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Heavy quarks: produced in shorter time scales than 
the quark—gluon plasma formation (QGP)

➡ 𝜏HF ≲ h/m ≈ 0.05-0.1 fm/c depending on pT

➡ 𝜏QGP form (LHC) ≈ 0.3 fm/c

Heavy quarks in the quark—gluon plasma 02
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Low-pT: multiple elastic collisions with the medium constituents

➡ Diffusion motion and possible (partial) thermalisation in the 

medium

High-pT: radiative energy loss (gluon emission)

➡ Study properties of in-medium energy loss


Momentum and angular distributions of HF hadrons

➡ Study interactions of heavy-quarks with the medium

Hadrochemistry: baryons and strange hadrons

➡ Study hadronisation from the medium

Vector meson polarisation: 

➡ Study initial strong magnetic fields

Strong interaction of heavy-flavour hadrons with light hadrons:

➡ Study the impact of hadronic phase on heavy-ion observables


Small systems: heavy-ion like effects

➡ Flow, baryons-to-meson ratio modification

—

PRC 89 (2014) 034906
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Charm hadron production and azimuthal anisotropy

➡ Constrain spatial diffusion coefficient 1.5 < 2𝜋DsTc< 4.5 

corresponding to a charm-quark relaxation time of 3–8 fm/c
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Charm hadron production and azimuthal anisotropy

➡ Constrain spatial diffusion coefficient 1.5 < 2𝜋DsTc< 4.5 

corresponding to a charm-quark relaxation time of 3–8 fm/c
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➡ Constrain spatial diffusion coefficient 1.5 < 2𝜋DsTc< 4.5 
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Charm hadron production and azimuthal anisotropy

➡ Constrain spatial diffusion coefficient 1.5 < 2𝜋DsTc< 4.5 

corresponding to a charm-quark relaxation time of 3–8 fm/c

And many more results: C. Terrevoli - experimental overview on open and hidden heavy-flavour measurements - QM2022
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Study flavour dependence of in-medium energy loss

Charm baryon enhancement in heavy—ion collisions
1 10 )c (GeV/

T
p

0.2

0.4

0.6

0.8

1

1.2

1.4

0
 /
 D

+ c
Λ

pp = 5.02 TeVNNs

SHMc + FastReso + corona

Catania

TAMU

1 10 )c (GeV/
T

p

0.2

0.4

0.6

0.8

1

1.2

1.4

0
 /
 D

+ c
Λ

Pb−50% Pb−30| < 0.5y|

1 10 )c (GeV/
T

p

0.2

0.4

0.6

0.8

1

1.2

1.4

0
 /
 D

+ c
Λ

ALICE Pb−10% Pb−0

ALI−PUB−500251

mailto:fgrosa@cern.ch
https://indico.cern.ch/event/895086/contributions/4615170/attachments/2424446/4150489/QM2022_terrevoli_HQ_9Apr.pdf


F. Grosa (CERN) 
fgrosa@cern.chHeavy-quark interactions in the medium 07


45

space

time

pre
-e
qu
ilib

riu
mQG

P

mixe
d p

has
e

had
ron

 ga
s

free
ze o

ut

c-quark
b-quark

BD

Heavy quarks interact with the QGP exchanging energy and momentum with the medium constituents 

Low-pT

➡ Diffusion of heavy-quarks in the thermal bath

➡ Described via Boltzmann, Fokker-Planck or Langevin 

equations

➡ Possible thermalisation of heavy-quarks in the medium

➡ Participation to collective motions

High-pT

➡ Energy loss of charm and beauty quarks in the medium

➡ Study the colour-charge and quark-mass dependence of the 

in-medium energy loss

➡ Study jet quenching and jet properties
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ALICE, JHEP 01 (2022) 174 STAR, PRC 99 (2019) 34908 STAR Preliminary

RAA of D0 mesons measured in isobar collisions (Zr—Zr and Ru—Ru) 
compatible with that measured in Au—Au collisions and at the LHC

RCP of D0—tagged jets 

➡ not suppressed for small z values (soft 

fragmentation) 

➡ suppressed for large z values (hard 

fragmentation)

STAR Preliminary

Y. Su — Tue 05 Sept

mailto:fgrosa@cern.ch
https://link.springer.com/article/10.1007/JHEP01(2022)174
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.99.034908
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ALICE, PLB 813 (2021) 136054

ATLAS, PLB 807 (2020) 135595

CMS, PLB 816 (2021) 136253

ALICE, arXiv:2307.14084

ALICE, PRL 126 (2021) 162001

ATLAS, PLB 807 (2020) 135595

CMS, arXiv:2212.01636

Positive elliptic flow of open-beauty hadrons

➡ Participation in the collective motions of the system

➡ Lower than the one of charm hadrons for pT < 10 GeV/c

➡ Possible partial thermalisation of beauty quark in the QGP

 M. Stojanovic — Wed 06 SeptR. Singh — Tue 05 Sept
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Positive elliptic flow of open-beauty hadrons

