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ALICE experiment at the LHC
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Journey through QCD
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Heavy quarks: QGP tomography
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Tkin	 Tchem	

Energy loss in QGP medium

RAA(pT) =
dNAA/dpT

< TAA > d�pp/dpT

QCD medium

QCD vacuum

• RAA = 1 if no medium effect and/or 
initial state effects


• Radiative vs. collisional energy loss

Heavy quarks (charm and beauty): produced at the early stage of heavy-ion 
collisions before the QGP creation
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Heavy quarks: QGP tomography
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Tkin	 Tchem	

Collective expansion 
➡Anisotropic flow 

➡Results in complex azimuthal 
structure of final-state particles

c
b

c b

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



Heavy quarks: QGP tomography
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Tkin	 Tchem	

Heavy quarks (charm and beauty): produced at the early stage of the 
collisions before the QGP creation

Fragmentation — hadrons from high pT partons

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

➡pT,hadron ≃ n pT,parton, n = 2 (meson), 3 (baryon)

➡Sensitive to baryon and meson species 

➡Baryons from lower momenta partons (denser)
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Charm quark transport
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Charm quark transport
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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

1.5 < 2πDs(T) < 4.5, τcharm = (mcharm / T) Ds(T) = 3–9 fm/c < τmedium ≈ 10 fm/c 
➡ Indicate charm may thermalize in the medium
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Beauty quark transport
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• Ds obtained in beauty sector is similar to that in charm 
sector (2πDs ≈ 1.5–4.5 for charm)


• Indicate τbeauty ∝ mbeauty Ds ≳ τmedium (mbeauty ≈ 3 mcharm)

➡What is thermalization DOF of beauty in the QGP medium?

• Beauty particle RAA and v2 
measured via non-prompt D0 by 
ALICE 

• Conclusion is similar to the 
measurements of B mesons, 
non-prompt J/Ψ and B meson 
semileptonic decays by ATLAS 
and CMS

v2
RAA



Dead-cone of heavy quark radiation
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ALICE Nature 605 (2022) 440

One of fundamental properties of 
QCD: suppression of gluon 
emissions within cone θ < mQ / E 
— dead-cone effect

• Whether is it still validated in QCD medium?

➡Mass dependent heavy quark radiative energy loss


ΔEbeauty < ΔEcharm ⇒ RAA(beauty) > RAA (charm)

• Direct observation for charm 
quarks in pp — QCD vacuum



Quark mass dependent RAA
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• Coalescence plays relevant role at intermediate pT
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What do we learn?
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RAA• What is the degree of thermalization of heavy quarks in 
QCD medium? 

• Do heavy quarks hadronization via coalescence in QGP? 

• Is there the dead-cone effect of medium-induced gluon 
radiation of heavy quarks? 

• What can we learn more from heavy quarks?



ALICE detector at LHC Run 3
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The 2nd generation inner tracking system (ITS2)
➡ 7 layers MAPS detector, the innermost layer 

closer to interaction point

Time projection chamber (TPC)
➡ New readout: MWPC → GEM

Muon forward tracker (MFT)
➡ 5 planes of MAPS, vertexing 

for forward rapidity muons

Fast integration trigger (FIT)
➡ Event trigger, characterization, 

and online luminometer, 

Readout of most detectors are 
upgraded to allow continuous readout

• pp data taking at 500 kHz 

• Pb–Pb data taking up to 50 kHz 

• Improved vertexing 

• Improved tracking at low pT



ALICE date taking in Run 3
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pp: 6.5 trillion MB events

×2000 more than Run 1+2
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ALICE Performance, Run 3

 = 5.36 TeVNNs  Pb, −Pb

Recorded

2023: 1537.4 1−bµ
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Pb–Pb: 40 billion MB events

×110 more than Run 1+2



ALICE date taking in Run 3
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pp: 6.5 trillion MB events

×2000 more than Run 1+2
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Pb–Pb: 40 billion MB events

