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<L~ Heavy quarks as tools for precise QGP characterization
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Investigating QGP features: “ 3
- how do HQ interact with medium constituents? S
* energy loss, quarkonia suppression/recombination,
HQ diffusion and thermalization
HQ interaction
with QGP , >z

constituents

HQ production
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<L~ Heavy quarks as tools for precise QGP characterization
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. What are the hadron formation mechanisms in QGP? [
» do they differ from small systems?

=
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Central region

- what is the origin of the observed collective effects in
high-multiplicity pp and p-Pb collisions?

what do we learn from
HF in the hadronic
phase?

b quark

(ty<.1 fm/c)

\beam Hadronization in
QGP

* Is there an interaction of charm hadrons with charged
particles in the hadronic phase?

beam

HQ production
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<L~ Heavy quarks as tools for precise QGP characterization
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Huge amount of results since the last QM 2019:

v final and more precise measurements what do we learn from

HF in the hadronic
phase?

Vv extended pr and y coverage, differential studies
Vv  addressing new observables and new particles

b quark
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\beam Hadronization in
QGP
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HQ production
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<L~ Heavy quarks as tools for precise QGP characterization
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HF in the hadronic

v extended pr and y coverage, differential studies Shase?
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<L~ Heavy quarks as tools for precise QGP characterization
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Selection of topics and results

Central region

Huge amount of results since the last QM 2019:

v final and more precise measurements what do we learn from

HF in the hadronic
phase?

Vv extended pr and y coverage, differential studies
Vv  addressing new observables and new particles

b quark

(ty<.1 fm/c)

\beam Hadronization in
QGP

not shown: production measurements in pp
collisions (input for models to describe
spectra modification in QGP) and p-N
measurements beam

HQ production
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S Interaction of heavy quarks with the QGP

time T, K, p, 4
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Interaction
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Open heavy flavour energy loss: colour-charge and quark-mass dependence

JHEP 01 (2022) 174
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1 dN,,/dpy

R —
AT (Tha) doyy/dpy

L. Vermunt 7Apr

AE, >AE, , >AE > AE,

Raa (T7) < Raa (D) < Raa (non-prompt J/y)

Access to the low-pr region for charm and beauty hadron Raa through the measurement of prompt D
and non-prompt, DO, J/yw and leptons from beauty hadron decays.
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= caveat: different kinematics —> different B prinvestigated
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https://link.springer.com/content/pdf/10.1007/JHEP01(2022)174.pdf

= Open heavy flavour energy loss: colour-charge and quark-mass dependence

@ T. Hachiya, Apr 6
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0‘?1' i b — e - arXiv:2109.00411
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* B
2 4 6 8 10 12 precise measurements of full decay
p_[GeV/c] topology of beauty hadrons ’ |
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Access to the low-pr region for charm and beauty hadron Raa through the measurement of prompt D
and non-prompt, DO, J/y and leptons from beauty hadron decays.

= caveat: different kinematics —> different B prinvestigated
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https://arxiv.org/pdf/2203.17058.pdf
https://arxiv.org/abs/2109.00411

W= Open heavy flavour energy loss: colour-charge and quark-mass dependence

P = 1 dN,A/dpy
AT (Tya) doyy/dpy

L. Vermunt 7Apr

JHEP 01 (2022) 174
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.~ Total charm production cross section in heavy-ion collisions &)
D% measured down to pr=0: investigating if there is a modification of total yields in different systems

Collision System Hadron do/dy [pb]

D’ [1] 30+ 1 +1 |STAR: D, D*measured down to pr=0 in Au-Au collisions

Au+Au at 200 GeV 18123
Centrality: 10-40% @ D_[2] 15+2+4
0<p,<8GeVic

Total charm production cross section per
nucleon-nucleon in Au+Au consistent with that
A, [3] 40 + 6 + 27 | |measured in pp collisions: follows ~ Neon scaling
from p+p to Au+Au

Total 112 + 6 + 27
p+p at 200 GeV [4] ’ Total 130 + 30 + 26

® " .
Z. Zhang, 7 Apr Contribution from other charm baryon states? Phys. Rev. b 105, Lo11103

M. Faggin, 7Apr
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https://journals.aps.org/prc/pdf/10.1103/PhysRevC.99.034908
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.L011103

.~ Total charm production cross section in heavy-ion collisions &)
D% measured down to pr=0: investigating if there is a modification of total yields in different systems

Collision System Hadron do/dy [pb]

D’ [1] 30+ 1 +1 |STAR: D, D*measured down to pr=0 in Au-Au collisions

Au+Au at 200 GeV 18123
Centrality: 10-40% @ D_[2] 15+2+4
0<p, <8GeV/c

Total charm production cross section per
nucleon-nucleon in Au+Au consistent with that
N, [3] 40 + 6 + 27 | |measured in pp collisions: follows ~ Neon scaling
from p+p to Au+Au

Total 112 £+ 6 + 27
p+p at 200 GeV [4] | Total | 130 + 30 £ 26 crucial to measure all HF charm *

hadron ground states!

® " .
Z. Zhang, 7 Apr Contribution from other charm baryon states? Phys.Rev. b 105, Lo11103

M. Faggin, 7Apr
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.L011103

S Interaction of heavy quarks with the QGP
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\ . quarkonia: sequential melting
o\ depending on their binding energy;
guarkonia regeneration at low pr
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T 1/{r)
Y(15)

450 MeV

Xb(lp)
J/(1S)

Xc(lp)

Quarkonia

(1:0< 1 fm /C) 240 MeV

suppression/
recombination

200 MeV

beam beam
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Quarkonia suppression in the QGP: Raa

By
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Probing the sequential suppression S. Lee 7Apr

PbPb 368 ub pp 28.0 pb” (5.02 TeV)
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| Y(1S) Total

| Y(1S) Regeneration
| Y(2S) Total

Y (2S) Regeneration

lll|llll|llll

CMS

Supplementary

® Y(1S)
=’ Y (2S)

PLB 790 (2019) 270

15
p. (GeV)

Bottomonium: very clear ordering of Raa
as In the sequential melting picture

e transport calculation describe measurements

e small contribution from regeneration
e Suppression is the dominant process
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https://www.sciencedirect.com/science/article/pii/S037026931930022X?via=ihub

S Quarkonia suppression in the QGP: Raa
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S Quarkonia suppression in the QGP: Raa
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Sl Quarkonia suppression in the QGP: Raa
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-~ Quarkonia suppression and recombination in the QGP:

RHIC vs LHC Raa

RHIC

3 C 1t rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr ]
CEE 2~ ® Au+Au@54.4 GeV, pT>0.2 GeVlc, ee, |y |<1.0 —
&" 18 i B Ru+Ru&Zr+Zr@200 GeV, pT>0.2 GeV/c, e'e, |y|<1.0 J/ lI, -
CE< L *  p+Au@200 GeV, p.>0 GeV/c, u*u-, |y |<0.5, PLB2022 -
16 F % p+Au@200 GeV, p_>5 GeVrc, e'e’, |y|<1.0 _
i ¢  Au+Au@200 GeV, p_>0.15 GeV/c, u*w-, |y [<0.5, PLB2019
1.4 |- Pb+Pb@2.76 TeV, p_>0 GeV/c, e'e", |y |<0.8, ALICE, PLB2014 —
5 i % 7 Pb+Pb@5.02 TeV, p_>0.15 GeV/c, e'e”, |y <0.9, ALICE, NPA2021 _
1 C[® Global uncertainty .
= i [ i
0.8 7 il
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- STAR Preliminary
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(N

part

J/U Raa in RU+Ru&Zr+Zr and Au+Au 54.4 GeV

* No significant energy and nuclei species
dependence of the Raa

VS

J/U Raa in Pb-Pb at 2.76, 5.02 TeV

» Larger contribution from recombination at
LHC than at RHIC
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¥~ Quarkonia suppression and recombination in the QGP: Raa

1

AN, /dpy 450 MeV

(Tan) do /dpy Probing the sequential suppression and possible recombination
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NASO, 0 < Y i

o Pb-Pb, {5, = 17 GeV YOV [» w(2S) strongly suppressed wrt to J/y

200 MeV

—: Charmonium: First y(2S) measurement down to 0 pr

<1 (EPJ C49(2007) 559)

_ 1 |* TAMU and SHMc models:

: * initial state effects (shadowing) and charm cross section
J uncertainty cancel in the ratio

® ALICE (pp ref: ¥s = 5.02 TeV, arXiv:2109.15240)
e NASO (pp ref: Vs = 400 GeV, from EPJC48 329(2006))

* smaller theoretical uncertainties
e Hint of larger w(2S)/J/y in central collisions at LHC wrt SPS

II]II)
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<z:-Quarkonia suppression and recombination in the QGP: Raa

1 dN,A/dpy
R — m n n n n m
@@ AT T, do fdpr Probing the sequential suppression and possible recombination

< rrrr gttt
< L ph _ ] _ . . .
0C 4 4f POPOVSu=502TeV cMs, |y [<16,0-100% 4 |Charmonium: larger suppression of yw(2S) wrt J/y in a wide pr
" ALICE,25<y__<4,0-90% (EPJC78(2018)509) 1 lranae
1.2 e Jhy (JHEP 2002 (2020) 041) ®o Jv — 9 _ _
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TAMU - - - : :
0ak s 1| ¢ increasing Raaat low pr:regeneration of charmonium,
E-o- ¥(2S) - described by models, for J/y and y(2S)
0.6 | -
I 0
o= . -
) 2: - recombination: at which temperature? up to which pr?
[y (2S) :
O | ] ] | I | | | ] I | | ] | I ] | | | I IIIIIIIII
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TAMU: Nucl.Phys.A 943 (2015) 147-15

J.A.Saetre 7Apr
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g J/y~jets in Pb-Pb collisions