➡ Participation in the collective motions of the system

➡ Lower than the one of charm hadrons for pT < 10 GeV/c

➡ Possible partial thermalisation of beauty quark in the QGP

Measurements described by models based on beauty-quark transport in a 
hydrodynamical expanding QGP that include collisional energy loss and 
hadronisation via coalescence

ALICE, PLB 813 (2021) 136054

ATLAS, PLB 807 (2020) 135595

CMS, PLB 816 (2021) 136253

ALICE, arXiv:2307.14084

ALICE, PRL 126 (2021) 162001

ATLAS, PLB 807 (2020) 135595

CMS, arXiv:2212.01636

ALICE, arXiv:2307.14084

 M. Stojanovic — Wed 06 SeptR. Singh — Tue 05 Sept
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Positive elliptic flow of prompt D0 in p—Pb collisions

Indication of lower elliptic flow of non-prompt D0 also in p—Pb 
collisions

➡ Larger data samples needed to draw firm conclusions

Positive elliptic flow of inclusive muons in p—Pb collisions

➡ In beauty dominated region (pT > 6 GeV/c) v2 close to zero

ALICE,  arXiv:2210.08980

CMS Preliminary, CMS-PAS-HIN-21-001

CMS, PRL 121 (2018) 082301

CMS, PLB 791 (2019) 172

CMS, PRL 121 (2018) 082301

CMS, PLB 813 (2021) 136036
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Studying jet-quenching via azimuthal correlations 12
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Measurements of angular correlations between HF hadrons can be used to study the in-medium energy loss

➡ Goal: search broadening of the away-side peak in the azimuthal correlation due to deflection of energetic quarks in the QGP

No evidence of modification of the away-
side peak width in HF muon correlations 
as a function of centrality

Suppression of yield of high-pT associated particles in the away-side peak indicate 
suppression due to jet quenching

➡ Quantified by the IAA = YAA / Ypp

➡ Similar for light hadrons (gluon initiated jets) and electrons from heavy-flavour 

hadron decays
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R. Singh — Tue 05 Sept A.M. Sickles — Tue 05 Sept
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b-tagged jets less suppressed than inclusive jets in central and mid 
central Pb—Pb collisions

➡ b-quarks loose less energy in the QGP due to the dead cone effect

➡ Models also include colour-charge dependence (quark vs. gluons)

small parton mass large parton mass

Dead cone effect: gluon radiation suppressed at angles 
smaller than 
ϑ < m/E

ATLAS, EPJC (2023) 83:438

 A.M. Sickles — Tue 05 Sept
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1 1 1

Jet shape of b-tagged jets different from the one of inclusive jets

➡ depletion of transverse momenta at small radial distances (Δr) from 

the jet axis compared to inclusive jet shapes already present in pp 
collisions


➡ Enhancement at intermediate-large Δr which increases with centrality

CMS, PLB 844 (2023) 137849

ρ(Δr) =
P(Δr)

∑jets ∑trk∈(Δr<1) ptrk
T

where P(Δr) =
1

Δrb − Δrb

1
Njet ∑

jets
∑

trk∈(Δra,Δra)
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T
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Hadronisation expected to be modified in presence of the colour-deconfined medium

(ii) Recombination/coalescence                               

‣ Partons close in phase 

space can recombine

‣ Enhances baryon-to-meson 

ratio at intermediate pT

(i) Fragmentation Dq→h(zq, Q2)

‣ A fraction of the parton momentum zq is taken by the hadron

‣ Can be modified by energy loss in the QGP
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e+e—

ALICE, arXiv:2211.14032

CMS, arXiv:2307.11186

Strong enhancement of charm baryon-to-meson ratio in pp 
collisions compared to e+e— collisions

➡ Good agreement between ALICE and CMS data

➡ Described by models based on


ALI-PUB-546198

i) Colour 
reconnection 
beyond the leading 
colour


ii) Quark-coalescence

iii) Statistical 

hadronisation 
model (SHM)   with 
augmented set of 
charm-baryon 
excited statesALICE, arXiv:2308.04877

J. Zhu — Wed 06 Sept S. Chandra — Wed 06 Sept

mailto:fgrosa@cern.ch
https://arxiv.org/abs/2211.14032
https://arxiv.org/abs/2307.11186
https://arxiv.org/abs/2308.04877
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e+e—

ALICE, arXiv:2211.14032

CMS, arXiv:2307.11186

ALICE, arXiv:2211.14032

Strong enhancement of charm baryon-to-meson ratio in pp 
collisions compared to e+e— collisions

➡ Good agreement between ALICE and CMS data

Modification of the Λc+ / D0 ratio in p—Pb collisions

➡ Radial-flow like effect or quark recombination 

J. Zhu — Wed 06 Sept S. Chandra — Wed 06 Sept

mailto:fgrosa@cern.ch
https://arxiv.org/abs/2211.14032
https://arxiv.org/abs/2307.11186
https://arxiv.org/abs/2211.14032
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e+e—