×110 more than Run 1+2

Lint MB events

p–O 7.27 nb-1 3×109

OO 5.01 nb-1 6×109

Ne–Ne 0.84 nb-1 109



Constrain on hadronizaton?
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Interplay between hadronization and 
energy loss

➡Higher precision and more differential 

measurements are neededRun 2 
Λc+/D0

Pb–Pb

pp



Constrain on hadronizaton?
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Run 2 
Λc+/D0

ALI-PREL-621147

Run 3 
Ds+/D+

Pb–Pb

pp

pp Pb–Pb

Supports hadronisation also via coalescence in 
the deconfined strangeness-enhanced medium 



ALI-DER-623462

Charm hadron v2 in Run 3
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Run 3

ALICE arXiv:2603.18966

D0

D+

π±

Low and intermediate–pT 
v2(Ds±) < v2(D0) ≈ v2 (D±) < v2(π±)


➡ Interplay between radial and elliptic flow

➡ Ds+ early kinetic freeze-out

➡ Does not consistent with femo studies


➡ Sequential hadronization


High-pT 
v2(Ds+) ≈ v2(D0) ≈ v2 (D+) ≈ v2(π±)


➡ Path-length dependent energy loss


Intermediate and high-pT 
v2(Λc+) > v2(Ds+) ≈ v2(D0) ≈ v2 (D+) ≈ v2(π±)


➡ Strong evidence of coalescence



Charm hadron v2 in Run 3
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ALICE arXiv:2603.18966

ALI-DER-623457

ALICE arXiv:2603.18966

Run 3

D0

D+

π±

Ds+

Low and intermediate–pT 
v2(Ds±) < v2(D0) ≈ v2 (D±) < v2(π±)


➡ Interplay between radial and elliptic flow

➡ Ds+ early kinetic freeze-out

➡ Does not consistent with femo studies


➡ Sequential hadronization


High-pT 
v2(Ds+) ≈ v2(D0) ≈ v2 (D+) ≈ v2(π±)


➡ Path-length dependent energy loss


Intermediate and high-pT 
v2(Λc+) > v2(Ds+) ≈ v2(D0) ≈ v2 (D+) ≈ v2(π±)


➡ Strong evidence of coalescence

Zhao, Shi, Xu, and Zhuang, Springer Proc. Phys. 250 (2020) 275

Fries et al. Phys. Rev. Lett. 110 (2013) 112301



Charm hadron v2 in Run 3
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ALICE arXiv:2603.18966

ALI-DER-623457

ALICE arXiv:2603.18966

Run 3

D0

D+

π±

Ds+

Low and intermediate–pT 
v2(Ds±) < v2(D0) ≈ v2 (D±) < v2(π±)


➡ Interplay between radial and elliptic flow

➡ Ds+ early kinetic freeze-out

➡ Does not consistent with femo studies


➡ Sequential hadronization


High-pT 
v2(Ds+) ≈ v2(D0) ≈ v2 (D+) ≈ v2(π±)


➡ Path-length dependent energy loss


Intermediate and high-pT 
v2(Λc+) > v2(Ds+) ≈ v2(D0) ≈ v2 (D+) ≈ v2(π±)


➡ Strong evidence of coalescence

Zhao, Shi, Xu, and Zhuang, Springer Proc. Phys. 250 (2020) 275

Fries et al. Phys. Rev. Lett. 110 (2013) 112301



Charm hadron v2 in Run 3
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ALICE arXiv:2603.18966

ALI-DER-623457

ALICE arXiv:2603.18966

Run 3

D0

D+

π±

Ds+

Low and intermediate–pT 
v2(Ds±) < v2(D0) ≈ v2 (D±) < v2(π±)


➡ Interplay between radial and elliptic flow

➡ Ds+ early kinetic freeze-out

➡ Does not consistent with femo studies


➡ Sequential hadronization


High-pT 
v2(Ds+) ≈ v2(D0) ≈ v2 (D+) ≈ v2(π±)


