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Heavy Ion Physics: many-body QCD systems

• Properties of equilibrium matter: equation of state, transport coefficients

• Dynamics: hadronisation, interactions of partons with the medium
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Azimuthal anisotropy: initial and final states

3

Characterise shape by harmonics:

MC event: location of nucleons
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Azimuthal anisotropy: initial and final states

3

Characterise shape by harmonics:

MC event: location of nucleons

Initial state spatial anisotropies εn are transferred into  
final state momentum anisotropies vn  

by pressure gradients, flow of the Quark Gluon Plasma
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Azimuthal anisotropy: initial and final states

3

Characterise shape by harmonics:

MC event: location of nucleons
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final state momentum anisotropies vn  

by pressure gradients, flow of the Quark Gluon Plasma
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Anisotropic flow: initial state and QGP expansion

4

Tests hydrodynamical description, freeze-out models

Mass-dependence of v2 measures flow velocity

JHEP09 (2018) 006

elliptic flow v2

1 2 3 4 5 6
0

0.1

0.2

0.3

0.4

0.5| >
 2

.0
}

η
Δ

{S
P,

 |
2v

Data
±π
±K
pp+
dd+

Combined
Blast-Wave Fit
±π
±K
pp+

Predicted
dd+

ALICE Preliminary
 = 5.02 TeVNNsPb-Pb 

40-50%

1 2 3 4 5 6
)c (GeV/

T
p

0.5

1.0

1.5

D
at

a/
M

od
el

ALI−PREL−320900

Even nuclei flow !

v2 of deuterons

http://alice-publications.web.cern.ch/node/4287


Physics of heavy-ion collisions at the highest energy frontier, ICPPA 2020

)c (GeV/
T

p 
0 2 4 6 8 10

 
|>

2
}

η
∆

{2
, 
|

2
v 

0

0.1

0.2

0.3  = 5.02 TeVNNsPb −ALICE Pb
| < 0.5, 10-20%y|

±π
±K
pp+

φ
0
SK

Λ+Λ

ALI-PUB-151731

Anisotropic flow: initial state and QGP expansion

4

Tests hydrodynamical description, freeze-out models

Mass-dependence of v2 measures flow velocity

JHEP09 (2018) 006

elliptic flow v2

1 2 3 4 5 6
0

0.1

0.2

0.3

0.4

0.5| >
 2

.0
}

η
Δ

{S
P,

 |
2v

Data
±π
±K
pp+
dd+

Combined
Blast-Wave Fit
±π
±K
pp+

Predicted
dd+

ALICE Preliminary
 = 5.02 TeVNNsPb-Pb 

40-50%

1 2 3 4 5 6
)c (GeV/

T
p

0.5

1.0

1.5

D
at

a/
M

od
el

ALI−PREL−320900

Even nuclei flow !

v2 of deuterons

0 1 2 3 4 5 6
)c (GeV/

T
p 

0.05−

0

0.05

0.1

0.15

0.2

0.25

| >
 2

.0
}

η
Δ

{S
P,

 |
3v 

±π
±K
pp+
dd+

ALICE Preliminary
 = 5.02 TeVNNsPb-Pb 

0-20%

0 1 2 3 4 5 6
)c (GeV/

T
p 

0.05−

0

0.05

0.1

0.15

0.2

0.25

| >
 2

.0
}

η
Δ

{S
P,

 |
3v 

±π
±K
pp+
dd+

ALICE Preliminary
 = 5.02 TeVNNsPb-Pb 

40-60%

ALI−PREL−320846

v3

)c (GeV/
T
p 

0 1 2 3 4 5

 
|>

2}
η

Δ
{2

, |
4v 

0

0.05

0.1

0.15
±π
±K
pp+

 = 5.02 TeVNNsPb −ALICE Pb
| < 0.5, 10-20%y|

ALI-PUB-151735

v4

http://alice-publications.web.cern.ch/node/4287


Physics of heavy-ion collisions at the highest energy frontier, ICPPA 2020

Challenge: constrain both initial geometry and QGP properties

5

Total 14 model parameters  
constrained by data

Input data compared to model curves

Need multiple inputs to constrain system:

