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Relativistic heavy-ion collisions

For the scale, our Sun has approximately  on the 
surface

and up to  in its core

156 MeV ≈ 1012 K
6,000 K

1,000,000 K

QGP: Thermalized state of quarks and gluons with a dimension much larger than that of a nucleon (deconfined).
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Outline

• Quark-gluon plasma (QGP—thermalized and deconfined partonic medium) formation in relativistic heavy-ion 
collisions— baseline for collectivity in small collision systems.

•  Comparison beween small systems and the heavy-ion results—what do we learn?

• Is there an on/off switch for this phenomenon??
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Initial state geometry + Final state interaction (Hydrodynamics description)
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Collectivity in heavy-ion collisons (Anatomy)
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Single particle ditribution:

Driven by system properties 
(pressure+ geometry)P(ϕ)

x

y
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Initial state geometry + Final state interaction (Hydrodynamics description)

x-y plane
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VnΔ =

The pair distribution gets rid of the event plane (difficult to determine experimantally)
=

vn = ⟨cosn(ϕ − Ψn)⟩

=

Collectivity in heavy-ion collisons (Anatomy)
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Single particle ditribution:

Pair distribution:

P(ϕ) Driven by system properties 
(pressure+ geometry)
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Y

X

Initial state geometry + Final state interaction (Hydrodynamics description)

Ripple in a pond 
        Ridge

x-y plane

No Ridge in pp collsions (min. bias)    

pp
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VnΔcos(nΔϕ)

∝ 2V2Δ

Collectivity in heavy-ion collisons (Anatomy)
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Non flow: need to be removed

Near-side (Δφ, Δη ~ 0) correlations from single jets 

Away-side (Δφ ~ π) back-to-back jet correlations: 
          two jets may have different rapidities: Δη ≠ 0 
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Near-side (Δφ, Δη ~ 0) correlations from single jets 

Away-side (Δφ ~ π) back-to-back jet correlations: 
          two jets may have different rapidities: Δη ≠ 0 Major issue— non-flow removal.

Issue— non-flow removal.

Non flow: need to be removed

4

Non-flow: Jets, resonances
  Short range correlations



Dec 19, 2024             Villum Symposium, NBI Debojit Sarkar (NBI) 9

 Baseline: Collective features in heavy-ion collisions

• low pT ( ) — Mass ordering —Interplay between radial and elliptic flow (Hydro: Thermalized). 

• Intermediate pT ( ) —NCQ driven Baryon-meson splitting and grouping — quark coalescence, 
sign of partonic collectivity (Thermalized + deconfined).

pT ≲ 3 GeV/c
3 < pT ≲ 8 GeV/c

 
ALICE, JHEP 243 (2023) 243 
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ALICE, JHEP 243 (2023) 243 
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  Ridge: “Thermalized”
What about “deconfined”?
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What about small (pp, p-Pb) collision systems? Just a non-QGP baseline?

v 2
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Collectivity in small systems?
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Everything flows (?) - Initial state geometry + Final state interaction (hydro description)
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Most unexpected discovery at the LHC!
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Courtesy: Jan Fiete Grosse-Oetringhaus


https://www.theguardian.com/science/life-and-physics/2010/sep/22/lhc-large-hadron-collider-cms
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Similarity with heavy-ions? Partonic collectivity?

• low pT ( ) — Mass ordering —Interplay between radial and elliptic flow (Hydro: Thermalized). 

• No evidence of jet-quenching in p-Pb.

• partonic collectivity can still be probed — probe the NCQ driven baryon-meson splitting and grouping of v2 at 
intermadiate pT (     ).

pT ≲ 2.5 GeV/c

Focus: Baryon and meson  at intermediate v2(pT) pT

8
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ALICE, Phys.Lett. B719 (2013) 29-41 ALICE, Phys. Lett. B 726 (2013) 164–177
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Long-range correlation in ALICE

The ALICE Detector

• Detectors primarily used in this analysis:

1. V0 Detector 
Triggering and event classification.

2.  Forward Multiplicity Detector (FMD)
Unique coverage for long range correlation in ALICE.

3. Time-of-Flight (TOF)
Particle identification.

4.  Time Projection Chamber (TPC)
Tracking and particle identification.

• : Number of tracks in TPC with ( , and 
 GeV/c). Used as event classifier.

