25 [—@ L] L] ' L] L] L) I L] L] ' L) L) L) ' L] L] L) I L] L] L) l L] L] l L] L] L] l
e C 10O
> . ALIC - 2 g J_>|
0.2 Pb-Pb |5, =5.02TeV 45 2 =<
- vo{ SP, |An| > 1.1} 52)._%6/;/<4 i1 - C
E 20-40% % = - -
0.15F o Inclusive Jiy e T(1S) — (7DU 5
- ‘ [Systematic uncertainty (uncorrelated) 1< 6)
0.1 € % ¥ 5%] - O -
E /\ = [y >
T 4 —_ O
0.05 - l ___1& [%\ :2 L_%
0 [ e e ———— . 8 —
- -T' 1= N
E 15 ©
—005 — I —
= TAMU (X. Du, M. He, and R. Rapp) = Ul
= Inclusive J/y K Total Y(1S) 19—
-0.1F - - - Primordial J/y - - - Primordial Y(1S) ™ E —_
—1 L l BLUBL_S l Ll L l i l = 2 l b l | N l - B l 1L l- @ A
0 2 4 6 8 10 12 14 16 o N
p_(GeV/c) +

O large J/y v, at low pt
B further proof of recombination
B suggesting also charm thermalization

O no sign of Y(1S) flow
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Elliptic flow of J/w and Y(1S)

JHEP 2020 (2020) 141 PRL123 (2019) 192301
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= - ALIC 13 2 S 7 o02f Auce 20-40% Pb-Pb |59, = 5.02TeV
0.2 :_ Pb-Pb VS_NN - 5.02TeV _: ﬁ o =2 [ M. He, B. Wu, 3. Rapp [arXiv2111:13528]: 1l
=4 v,{ SP, |An] > 1.1} 25<y<4 o- . C r TransPorl coupling for open- and hldden.-char.m
= 20-40% 5-60% = U - 0.15F Inclusive J/y: regenerated + left-over primordial + b-feeddown ]
0.15 = e Inclusive J/y e Y(1S) = (;E - [] with ¢ quark space-momentum correlations (SMCs)
~ @ [Systematic uncertainty (uncorrelated) 1< < - [Cw/o SMCs
[ : 1~ 0 [ '
0.1 " Qﬁ 9N 0.1 s
e = [y > C
0.05 :— ) —: O L i
A T e - . 0.05f .
0 T e (e e ] —~ N i
[ -T [T] E 8 B 0 - B
-0.05 :— T 1 T — —:d Ll_rll - e Inclusive J/y, 2.5 < y <4, (SP, jAg| > 1.1), JHEP 10(2020)141 ]
= . Du, M. He, i N NPT PSRRI P SN S SR ST S |
= Inclusive J/y ] Total 1(1S) : a ~ 0 2 4 6 8 10 12 14 16
-0.1F - - - Primordial J/y - - - Primordial T(1S) ™ —_
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p_(GeVic)™  He, Wu, Rapp, PRL 128 (2022) 162301

O large J/y v, at low pt

B further proof of recombination

B suggesting also charm thermalization
0 models soon improved

B accounting for the x» -p» correlation of the diffusing cand c in a
hydrodynamically expanding fireball and revisiting the
suppression of the primordial J/y component
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Elliptic and triangular flow of J/y
compared to

low pt range high pr range
S b Auce T Pb-Pb {5y, =502 TeV
ot e L :
ran f P == : .
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thermalization for charm quarks than light quarks
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Elliptic and triangular flow of J/\|/

[0 exercise based — Soaf"f  posesy  OCIRLEPOSRTY o
- <y< 4 caled vP = v3 + v¢ il
on NCQ scaling o begpll V<% ] <~ Fitlod v 1
I ()Y il
( ) l"Icl (pT /2) - ‘ [:]Sysl unoertalmy{unoorrelaled)‘ .
= . 2 L —1-0.1
—p“’pﬁ 05 —0.2%
@ —Bgslx PripL =04
—ploP=02 —fo.1
Dy . Dy _ | - q ..cf, |
l"n (pT) - l,g(pT) + lfl(I)CT‘) "_.-'_'..-..-:.::.'l-\.rv. :-..-.--.—-....--_0
- :
— —-0.1

o Pompt O°, [y]<1,CMS  Jp2x~
[C]Syst uncertainty from data
Syst. uncertainty non-prompt |

vn (PT) = 2 - va(p1/2)

scaled D-meson
flow very sensitive to the
fraction of py carried by each
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coalescence: constituent quarks have ~ same velocity = sharing of D° pr « effective m,

p3/pR = 0.2 (black curve) disfavoured by data
p%/p% = 0.4 (dark blue curve) best agreement
pi/ p7=0.5 (green curve) rather good description
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