Multiplicity, mean pT, v2, v3

Shear viscosity η vs T

QGP has very small shear viscosity:

short mean free path, strong interactions

Nat. Phys. 15 (2019) 11, 1113

https://www.nature.com/articles/s41567-019-0611-8
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Azimuthal anisotropy in pp collisions

6

C
M

S, PLB 718, 795

η∆
-4

-2
0

2
4

φ∆
0

2

4

φ
∆

d
η

∆
d

p
a

ir
N

2
d

tr
g

N
1 29

29.5
30

30.5

0-5%

-1bµ = 3.9 intCMS L

η∆
-4

-2
0

2
4

φ∆
0

2

4

φ
∆d

η
∆d

p
a

ir
N

2 d

tr
g

N1 12
13
14
15

20-25%

η∆
-4

-2
0

2
4

φ∆
0

2

4

φ
∆d

η
∆d

p
a

ir
N

2 d

tr
g

N1 4
4.5

5
5.5

40-50%

η∆
-4

-2
0

2
4

φ∆
0

2

4

23
24

25

26

5-10%

 = 2.76 TeVNNsPbPb  

η∆
-4

-2
0

2
4

φ∆
0

2

4

9
10
11
12

25-30%

η∆
-4

-2
0

2
4

φ∆
0

2

4
2

2.2
2.4
2.6
2.8

50-60%

η∆
-4

-2
0

2
4

φ∆
0

2

4

19
20
21
22

10-15%

 < 3.5 GeV/c
trig

T
3.0 < p

η∆
-4

-2
0

2
4

φ∆
0

2

4
7

8
9

10

30-35%

η∆
-4

-2
0

2
4

φ∆
0

2

4
1

1.1
1.2
1.3
1.4

60-70%

η∆
-4

-2
0

2
4

φ∆
0

2

4

15
16
17
18

15-20%

 < 1.5 GeV/cassoc

T
1.0 < p

η∆
-4

-2
0

2
4

φ∆
0

2

4

6

7

8

35-40%

η∆
-4

-2
0

2
4

φ∆
0

2

4

0.45
0.5

0.55
0.6

0.65

70-80%

CMS, arXiv:1201.3158

Central Pb+Pb

Near side 
associated

trigger

1 < pT < 3 GeV

 
Ntrk > 110

 
Ntrk < 35

p+p low multiplicity p+p high multiplicity



Physics of heavy-ion collisions at the highest energy frontier, ICPPA 2020

Azimuthal anisotropy in pp collisions
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Central Pb+Pb

Near-side long range correlation: indicates early time - global origin
Seen in both p-p and Pb-Pb: non-trivial initial spatial distributions also in pp?
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Building up azimuthal anisotropy with few scatterings

7

More particles moving in    x-direction+-

Initially isotropic
momentum distribution

Kurkela, Wiedemann, Wu, arXiv:1803.02072 

Can you have flow with a few scatterings?

‘anisotropic escape’ mechanism

Anisotropic density converted 
into anisotropic momentum distribution by few scatterings

Scattering randomises directions; more scatterings to ‘out-of-plane’
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Small system flow: recent results
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Probing the QGP: Hard probes

Heavy flavor: large mass m > ΛQCD, produced in early stage hard scattering
Production understood; sample the full time evolution of the collision

R Bertens, JEWEL simulation

High pT > 5 GeV or so: hard scattering, short formation time
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Nuclear modification: Pb—Pb
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Low pT:  
soft production,
Npart scaling
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Azimuthal anisotropy: two mechanisms
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Hydrodynamical expansion Parton energy loss
Conversion of pressure gradients into momentum space anisotropy