< 16r PbPb 1.6 nb™", pp 302 pb™* (5.02 TeV) S. Lee 7Apr
o - CMS PLB, 825 (2021) 136842 More on HFjet: L.C.Mendez 8 Apr
1.4
i E m":%ts"ggv e J/w produced with a large amount of surrounding jet activity
1.2 v 7 | o .
- 30 <P, <40 GeV | more suppressed than those produced in isolation
<2 : .
1- lggrl]t 500 ' o J/y with lower z are produced later in the parton shower
0.8 —> interact more with QGP
* jet guenching important mechanism to model J/y
e ; jetq g imp
T suppression
0.4 o
0.2 * . Isolated J/y
-9
O | I . | | | I I | | I . | | | I . | | | I .| | | . | I | S .|
03 04 05 06 07 08 09 1
J/iy + large jet activity yA
let fragmentation z
, _Pr J/w)
pr (Jet)
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https://www.sciencedirect.com/science/article/pii/S0370269321007826?via%3Dihub

g J/y~jets in Pb-Pb collisions

-1 -1
< 16p PbPb 1.6 nb™!, pp 302 pb™' (5.02 TeV) S. Lee 7Apr
o - CMS PLB, 825 (2021) 136842 More on HFjet: L.C.Mendez 8 Apr
1.4
i Em":%ts"é‘gv o J/y produced with a large amount of surrounding jet activity
1.2 v | L .
- 30<p, <40GeV | more suppressed than those produced in isolation
- <2 . .
e e J/y with lower z are produced later in the parton shower
0.8l —> interact more with QGP
+ * jet quenching important mechanism to model J/y
0.6
- m - L L L L e
- suppression 4 1 . ALICE ¥ <05 -
0.4 o 1ollLll  Pb-Pb, s =5.02TeV -
i . | Centrality 0—-10% |
0.2k ® |solated J/w g e -
: ‘ = Average D°, D*, D* i
O...I....|....I....l....l....l....l..l.} 0.8 ghargedparticles _:
03 04 05 06 07 08 09 1 .0 20% M <09 -
: . . ) 0.6 rompt Jy, |y| < 2.4, —
Jhy + Iarge jet activity z ,@ Non-;?rom\gt J);\u, ly| < 2.4, CMS 1 N
iet fragmentation z Similar prompt D and prompt J/y at T N i ]
pr (J/V) intermediate/high pr: contribution from 0.2 \ THH ; —
= production with parton shower from the S | | | =
pr (Jet) splitting of a hard-scattered gluon ° 10 20 30 40 50
p. (GeV/c)
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0.04

Jy/D°

0.03

0.02

0.01

J/yv and DO relative contribution in the QGP

ALICE Preliminary | e Similar pr-integrated D%Ncon in 0-10% and 30-50%
 Pb-Pb, {5,y = 5.02 TeV | PbPb:
- Inclusive J/y, |y| < 0.9,0.15 < p_< 15 GeV/c 1 o Larger J/y/D0 in 0-10%:
i ) _
- Prompt D%yl < 0.5, pp >0 — = due to larger J/y contribution from the recombination
i e Data i ' ?
. SHMc (A.Andronic et al) 4 In most central events”
I ] m) caveat: inclusive J/y; possible centrality
. - dependence of f(c—>D09)
= I}] 4
B I i

[Nature 448 (2007) 302-309]
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30-50%
Centrality
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J/yv and DO relative contribution in the QGP

0.04

Jy/D°

0.03 -

0.02 =

ALICE Preliminary
Pb-Pb, \s = 5.02 TeV

Inclusive J/v, |y| < 0.9, 0.15 < P, < 15 GeV/e 1
Prompt D°, |y| < 0.5, p. >0

e Data

SHMc (A.Andronic et al.) 1

0.01

—

K2 ]

[Nature 448 (2007) 302-309]
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Hadronizatio

e Similar pr-integrated D%Ncon in 0-10% and 30-50%
PbPb:
o Larger J/y/DO% in 0-10%:

= due to larger J/y contribution from the recombination

iIn most central events?
m) caveat: inclusive J/y; possible centrality

dependence of f(c—>D0)
e Comparison with SHMc: suero7 (2021) 035
e most of the thermodynamic parameters cancel out:
=) sensitive to charm fugacity: increase of charm fugacity
iIn most central according to SHMc

30-50%
Centrality
Precise measurement of total charm cross section needed
QM2022 - 09/04/22 Krakéw 13



R T J/v and DO in PbNe collisions at 68.5 GeV

First measurement in fixed-target nucleus-nucleus collisions at the LHC: QGP in PobNe?
Look for the onset of the transition from ordinary hadronic matter to the QGP

o

0

o —

= LHCb preliminary 'Sw =68 o
b% 102 e _i_ DN Pb Gas (Ne, Ar)

b — o' =0.82 = 0.07

» similar trend as results at pA fixed target
experiment at NASO (phys.Lett. B 410 (1997) 337)

SRR & o ) ’
N ._\\'\ \.\\' \\

N ; \." \" n\\ N\ \ N :
\\-. \"\. 4 \ N\ .\\ \\--\\
SN R, <\
\\ \‘\\\

\ "N\
\ \\_
\

X N

- N0 anomalous J/y suppression is

observed that could indicate the

formation of QGP
LHCb-PAPER-2022-011

» decreasing trend due to additional

a'—1
O'J/q// Opo X <Ncoll> 0 <pr <8 GeV/c nuclear effects for J/y

1 10 102
N

coll

J. Sun, 7 Apr
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Central regio

Thermalization
as a consequence of HQ coupling with medium

Which is the degree of
thermalization of HQs in
the medium?

Thermalization

beam beam
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S Overview of charm, beauty and charmonium, bottomonium v

= Positive v» of hadrons with charm observed at RHIC and LHC
- charm quarks largely thermalize in QGP until hadronization
- smaller v> of open-beauty hadrons

A _I [ | 1 | 1 | R | 1 | 1 | 1 | 1 | 1 | [ I_
0.300 ALICE 30-50% Pb-Pb, |5, = 5.02 TeV | beauty v2 measured via electrons and muons from HF
- 1 hadron decays and non-prompt J/W, and quarkonia: Y
0.25F data TAMU -
- J-Ei &h — .
120k fﬁa}é@b Prompt D . - O~ (Y(IS)<1pb—>e)~plincl V)< 1o D)<yl at low pr
oy 4 Inclusive JAp  + :
0.15F @ b = e ’ -
e Y(1S) 5-60% = -
| qr _
0.107% MU@ %@%% 4 4 :
- e ° :
0.05- | ]g l B | -
0.00/4 Wwwww I ]
_0.05__I [ | | [ | | | [ | | | [ 1 1 | [ | | | [ 1 | | [ 1 | | [ 1 | | [ 1 | | [ | I__

2 4 6 8 10 12 14 16 18
pT(GeV/C)
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S Overview of charm, beauty and charmonium, bottomonium v

= Positive v» of hadrons with charm observed at RHIC and LHC
- charm quarks largely thermalize in QGP until hadronization
- smaller v> of open-beauty hadrons

A _I [ | 1 | 1 | R | 1 | 1 | 1 | 1 | 1 | [ I_
3_30:— ALICE 30-50% Pb-Pb, |5, = 5.02 TeV - ° beauty v2 measured via electrons and muons from HF
B 1 hadron decays and non-prompt J/W, and quarkonia: Y
0.25]- data TAMU
0.205_ f{ﬁl% g_rompt 5 ¢ : 0~Vo(Y(1S)<ys(b—>e)mylinel JW)< 1,(D)<yoh at low pr
I ' |
0.5/« - 3
— dh — '
0.10f% 1+ Open beauty-hadrons v.> 0: for from recombination with light quarks?
- i 1+ Bottomonia: v2(Y(1S) = 0: negligible recombination. Does beauty flow?
0.05 | é'[ i -
0.00[4 ; -
_0.05__I [ | | [ | | | [ | | | [ | | | [ | | | [ | | | [ | | | [ | | | [ | | | [ | I__

2 4 6 8 10 12 14 16 18
pT(GeV/c)
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Q{IQRU@EKMATTEQ bea uty V2 M . StQjanOVIC 7ADI" 5}{63

... X. Peng 7 Apr
(@ 30-50%
PbPb 5.02 TeV (0.58 nb)

G. Oh 7 Apr
0.2 Centrality: 30-50%

—e— Prompt D° (PLB 816 (2021) 136253)
—e— D’ from b quark hadrons

" prompt DO
> | _E_;E_ ; i |
== 3 ? |

( 5 10 15 20 25
P (GeV/c)

First measurement of non-prompt DO v»

* Prompt DO v2 > non-prompt DO v
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https://indico.cern.ch/event/895086/contributions/4720636/

S beauty v

CMS-HIN-21-008 CMS

' -509 PbPb 1.7 nb™ (5.02 Tev) Preliminary

30 50/0 0.14_'llllllll|lllIIllllIllllIll|l||l|||||||||||||||||
PbPb 5.02 TeV (0.58 nb'1) ~ Scalar Product Prompt J/y Nonprompt JAp

012
0.2 . S Cent. 10-60 % QD16<lyl<24 Q16<lyl<24
- Centrality: 30-50% 0.1 oyl <24 Syl <24
—e— Prompt D° (PLB 816 (2021) 136253) 008

—e— D% fromb quark hadrons

prompt DO 0.06

o $ II_E__E_—E—_E_ >'0.04
> "'!'_ : ’ | H 002
== o— ’ | )
_0.02[
_ — DO -
0.05 b D -F)...().f:Tlllllllllllll|llll|llll|llllIlllllllllllllllllll
( S 10 15 20 25 0 5 10 15 20 25 30 35 40 45 5
p_. (GeV/c) P, (GeV/c)
First measurement of non-prompt DO v» non-prompt J/y vo
* Prompt D° v2 > non-prompt DO v * Prompt J/y v2 > non-prompt J/y v2

C.Terrevoli - Experimental results on HF QM2022 - 09/04/22 Krakow 16


https://indico.cern.ch/event/895086/contributions/4720636/

Q/IQUARKMATTEQ M StOjanOViC 7ADr
beauty v- X Peng 7 Apr
G. Oh 7 Apr
CMS-HIN-21-008 CMS Q. Hu, Apr 7
30-50% ooy PO G02ToN PRy |y T e
PbPb 5.02 TeV (0.58 nb™) 012:_Scalar Product Prompt J/y Nonprompt JAp T ggf:kfs.ozTeV, 246 b — DAB-MOD C—)DO—)y _
0.2 . CTF Cent.10-60%  O16<lyl<24 (16<lyl<24 3 o oo —DAB-MOD b—B’—>u |
' Centrallty: 30-50% 01— ®lyl <24 Syl <24 - i b by DREENA-B c—D"— s
0.15 e e 12 | 008 1l OREENA-B b5’
=2 . 0.1 N[ Cent 40-60% -
0.1 prompt DO | oo : A _
o Fpg g | S N e
0.05 = | = - %\I |
== 3 o I 002 . _ &%:L\N -
0 o 1 oLl I 5 O —
_0.02 m | PLB 807 (2020) 135595
-0.05 b_)DO 0.04 - 1|1111|1111|1111|11|1|1111|
o . 5 10 15 20 25 30
( 5 10 15 20 25 0 5 10 15 20 25 30 35 40 45 5
p_ (GeVic) p. (Gevrc) p_ [GeV]
. . vo of muons from HF hadron
First measurement of non-prompt DO v» non-prompt J/y vo decays
. -
Prompt D% v2 > non-prompt D¢ v2 * Prompt J/i v2 > non-prompt J/y v Mass splitting of charm and

bottom at low prin vz,

Positive beauty hadron vz both at low and high pr
- |ndication of participation in the collective motions of the system
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S Overview of charm, beauty and charmonium, bottomonium v

= Positive v» of hadrons with charm observed at RHIC and LHC
- charm quarks largely thermalize in QGP until hadronization
- smaller v> of open-beauty hadrons

R @

30 ALICE 30-50% Pb-Pb, {5 = 5.02 TeV — charmonia: recombining charm quarks, inherit thermalized charm flow
: " 1 ~described by models that implement suppression+recombination