Strong enhancement of charm baryon-to-meson ratio in pp 
collisions compared to e+e— collisions

➡ Good agreement between ALICE and CMS data

Modification of the Λc+ / D0 ratio in p—Pb collisions

➡ Radial-flow like effect or quark recombination

Similar modification in Pb—Pb collisions, increasing with 
centrality


ALICE, arXiv:2211.14032

CMS, arXiv:2307.11186

ALICE, arXiv:2211.14032

ALICE, arXiv:2112.08156

J. Zhu — Wed 06 Sept S. Chandra — Wed 06 Sept
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e+e—

Forward rapidity

Strong enhancement of charm baryon-to-meson ratio in pp 
collisions compared to e+e— collisions

➡ Good agreement between ALICE and CMS data

Modification of the Λc+ / D0 ratio in p—Pb collisions

➡ Radial-flow like effect or quark recombination

Similar modification in Pb—Pb collisions, increasing with 
centrality

Similar behaviour at forward rapidity, but lower in absolute 
value

➡ Rapidity dependence?

ALICE, arXiv:2211.14032

CMS, arXiv:2307.11186

ALICE, arXiv:2211.14032

ALICE, arXiv:2112.08156

CMS, arXiv:2307.11186

LHCb, JHEP06 (2023) 132

Midrapidity

LHCb, JHEP 02 (2019) 102

J. Zhu — Wed 06 Sept S. Chandra — Wed 06 Sept
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https://doi.org/10.1007/JHEP06(2023)132
https://link.springer.com/article/10.1007/JHEP02(2019)102
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45

Modification of Λc+ / D0 ratio observed by ALICE as a function of 
multiplicity in pp collisions

➡ Mostly in low multiplicity collisions


ALICE, PLB 829 (2022) 137065

J. Zhu — Wed 06 Sept S. Chandra — Wed 06 Sept
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STAR, PRL 124 (2020) 172301

SHMc
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PYTHIA 8

Monash

CR-BLC 2

ALI−DER−504456

ALICE, PLB 829 (2022) 137065 STAR, PRL 124 (2020) 172301

Modification of Λc+ / D0 ratio observed by ALICE as a function of 
multiplicity in pp collisions

➡ Mostly in low multiplicity collisions

➡ No evidence of modification in p—Pb collisions by CMS, but 

compatible with ALICE results

No evidence of pT-integrated Λc+ / D0 production ratio 
dependence on multiplicity from pp to AA collisions

ALICE, PLB 829 (2022) 137065 CMS Preliminary, CMS-PAS-HIN-21-016

J. Zhu — Wed 06 Sept S. Chandra — Wed 06 Sept
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ALI−PUB−546256

Non-prompt Λc+ / D0 ratio and Λb0 / B ratios 
show also large enhancement compared to pp 
collisions

➡ Similar pattern of baryon-to-meson ratio for 

all the flavours 

➡ All flavours needed to properly constrain 

models and MC parameters

ALICE, arXiv:2308.04873

LHCb, PRD 100 (2019) 031102

ALICE, PRL 128 (2022) 012001

ALICE, EPJC 81 (2021) 256
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Λb0 / B0 modified as a function of 
multiplicity in pp collisions

➡ Approaches e+e— value at very low 

multiplicity 

➡ Saturates at high multiplicity

LHCb Preliminary

 C. Gu — Tue 05 Sept
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Abundant production of strange quarks in the QGP

Recombination → strange hadrons expected to be enhanced

Strange-to-nonstrange ratio higher in Pb—Pb                                                                   
than pp in charm sector


ALICE, arXiv:2308.04877ALICE, PLB 827 (2022) 136986

STAR, PRL 127 (2021) 092301

STAR, PRL 127 (2021) 092301

Measurement 
described by 
models based on 
quark coalescence 
in a strangeness 
rich QGP and by 
SHMLHCb, JHEP 03 (2016) 159
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CR-BLC Mode 3

ALI−PUB−534134

ALICE, PLB 829 (2022) 137065 No evidence of multiplicity dependence 
of Ds+/D0 ratio in pp collisions

➡ Up to ~2 times the average p—Pb 

charged particle multiplicity 
 ⟨dNch/dη⟩p−Pb

|η|lab<0.5 = 17.35 ± 0.67

ALICE, PRL 110 (2013) 032301
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No evidence of multiplicity dependence 
of Ds+/D0 ratio in pp collisions

➡ Up to ~2 times the average p—Pb 

charged particle multiplicity 
 ⟨dNch/dη⟩p−Pb

|η|lab<0.5 = 17.35 ± 0.67
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ALI−PREL−538453

First measurement of excited Ds production as a function of multiplicity 

➡ Ratio to the ground state does not show multiplicity dependence

➡ Larger data samples needed

ALICE Preliminary

ALICE, PLB 829 (2022) 137065

ALICE, PRL 110 (2013) 032301
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First observation of Ds+/D+ increase as a function of multiplicity in p—Pb collisions at forward and backward rapidities

➡ Steeper increase at backward compared to forward rapidity → because of higher average multiplicity?