More energy loss along  
long axis than short axis

2ˆ~ LqE Smed αΔ

Expansion

Hadronisation Energy loss

Dominant effect for late formation times:
light flavour at low pT

Dominant effect at high pT

Dominant effect for early formation times:
heavy flavour, high pT probes

Anisotropy due to energy loss and path length differences
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Heavy flavor energy loss: open charm

12

Large v2 due to diffusion, energy lossLow pT: mostly elastic collisions, diffusion
High pT: mostly radiative lossDifferent mechanisms

Nuclear modification factor of D mesons
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Heavy flavour transport coefficients

13
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governs high momenta

̂q
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Heavy flavour transport coefficients

13
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Data provide significant constraints on T, p dependence of    and Ds

Diffusion coefficient
governs low momenta

Transport coefficient 
governs high momenta

̂q

A consistent understanding of light and heavy flavour transport, medium expansion is emerging

Agrees with light flavour:

Burke et al, JET Collaboration, 
PRC 90, 014909 
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PRL 123, 022001
PLB 807, 135595

Dead cone effect: induced gluon radiation suppressed for v < c

Visible for charm, beauty at low pT

Charm and beauty decay muons

Beauty shows smaller v2:  
smaller energy loss

Prompt D mesons (charm) and non-prompt (beauty decays)

Non-prompt charm from beauty decays shows smaller suppression

http://dx.doi.org/10.1103/PhysRevLett.123.022001
https://www.sciencedirect.com/science/article/pii/S0370269320303993?via=ihub
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Jets in heavy ion collisions

15

η

ϕ

Very clear signals at high pT: jets stand  
out above uncorrelated soft background

Motivation: understand energy loss dynamics
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Jet physics with pp collisions: dead cone effect

16

Part of a broader program — productive exchange of ideas between pp and heavy-ion community

ALI-PREL-340940 ALI-PREL-340303

Angular distribution of SD splittings Ratio charm to light flavour

Comparing charm to light flavour splittings: suppression at small angle — dead cone effect

Jet structure from declustering
+ grooming:

This study: follow prongs with a charm meson

Opening angle Opening angle
Cunqueiro and Ploskon, PRD 99, 074027
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Energy loss: di-jet asymmetry

17

Transverse energy map of 1 event

Use pT balance to measure energy loss
i.e. transport of energy outside jet cone

Subleading jet energy fraction xJ =
pT,1

pT,2
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(relative) strength of effect depends on jet energy:

fraction of energy loss decreases with pT,jet

Qualitatively in line with bremmsstrahlung expectation
dE
dx

∝ ln(E)
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∝ EStrong coupling:
Chesler and Rajagopal, PRD 90, 025033

ATLAS-CONF-2020-017

Pb—Pb distribution shifted to lower energies: energy loss due to interactions

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Jx

0
0.5

1
1.5

2
2.5

3
3.5

4
4.5

5J
dx

pa
ir

dN  
pa

ir
N1  < 178 GeV

T,1
158 < p  < 224 GeV

T,1
200 < p

 < 282 GeV
T,1

251 < p  < 398 GeV
T,1

316 < p

ATLAS Preliminary
 = 5.02 TeVNNs -1 260 pbpp 

 R = 0.4tkanti-

proton-proton collisions

https://cds.cern.ch/record/2720247
https://cds.cern.ch/record/2720247
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Where does the radiation go: RAA vs Rjet

18

0.2 0.4 0.6 0.8 1

0.5

1

1.5

 < 400 GeVjet
T

300 < p

 = 5.02 TeVNNs
0.2 0.4 0.6 0.8 1

0.5

1

1.5

 < 500 GeVjet
T

400 < p

0.2 0.4 0.6 0.8 1

0.5

1

1.5

 < 1000 GeVjet
T

500 < p

0.2 0.4 0.6 0.8 1

0.5

1

1.5

| < 2
jet
η, |Tanti-k 0-10%

CMS
HYBRID w/ wake
HYBRID w/o wake
HYBRID w/ pos wake
MARTINI
LBT w/ showers only
LBT w/ med. response