Nch |η | < 0.8
pT > 0.2

4

• Datasets:
 1.  p–Pb collisions at   TeV
 2.  pp collisions at    TeV

sNN = 5.02
s = 13

9
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Everything flows, everywhere…

NCQ Driven v2  
(Coalescence)

Pb-Pb

 
ALICE, JHEP 243 (2023) 243 

Semi-central Pb–Pb

ALI-PREL-573065

High multiplicity p–Pb

9

Nch > 50

• Low  ( ) — Mass ordering of . 

• Intermediate  ( ) — Baryon-meson grouping (~  confidence) + splitting (>  confidence) of      
— quark coalescence, evidence of partonic collectivity ( ).

pT pT ≲ 3 GeV/c v2
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High multiplicity events in small systems: Qualitatively similar to the heavy-ion results!

Pb-Pb p-Pb Pp

10

ALICE, arXiv:2411.09323 [nucl-ex], submitted in Nature Physics

https://arxiv.org/abs/2411.09323
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Partonic collectivity in small collision systems!
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p–Pb

Hydro: Hydrodynamics

Coal: Coalescence model of hadronization
Frag: Jet fragmentation

W. Zhao et al.,  Phys. Rev. Lett. 125, 072301  (2020)
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ALICE, arXiv:2411.09323 [nucl-ex], submitted in Nature Physics

• Hydro+Coal+Frag explains the baryon-meson  grouping and splitting.

• Hydro+Frag fails to describe the pattern (despite parameters adjustments). 

• Transport model with coalescence model of hadronization (AMPT) fails to describe the data.

v2

https://arxiv.org/abs/2411.09323
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Partonic collectivity in small collision systems!
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p–Pb

Hydro: Hydrodynamics

Coal: Coalescence model of hadronization
Frag: Jet fragmentation

• Hydro+Coal+Frag explains the baryon-meson  grouping and splitting.

• Hydro+Frag fails to describe the pattern (despite parameters adjustments). 

• Transport model with coalescence model of hadronization (AMPT) fails to describe the data.

v2

W. Zhao et al.,  Phys. Rev. Lett. 125, 072301  (2020)
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Coalescence of flowing partons necessary to describe the pattern
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ALICE, arXiv:2411.09323 [nucl-ex], submitted in Nature Physics

https://arxiv.org/abs/2411.09323
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Partonic collectivity in small collision systems!

9

Hydro: Hydrodynamics

Coal: Coalescence model of hadronization
Frag: Jet fragmentation
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High multiplicity pp

• Hydro+Coal+Frag explains the baryon-meson  grouping and splitting.

• Hydro+Frag fails to describe the pattern (despite parameters adjustments). 

• PYTHIA String-Shoving doesn’t describe the data.

v2

Coalescence of flowing quarks necessary to describe the pattern

Absence of proper initial condition 
might contribute to the quantitative  
discrepancy between data and 
models.

12

ALICE, arXiv:2411.09323 [nucl-ex], submitted in Nature Physics

https://arxiv.org/abs/2411.09323
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ALICE, arXiv:2411.09323 [nucl-ex]

Any further similarities between 
small systems and heavy-ions?
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Coalescence of flowing quarks necessary to describe 3 systems

Partonic collectivity in small collision systems!
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p–Pb 5.02 TeV p–Pb 5.02 TeV

        Initial state 
momentum correlation

        Initial state 
eccentricity correlation

• Event geometry driven final state effects — correlated across large rapidity intervals. 

Similarities: High multiplicity small systems and heavy-ions
 


    

ALICE, JHEP 01 (2024) 199
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p–Pb 5.02 TeV p–Pb 5.02 TeV

        Initial state 
momentum correlation

        Initial state 
eccentricity correlation

Similarities: High multiplicity small systems and heavy-ions

 


    

• Event geometry driven final state effects — correlated across large rapidity intervals. 