Forward

Backward

LHCb Preliminary

 C. Gu — Tue 05 Sept
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No evidence of multiplicity dependence at midrapidity

ALICE, JHEP 12 (2019) 092

LHCb Preliminary

mailto:fgrosa@cern.ch
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No evidence of multiplicity dependence at midrapidity

Self normalised to the average MB multiplicity  ⟨dNch/dη⟩p−Pb
|η|lab<0.5 = 17.35 ± 0.67

ALICE, JHEP 12 (2019) 092

LHCb Preliminary

ALICE, PRL 110 (2013) 032301

mailto:fgrosa@cern.ch
https://link.springer.com/article/10.1007/JHEP12(2019)092
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No evidence of multiplicity dependence at midrapidity

Compatible with forward rapidity measurement, 
tension with backward rapidity

➡ Steeper slope for forward rapidity probably due to 

different absolute multiplicity in different rapidity 
regions not considered in self normalised 
multiplicity

‣ Crucial to plot the Ds+/D ratio as a function of 

the charged-particle density dNch/dη

ALICE, JHEP 12 (2019) 092

LHCb Preliminary

 C. Gu — Tue 05 Sept
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Measurements in the beauty sector compatible with transport models 
implementing strangeness enhancement and hadronisation via recombination

➡ Do beauty quarks reach (partial) thermalisation?

Current data precision limited: also compatible with no enhancement scenario

➡ LHC Run 3 and future upgrades/experiments crucial to study the beauty sector

CMS Preliminary, CMS-PAS-HIN-21-014

CMS, PLB 829 (2022) 137062

LHCb, PRD 100 (2019) 031102

ALICE, arXiv:2204.10386

 T.-A. Sheng — Tue 05 Sept
R. Singh — Tue 05 Sept
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Multiplicity dependence of Bs0/B0 in pp collisions

➡ Significant increase with multiplicity in case of charged-particle 

multiplicity measured in the same rapidity range of B mesons 
(higher multiplicity reached)


➡ No evidence of multiplicity dependence if charged-particle 
multiplicity measured with large pseudorapidity gap with respect to  
B mesons (lower multiplicity reached)

Multiplicity dependence at low pT only

LHCb, arXiv:2204.13042

 C. Gu — Tue 05 Sept
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B+ cross section in p-Pb collisions compatible with A-scaled FONLL prediction

B+ production measured as a function of the charged particle multiplicity at midrapidity

➡ Promising prospects to measure Bs0/B as a function of multiplicity at midrapidity as well


CMS Preliminary, CMS-PAS-HIN-22-001

 T.-A. Sheng — Tue 05 Sept
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ALI-PUB-546202

Enhanced production of Ξc relative to D0 in pp collisions compared to e+e— collisions

➡ Tension with models that describe the Λc+ production

‣ Due to large strangeness content?

ALICE, arXiv:2308.04877

e+e—

No modification of 
Ξc0/Λc+ between pp 
and p—Pb collisions at 
midrapidity


Hint of lower Ξc/Λc+         
at forward rapidity 
compared to 
midrapidity

➡ Large BR 

uncertainty of 
different channels 
does not allow for 
conclusions

ALICE, PRL 127 (2022) 272001 ALICE Preliminary

LHCb, arXiv:2305.06711
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ALI−PREL−539674

RpPb of Ξc0 and Λc+ baryons compatible within uncertainties

➡ At high pT higher than prediction including nuclear PDFs 

➡  Well described by model based on quark-coalescence

LHCb, arXiv:2305.06711

RFB of Ξc+ and baryons flat as a function of pT

➡ Compatible with effect due to nuclear PDFs only


ALICE, PRC 107 (2023) 064901ALICE Preliminary
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ALI-PERF-546755

No evidence of multiplicity dependence of Ξc/D0 ratio 

➡ Larger data samples needed to conclude


More insights in production would be provided by 
measurements in heavy-ion collisions 

➡ first signal of Ξc in Pb—Pb collisions


ALICE Preliminary
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Non-central heavy-ion collisions

➡ Large angular momentum due to the medium rotation

➡ Huge initial magnetic field (B ∼ 1016 T)

‣ Lifetime expected to increase with rapidity 

F. Becattini et al, PRC 77 (2008) 024906

Kharzeev et al, NPA 803 (2008) 227-253

Charm quarks are 
produced in the initial 
stage of the collision and 
hence are expected to be 
more sensitive to the 
magnetic field


c-quark

P. Christakouglu et al, EPJC 81 (2021) 717
S.K. Das et al, PLB 768 (2017) 260-264

Polarisation of charm quark transferred to hadrons through 
hadronisation process
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ρrec
00 =