0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1

0.5

1

1.5

0.5

1

1.5

Jet R

R
 =

 0
.2

AA
 / 

R
R AAR

PreliminaryCMS -1, pp 27.4 pb-1bµPbPb 404 

200 300 400 500
[GeV]

T
p

0.4

0.6

0.8

1.0

AA
R PreliminaryATLAS

, 5.02 TeV-1257 pbpp, -1Pb+Pb 1.72 nb
=1.0 reclustered jets (this analysis)R
= 0.4 (PLB 790 (2019) 108)R

|<2.0 y|

ATLAS-CONF-2019-056

CMS-PAS-HIN-18-014

Nuclear modification factor

for Rjet = 0.4 and 1.0

Jet RAA vs Rjet
Two competing effects?

Lost energy appears at large R:  
increase of RAA

Yi Chen, QM 2019

Large jets lose more energy (more sources)

decrease of RAA Net result: only modest increase of RAA with larger Rjet

Caselderrey-Solana et al, JHEP 01 (2020) 044

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-056/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-18-014/index.html
https://indico.cern.ch/event/792436/contributions/3570546/attachments/1941324/3219006/20191108_JetSubstructureAndPartonSplittingAnExperimentalOverview_QM2019_YiChen_v39.pdf
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Final state: hadronisation and rescattering

19

CoalescenceFragmentation

Λc
D

𝜋
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Heavy flavor baryon production

20

Charmed baryon/meson ratios much larger in pp than e+e- (at pT < 10 GeV)

Not expected: universal fragmentation  


Other mechanisms: color reconnection, coalescence, others?
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~1/3 of c quarks end up in baryons in pp at LHC vs ~6% in e+e-
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Λc production in Pb-Pb collision

21
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Baryon enhancement in Pb-Pb collisions similar to pp

In line with expectations from coalescence models?

http://dx.doi.org/10.1016/j.physletb.2020.135328
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Taking it one step further: 𝝌c1(3872) 

22

Production rates could also shed light on structure:

coalescence cross section, rate different for molecular state ?

LHCb, CONF-2019-005 CMS-PAS-HIN-19-005

Prompt and non-prompt 𝝌c1(3872) in pp
pp and Pb-Pb

Hint of larger 
 increase in Pb-Pb?

Coalescence rates determined by system size and hadron size

Esposito et al, arXiv:2006.15044

Coalescence model 

https://cds.cern.ch/record/2701519
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-19-005/index.html
https://arxiv.org/pdf/2006.15044.pdf
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Probing final state interactions with correlations

23

Final state momentum correlations ‘femtoscopy’

sensitive to: 
- Space-time distribution of production points

- Interactions and quantum statistics

Data agree with  
HAL (lattice) QCD potential

Connections to hadron physics, neutron star Equation of State

ALICE, arXiv:2005.11495
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T. Iritani et al., arXiv:1810.03416

Role of inelastic channels  
to be confirmed
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Final state momentum correlations ‘femtoscopy’

sensitive to: 
- Space-time distribution of production points

- Interactions and quantum statistics

Data agree with  
HAL (lattice) QCD potential

Tool to measure interaction potentials of unstable particles
Connections to hadron physics, neutron star Equation of State

ALICE, arXiv:2005.11495
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Future plans: ongoing upgrades in LS2

24

Run 3 and 4: higher luminosity; collect 13 nb-1 Pb—Pb:  
~ 10x improvement over run 2; factor 50-100x for minimum bias in ALICE

New ITS

Full pixel detector

Improved read-out rate,


spatial resolution

Improved pointing resolution

for muons

TPC: GEM readout

Continuous readout

Higher rates

Muon Forward  
Tracker

Upgraded readout 
and online processing

Inner barrel Outer barrel

ALICE upgrades
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Future upgrades: Long Shutdown 3 (2025)

25

Figure 7: Layout of the ITS3 Inner Barrel. The figure shows the two half-barrels mounted
around the beam pipe.