0.25— ) data TAMU | Arxiv:2111.13528
- %{ﬁ%% o W _
0.20— ;3’ @ @E} Wpro SR —
0 15:_ b E@}@ b —e ° _:
I Y(1S) 5-60% = i
0.100= © [ %H{h :
RN % 4w :
0.05 “@EH B | -
OOO:I .WWWWWWWW Il :
_0.05F —

2 4 6 8 10 12 14 16 18
pT(GeV/c)
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S Overview of charm, beauty and charmonium, bottomonium v

= Positive v» of hadrons with charm observed at RHIC and LHC
- charm quarks largely thermalize in QGP until hadronization
- smaller v> of open-beauty hadrons

A B | Fr | Fr | Fr | Fr | o | o | F | F | N i . ] . . . .
0.300 ALICE 30-50% Pb-Pb, (5, = 5.02 TeV - charmonia: recombining charm quarks, inherit thermalized charm flow
- R {1 -described by models that implement suppression+recombination
0.251- + data TAMU - . RHIC: less recombination that at LHC —> va(J/y,Au-Au) ~ 0
B L v v -
0.20(~ ';H ﬁ'@ Prompt [ — 0.3 4@»
T ‘W _ :§] - AutAu- JAp + X \[syy = 200 Gg
st | MY bme 1 il Bedaen
- g Y(1S) 5-60% = - 2r &
| oF i i
0102 | 14 @UQJ %%% 4 % : y:
- o [ - . ]
0.05] | ]g ? ¢ - ol + I _~
B i o - O—--1r—"""""""1W"""""n """ f-"""""""-
OOO:I » .WWWWWWW : - u = o
- - 0.1
_0'05:_...|...|...|. I N W W N - Y
2 4 6 8 10 12 14 16 18 02 PH>{/\\<E NIX JIy
p, (GeV/c) - preliminary DB
_0.301116{511l‘l|lll£|!élll2|llll2!€l)lI13|11113!511114I'Illl4!511115
pr [GeV/c]
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- - @ .".
ey Raa and v2 vs models: systematic comparison
20 AA 2 . OY Wy

JHEP 01 (2022) 174

.. .. ' ' ' ' L. Vermunt 7Apr
Radiative vs w/o radiative JHE1P601 (2022) 174 n W/.O.r.eEQ”.‘Q'Da.“.OP. P

< 1.6_ I T T | I I I I 11 Il I I I I I_ :E . k I 1 1T 1 II | | | I 1 11 II | | | | I_ >C\l __ | | | | | | L I | | __

o - ALICE - 0 " ALICE - 035 __ ppsp — = PHSD w/o recomb. -

& prom - aF Pb, {5 - - : :

1.4 1S P Pb-Pb, {5 =5.02TeV  — 14 . o-Pb, Y5 =5.02TeV 0.30F —— POWLANG --- POWLANG w/o recomb. -

Cof Centrality 0-10% 1 1 ol Centrality 0-10% - 0.25- —— DAB-MOD - * - DAB-MOD w/o recomb. -]

2F V<05 - - y| <0.5 i C -

oA IR Hooo% with recombinaton J

1yl ] oo : 0.15F, .- 4 E

0.8 | - : with recombination [ IEEERTYS T

_ 0.6F — . 2 T 11

i 0.4 4 - | .

0.4 | = ul ] 0001 11 E

- i : [ _ - ' -50% u

_ : 0oL b _0.05E Centrality 30-50% =

0.2 — - i - ¥ <0.8 n

- LGR LGR w/o radiative : OO_ Caald I I Lol I I L] —010_ I I I C oo I L
R I Lol I L] 4)(10_1 1 2 3 4567 10 20 30 1 2 3 4 5 678910 20 30

4x107 1 2 34567 10 20 30 p. (GeVic) p_ (GeV/c)

P, (GeV/c)

recombination, collisional and radiative energy loss: systematic study to disentangle
contributions in the models and constraint theory

A &

* Recombination with light quarks enhances Raa and v, at low and intermediate pr
» Both Radiative and Collisional energy loss needed to describe measurements at high pr
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beauty vs charm quark in QGP: model comparison

e 2022
arXiv:2202.00815
"5_ | ! ! ! ! | ! ! ! ! | ! ! ! ! _' ! ! | ! ! ! ! _
5« 4 ALICE e data [ |LGR -
o™ [ Pb-Pb,ys=5.02TeV [JTAMU [} MC@sHQ+EPOS2"
5 - 0-10%, |y| < 0.5
S B
S 3
2 i
cs |
o i
*g i e data "—— LGR central valle _
S 4 e ) m set to m, (E-loss) v 1) m set to m, (coalescence) —
Ay I EEEERE i) w/o shadowing — — {v) W/0 coalescence _
o - /\\
Q n
£ / N
O Sk / =~ B
i ! N
EDD::E : / T T —
213 MRl B |
BN/ o L THAE e B, i —
SRR & i . pmmm e WY
it S IS ionananncia
LN el ]
i | A | A A A A | |

X.

C.Terrevoli - Experimental results on HF

%

beauty/charm Raa ratio: via non-prompt/prompt D:
Smaller beauty suppression: for pr>5 GeV/c

e described by models that include both
collisional and radiative processes,
recombination plus fragmentations

* if charm-quark mass in b-energy loss —>
underestimate data

* excluding charm and beauty coalescence
—> overestimate data

15 20
pT(GeV/c)
MC@sHQ+EPOS: PRC 89, 014905 (2014)  TAMU: PLB 735 (2014) 445-450
Peng, 6 Apr CUTJET 3.1: Chin. Phys. C 43 (2019) 044101 LGR: EPJC, 80 7 (2020) 67
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https://arxiv.org/abs/2202.00815
https://arxiv.org/abs/1912.08965
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.014905

TR beauty vs charm quark in QGP: model comparison

arXiv:2202.00815
. [ ALICE e data  [|LGR 1 @
€ [ Pb-Pb, s =502TeV []JTAMU {MC@sHQ+EPOSZ &
5 - 0-10%, |y| < 0.5
: S &
80:2‘: - Mass dependence of energy loss and need of
coalescence for both beauty and charm

g : o daa | —— LGRcentalvalle e described by models that include both
S 4 e 1) m_settom, (E-loss) e i) m_settom, (coalescence) — o o
A I SETEY -/ﬂi) w/o shadowing — — iv) w/o coalescence ] collisional and radiative Processes,
5 I N ] ... :
2 4L // ~— - recombination plus fragmentations
Se [ S| : * if charm-quark mass in b-energy loss —>
< — 1 — ‘ :
T o2g I e - underestimate data

ORI __$._"."."-"-"-” * excluding charm and beauty coalescence

1= - "‘: \_'______“__‘__._- —————————————————————————————— -] _

T e : —> overestimate data

0 5 T 15 20

pT(GeV/c)

MC@sHQ+EPOS: PRC 89, 014905 (2014) TAMU: PLB 735 (2014) 445-450
CUTJET 3.1: Chin. Phys. C 43 (2019) 044101 LGR: ERPJC, 80 7 (2020) 671
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Constraint to QGP: diffusion coefficient

20272
measurements down to low-pr: production yields and angular distributions
sensitive to the diffusion and possible thermalization of charm quark in medium.
ol -I I I I I I T 1 I I I ] < 16_I LB | | | L II | | | | I_ U) —?. - ’ I - - - 7 I
> 035 TAMU Ny MC@sHQ+EPOS2 4 of f ALICE {1 Q o0 | Lattice QCD -
- LIDO - - LBT : b Pb-Pb, {5 =502Tev § k= 20T - ]
0.30F - - PHSD - - - POWLANG-HTL E AL Contraly 0-10% 1 & | ing etal. ]
- DAB-MOD LGR : : [ ooy R I " Banerjeo of al -
025 ... Catania E 12 | -, Prompt D", D", D*" average — = 4 Raczmarek of al .
0 20E '-'LI{L JHEP 01 (2022) 174 E (‘ '\' \ yl<0.5 i 1S B
“F T e 1.0 % I I
0.15F ’/“ : 'El' — i i
E '{l\ 2 - 0.8 — 10 -
0.10 £ NN — - .
! (“v "// \,:5:: _____ Ny e 0.6 ~ i
0.05 (/’ = YA \ 3 I
. . 0.4 S
0.00F— 1] - - i
—0055_ . —E 02__ \\' I‘~:A = ] :
- Centrality 30-50%, |y| < 0.8 . - T i 0
= - 11 11 II | | | L1 11 II | | | 1
~0-108 S —— —— 4107 1 2 3 4567 10 20 30
1 2 3 4 567890 20 30 "
P, (GeV/c)

P, (GeV/c)

Raa, V2. simultaneous description
=) Hrovide constrain by computing data-to-model agreement:

XD, Y-J Lee & R. Rapp, Ann. Rev. Nucl & Part. Sci. 69 (2019) 417

L. Vermunt 7 Apr
L. Altenkort 6 Apr

=) Recent estimate considering Raa, V2, v3 in different centrality ranges: 1.5 <2 m Ds T < 4.5 at the critical
temperature for the QGP phase transition, T. = 155 (17c = 3-8 fm/c), in agreement with IQCD calculations
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Constraint to QGP: diffusion coefficient

"0 2022
measurements down to low-pr: production yields and angular distributions
sensitive to the diffusion and possible thermalization of charm quark in medium.
ol -I I I I I I T 1 I I I ] < 16_I LB | | | L II | | | | I_ u) —?. - y ] - - - 7 I
> 035F 7 TAMU =Y MC@sHQ+EPOS2 o of °F ALCE 1 Q|  attlce OCD -
. | LIDO -+=LBT . 14k Pb-Pb, {5 =502Tev | = 20T - Ding of af -
0.30:_ = = PHSD - -- POWLANG-HTL E [ Centrality 0-10% (5] B . mgef o 7
- DAB-MOD LGR : : [ ooy R I Banerjes ot .
0.25 ... Catania - 1.2 - Prompt D°, D", D*" average — - 4 Raczmarek of al -
0 20E '—JLI{L JHEP 01 (2022) 174 E f‘ ' <05 - ' -
“F ir - 1.0 ] I
0.15F ’/“ _ 'El' — i i I
- '{l\ 2 - 0.8 — 10 -
[ A —] - -
S A sttt Reag 0.6 - Z
0.05p7 - = AN \ 3 -
T ] 0.4 5
0.00F i 2 -
~0.05[- = 0.2 K i-‘ — -
- Centrality 30-50%, |y| < 0.8 . - S - i 0
= - 11 11 II | | | L1 11 II | | | 1
~0.10% S ——— —— 410" 1 2 34567 10 20 30
1 2 3 4 567890 20 30 " GeV/o)
P, (GeV/c) Py

XD, Y-J Lee & R. Rapp, Ann. Rev. Nucl & Part. Sci. 69 (2019) 417

ﬁ

More precise data measurements will provide impo?tant constraint to beauty spatial diffusion coefficient
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Central region

Hadronization in QGP:
* Recombination at low-intermediate pt of
and b with light quark in the medium