ALICE, JHEP 01 (2024) 199
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Similarities: Flow vector fluctutation- probes 3D initial conditions

• Flow symmetry plane Ψn depends on the kinematic regions of pT and η. 

• Flow fluctuations probe the intial geometry and density variations in both transverse and longitudinal 
directions (3D initial condition). 

  14
Similar flow vector fluctuations in small systems?

ALICE, PLB850 (2024) 138477

Pb-Pb

Boost invariant approaches fine in heavy-ions?
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ALI-PREL-548882

• Evidence of flow vector decorrelations in pT in p-Pb collisions (Similar to Pb-Pb).

• Small systems results can not be explained by nonflow. AMPT and 3D Hydro reasonably explains the data!

Pb-Pb
Pb-Pb

Similarities: Flow vector fluctutation- probes 3D initial conditions
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• pT -dependent flow vector fluctuations:
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ALI-PREL-548890

• Evidence of flow vector decorrelations in  in p-Pb collisions (Similar to Pb-Pb)
• Small systems results can not be explained by nonflow. AMPT and 3D Hydro qualitatively captures the trend.

η

Similar flow vector fluctuations in small and large systems!

For asymmmetric system:

ALICE, Physics Letters B, Volume 850,  2024, 138477


• -dependent flow vector fluctuations:η

Pb-Pb

p-Pb

ALI-PREL-548886

Similarities: Flow vector fluctutation- probes 3D initial conditions
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https://www.sciencedirect.com/journal/physics-letters-b
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ALI-PREL-548890

ALICE, Physics Letters B, Volume 850,  2024, 138477


Pb-Pb

p-Pb

ALI-PREL-548886

Similarities: Flow vector fluctutation- probes 3D initial conditions
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• Evidence of flow vector decorrelations in  in p-Pb collisions (Similar to Pb-Pb)
• Small systems results can not be explained by nonflow. AMPT and 3D Hydro qualitatively captures the trend.

η

Similar flow vector fluctuations in small and large systems!
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Initial State Final State

Initial State Final State

• ( ) similar across all three systems (pp, p–Pb,   and Pb–Pb) for Nch < 80. 

• Small systems results can not be explained by nonflow (PYTHIA). 

ρ(v2
2 , [pT])

ϵn vn

1/R , E < pT >

• Pearson correlation coefficient: 

• Traces back “initial cause” from “final effect”:

Similarities in : Tracing back “Initial stage” from “Final Effect”ρ(v2
2 , [pT])

Similar in small and large systems at comparable multiplicities!ρ(v2
2 , [pT])
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Initial State Final State

Initial State Final State

ϵn vn

1/R , E < pT >

• Pearson correlation coefficient: 

• Traces back “initial cause” from “final effect”:

Similarities in : Tracing back “Initial stage” from “Final Effect”ρ(v2
2 , [pT])

Similar in small and large systems at comparable multiplicities!ρ(v2
2 , [pT])

App
rov

ed
 fo

r P
LB

 su
bm

iss
ion



Dec 19, 2024             Villum Symposium, NBI Debojit Sarkar (NBI) 27

The Old Milestone

NCQ Driven v2  
(Coalescence)

Pb-Pb

 
ALICE, JHEP 243 (2023) 243 

Semi-central Pb–Pb

ALI-PREL-573065

9

Nch > 50

High multiplicity events in small systems: Qualitatively similar to the heavy-ion results!

Is it partonic collectivity (thermalized and deconfined)?

High multiplicity ppHigh multiplicity p–Pb

For the last 14 years: these plots appear within the first 2 slides of any talk on small systems!