1 − Pq ⋅ Pq̄

3 + Pq ⋅ Pq̄
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ALI−PREL−549222

1. Recombination of polarised quark-antiquark pairs in the QGP


2. Fragmentation of polarised heavy quarks 


ρfrag
00 =

1 + β ⋅ P2
q

3 − β ⋅ P2
q

> 1/3

{< 1/3 if Pq ⋅ Pq̄ > 0

> 1/3 if Pq ⋅ Pq̄ < 0

→ vorticity or B field    

➡ J/𝜓 measurement compatible with polarisation due to vorticity 
and hadronisation via recombination


➡ D*+ measurement compatible with polarisation and 
hadronisation via fragmentation

 ALICE, PRL 131 (2023) 042303  ALICE Preliminary

if same-charge 
quark-antiquark 

L. Micheletti — Tue 05 Sept
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Several new measurements in heavy flavour sector in small and large collision systems for QM2023

➡ Insights in heavy-quark interactions in the QGP

➡ Insights in heavy-quark hadronisation

➡ Insights in heavy-quark polarisation


Complementary of different experiments very important to draw stronger conclusions
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Heavy-flavour physics pillar of current and future 
heavy-ion physics programs 

LHC
RHIC
SPS

sPHENIX
NA60+

ALICE3ALICE2   LHCb U1        
LHCb SMOG2

ATLAS and CMS HL

ALICE2 ITS3   LHCb U2       
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Heavy-flavour physics pillar of current and future 
heavy-ion physics programs 

S. Mariani — Wed 06 Sept
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J. Zhu — Wed 06 Sept
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Heavy-flavour physics pillar of current and future 
heavy-ion physics programs 

LHC
RHIC
SPS

C. Dean — Tue 05 Sept
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Heavy-flavour physics pillar of current and future 
heavy-ion physics programs 

LHC
RHIC
SPS

G. Alocco — Wed 06 Sept
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Heavy-flavour physics pillar of current and future 
heavy-ion physics programs 

LHC
RHIC
SPS

Z. Ye — Wed 06 Sept
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Heavy-flavour physics pillar of current and future 
heavy-ion physics programs 

LHC
RHIC
SPS ALI-SIMUL-510946

I. Sanna — Wed 06 Sept
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Charm and beauty quarks are produced in hard-scattering processes

perturbative QCD calculations based on the factorisation theorem

σhh→Hh = PDF(xa, Q2) PDF(xb, Q2) ⊗ σab→qq ⊗ Dq→h(zq, Q2)

Parton distribution functions 
(non perturbative)

Partonic cross section 
(perturbative)

Fragmentation functions            
(non perturbative) 
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ALICE, JHEP 05 (2021) 220
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Nuclear modification factor RAA =
dNAA/dpT

⟨Ncoll⟩ ⋅ dNpp/dpT
Elliptic flow v2 = ⟨cos 2(φ − ΨRP)⟩

ALICE, JHEP 01 (2022) 174

ALICE, PLB 813 (2021) 136054

CMS, PLB 782 (2018) 474

CMS, PLB 816 (2021) 136253

STAR, PRC 99 (2019) 34908

STAR, PRL 118 (2017) 212301

ATLAS, PLB 829 (2022) 137077

ATLAS, PLB 807 (2020) 135595 
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Dominant effect: energy loss of charm and beauty quarks in the medium

Goal: study the colour-charge and quark-mass dependence of the in-medium energy loss

⟨ΔE⟩ ∝ αs CR ̂q L2

Strong coupling 
constant

Casimir factor = 3 for gluons and 4/3 for quarks

Transport coefficient (average of the square of the transverse momentum exchanged 
with the QGP per unit mean free path)

small parton mass large parton mass

Path traversed in the medium

Dead cone effect: gluon radiation suppressed 
at angles smaller than 
ϑ < m/E

E

E’

c

c
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ALI-PUB-531332

Hierarchy of suppression as expected from dead 
cone effect


ALICE, arXiv: 2211.04384

ALICE, arXiv: 2211.04384

ALI-PUB-531169

ALI-PUB-531169
ALI-PUB-531169

ALI-PUB-531169Data-to-model comparison seems to favour the scenario of weak 
coupling for high temperatures

Less constraints for models at low temperatures

➡ Different observables needed

RAA(b) > RAA(c) ≳ RAA(light)

mailto:fgrosa@cern.ch
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Models based on the charm-quark transport on a hydrodynamically expanding QGP

➡ Typical momentum transfers in scatterings between charm quarks and medium constituents (heat bath) are small