10° ¢

oNguar 100 |

Hadronization in
QGP |

Z 10~ -

Y

(to< 1 fm/c)

c quark

10° 3

10~ -

beam beam T
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<L+  Hadronisation: charm non-strange and strange D meson

Recombination + Strangeness enhancement in the A-A wrt to pp
collisions —> enhancement of strange heavy mesons in A-A w.r.t. pp?

| ! | ! | ! | I | | | | | a -I 1 1 1 1 1 LI | II 1 1 1 1
| —@— STAR Au+Au@200GeV, 10-40% ] —= [ 0-10° _
S - 0-10% Pb-PDb Pb-Pb/pp
| —— ALICE Pb+Pb@5.02TeV, 30-50% ] O I
—A— CMS Pb+Pb@5.02TeV, 0-100% o 2.0F T ALIGE
7 -5~ ALICE prp@7Tev ) 2 : il PLB 827 (2022) 136986
- —7%— CMS p+p@5.02TeV } \_Q ! L VS\IN =5.02 TeV
I ) i % 1.5 + y| <0.5
Phys. Rev. Lett. 127, 092301 | - m ] — |
2 * N i B
- | - e}
0.4 o t + = 1.00 N —ﬁ;*:v
T - & I
- i LGR
T A 0.5 TAMU
= a Catania
- i PHSD
_ I 1 1 1 1 1 1 II 1 1 1 1
i _ 1 2 3456 10 20 30
i —— PYTHIA8 @7TeV | pT (GeV/C)
—— PYTHIA8 @200GeV
| | | | | I | | | i | i | i |
0

2 4 6 8 10 12 14 16

Transverse Momentum p_ (GeV/c) LGR: EPJC, 80 7 (2020) 671
T PHSD: PRC 93, 034906 (2016)

Compatible results at low-intermediate pt: Ds/D%~ 0.4 Agreement with models that include
strangeness enhancement, frag + reco in QGP

C.Terrevoli - Experimental results on HF QM2022 - 09/04/22 Krakow 21


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.042301
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.93.034906
https://arxiv.org/abs/1912.08965
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.96.044905
http://arxiv.org/abs/2110.10006

w QUARK MATTER

’2.’2’2

Hadronisation: baryon-to-meson yield ratios
B. Audurier, 7 Apr

'LHCb preliminary -

[a
= If | LHCb PbPb |5y = 5.02 TeV
Ay -+ 2<y<45,<N_>=15.75+-10.01

| Uncorr. uncert

0.8} Global uncert. 5.16 %
i LHCDb pPb@5.02TeV-25<|y| <4
¢ LHCDb Pbp@5.02TeV-25<|y| <4

0.6 —
0.4} i ]
0.2} b
i LHCB-PAPER-2021-046 )
0 l | 1 | 1 | I I 1 l
2 4 6

centrality 65-80% Pb-Pb
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Hadronisation: baryon-to-meson yield ratios

arX|v 21 12 08156
(@) 1 1 1 I I 1 1 I
& | 2 14F \f =
% 1} LHCb PbPb (s, = 5.02 TeV LHCb preliminary - ~ " ALICE 5.02 TeV, |y| < 0.57
Q:< "~ 4 2<y<45<N_>=1575+10.01 1 < 1 ol _-
] Uncorr. uncert. | anl L pp i
0.8} Global uncert. 5.16 % - B . |
i LHCb pPb@5.02TeV-25<|y| <4 r Uy & Preliminary —
4 LHCb Pbp@5.02TeV - 25 <y| <4 : : I 4 PRL127(2021) 2023017 increasing trend of the A+c/DO
0.6] =] 0.8~ Pb-Pb (arX|\:.211i|.08156:;57—_ at intermediate pr from pp, to
i } . - 32‘;3 j - -1 semi-central and most
! ® -50% = -
L — ! - - 5 Per central Pb-Pb events
—— s Eg d 1 #— * LHCb, Pb-Pb -
0 2-_ i - peripherall Npart= 135 -
i LHCB-PAPER-2021-046 :_ _
0 l l . . . l 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 a
2 4 6 0 10 15 20
p. (GeV/c)

LHCb: peripheral Pb-Pb collisions at forward rapidity in
line with measurements by ALICE in pp collisions at mid

centrality 65-80% Pb-Pb rap|d|ty from pr > 3 GeV/c
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Hadronisation: baryon-to-meson yield ratios

B. Audurier, 7 Apr
L. Vermunt, 7 Apr
arXiv:2112.08156 L. Dello Stritto 7 Apr
I B M. Faggin 7 Apr

arXiv:2111.11948
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0.4:_ :‘:__+__ E 06__ o o e 30-50% Npat=1097]
N ] ~ )l .
03 ara ¢ E 0 4i % #— * LHCDb, Pb-Pb ]
0.2F fot . ¢ E g _@__ - peripheral Npart=15 -
0.1 ' ; 0.2 {I} == :
N average measurements at e-e* : N .
| | | | | | | | | | | | | ] | | | | | | | | | | ] 1 1 1 1 I 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 ]

0 5 10 15 20 0 5 10 15 20
P, (GeV/c) p. (GeV/c)

LHCb: peripheral Pb-Pb collisions at forward rapidity in

line with measurements by ALICE in pp collisions at mid

rapidity from pr >3 GeV/c
Is there a transition of the hadronization mechanisms with multiplicity across differen*
systems? the same formalisms describe results from small to large systems?
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Bl Charm baryon/meson: from small to Iarge systems

o T T T TTTT] T T TTTT] T T TTTT] T T T T TTTTT] I ||||||||
- 2—AL|CE lyl <053
<180 pp, Vs =13 TeV — stat. — I .
1.6 Y PP, (s =5.02 TeV syst. - :_ _:

- A p-Pb, \/STJN =5.02 TeV extr. 1t I E L. Vermunt,. 7 Apr
op: arXiv:2111.11948 45 " Pb-Pb, \/s),, =5.02 TeV N\ total 1L - L. Dello Stritto, 7Apr
Pb-Pb: arXiv:2112.08156 1.2 ¢ Au-Au, \[s, =200 GeV 1L ]

12_ STAR, PRL 124 (2020) 172301 - [ .
0.8F 9{ =i E
0.6 ¢ 8 \ NEEL: _'

n v N N 11 _

o4t @ E@g d X Ef: :

__ laverlagle lmeasurements lat e_e+ ] I I | I ] ] l: B | | 1 1 L1l || ] ] L 1 111 || ] ] L 1 111 || ] ] ] ]

10 102 10° 10 10° 10°
<chh/dn>|n|<0.5 L <chh/dn>|7]|<O_5

pr -integrated for pr> 0: no evident multiplicity dependence from very low (pp) to very high (most ‘1
central Pb-Pb) multiplicity
= N0 enhancement of total yield of A+ wrt D%in Pb-Pb wrt to pp collisions
e a dense particle environment in pp: act as proxy for “collectivity”?
e different hadronization mechanisms for baryons and mesons act in different momentum ranges? effect of
radial flow?
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Bl Charm baryon/meson: from small to Iarge systems

~ 2—ALICE yl<051F
< - _8;—0 pp, Vs =13 TeV —— stat. —; i i
1 6E Y PP, Vs =5.02 TeV syst. a1r | —

- A p-Pb, \s,,, =5.02 TeV extr. 1 T 1 L Vermunt,_ 7 Apr
4L a Pb-Pb, VSy = 502 TeV R total ERS E L. Dello Stritto, 7Apr
2 ¢ Au-Au, \s,,, =200 GeV 4t E

12_ STAR, PRL 124 (2020) 172301 Tt -
08 i °f B
0.6 4 |l \ N _'

- AJ N NI )

o4t @ E@g d X Ep: :

__ laverlagle lmeasurements lat e-e+ ] I I | I ] ] l: B ] ] L 1 111 I| ] ] L 1 111 I| ] ] L 1 111 I| ] ] ] ]

- 10 102 10° 10 102 10°

<dNCh/dn>lnl<0.5 ) <dNCh/dn>|7’]|<O.5

Few models available in small systems to investigate HF production/hadronisation
vs multiplicity: further theoretical developments also required «

—> pr-integrated yields for pr> 0 crucial measurements
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what do we learn from

HF in the hadronic
phase?

(to< 1 fm/c)

beam beam
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Investigating hadronic phase with charm hadrons

how much hadronic rescattering influence our observables after the hadronization?

1,3T-|-F|-|-FF|1 —

_ ALICE Preliminary
1 o pp, Vs = 13 TeV, high. mult. (0-0.17%)
D" ®@ D"

1.1

lllllllll

1.0

0.9

Double-Gaussian source

0.09
rst =0.97" -, fm

eff +0.36
ry =2.92_ 5, fm

0.8

llllllllllll

' ETET AN AR i AR

lllllllllll

0 20 40 60 80 100 120 140 160 180 200

k* (MeV/c)

First constraint to models.

1.3_ , l ) I LI B I LI B | I I I LI B I LI | I I |
C\ D" @ a D’ _
1 o= @' genuine CF _
- - Coulomb i
_ Coulomb + Lednicky-Lyuboshits (stat. unc.) -
1 1'_ B Coulomb + Lednicky-Lyuboshits (tot. unc.) _]
1.0 e ——

0.9 Simultaneous fit
- Coulomb + Lednicky-Lyuboshits

- a_(I=3) = -0.030.04(stat)+0.02(sys.)"

0.8 a D(|—9) = -0.06+0.03(stat)=0. 02(sys )*""’1 (source sys.) fm
- | llllll | | | |

(source sys.) fm

First measurements of
interaction of D mesons with
light-flavour hadrons:
scattering parameters
governing elastic and
inelastic D-m,K,p collisions

0 20 40 60 80 100 120 140 160 180 200
k* (MeV/c)

* The strong interaction is studied by means of correlation in momentum
space among D-mt, D-K and D-p combinations.
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crucial ingredient for
models based on charm-
hadron transport in
hadronic phase

two-particle wave function

See F.Grosa 6Apr =



https://indico.cern.ch/event/895086/contributions/4715876/

R investigating hadronic phase with charm hadrons

Dtn+ @ D7~ D7 @ D-7*  |First measurements of
o 13pr 13y T T - - -
S [ ALICE Preliminary : = [\ vD @D 1 |interaction of D mesons with
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- D' ® D" : - — Coulomb { |scattering parameters
5 : -\ oot tenay-ueus ) 3 |governing elastic and
11 ] 11 + y-Lyuboshits (tot. unc.) _| - - _
- j " 1 |inelastic D-mm,K,p collisions
1.0 ] 1.0 —

crucial ingredient for
models based on charm-
hadron transport in
hadronic phase

|
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]

measurement indicates a small rescattering of D mesons in the hadronic phase
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S The Future is now

» Systematic measurements of

- charm and beauty mesons and baryons: vo, Raa multi-heavy-flavour hadrons
* low pT regime, wider n range * D-D correlations
* Ds constraint with beauty * p-wave charmonium

Run 3 X Y Run 5

n ALICE 3

* Y spectroscopy

- open heavy flavor over full kinematic range: vo, 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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Wl g Conclusions

@,

s 16— i @

i ALICE E . . . : : |
R oo Systematic studies ongoing to . New channels accessible in the
12 .. 1 disentangle different mechanisms in

beauty sector in different collision
systems: less interaction with
medium than charm

1.0

W H the theory models to explain Raa and
0.8" av: . | withrecombination _ V2 Shape gOOd knOWIedge Of Charm.