➡ Path-length dependent energy loss


Intermediate and high-pT 
v2(Λc+) > v2(Ds+) ≈ v2(D0) ≈ v2 (D+) ≈ v2(π±)


➡ Strong evidence of coalescence

Fries et al. Phys. Rev. Lett. 110 (2013) 112301

Zhao, Shi, Xu, and Zhuang

Springer Proc. Phys. 250 (2020) 275



ALI-PUB-623003

Charm hadron v2 in Run 3

22ALICE arXiv:2603.18966

D0

D+

π±

Ds+

Λc+

Run 3
Low and intermediate–pT 

v2(Ds±) < v2(D0) ≈ v2 (D±) < v2(π±)

➡ Interplay between radial and elliptic flow

➡ Ds+ early kinetic freeze-out

➡ Does not consistent with femo studies


➡ Sequential hadronization


High-pT 
v2(Ds+) ≈ v2(D0) ≈ v2 (D+) ≈ v2(π±)


➡ Path-length dependent energy loss


Intermediate and high-pT 
v2(Λc+) > v2(Ds+) ≈ v2(D0) ≈ v2 (D+) ≈ v2(π±)


➡ Strong evidence of coalescence

Zhao, Shi, Xu, and Zhuang

Springer Proc. Phys. 250 (2020) 275

Fries et al. Phys. Rev. Lett. 110 (2013) 112301



Light ion collisions to bridge the gap: flow

19C. Oppedisano, 111° Congresso Nazionale SIF, Palermo, 22-26 settembre 2025

v2 Ne/O ratio in central collisions is sensitive to the nuclear 
structure ➧ the enhancement at small centrality values 
reveals a deformed shape of 20Ne

ALICE, arXiv 2509.06428

➧ v2 and v3 >0 with weak centrality dependence,  
well described by geometry-induced hydrodynamic  
predictions 

Flow in OO and Ne–Ne collisions

23

High energy nuclear collisions provide “snap-shoot” for the initial nuclear geometry
S. Zhang, Y.-G. Ma et al., Phys. Rev. C95 (2017) 064904

W.-B. He, Y.-G. Ma et al., Phys. Rev. C94 (2016) 014301

(Ne-Ne + He-Ne) / Ne-Ne

Glauber

• Experimental assessment through time dependence 
of multiplicity distributions and observables
– Good benchmark: time dependence of primary-vertex 

contributors (tracks in a reco. vertex)
– He-O collisions have lower 

multiplicity than O-O
• Comparison with Glauber

– O: no or very little contamination 
– Ne: 2% He after 10 hours

• ZDC studies ongoing

21

Transmutation (experiment)

ALICE Results in Small Systems and Light Ions - Jan Fiete Grosse-Oetringhaus

P(primary vertex contributors)

Low multiplicity 
increases with time

Ne-Ne

Ratio to start of fill

Ne-Ne: 10 hrs

O Ne

Ne-Ne: 5.5 hrs

OO: 5.5 hrs

v2 Ne–Ne/OO ratio enhancement at 
small centrality

➡Reveals a deformed shape of 20Ne

ALICE arXiv:2509.06428



Flow of D mesons in OO

24
ALI-PREL-622235

Support QGP formation in OO collisions

Hints of v2(Ds+) < v2(D0,+) at low-pT

➡Support sequential hadronization

D0

D+

Ds+

Zhao, Shi, Xu, and Zhuang

Springer Proc. Phys. 250 (2020) 275

Katz et al. Phys. Rev. C102 (2020) 041901 
Langevin: Eur. Phys. J. C81 (2021) 1035 
EPOS4HQ: Phys. Rev. C110 (2024) 024909



Global polarization of hyperons
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ALI−PREL−610478

➡ LHC Run 1 and 2: Global polarization consistent with zero (large uncertainties)

➡New Run 3: First observation of polarized hyperons at LHC energies with 5σ

Z.-T. Liang and X.-N. Wang, Phys. Rev. Lett. 96 (2006) 039901

Z.-T. Liang and X.-N. Wang, Phys. Lett. B629 (2005) 20

STAR Nature 548 (2018) 62  STAR Nature 614 (2023) 244

Large orbital angular 
momentum and strong 
magnetic fields in non-
central collisions induce 
global polarization