➡ Charm quarks undergo soft and incoherent collisions → Brownian motion

➡ Boltzmann equation can be reduced to a Langevin or Fokker-Plank equation

τcharm = (mcharm/T) ⋅ Ds

∂
∂t

fQ(t, p) =
∂

∂pi {Ai(p) ⋅ fQ(t, p) +
∂

∂pj [Bij(p) ⋅ fQ(t, p)]}
In case of a medium in thermal equilibrium

➡  friction

➡  

momentum broadening 

Ai(p) = A(p)pi
Bij(p) = B0(p) ⋅ P⊥

ij (p) + B1(p) ⋅ P∥
ij(p)

Brownian motion of heavy quarks in QGP governed by the coupling of heavy quarks to the medium

➡ Spatial diffusion coefficient

Ds =
T

mcharmA(p = 0)

Approximately A(p = 0) ∝ 1/mcharm

Related to the thermalisation time of the charm quark 

mailto:fgrosa@cern.ch
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Transport models for charm quarks 53
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ALICE, JHEP 01 (2022) 174

TAMU: PRL 124 (2020) 042301 

MC@sHQ+EPOS2: PRC 89 (2014) 014905  

LGR: arXiv:1912.08965

LIDO: PRC 98 (2018) 064901

PHSD: PRC 93 (2016) 034906

Catania: PLB 805 (2020) 135460 

POWLANG: EPJC (2019) 79:494

LBT: PRC 94 (2016) 014909

DAB-MOD: arXiv:1906.10768

Additional model 
ingredients

➡ Initial state conditions

➡ Nuclear PDFs

➡ Hadronisation via 

different mechanisms

➡ Hadronic phase

mailto:fgrosa@cern.ch
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2 4 6 8 10 12 14 16 18 20

 155 MeV ≈ cT at cTsDπ2

ALICE, JHEP 01 (2022) 174

ALICE, PLB 813 (2021) 136054

STAR, PRL 118 (2017) 212301

, PRD 85 (2012) 014510et al.lQCD, D. Banerjee 

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

, PRD 103 (2021) 014511et al.lQCD, L. Altenkort 

ALI−DER−499016

Can we state that the transport coefficient in a model that describes the data is correct?

Interval of spatial diffusion 
coefficient obtained by considering 
the values used in the transport 
models that reproduce the data


➡                 
which corresponds to 




➡ Indicates a thermalisation time 
of the charm quark comparable 
with the QGP lifetime 


➡ Compatible with values obtained 
with QCD calculations on lattice

2.5 < 2πDsTc < 4.5

2 < τcharm < 6 fm/c

ALICE, JHEP 01 (2022) 174

mailto:fgrosa@cern.ch
https://link.springer.com/article/10.1007/JHEP01(2022)174
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pT-integrated RAA of D0 and Λc+ 55
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R. Katz et al, PRC 102 (2020) 024906

Nuclear modification factor RAA Elliptic flow

Formation of a peak structure at intermediate pT

mailto:fgrosa@cern.ch
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Charm-quark baryonisation 57
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No indication of modification of pT-integrated Λc+/D0 ratio from pp to Pb—Pb collisions Possible hint of rapidity dependence

ALICE, PLB 829 (2022) 137065 STAR, PRL 124 (2020) 172301
ALICE, arXiv:2112.08156 LHCb, arXiv:2210.06939
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Charm baryon enhancement in pp collisions 58
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ALICE, PRL 128 (2022) 012001

Ground and excited 
charm baryons 
enhanced compared to 
e+e— collisions 


Statistical hadronisation model with augmented set of charm-baryon 
excited states from lattice QCD M. He, R. Rapp, PLB 795 (2019) 117-121

Quark coalescence (+fragmentation)Color Reconnection (PYTHIA8)
 J.P. Christiansen, P. Z. Skands, JHEP 08 (2015) 003  V. Minissale, S. Plumari, V. Greco PLB 821 (2021) 136622


J. Song, H. Li, F.-I. Shao et al EPJC (2018) 78: 344

e+e—

mailto:fgrosa@cern.ch
https://doi.org/10.1103/PhysRevLett.128.012001
https://s3.cern.ch/inspire-prod-files-3/35d7f9698a562d65dd045a8497bc9ced
https://link.springer.com/article/10.1007/JHEP08(2015)003
https://www.sciencedirect.com/science/article/pii/S0370269321005621?via=ihub
https://epjc.epj.org/articles/epjc/abs/2018/04/10052_2018_Article_5817/10052_2018_Article_5817.html


F. Grosa (CERN) 
fgrosa@cern.chCharm baryon enhancement in pp collisions vs multiplicity 59


45

10 210
3

10

0.5 < |η|〉ηd / 
ch

Nd〈

0.2

0.4

0.6

0.8

1

1.2

 
0

 /
 D

+ c
Λ

c < 8 GeV/
T

p6 < 

10 210
3

10

0.5 < |η|〉ηd / chNd〈

0.2

0.4

0.6

0.8

1

1.2

 
0

 /
 D

+ c
Λ

c < 6 GeV/
T

p4 < 

10 210
3

10

0.5 < |η|〉ηd / chNd〈

0.2

0.4

0.6

0.8

1

1.2

 
0

 /
 D

+ c
Λ

c < 4 GeV/
T

p2 < 

ALICE
 = 13 TeVspp, 

SPD multiplicity classes
PLB 829 (2022) 137065

 = 5.02 TeVspp minimum bias, 
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ALI-PUB-521750