Figure 8: Layout of the ITS3 Inner Barrel. Two end-wheels and the CYSS provide precise
position of the detector relative to the beampipe. On the C-side, the cables first exit from the
C-side End-Wheel, then they are folded to the outside of the CYSS and routed towards the
A-side.

the baseplate, brings it in position on the carbon foam spacers inside the CYSS. A thin layer
of glue, at the interface, provides the mechanical fixation of the half-layer. The two spacers,
positioned at the two edges of the half layer, provide the fixation interface for the 5mm wide
area at the chip edge, where the mechanical and the electrical connection to the FPC are made .
A second set of spacers is then glued to the internal surface of the half-layer 2. The same proce-
dure is then repeated for half-layers 1 and 0, respectively, using their corresponding cylindrical
vacuum chucks and carbon foam spacers with the appropriate curvature radii.

The main layout and geometrical parameters of the ITS3 Inner Barrel are summarized in Tab. 1
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ATLAS+CMS: various upgrades for HL-LHC

• Lower background for di-electrons

• Improved pointing resolution for heavy flavor

ALICE Forward Calorimeter

ALICE ITS3: Ultra-thin tracker

• Very high granularity 𝛾/𝜋0 separation

• Access to small-x gluon density;  

Color Glass Condensate effects

3.4 < η < 5.8

LoI: LHC-2020-009

LoI: LHCC-2019-018

https://cds.cern.ch/record/2719928?ln=en
https://cds.cern.ch/record/2703140?ln=en
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Summary/conclusions

• Heavy-ion collisions explore and measure properties of QGP matter

• Viscosity

• Transport coefficients for high-pT partons and heavy quarks

• Theoretical multi-observable analyses becoming available:  

test theoretical understanding while determining key parameters

• Azimuthal anisotropy in small systems: explore ‘few-collision’ limit


• Jets in heavy ion collisions: dynamics of parton energy loss 
mass, energy dependence, opening angle/resolution scales


• Hadronisation: charm baryon formation not fully understood

• Laboratory for hadron interaction measurements

26
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Thank you for your attention!

27
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J/𝜓 and Upsilon v2
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ALI-PREL-319441

Electrons from charm, beauty decays

Open charm and beauty: similar v2
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Mechanism:

• Low pT: charm quark energy loss 

and recombination

• High pT: radiative energy loss of di-

quark?

arXiv:1907.03169
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No recombination

PRL 119, 242301

http://arxiv.org/abs/1907.03169
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J/𝜓 and Upsilon v2
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Mechanism:

• Low pT: charm quark energy loss 

and recombination

• High pT: radiative energy loss of di-

quark?

arXiv:1907.03169

ϒ v2

Upsilon v2 smaller than J/𝜓

No recombination

Suggests different mechanism (contributions)  
for open and hidden charm interactions

PRL 119, 242301

http://arxiv.org/abs/1907.03169
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Higher harmonics and viscosity

29

Schenke and Jeon, Phys.Rev.Lett.106:042301

In general: initial state is ‘lumpy’

η/s = 0

η/s = 0.16

How much of this is visible in the final state, 
depends on shear viscosity η

and a number of other model parameters
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Flow without a liquid

30

More particles moving in    x-direction+-

Kurkela, Wiedemann, Wu, arXiv:1803.02072 

Can you have flow with a few scatterings?

‘anisotropic escape’

J Nagle et al

Two parallel strings

 t=0.5 fm/c

Two-particle correlations

Shows a clear signal

in a transport calculationFormation time is important

https://arxiv.org/abs/1803.02072
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ALICE upgrade goals and performance

31

ALICE-PUBLIC-2019-001
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Figure 13: Excess e+e� invariant mass spectrum for 0 –10 % most central Pb–Pb collisions atp
sNN = 5.5 TeV, 2.5⇥ 109 events (Lint = 3 nb�1). The left and right panels refer to the LS2

upgrade (ITS2) and the LS3 upgrade (ITS3) respectively. The green boxes show the system-
atic uncertainties from the combinatorial background subtraction, the magenta boxes indicate
systematic uncertainties related to the subtraction of the cocktail and charm contribution.