Global polarization of hyperons
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➡ LHC Run 1 and 2: Global polarization consistent with zero (large uncertainties)

➡New Run 3: First observation of polarized hyperons at LHC energies with 5σ

Z.-T. Liang and X.-N. Wang, Phys. Rev. Lett. 96 (2006) 039901

Z.-T. Liang and X.-N. Wang, Phys. Lett. B629 (2005) 20

STAR Nature 548 (2018) 62  STAR Nature 614 (2023) 244

Efforts ongoing for the measurement of polarization difference 
between particle and anti-particle, which is sensitive to magnetic field!
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Spin alignment of vector mesons
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ALICE Phys. Rev. Lett. 125 (2020) 012301

Not consistent with early direct 
extrapolation from Λ measurements Would a similar trend show at 

heavy-quark sector?

K*0 φ
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ALI-PUB-598182

ALI-PUB-598182

Prompt D*+ 

0.3 < |y| < 0.8

Inclusive J/ψ 
2.5 < y < 4

J/ψ and D*+ seems to feature 
common trend at overlapping pT

ALICE Phys. Rev. Lett. 131 (2023) 042303 
JHEP 2510 (2025) 094



ALI-PUB-598182

ALI-PUB-598182

Spin alignment of vector mesons
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Prompt D*+ 

0.3 < |y| < 0.8

Inclusive J/ψ 
2.5 < y < 4

J/ψ and D*+ seems to feature 
common trend at overlapping pT

ALICE Phys. Rev. Lett. 131 (2023) 042303 
JHEP 2510 (2025) 094

ALI-PUB-598177

Prompt D*+ 

0.3 < |y| < 0.8

Prompt D*+ 

|y| < 0.3

ρ00 of D*+ increases with pT at large rapidity

ALICE JHEP 2510 (2025) 094
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Prompt D*+ 

0.3 < |y| < 0.8

Inclusive J/ψ 
2.5 < y < 4

J/ψ and D*+ seems to feature 
common trend at overlapping pT

ALICE Phys. Rev. Lett. 131 (2023) 042303 
JHEP 2510 (2025) 094

ALI-PUB-598177

Prompt D*+ 

0.3 < |y| < 0.8

Prompt D*+ 

|y| < 0.3

ρ00 of D*+ increases with pT at large rapidity

• What could be the possible explanation for the vector meson spin 
alignment enhancement? 

• Why does there seem to be a rapidity dependence on D*+ spin alignment? 
➡︎ New efforts are ongoing and will be shown in HP’26
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Bound-state formation C(k*) ⪌ 1

Ann. Rev. Nucl. Part. Sci. 71 (2021) 377

9

  
two-particle wave function
ψ( ⃗k * , ⃗r*)

⃗r *

⃗pa

⃗pb
Described with a Gaussian core

G(r * ,rcore(mT)) = 1
(4πr2core(mT))3/2 ⋅ exp( − r *2

4r2core(mT) )
Short-lived strongly decaying resonances effectively enlarge it

E(r * ,Mres, τres, pres) = 1
s

exp( − r *
s )

 source functionS( ⃗r*)
 Gaussian coreG( ⃗r * ,rcore)

with s = βγτres = pres
Mres

τres

➡ Emitting source: hypersurface at kinematic freezout 
of final-state particles

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

• Further constraints on the residual strong 
interaction between NN, YN and YY

• Important input of EoS of neutron stars
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pD and πD interactions
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D(*)π Vanishing scattering parameters 
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D110 (2024) 032004]

Run 2

Run 2
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pD- Data compatible with 
Coulomb only interaction 
[ALICE Phys. Rev. D106 (2022) 052010]

ALI-PREL-621980

New pD- in Run 3 Compatible with 
Coulomb-only interaction or shallow 
repulsive strong interactions