Charm-strange baryon enhancement in pp collisions 61
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Models do not reproduce charm-strange baryons

ALICE, PRL 127 (2022) 272001

ALI-PUB-527351

ALICE, arXiv:2205.13993
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Statistical hadronisation (no enhanced baryon states):

➡ Input charm cross section from pp measurements, hydro-

based spectrum for core and a pp scaled spectrum for corona


➡ Alternative implementation
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ALICE, arXiv:2112.08156 STAR, PRL 124 (2020) 172301

Coalescence implementations:

➡ Instantaneous


➡ Resonance Recombination model

➡ Sequential recombination

Catania, EPJC (2018) 78:348

TAMU, PRL 124 (2020) 042301

Tsinghua, arXiv:1805.10858

Cao et al, PLB 807 (2020) 135561 Ko et al, PRC 101 (2020) 024909 

SHMc, JHEP 07 (2021) 035

THERMUS, CPC 180 (2009) 84
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Enhancement of strange-to-nonstrange production ratio in       Pb—Pb collisions with respect to pp collisions typically well 
described by models, but absolute value still challenging to be reproduced

ALICE, PLB 827 (2022) 136986
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SHMc, JHEP 07 (2021) 035
Charm-hadron abundances described by SHM

➡ Λc+ underestimated if no enhanced set of excited baryon states

➡ Indication of charm quark thermalisation in the QGP

ALICE, JHEP 01 (2022) 174

ALICE, PLB 827 (2022) 136986

ALICE, arXiv:2112.08156

Assumptions:

➡ Charm quarks created in initial hard 

scatterings (thermal production negligible) 
and survive the entire evolution


➡ They reach thermal equilibrium and 
hadronise at the phase boundary


Ndir
cc =

1
2

gcV{∑
i

nDi
+ . . }+ g2

c V{∑
i

nJ/ψi
+ . . }

Charm fugacity factor, constrained from 
measurements of charm production cross 
sections in pp collisions
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In case of hadronisation via recombination exotic cc states expected to be enhanced 
in heavy-ion collisions compared to pp collisions

➡ Yield of cc states depends on binding energy and size

➡ Crucial to measure low pT (bulk of production)

Multicharm states production in single-parton scattering strongly 
disfavoured compared to single-charm hadrons in pp collisions

➡ Expected significant enhancement in heavy-ion collisions

SHM: emergence of unique pattern due to gcn dependence

—

—

CMS, PRL 128 (2022) 032001

LHCb preliminary,               

LHCb-CONF-2022-001

ALICE 3 LOI, CERN-LHCC-2022-009
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Quark coalescence (+fragmentation) Color Reconnection (PYTHIA8)
 J.P. Christiansen, P. Z. Skands, JHEP 08 (2015) 003 V. Minissale, S. Plumari, V. Greco PLB 821 (2021) 136622


J. Song, H. Li, F.-I. Shao et al EPJC (2018) 78: 344

Statistical hadronisation model with augmented set of charm-baryon 
excited states from lattice QCD M. He, R. Rapp, PLB 795 (2019) 117-121
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Significant modification of the pT 
dependence of the Λc+/D0 ratio as a 
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No multiplicity dependence observed for 
Ds+/D0 in pp collisions 

ALICE, PLB 829 (2022) 137065
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Spin alignment of prompt and non-prompt 
charm vector mesons with respect to helicity 
axis in pp collisions 

➡ Prompt D*+ compatible with no polarisation

➡ Non-prompt D*+ 𝜌00 > 1/3 (helicity 

conservation in  decays) 


Measurement of D*+ vector mesons in heavy-
ion collisions crucial to complete the picture for 
c-quark


B → D*+X

ALICE, arXiv:2212.06588
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After the hadronisation, charm quarks hadrons might 
still interact with the light hadrons produced 

➡ How much does the hadronic phase influence the 

heavy—ion observables?
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In the TAMU model the scattering lengths used for 𝜋D and KD are:

➡ a𝜋D(I=3/2) = —0.10 fm

➡ aKD(I=1) = —0.22 fm

M. He et al, PLB 701 (2011) 445—450—

—

M. He, R. Rapp, PRL 124 (2020) 042301Nuclear modification factor RAA Elliptic flow

➡ No experimental constraints!
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C(k*) = 𝒩
Npairs

same(k*)
Npairs

mixed(k*)
= ∫ S( ⃗r*) |ψ( ⃗k*, ⃗r*) |2 d3r*

Femtoscopy technique: based on the correlation function (CF)