• The enhanced low-pT tracking capability of the ITS3 substantially improves the recon-
struction efficiency of photon conversions in which one of the particles of the dielectron
pair often has very low momentum. This reduces the combinatorial background.

• The improved pointing resolution of the ITS3 enables efficient tagging of electrons from
semi-leptonic charm decays, which form a substantial physical background to the pair-
yield and dominate the invariant-mass spectrum at Mee > 1.1 GeV/c2. A tight cut on the
quadratic sum of the impact parameters of the two electrons reduces the charm background
by a factor of about two. This reduces the systematic uncertainties on the thermal excess
yield related to the subtraction of the charm contribution.

The dominant sources of systematic uncertainties in the dielectron measurements are the large
combinatorial and physical backgrounds. The combinatorial background is estimated and sta-
tistically subtracted using the distribution of like-sign pairs from the same event. The latter is
corrected for the different detector acceptance for unlike- and like-sign pairs with the correction
factor R calculated with mixed-event yields [19, 20, 21]. The systematic uncertainty on R is
propagated to the inclusive dilepton signal uncertainty as sS/S = sR/R · (B/S). Therefore, the
increase of S/B resulting from the reduced conversion probability and the improved conver-
sion rejection with ITS3 determine a linear decrease of the systematic uncertainty. The relative
uncertainty on the background sR/R was estimated to be 0.02%. An additional systematic un-
certainty of 10% is added in quadrature to take into account the track reconstruction and particle
identification uncertainties.

In the following, the results of the physics performance study for 2.5 billion central (0 –10 %)
Pb–Pb collisions at

p
sNN = 5.5 TeV (Lint = 3 nb�1) collected with the solenoid magnetic

field at the reduced value of 0.2 T are discussed. The excess e+e� invariant-mass spectrum,
after subtraction of the combinatorial and charm background, is shown in Fig. 13 for ITS2 (left
panel) and ITS3 (right panel). The signal dielectron pairs considered here include thermal radi-
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Dileptons

Thermal radiation

…and much more…

https://cds.cern.ch/record/2661798/files/report.pdf
http://arxiv.org/abs/arXiv:1812.06772
http://arxiv.org/abs/arXiv:1812.06772
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Λc production in pp and Pb-Pb
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Λc/D0 in pp significantly larger 
 than expected from e+e- 

Λc/D in pp

New result: Λc in Pb-Pb; Λc/D similar or slightly larger than in pp
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Λc/D in pp, Pb-Pb

Does hadronisation by recombination play a role? Or ‘just’ fragmentation?

10 20
)c (GeV/

T
p

0

0.5

1

1.5

2

2.5

30
 / 

D
+ c

Λ

ALICE Preliminary
 = 5.02 TeVNNsPb, −10% Pb− 0

| < 0.5y|

Filled markers: pp measured reference
-extrapolated reference

T
pOpen markers: pp 

data
Catania, fragm.+coal.
Catania, coal.

 arXiv:1901.09200Stat. Hadr. model,

ALI−PREL−321682

Λc/D in Pb-Pb



Physics of heavy-ion collisions at the highest energy frontier, ICPPA 2020

Connection to cosmic rays: nuclear PDFs
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Impact of nuclear PDF uncertainty on (atmospheric) neutrino production

JHEP 11 (2015) 009

https://inspirehep.net/files/c37a1730b534b13a1fc34c6b994a4747
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Uncertainties in Nuclear PDFs

34

Large uncertainties on the gluon content of the nucleus at low x
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Reminder: how to get x and Q2 in hadronic collisions
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Leading order: 2→2 kinematics:
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Open charm production vs rapidity at LHC
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Jets in pp collisions

37
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Important reference for Pb-Pb measurements: probe pQCD/parton showers and fragmentation in pp
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Keeping track of the initial energy: gamma-jet

38

PRL 122 (2019) 152001
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