0.6F - .
0.4f H E (I\j/_lfc?re b?ryor][s to be measured in Towards more constraints to Ds with
0.25 e E SIS SyS S \ time K. p / beaUty
" . A o, \, P, ...
0.0 raaaal N R | N PR S T,
4x10™" 1 2 34567 10 20 30 S’ f /fo T
st BRI &
8 i Free i

studies of baryon-to-meson ratios as a
function of multiplicity in pp: evolution of
the pr-spectra, but indication of no
enhancement of baryon-to-meson
from small to large systems

HIN-21-007 o R ' R
o POPD 1.6 nb7, pp 300 pbT (5.02 TeV) _ 2 2-ALICE lyl <0.5-
12 <24 CMS - z <'1.85 o pp, (5=13Tev —— stat. =
- Cent. 0-90 % Preliminary - 1.6E Y pp, Vs=5.02 TeV [ ] syst. -
A L " F A p-Pb, s, =5.02TeV extr.
i —e— Y(1S) (2015 PbPb/pp) - @ beam beam 1.4, Pb-Pb, \/s,, = 5.02 TeV total B
0.8 . ] i 1.2F ¢ Au-Au, \/s, =200 GeV E
R ok . 1 Quarkonia: interplay of recombination, i ST Ty -
- —a— Y - - - — _
g — + | energy loss and suppression in the QGP. oo . )f S z
A = . . o]y N N
s ' New measurements and comparison with oat g EEg @ S
s : - models to better clarify momentum range 0.2 =
— * " 1 . . . u i i i o
s e w0 for different contributions 1 0 ps: 0
pT (GGV/C) <chh/dn>|nl<0.5
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A.Rossi, F. Grosa, L.Bianchi, L.Micheletti, B. Trzeciak, B. Audurier, M. Fontana, D. Mitzel, M. Morello,
J.Sun, M.Durham, L. An, Y. Kim, A. Stahl, S.Polikarpov, L.Gladilin, D. Perepelitsa

Quark Matter 2022 - 29th International Conference On Ultrarelativistic Nucleus - Nucleus Collisions
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Phys. Rev.

charm fragmentation fractions in pp, p-Pb

D 105, L011103

<i>+.¢¢

m ALICE, pp, Vs =5.02 TeV
(PRD 105, L0O11103 (2022))

= ALICE Preliminary, p—Pb, (s, =5.02 TeV — First measurement of charm fragmentation fractions in
—ALICE, pp, 2 x A x R py(AY) (Preliminary) - op collisions

¢+ B factories, e’e”, s = 10.5 GeV
+ LEP, ee”, \s=m,

e HERA, ep, DIS

o HERA, ep, PHP

y

" o
1’??*%

1 e New charm baryon and meson measurements down to very low pT

i all ground states of charm hadrons measured with high precision

A significance deviation from ete-, ep f.—>Hc
measurements observed in pp collisions

- v larger baryon-to-meson ratios wrt to pp at low momenta
. Vv strong pt dependence
. YV different fragmentation fractions

_ ¥

'’

Fragmentation of charm quark is not a universal process

DY DY A!

C.Terrevoli - Experimental results on HF

o — among different collision systems:
= hadronic environment in pp collisions plays a role!
—0
—C Fragmentation functions universality violated already in pp collisions
Multiple parton interactions in pp build a system rich of quarks or gluons,
dense enough to alter hadronisation w.r.t. e+e
QM2022 - 09/04/22 Krakow 31
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<~ Hadronisation: beauty baryons/meson in small systems
LA S N B e S e (B. Audurier 7Apr)

= 1 g ALICGE Preliminary ly| < 0.5 - 04— R D e
£ [ pp,\s=13TeV : : :
O 16 _ 0.35F LHCb =
o r FONLL + PYTHIA8 Decayer - .
5 145 [11(0-AY BRI ALX 4 g 03 ls=13 TeV -
c B LHCb’ b N PYTHIA 8 i o .
~ 1of A b—>A BR(%beAC+ b E § 025 =
+ o & + n = E
< -fb—>A L BRHSA), e 1 g, :
o 1.0 — -
- . e =
= e I U o — :
e i New . 0.1 S o
s 00 E 0.05 E
- B . . -
0.4F = :
: —= e ———1 0 2 s
0, e i ettty
: | | | | | L] Py(H,) [GeV]

o

2 4 6 8 10 12
P (GeV/c)

Fragmentation of beauty: first measurements of non-prompt Ac: over non-prompt D? in pp and p-Pb
collisions:
e FONLL + Pythia 8 and fragmentation fraction f;—>/A, measured by LHCD (phys. Rev. D 100, 031102(R))
- predictions with .—>A, measured at ete- underestimate data
e suggest similar trend vs pras for prompt Ac/DO: hint of larger enhancement at low pr @

* similar pr shape as measured by LHCD for Aw/B beauty fragmentation fractions for baryons
e caveats: different pr for non-prompt Ac and Ap different wrt to ete- measurements
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.031102

Bl Charm baryon/meson: from small to Iarge systems

o I I ||||||| I ||||||| I ||||||| I F ] B | | ||||||| | | |||||||
- 2—AL|CE yl <054 F _
< - .8:— e pp, Is=13 TeV — stat. - SHMc —; :_ _:
1 6 Y Pp, Vs =5.02 TeV syst. J Catania 1 L -
. A p-Pb,\s,, =5.02TeV extr. = TAMU A b L. Vermunt’_ 7 Apr
AL u Pb-Pb, s, =5.02 TeV Y total PYTHIAS 1 | 1 L. Dello Stritto, 7Apr
1.2 0 Au-Au, \s, = 200 GeV —Monash — T -
12_ STAR, PRL 124 (2020) 172301 —CR-BLC2] T .
0.8- B i1 5 i :
06:_ 8 H 5 o3 _: _— E _
- X ¢ 171 o] -
04k ® " ®n E ERTE :
0.2 T )
: | | llllll.l_ l_l_lllllll | | lllllll | | l: B l l l |||||| ] ] ] |||||| ] ] ] |||||| ] ] |_
10 107 10° 10 10° 10°
(AN /dn)ic05 ; (AN, /dm), 205

Reproduced by fragm+recomb and SHM predictions (including new charm-baryon states for the latter)

Few models available in small systems to investigate HF production/hadronisation
vs multiplicity: further theoretical developments also required «

—> pr-integrated yields for pr> 0 crucial measurements
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<L Hadronisation: beauty non-strange and strange mesons

M PbPb 5.02 TeV (1.7 nb” S K 5
Ogc S bPb 5.0 e (17nb) e 3.5-_I I I I I I I I I I I I_-
Centrality 0-90% o | -
08 o 15 <yl<24 5 3.0F ALICE :
ey 2{1 ' S [ Pb—Pb, Sy = 5.02 TeV
0.7 PbPb: TAMU y=s S 2 5[ y<05  Data i
O . . c "~ g0-10% 0-10% S
= 0.6 —PbPb: Langevin (Centrality 0-80%) _ . ~ - hil ¢ 30-50% 30-50%
o e 0p: LHCb 7 TeV hadronization of beauty o= 2.0F =
E 0.5 PRL 119, 152301 quarks in pp and Pb-Pb: — . ALICE-PUBLIC-2022-010
>0.4 Phys. Lett. B 796 (2019) 168 need precise measurements | {15 (B _ -
gm '5_ - Biil i i
o' 0.3 E 1.0F = :
0.2 T. Sheng, 7 Apr S M :
X.Peng 7Apr S 0.5F N =
0.1 global uncertainty: + 8.0% e Co ‘ipe“ Imarklers': ffe"l"ap'lrefe:e”cﬁ u
0 < 2 46 81012141618202224
5 10 15 20 25 30 35 40 45 50 p_ (GeV/c)
p. (GeVrc) !
BOs/B+: suggestion for increased Bs Non-prompt D% and non-prompt Ds in Pb-Pb collisions
yield relative to B+ * Hint for increased non-prompt Ds vyield relative to non-prompt DO

®* Non-prompt Ds originating 50% from Bs decays and 50% from
B?and B+ decays

models that include parton recombination predict an enhancement of yield ratios at low momentum
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Qe Strange charm and beauty mesons vs multiplicity

‘e ’7.’7’)
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+ Tension between data and theory predictions at high pr.

¢+ Additional effect required?
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oo ATLAS:SeeQHu7Apr|  beauty vs charm quark in QGP
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beauty/charm Raa ratio: via non-prompt/prompt D or leptons from semi-leptonic decays of charm and beauty:
- Smaller beauty suppression: for pr>4 GeV/c (D mesons) and pr> 10 GeV/c (HF leptons): beauty quark lose less
energy than charm quark in the QGP due to the large mass
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Heavy flavor v, from CMS

CMS preliminary PbPb 1.6 nb™ (5.02 TeV)
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Non prompt DO - . 4 Nonprompt D°, PAS-HIN-21-003 _
o - * lyl <1, Cent. 10-30% -
CMS—PAS-HIN-21-003 > 0.1 = ~
—w 1 n | |
Prompt J /Y 0.05F SR AL I C 1 |-
CMS—-PAS—-HIN-21-008 - l ! + * 4
] S E— e e B —
Nonprompt J /¢ —L— + = -
CMS-PAS-HIN-21-008 - -
-0.05 — | ]
Y(1S) 1 10
CMS-PAS-HIN-21-008 pT (GeV/C)
Milan Stojanovic, QM 2022 22
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Statistical hadronisation of charm

DO+—O D++D— D*++D*— D;+D; A;'FK; J/\VXSO

SHMc (charm quarks fully thermalised | 1, 2 , 2 , 2 , 2 , 2 ,
in the QGP) S F 5 i ALICE midrapidity 0-10% Pb—Pb, {S = 5.02 TeV -
— Distributed into hadrons at phase °© 10 5 5 GSl-Heidelberg SHMc, JHEP 07 (2021) 035 -
boundary according to thermal oF ; ; T =156.5 MeV{(LF constrained) _
wei htS — —— | | V = 4997 fm” (LF constrained) —
. - + i E do _J/dy = 579 + 87 pb (normalised to D°, PDG) ~
61— : : do ,/dy = 680 pb (normalised to D°, enh. c-baryons) | —
Measured yields of open-charm mesons ,[ 1 -
compatible with SHMc " e pompt | D | ; AN -
—  { inclusive ! \ : \ ; —
2 data sys : ' = | ' L
Measured yield of A underestimated - e 5 5 5 5 -
— Described in case of an enhanced 3 - H A S S A =
charm-baryon resonance spectrum = 15—~ R RREREEETEEE RS oo e ERRRRCEEE RRSREEEERES —
g 0 . ™ g 1 feeee CT e - T e
5 —AE—---mee- L TR S SRR LR Lo - A =
o — | : I I I I —
5—2: ----------- LRy s it e e e s —

1 sanile \Varmaiint | Nurarlse Rlatéar 2N292 | ﬂ7lﬂﬁl')n')‘)l
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Charm-quark transport models: ingredients

Collisional Radiative
en. loss en. loss Coalescence Hydro nPDF
TAMU X
LIDO
PHSD X
DAB-MOD X
Catania X
MC@sHQ+EPOS
LBT
POWLANG+HTL X

But more importantly: different implementations and input parameters.