M.Lisa, S. Pratt et al, Ann. Rev. Nucl. Part. Sci. 55 (2005) 357—402
Koonin-Pratt equation

Experiment Theory

⃗k* =
⃗p*a − ⃗p*b

2
where is in the rest frame of the particle pair
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Bound-state formation C(k*) <> 1

➡ Relative wave function sensitive to interaction potential 

➡ Emitting source: hypersurface at kinematic freeze out of 

final-state particles


➡ C(k*) most sensitive to strong interaction when the 
source size ~1 fm

L. Fabbietti, V. Mantovani Sarti, O. Vázquez Doce, Annu. Rev. Nucl. Part. Sci. (2021) 71:377—402
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Scattering length for I=3/2 in agreement with models

Scattering length for I=1/2 significantly smaller than models 

The values found indicate a small rescattering of D mesons in the hadronic phase 
of heavy-ion collisions

ALICE preliminary

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

0.8

0.9

1.0

1.1

1.2

1.3*)
k(

C ALICE Preliminary
0.17%)− = 13 TeV, high. mult. (0spp, 

−D−π ⊕ +D+π

Double-Gaussian source

 fm 0.07−
 0.09+

 = 0.97eff
1r

 fm 0.20−
 0.36+

 = 2.52eff
2r

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

0.8

0.9

1.0

1.1

1.2

1.3*)
k(

C 

+D−π ⊕ −D+π

Simultaneous fit

Lyuboshits−Coulomb + Lednicky

(source sys.) fm
0.01−

0.01+
0.02(sys.)±0.04(stat)±) = -0.032

1(I=
Dπa

(source sys.) fm
0.03−

0.01+
0.02(sys.)±0.03(stat)±) = -0.062

3(I=
Dπa

genuine CF

Coulomb

Lyuboshits (stat. unc.)−Coulomb + Lednicky

Lyuboshits (tot. unc.)−Coulomb + Lednicky

ALI−PREL−506604

𝜋+D+


➡ I=3/2 channel only

𝜋+D—


➡ I=3/2 (34%), I=1/2 (66%)

0.2− 0.0 0.2 0.4 0.6
) fm2

3(I=
Dπa

0.0

0.5

) 
fm

21
(I

=
Dπ

a

ALICE Preliminary
0.17%)− = 13 TeV, High-mult. (0spp, 

Double-Gaussian source

 fm0.20−
0.36+ = 2.52eff

2r fm, 0.07−
0.09+ = 0.97eff

1r

Data

68% CL

95% CL

Models
X.Y. Guo
Z.H. Guo-1
Z.H. Guo-2
B.L. Huang Fit-u2
L. Liu

ALI−PREL−513658

ALICE preliminary

Same-charge pairs Opposite-charge pairs

mailto:fgrosa@cern.ch
https://indico.cern.ch/event/895086/contributions/4715876/
https://indico.cern.ch/event/895086/contributions/4715876/


F. Grosa (CERN) 
fgrosa@cern.chND interaction 74


45

pD—


➡ Typically very small compared to other interactions 
(light-light ~ 7-8 fm, light-strange ~ 1.5 fm)


➡ Most of the models predict repulsive interaction

➡ Possible bound state formation (Yamaguchi et al)


Data compatible with Coulomb only interaction, but 
comparison slightly improves when also attractive 
strong interaction is considered


J. Haidenbauer et al, Eur. Phys. J. A34 (2007) 107—117

J. Hofmann and M. Lutz, Nucl. Phys. A 763 (2005) 90—139

Fontura et al, Phys. Rev. C 87 (2013) 025206

Yamaguchi et al, Phys. Rev. D84 (2011) 014032
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➡ Small compared to other interactions (scattering lengths light-light ~ 7-8 fm, light-strange ~ 1.5 fm)

➡ Most of the models predict repulsive interaction

➡ Possible bound state formation (Yamaguchi et al)

J. Haidenbauer et al, EPJA 34 (2007) 107—117

J. Hofmann and M. Lutz, NPA 763 (2005) 90—139
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Interval of scattering 
length for isospin I=0 
at 68% CL indicates 
either attractive 
interaction with or 
without the formation 
of a bound state
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Fang-Zheng Peng et al, Phys. Rev. D 105, 034028 (2022)

System I (JP(C)) Candidate
np 0 (1+) deuteron
ND 0 (1/2—) Λc(2765)

ND* 0 (3/2—) Λc(2940)
ND 0 (1/2—) Σc(2800)

D*D 0 (1++) X(3872)
D*D 0 (1+) Tcc

D1D 0 (1— —) Y(4260)
D1D* 0 (1— —) Y(4360)
ΣD 1/2 (1/2—) Pc(4312)
ΣD* 1/2 (1/2—) Pc(4457)
ΣD* 1/2 (3/2—) Pc(4440)
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Interplay between system 
size and scattering length 

➡ Size-dependent 

modification of C(k*) 
in presence of a 
molecular state
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