Run 3
pD-
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New pD- in Run 3 Compatible with 
Coulomb-only interaction or shallow 
repulsive strong interactions

ALI-PREL-621961

pD+

pD+ Clear deviation from Coulomb-only model
➡Models include bound state Σc++(2800) 
➡Disfavored by data

Run 3

ALI-PREL-621980

Run 3
pD-



ALI-PREL-621961 ALI-PREL-621980

pD-

Run 3
pD+

Run 3

pD+ Clear deviation from Coulomb-only model
➡Models include bound state Σc++(2800) 
➡Disfavored by data

New pD- in Run 3 Compatible with 
Coulomb-only interaction or shallow 
repulsive strong interactions

What do we learn?

36

• What is the degree of thermalization of heavy quarks in QCD medium? 

• Do heavy quarks hadronization via coalescence in QGP? 
➡Sequential hadronization is favored 

• Is there the dead-cone effect of medium-induced gluon radiation of 
heavy quarks? 

• What can we learn more from heavy quarks? 
➡New tool of study spin physics and strong nuclear force

Thanks for your attention!
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Journey through QCD
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ALICE Eur. Phys. J. C84 (2024) 813

ALICE   




RAA of prompt D mesons
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ALICE JHEP 2201 (2022) 174

CMS Phys. Lett. B782 (2018) 474

STAR Phys. Rev. C99 (2019) 034908

STAR Preliminary

• Similarity between RHIC and the LHC and 
among collision systems

➡Counterbalance among different medium 

sizes and densities, pT slopes, 
hadronizations…


• Suppression up to a factor of 3–5 at high pT

➡Charm undergoes strong energy loss (?)



Elliptic flow of D mesons
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(Again) similarity between RHIC and the LHC


Additional dependence on


• Initial geometry, fluctuations…


•Medium viscosity


•Hadronic interactions


•…

STAR Phys. Rev. Lett. 118 (2017) 212301

CMS Phys. Rev. Lett. 129 (2022) 022001

CMS Phys. Lett. B816 (2021) 136253

ALICE Preliminary
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LHC

Clear correlations with eccentricity

➡Suggest charm participating the collective 

expansion of the light hadron bulk

STAR Phys. Rev. Lett. 118 (2017) 212301

CMS Phys. Rev. Lett. 129 (2022) 022001

CMS Phys. Lett. B816 (2021) 136253

ALICE Preliminary

10 15 20 25 30 35 40 45 50
Centrality (%)

0

2

4

6

8

10

12T
P

C

2
q

1

10

210

310

ALICE
TPC

2
q60% small-

TPC

2
q20% large-

 = 5.02 TeV
NN

sPb, −Pb

0 2 4 6 8 10 12
TPC

2
q

8−10

7−10

6−10

5−10

4−10

3−10

2−10

T
P

C

2
q

 /
 d

e
v

N
) 

d
e

v
N

(1
/

50%−Centrality 30

unbiased

TPC

2
q60% small-

TPC

2
q20% large-

10 15 20 25 30 35 40 45 50
Centrality (%)

0

2

4

6

8

10

12T
P

C

2
q

1

10

210

310

ALICE
TPC

2
q60% small-

TPC

2
q20% large-

 = 5.02 TeV
NN

sPb, −Pb

0 2 4 6 8 10 12
TPC

2
q

8−10

7−10

6−10

5−10

4−10

3−10

2−10

T
P

C

2
q

 /
 d

e
v

N
) 

d
e

v
N

(1
/

50%−Centrality 30

unbiased

TPC

2
q60% small-

TPC

2
q20% large-



Quark mass dependent RAA

42

CMS JHEP 1704 (2017) 039

CMS Eur. Phys. J. C78 (2018) 509

CMS JHEP 2201 (2022) 174

ATLAS Eur. Phys. J. C78 (2018) 762

ATLAS Phys. Lett. B829 (2022) 137077

ALICE JHEP 2201 (2022) 174

ALICE Phys. Lett. B782 (2018) 474