30

Luuk Vermunt | Quark Matter 2022 | 07/04/2022
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é 12_ et vttt _ é 12_ L L _
oC - D mesons Pb-Pb, \s\\ = 5.02 TeV 0-10% - o - Pions 0-10% -
] | - e -
ALICE . - ZZ CUJET 3.1 ALICE _
0.8 = Average D°, D*, D*" 0.8~ DREENA-A e Pions ~
- SCET,, . o Charged hadrons -
0.6 0.6 | -
0.2:— ............. = —:
0' N T B PR B B L1

10 20 30 40 50 50

P, (GeV/c) . (GeV/c)

Perturbative QCD calculations describe reasonably well the measured Rp,, “confirming”
 the quadratic path length dependence of radiative energy loss;
 the expected mass dependence due to the dead-cone effect.

Collisional Radiative
en. loss en. loss Coalescence Hydro nPDF
CUJET 3.1 X
— — — opacity expansion model
DREENA-A X X
X X soft-collinear effective theory
IHEP 01 (2022) 174 Luuk Vermunt | Quark Matter 2022 | 07/04/2022
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Quarkonia suppression in the QGP: Raa

A% <TAA> dapp/ dp T

HIN-21-007 1 1
PbPb 1.6 nb™, pp 300 pb™ (5.02 TeV)
i | L I L | L | I L L I | | | I | L j
127 <24 CNMS -
_ Cent. 0-90 % Preliminary _
e =
i —e— Y(1S) (2015 PbPb/pp) -
0.8|— .
< | —=— Y(2S) ]
OC 06 —
- —a=— Y(3S) -
0.4f ; §1 ¢ ¢ ¢ -
! :
0.2|— _
i x [n ﬁ—i 0 l : _
Oh | ? | ; | I*I | : | | T | | i | | | | | | | | | I | | | |
0 5 10 15 20 25 30
P, (GeV/c)

C.Terrevoli - Experimental results on HF

Probing the sequential suppression

2
450 MeV |- | Y(1S)
[ %(1P)
240 mev (Bl T/w(1S
200 MeV %(1P)

Bottomonium: First Y(3S) measurement in Pb-Pb

e very clear ordering of Raa: ordering like sequential melting picture

* no significant pr dependence of Raa

(35)
RAA

. 28
Ry 5™

&

0.5

QM2022 - 09/04/22 Krakow

1.5 —
1.4 |
13
1.2
1.1 F

- PbPb @5.02TeVlyl<24

—e— CMS Y(1S)
—=— CMS Y(2S) -
—a— CMS Y(3S) -

S5 Y(1S)

Thur 9:40 AMS. Lee
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https://arxiv.org/pdf/1706.08670.pdf

N+c/D9 vs A/KOs: heavy-flavour vs light-flavour yield ratios

-3.7<n<-1.7and 2.8 <n<>5.1

O SR I = :
L 0.8 = op, \/E — 13 TeV N, multiplicity classes T Pyon Multiplicity classes E
S ¥l <0.5 (dNer/dr): + (dN . /dn): -
8 0.7 | —&= 31 Ar /D —+ —l— 4.4 At/ DP 3
1 2 : ——378 T I E
D E 00 Elm ik : .
I n —=- 3.8 (A +A)/(2 KO) T —=— 4.6 (A+R)/(2 KO) E
O 0.5 X : :
mult += E [ 32.5 T Hi o :
- - T I E
S 0.31 E:FF E mult mult
M 0.2k i _;

0.1F =
: | I | | | | I | | | | I | | | | I | | | | I | | | | I | | | | I | | | |

5 10 15 T R 10 15 20
p. (GeV/c) p. (GeV/c)

Similar trend of baryon-to-meson yield ratios as in the heavy-flavour and

light-flavour sector, both in MB pp collisions and in different charged-particle

multiplicity intervals:

e Similar shift of the peak toward higher momentum, with increasing
multiplicty? —> potential common mechanisms for LF and HF baryons
formation
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mult

*/D°

D

Al /D’

0.5

0.4

0.3

0.2

0.1

0.8
0.7
0.6

0.5
0.4

0.3
0.2
0.1

D.s/D%vs multiplicity

L L N L L T L L L
— ALICE T
" pp, Is=13TeV N, multiplicity classes 1 Pvon Multiplicity classes

—o— 6.9, INEL>0 . —o— 6.9, INEL>0

- 3.1 1N —a— 4.4

-a— 10.5 T —a— 13.8

g 22.6 + —— 31.5

o —— 37.8 1

H

—O1

E

-

llllIllllIllllIllllIllllIllllIllllIllllIllll L1 1 1 I L1 11

lllllllllllllllllllIllllIllllIlIllIllllIllll L1 11 I L1 1 1 | | I I | I | I I | I L1 1 1 I |

15 20
P, (GeV/c)

5 10 15 20
P, (GeV/c)

I

mult mult

-3.7<n<-1.7and 2.8 <n<>5.1
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Sl Charm baryon/meson: from small to large systems

| I I 1 I I I I | 1 | I I | 1 I I | | | I | I 1 | I I | | 1 I I I | | I I I

1 I ] ” N
o ] - |
O - ALICE ‘ 1 N\ Y.ChenandM.He  PYTHIA8.243
::J i pp: E = ] 3 Tev: lyl < 05 :: 3 ; CE-SH model - MMonash
< 08F N, multiplicity classes 77 CR-BLC Mode 0
' (dN/dm): ALICE; PYTHIA; SHmodel T e CR-BLC Mode 2
o 3.1; 2.9; 3.1 T | CR-BLC Mode 3

—— 378 406  37.8 i E_
0N

] l 1 1 1 I I 1 I ] 1 | | | ] | I

Described by:
* Pythia with CR Beyond Leading Color (junctions to &

enhance bar.yon forr.na:[ic?n) JHEP 08 (2015) 003 | Collective effects in high-multiplicity 6p and pPb collisions, significant
* SH model with Multiplicity dependence derived from spectra modification in high-multiplicity pp collisions!

reduced volume size towards smaller multiplicity. What is the origin of these observations in high-multiplicity small
system?

Phys.Lett.B 815(2021) 136144
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https://arxiv.org/abs/1505.01681
https://www.sciencedirect.com/science/article/pii/S0370269321000848?via=ihub

Rl Total charm production cross section: pp, Pb-Pb

charm vs Vs

]llllll | | lllllll | | l]lllll

- —g

e New charm baryon and meson . ALICE + g 8
measurements down to very low pT 10 s PHENIX
all ground states of charm hadrons
measured with high precision ¢ STAR

| IIIIIII
L

total charm cross section including all

measured charm hadron ground states

* 40% higher including charm-baryon
measurements

do/dy| . (ub)
3

I lllllll

- FONLL -
10 b NNLO —

:I | | 1L 11 | | | Illlll | | | | lllll :
4x107% 107 '2x10™" 1 2 34 10

(s (TeV)
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Qi b-jet Raa

Study in-medium color/mass dependent energy loss and modification of internal jet sub-structure with heavy-flavour jets

lllllIIllIllllll]llllllllllllllllllllllllllll

< _ -
< 4 ATLAS _ 2.5 N
14 = LIDO model b-jets
C ~ Pb+Pb 2018, 1.4(1.7) nb” EILIDO model lightets - CMS Preliminary
- pp 2017,260 pb™ = caeta. o7jels - |
19 - anti k R_00 jetS |}/| <D 1 Dai et al. inclusive jets - ’ I 1 b (rb:bbg/:/(.ppl)
" (s = 5-02 TeV, Centrality 0-20% - & “F TR PAS-HIN-20-003
18 ~ = .
- - Q
08l = "o 1.5 = S. T. Araya (7Apr, 16:50)
E - & 5 X. Wang (6Apr 3:20)
= = b L. C. Mendez 8 Apr
0.6 - = 1] S A o
0.4F - 0-10%
- ® |bH-jets O | inclusive jets ~ 0.5
80 100 120 140 160 180 200 220 240 260 280 C ‘0'2' 04 10161 ‘ 10181 K
. . . GeV ' ' ' '
Measured b-jet Raa in 0-20% Pb-Pb collisions, P [GeV] Ar
compared to inclusive jets /a0 |Enhancement/depletion of constituent hadrons of

w5~ |Jets as a function of the distance. b-jet: broader in
“ 50 P7 |Pb-Pb than in pp. Relative modification of b jets
“\y.: |is slightly stronger than that of inclusive jets

- |(redistribution of the beauty mesons with respect
to the jet axis)
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in central Pb+PDb, b-jets are less
suppressed than inclusive jets

e



W= Open heavy flavour energy loss: colour-charge and quark-mass dependence

< 2.2 :l 1 I | I 1 I | 1 l 1 1 I 1 I | 1 I I I 1 I | 1 I 1 1 I 1 I I 1 1 I I 1 I 1 l:
U:< o ALICE Preliminary b = T. Sheng., 7Apr
, gE_ Non-prompt Jiy, Pb-Pb, {51 = 5.02 TeV, 0-10% = J.A.Saetre 7Apr
‘OFE"  m  ALICE, J/w — e'e, |y| <0.9 3 L. Vermunt 7Apr

165 x* CMS,Jiy — p*w, ly| < 2.4 (EPJC 78 (2018) 509) =

aEL o ATLAS Jiy - ww’ Iyl < 2.0 (EPJC 78 (2018) 762) =

= % ALICE Non-prompt D°, 0-10%, D° = K ", ly| < 0.5 (arXiv:2202.00815) —

1.2 - e CMS prompt B+ Phys. Rev. Lett. 119, 152301 (2017) =

T T T Diordjevie M etal =

0.8 =TT CUJET (Shuzhe Shi et al.) =

C Mo -

0.6 i \ -

0.4 =

- *

0.2 =

O :l 1 1 1 l 1 1 | 1 l 1 1 L1l l | 1 1 1 l 1 1 | 1 l 1 1 Ll l 1 1 1 1 l 1 1 1 l:

0 5 10 15 20 25 30 35 40

precise measurements of full decay

topology of beauty hadrons ’l

Access to the low-pr region for charm and beauty hadron Raa through the measurement of prompt D
and non-prompt, D9, J/ys and leptons from beauty hadron decays. B+ measured for pr>7 GeV/c

= caveat: different kinematics —> different B prinvestigated
C.Terrevoli - Experimental results on HF QM2022 - 09/04/22 Krakow 4
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https://indico.cern.ch/event/895086/contributions/4720572/

Q/I QUAQK MATTER

’20’2?

B B*c

5.02 TeV PbPb (0.37-1.6 nb™) + pp (27-302 pb™)

Nuclear Modification Factor

3 CMS 2015, centrality 0-100%
i Preliminary prompt JI\U v 18 <2|3;|. <24
| | y| < 2.
290 1 w(2S) x|yl <16
- Y(1 S) B y| < 2.4
2 Y(2S) a |y <24
- 5 2017-18, centrality 0-90%
§ - ’ B’ ® 13<|y|<23
Y 1.5 - o
- (visiblekin.) o |y|<2.3
15" """"""""""""""""""" o
: ° o
0.5~ * | LI f
;Iﬁﬂu:#* x x ¥
I+II|II*II* *Illl*llﬁlII+IIII|IIII|IIII|IIII|IIII
%5710 15 20 25 30 35 40 45 50
p_ [GeV]
>MS-PAS-HIN-20-004 T

arxiv.2201.02659

C.Terrevoli - Experimental results on HF

See T. Sheng 7Apr

Special “onium” state : First B+c measurement in Pb-Pb

State ~ J/p  W(25) B Y(1S) Y(25) Y(35) |[B. binding
Mass (GeV) 3.10 3.68 6.27 9.46 10.02 10.36 ||energy between
AE(GeV) 0.64 005 087 110 054 0.20 ||JyandY(S):

bridges the gap between charmonia and bottomonia.

* Production in single hard scattering: strongly disfavoured
e B¢ production in pp smaller than other quarkonia states
e Could be enhanced by the combination of beauty quarks with
the charm quarks
=) additional insights into the recombina%on mechanism.
Investigating effects on QGP on
heavy-quark bound states: more

precision data with Run3+4

QM2022 - 09/04/22 Krakow 14


https://arxiv.org/abs/2201.02659
https://indico.cern.ch/event/895086/contributions/4720572/

Sl Constraint to QGP: diffusion coefficient

measurements down to low-pr: production yields and angular distributions
sensmve to the diffusion and possible thermalization of charm quark in medium.

Flllllllllllll'llll I §‘llllllllllllllllllllllllllllllllllll

;0-3; ALICE Preliminary y| < 0.8- - ALICE y|<0.5]

= [ 30-50% Pb-Pb, \s,, =5.02 TeV ] 0-10% Pb-Pb, ys,, = 5.02 TeV : Q‘n T T ] -
ffo,gl e  Non-prompt D _ 15 e Non-prompt D° (arXiv: 2202.00815) i |E 20 L:t[t;;:gjo B
2 Syst. from data ] Syst. from data - N e Baneriee ot al. :
N s Kaczmarek et al. i

15

O

—
T rrT1
|

|

|

[ =
11 - P 1 —_————— - i
i -.’n-‘- T:u ﬁ—-— lvl’:"}' 'r:ﬁ‘-‘--—-—' = 7 -IE ) B
L= - I ] -
0"___________.. i l 10_
: i 0.5["" 3 I O T X i
-y, ".-n- l‘_‘-”_.’_‘__ ------ -
[ e Langevin, 2rnTD, =3 i I *ﬁ-‘-ﬁ-- ----- I"' . : -
L BT Langevin, 2T D, = 4 - - # - >
..- | l I I | l | 1 I l | 1 1 l 1 4 | l 1 1 1 l 1- -l 1 I | - l 4 1 1 1 l 1 1 1 I | l 1 1 11 l 4.1 1 1 l | l- :
2 4 6 8 10 12 5 10 15 20 25 30 35 -
p_(GeV/c) p_(GeV/c) 0
Non-prompt DO Rap and vo simultaneously Compared with XD, Y-J Lee & R. Rapp, Ann. Rev. Nucl & Part. Sci. 69 (2019) 417

different Langevin configurations for 2z T Ds

Langevin: S.Q Li et al., EPJC 81 (2021) 11, 1035

&
More precise data measurements will provide important constraint to beauty spatial diffusion coefficient*
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G fraction of J/psi from beauty hadron decays in pPb collisions at 8.16 TeV in pPb collisions

"0 207272

_Q 1 - ! l ) L) ) ) ) ) ) | l ) ) -

S - - EB~ ()j4 T T T T I T T T T | T T T ]
0.9 F-®ALICE p-Pb |s,, =8.16 TeV, -1.37 < Yy < 0.43 (Preliminary) — L - -
0.8 E.OALICE p-Pb {5 =5.02TeV, 137 <y, <0.43 (Preliminary) S 0.35F Bl 32 : ) 2 ig —
= ¢ ATLAS p-Pb {5, = 5.02 TeV, 0 < y,, <194 (PRC 92, 034904) - g-‘ 03E L 3'0 < i < 3’5 * .
0-7E") ATLAS p-Pb {5 =5.02TeV, -1.94 < y <0 (PRC 92, 034904) = s F 35 <y <40 -
0.6 = w = S 025F DY R | -
e = —— 3 g-* - —+—4.0<y<4.5 ; f n
0.5 :_ —+_ —: O 0 2 —_ | v ™
= —— E S TF —+—_* 1 E
(L4 e ) C> - __+_{:*:: * I -
- :’$_ - 0 . 1 5 - _’__‘_.:_t__*_ | .
0.3 :_ —:?:C:}_ _: g - ——A— | : | -
s . - = 0.1F ==+ | -
0.2 - 3 E ) = LHCb ;
= —c—_+_¢,7 : = S 005sE=" " =
0.1 E " F (s =5TeV,9.1pb™ 3
0 :1 | 1 1 1 1 PR T T T | 1 1 B () I\ ! 1 1 l 1 1 1 L l 1 1 1 -

1 10 0 5 10
p, (GeV/c) pr [GeV/c]

ALI-PREL-366813
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Ly Energy loss in the QGP: Open HF Raa

&

1.8 | ALICE Pb-Pb, 0-10% | | STAR Au-Au, 0-10%
Prompt D, |y| < 0.5

Sy = 5.02 TeV

o (S =276 TeV

5 10 15 20 25 30 35 40 45 50
P (GeV/c)

JHEP 01 (2022) 174

C.Terrevoli - Experimental results on HF

See T. Sheng 7Apr

Different QGP density/size/lifetime with energy? hint of smaller Raa from
STAR for pr<2 GeV/c and larger for pr> 4 GeV/c

dependence with collision energy of the pr distribution of charm, initial/final
state effects and medium properties = more precision neede to draw
conclusions

Medium modification of J/Y studied via Raa in isobar and
Au+Au 54.4 GeV, new baseline measurement of Rpa

' ""I""I""I""I""l""I""I""I""_
Au+Au@544GeVp>02GeV/c e'e, |y|<1.0 ]

Ru+Ru&Zr+Zr@200 GeV p.> 0.2 GeV/lc, e'e, |y|<1.0 J/ll’
p+Au@200 GeV, P, >0 GeV/c uu-, |y |<0.5, PLB2022
p+Au@200 GeV, P, >5 GeVlc, e'e, |y|<1.0
Au+Au@200 GeV, P, >0.15 GeV/c, pu-, |y |<0.5, PLB2019
Pb+Pb@2.76 TeV, P, >0 GeV/c, e'e™, |y |<0.8, ALICE, PLB2014

- Pb+Pb@5.02 TeV, P, >0.15 GeV/c, e'e™, |y |<0.9, ALICE, NPA2021

1 Global uncertamty
Tk I'
i
1 ﬂ U

r~
hd

"t STAR Preliminary

- —
L l A L A A l A A A " l llllllll l llllllll l llllllllllll

0 50 100 150 200 250 300 350 400 450

Clear indications of J/ suppression at RHIC that scales with Npart
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https://indico.cern.ch/event/895086/contributions/4720572/
https://link.springer.com/content/pdf/10.1007/JHEP01(2022)174.pdf
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= Gollectivity in small systems? v2 in high multiplicity collisions <

>(\10.15_'"'I""I""I""I""I‘.""I""_ _""I""lp-Pbl"'rlrrur].,,]l_ ?MS — p-PblpF’bIBJIGTIeV
-~ ATLAS | 0.2 [~ ALICE ® (cb)—e, |n<08, JAn<1.2 ] : B Prompt J/;l’ L] Ks 185 < |\|fr';“”e <250
- pp Vs=13 TeV - _ pPb, s =5.02TeV Charg. part., [7| <0.8,0.8 <|An| <1.6 02_0 Prompt D O A B
0 1__ rec ] ~ (0-20%) - (60-100%) 0 u,p-going-4<n<-2515<|An <5 i L O O _
AT NG>60 ST T * - 0.15 [~ % p, Pb-going -4 <7 <-251.5<|An] <5 — i O 5 )
: .ll F . - —o— _ o : 9 ] O :
l. i S\ B N D
0.05[- - #‘ 1 o~ 01 o} = 3>N 0.1 DQ ¢+ ° 8 —
C : : & : - E _
i * - i , - i . e -
: b3 R = carem : _ ++ ¢
O = Charged hadron — 0.05 __@% . o= 1 B i i
- e C—U % . [ £ & i 0.0 —
- o b - [ _ i :
_0'05_....1._.4.1.1....1....1.l..l....l..l.ll.l.— 0‘,, T R B B B | I Y P B *
0 1 2 3 4 5 6 7/ 8 1 2 3 4 5 6 0 e 4 6 8
P [GeV] p_ (GeV/c) p_ (GeV)
PRL 124 (2020) 082301

Phys. Rev. Lett. 122, 072301 PRL 121(2018)082301, PLB 791 101016

- Positive v» of heavy-flavor decay muons and , D mesons and J/y in high-multiplicity pp and p-Pb collisions from

experiments at LHC (also at RHIC in d-Au collisions):
- Smaller v of HF-hadrons wrt charge particles, similar vz for D mesons and J/y (open vs hidden hf hadrons): weaker collective

motion for charm quarks, as compared to that of the bulk medium
- initial-state effects or final-state? in Pb—Pb: recombination of charm quarks thermalized in the medium for pr< 3-4 GeV/c.
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.124.082301
http://www.apple.com/it/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.072301
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Collectivity in small systems? v2 in high multiplicity collisions <

IIIIIIIIIIIIIIIIIIIIIIII - cMS - pPb 8.16TeV
>N 0.1 5_ | | | | L _l LI S S I B R R T T T [ T T T T [ T T T |_ = 1 T T [ T T T |0 L | ’ L
} i 0.2 I~ ALFI,gE CeopTey © D)o lnl<08 Ani<12 = ~ B Prompt J/;l’ O Ks 185 <N°}'"™ <250
- — N ’VS_NN_ 5.02 Te O Charg. part., |n| <0.8,0.8<|An| < 1.6 - 0.2 o Prompt D O A L
0 1"_ . ~ (0-20%) - (60-100%) ¢ u,p-going-4<n<-2515<|An <5 i L O O -
"L N 0.15 — £ u, Pb-going-4<n<-25,15<|An <5 ] i O 0 _
i . - e - I 8 O i
i . - B ﬂ——@— 18 - O T
0.05 7 X ot o} » <?>>N 0.1 DQ ¢+D ° 8 —
- ; i ot g ) - _Ho | E ® i
; : - : _ o . _
O~ =« Charged hadron ~ 0.05 = % - =h= 4 E - ;
- o CoU # . I £ i ] 0.0 —
- o b-wnu - __ _ i + ]
_0-05_....1....1....1....1....1....1.1..1.1_ or L, | A T B S _— : : L1
o 1 2 3 4 5 6 7 8 1 > 3 A 5 5 0 2 4 o 6 8
PRL 124 (2020) 082301 Pr [GeV] Py (GeVic) S
PRL 124 (2020) 082301
Phys. Rev. Lett, 122, 072301 PRL 121(2018)082301, PLB 791 101016
0.2

 pPb @ 8.16 TeV mid-rapidity high-multiplicity

—a— ALICE J/V¥ -4.46<y<-2.96
—e— ALICE J/¥ 2.03<y<3.53
—e— CMS J/¥

e JY

771 ¥(2S)

Du, Rapp High Energ. Phys. (2019) 2019

final-state effects, from the formation of an expanding medium:
large v. observed in p-Pb collisions at the LHC is unlikelyto be
due to the final-state collectivity of the fireball alone.
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Hadronisation: baryon-to-meson

OD ' o | | | | | | | | | | | | | | —
5 [ LHCD PbPb (o = 5.02 TeV LHCb prehmmary_ a [ | | 7 Npart (Pb) =
A "~ t 2<y<45<N_>=15754+10.01 g < = _
: Uncorr. uncen : B PP, Vs =5.02 TeV, |y| < 0.5 a
0.8} Global uncert. 5.16 % - = - — . .
o LHCb pPb@5.02TeV - 2.5 < |y| < 4 | . i ©  ALICE Preliminary | iIncreasing trend of
"+ LHCb Pbp@5.02TeV -2.5<|y| <4 @ i 0.8— e  ALICE (PRL 127 (2021) 202301) — the A+:./DO at
0.6 _— ~. __ : ) p—Pb, \s\\ = 5.02 TeV, -0.96 < y < 0.04 : Intermedlate p.l. from
: | : . 6—_ +_ O ALICE Preliminary —— pp, to semi_central
0.4 — i -1: " : | — L i HH o ALICE (PRL 127 (2021) 202301) and most central
- —— = B - IR NIRRT ] Pb-Pb events
0.2 —F s - 0.4Ht ||} —
i -;H I 1
— D= _rnr-II_ I” —]
0 ] | | | 1] el % _
2 4 6 8 0.2— —
P |GeV/c] - # =
‘LHCb: enter the games with Pb-Pb measurements! ol .« 1« v Lo Lol
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P (GeV/c)
‘centrality 65-90% Pb-Pb \

Is there a transition of the hadronization mechanisms with multiplicity across differen
systems? the same formalisms describe results from small to large systems?

g
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¢.:-pr-integrated nuclear modification factor: from p-Pb to Pb-Pb&)
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DO Raa measured down to pr= 0: investigating if there is a modification of total yields in different systems

JHEP 01 (2022) 174
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0-Pb, 0-100%
-0.96 < y < 0.04

Pb—Pb, 30-50%
ly| < 0.5
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Pb—Pb, 0-10%
y| <0.5

QM2022 - 09/04/22 Krakow

pr-integrated D92 Raa < 1 in Pb-Pb collisions and Raa < Rppb
= nuclear shadowing effect reduces charm production in Pb-
Pb and in p-Pb
= Rypp close to unity = small shadowing effect
= comparison with pQCD including only initial-state
effects with two different nPDF


https://link.springer.com/content/pdf/10.1007/JHEP01(2022)174.pdf

- pr-integrated nuclear modification factor: from p-Pb to Pb-Pb&}

DO Raa measured down to pr= 0: investigating if there is a modification of total yields in different systems

JHEP 01 (2022) 174

5 F | 3 0 : _ i
5 .4 D”meson o ALICE 4 pr-integrated D% Raa < 1 in Pb-Pb collisions and Raa < Rppb
S | (s =5.02TeV " ]EPPS16, 90% CL _ = possible enhancement of Ds, /A\c due to recombination
g 12 NCTEQTS e 0% CL - — could decrease the fraction of D% in Pb-Pb collisions
"§ B _
e 1T 7
g [ :
3 0.8~ —
=
Z T _
0.6 -
0.4— —
0.21— —
- - crucial to measure HF hadron
0 | | NG
roduction down to O for more charm
p—Pb, 0-100% Pb-Pb, 30-50% Pb-Pb, 0-10% @ o P
-0.96 < y < 0.04 y| < 0.5 y| < 0.5 hadrons

FPPS16, EPJC 77 (2017) 163, NnCTEQ15mtr, PRD 104 (2021) 014010
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AF-t0-DO ratio in peripheral PbPb collisions

LHCB-PAPER-2021-046

First A'-to-D9 production ratio measured in peripheral PbPb collisions at forward rapidity.

A N ™ ' T T 1 - A i ' T ' ' ' ' I i A B T ' ‘ ' l i
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C {of t 2<y<45 <N >=1575+10.01 & i ] Uncorr. uncert’ _ C i £y <t <o _
) - Uncorr. uncert. i ~ Global uncert. 5.16 % 7 B [ Global .uncert 5 16 % -
i Global uncert. 5.16 % H o 038 - ¢  ALICE pPb@5TeV - 0.8 I + ALICE ppb@s.n;v ) B
- ¢ STAR AuAu@200GeV : - l ¢ ALICE pp@7TeV i -] + ALICE pp@7TeV i
o8- : o - 0.6F | -
- Preliminary . i B i : - { -
060 - 04 L . - 04 L —
- : 4 : | By
0.2f g - 0.2}~ - 02 o .
T . - Preliminary - - reliminaty T -
01 ] L _ 0_. . . . | . . . . | L O_ | . . . | . . . | |
2 5 10 0 2 4
10 10 N> p. [GeV/c! y
: : . o Similar prtrend between ALICE and e Difference between LHCb and ALICE
 Most central point compatible : iHC‘s fp THE ) l();e v ee (Ea dat i
. : T > . ala versus rapiaitcy.
with STAR measurements. Or pr eV/c pidity

* Rising trend ?
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Phys. Rev. Lett. 124, 172301 (2020) p_ (GeV/c)
PLB 803 (2020) 135328
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2 ¥ <05 30-50% Pb-PbI{s=502TeV pp
5 T ALICE, arXiv:2112.08156 —— SHMe + FastReso + corona
“ Catania
I 77/ TAMU

1 1O,OT (GeV/c) 1

e Hint of enhanced A*/D° in Pb—Pb compared to pp collisions for 4<p;<8 GeV/c
e nterplay of radial flow and hadronisation via coalescence

e Described by models with charm hadronisation via fragmentation+coalescence, slightly underestimated by SHMc

TAMU: PRL 124, 042301 (2020) CATANIA: EPJC, 78 4 (2018) 348
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s Quarkonia suppression/regeneration in the QGP: Raa

‘@ Raa="773 do /dpy
<{

] 1 L ] 1 1 T ] I L 1 1 L] [ ;| 1 1 L

S [ I
c | ALICE Preliminary i
5 Pb-Pb s, = 5.02 TeV i
! Inclusive J/y lyl < 0.9 25< y<4 il
I ® Data 0-10% * Data 0-20% I
| TAMU TAMU )\ Models implementing charmonium regeneration, either at
B SHM SHM | the freeze-out (SHM) or during the
1 H ______________________________________ — fireball lifetime (transport models), in agreement to data:
:m' i = |arge model uncertainties prevent conclusions
ﬁ-ﬂ-—a—ﬂ'ﬂ_ '
A - ¢
. * . ‘* -
- — e . Precise measurement of total charmcross section needed
PN VY T T Bk e, it e it i s e sttt et Y S WY RN |
. 0 S 10 15 20
P, (GeV/c)

® quarkonia Raa:
* Debye-like screening of qq in QGP
* sequential suppression
recombination of charmonium: enhanced at hadronization of in QGP (dominant at low pr)
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s Quarkonia suppression/regeneration in the QGP: Raa

‘ R _ 1 dNAA/de . = - . _ i i T 1/(!")
@ M= T do /dpr Probing the sequential suppression and possible recombination in the QGP
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L Precise measurement of total charmcross section needed

TAMU: Nucl.Phys.A 943 (2015) 147-15 o -
quarkonia Raa:

* Debye-like screening of qq in QGP
* sequential suppression
regeneration of charmonium: enhanced at hadronization of in QGP
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s Quarkonia suppression/regeneration in the QGP: Raa
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X. Zhao, R. Rapp, Phys. Rev. C 82 (2010) 064905 (private

communication).

L. Kluberg, Eur. Phys. J. C 43 (2005) 145.

NA5O0 Collaboration, Phys. Lett. B 477 (2000) 28.
ALICE Collaboration, Phys. Lett. B 734 (2014) 314
STAR Collaboration, Phys. Lett. B 771 (2017) 13-20
STAR Collaboration, Phys. Lett. B 797 (2019) 134917
ALICE Collaboration, Nucl. Phys. A 1005 (2021) 121769

* quarkonia Raa:
* Debye-like screening of qg in QGP
* sequential suppression
regeneration of charmonium: enhanced at hadronization of in QGP
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= Positive v» of hadrons with charm observed at RHIC and LHC
- charm quarks largely thermalize in QGP until hadronization
- smaller v> of open-beauty hadrons
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Overview of charm, beauty and charmonium, bottomonium v>

L. Bichon, Apr 7

charmonia: recombining charm quarks, inherit thermalized charm flow
- described by models that implement suppression+recombination
« RHIC: less recombination that at LHC —> vw»(J/y,Au-Au) ~ 0O

0.20 —
Pb + Pb, vs\n= 5.02 TeV, 20-40%, J/y 2.5<y<4
| = ALICE
0.15} inclusive Jiy [W/ SMCs] -
' inclusive J/y [w/o SMCs]
=~ 0.10 F ]
0.05 |
f }L ’
s '
OOO Pl | . 1 N 1 L | . |
0 2 4 6 8 10

pr (GeV)

QM2022 - 09/04/22 Krakow

0.3 &,
S AutAuo JAp + X Sy = 200 Ge
_ o PHENIX Runl4, 1060‘V
— [_] Systematic Uncertainty
0.2
0.1
ol
U u — ¢
0.1
- ‘v_
PHENIX
er D J/l//
- preliminary
_03—lllllllll|llllllllllllllIllllllllllllllllllllllll
0 05 1 15 2 25 3 35 4 45 5
pr [GeV/c]


https://arxiv.org/abs/2111.13528v1