17
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NCQ Driven v2  
(Coalescence)

Pb-Pb

 
ALICE, JHEP 243 (2023) 243 

Semi-central Pb–Pb

ALI-PREL-573065

High multiplicity p–Pb

9

Nch > 50

0 5 10
)c (GeV/

T
p

0

0.1

0.2

0.3
2v

0 5 10
)c (GeV/

T
p

0

0.1

0.2

0.3
2v

ALICE
 = 5.02 TeVNNsPb, −Pb

 478)≈ 〉
ch

N〈50% V0M   (−40

Two-particle correlation

| > 2.0ηΔ|

0 5 10
)c (GeV/

T
p

0

0.1

0.2

0.3

2v

ALICE
 = 5.02 TeVNNsPb, −p

 35)≈ 〉
ch

N〈20% V0A   (−0

Two-particle correlation

| < 7.8ηΔ1.1 < |

0 5 10
)c (GeV/

T
p

0

0.1

0.2

0.3

2v

±π )pp(
±K )Λ(Λ
0
sK

±π )pp(
±K )Λ(Λ
0
sK

ALICE
 = 13 TeVspp, 

 35)≈ 〉
ch

N〈0.07% V0M   (−0

Two-particle correlation

| < 6.4ηΔ1.1 < |

High multiplicity events in small systems: Qualitatively similar to the heavy-ion results!

It is partonic collectivity!

Where does it switch off? At which multiplicity?

A New Milestone…And

New open question

17
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 p–Pb :  dependence of  of identified particles Nch v2

ALI-PREL-573060

25 < Nch < 50

7

p–Pb

•  > 25 : Baryon-meson grouping (~ ) + splitting (> ) of  at intermediate .  

•

Nch 1σ 5σ v2 pT

Nch < 25

1018
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•  > 25 : Baryon-meson grouping (~ ) + splitting (> ) of  at intermediate .  

•  : grouping and splitting (within ) diluted.

Nch 1σ 5σ v2 pT

Nch < 25 2σ

ALI-PREL-573060
ALI-PREL-573055

15 < Nch < 25

10

p–Pb25 < Nch < 50

 p–Pb :  dependence of  of identified particles Nch v2

18
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New

ALI-PREL-573050 ALI-PREL-573045

11

pp25 < Nch < 50 15 < Nch < 25

Where is the onset of collectivity?

 pp :  dependence of  of identified particles Nch v2

19

•  > 25 : Baryon-meson grouping (~ ) + splitting (> ) of  at intermediate .  

•  : grouping and splitting (within ) diluted.

Nch 1σ 5σ v2 pT

Nch < 25 2σ
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What is the low multiplicity limit for collectivity?

ALI-PREL-573045
ALI-PREL-573055

No evidence of baryon-meson grouping and splitting of  at intermediate .v2 pT

13

pp: 15 < Nch < 25p–Pb: 15 < Nch < 25

20

• Maybe initial state effects are dominant in these dilute systems!

• Continue the search for collectivity towards lower in p–Pb and pp 
collisions—  with unidentified particles…

Nch

A Dumitru et al, Phys. Lett. B 697:21-25,2011
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 B. Schenke, S. Schlichting, P. Singh;  Phys. Rev. D 105, 094023 (2022) 


Initial state effects might be short range…
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THE 3D IP-GLASMA MODEL 

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

-5 -4 -3 -2 -1  0  1  2  3  4  5

m = 0.2 GeV

C
N v 2

(Δ
y)

Δy

(0-5)%
(40-50)%
(60-70)%
(80-90)%p–Pb 5.02 TeV p–Pb 5.02 TeV

        Initial state 
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How to disentangle Initial and Final state effects?

15

• Initial state momentum correlations — relatively short-range (still has finite 
contribution for  ).

• Event geometry (transverse) — correlated across large rapidity intervals. 

|Δη | < 3.0

21
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 B. Schenke, S. Schlichting, P. Singh;  Phys. Rev. D 105, 094023 (2022) 


Initial state effects might be short range…
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THE 3D IP-GLASMA MODEL 

Ultra Long-range correlation in ALICE

FMDA—FMDC correlation 
          ( )|Δη > 5.0 |
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ALICE, JHEP 01 (2024) 199

Goal: Explore the longest-range correlation down to minimum bias multiplicity

12

p–Pb 5.02 TeV p–Pb 5.02 TeV

        Initial state 
momentum correlation

        Initial state 
eccentricity correlation

• Initial state momentum correlations — relatively short-range (still has finite 
contribution for  ).

• Event geometry (transverse) — correlated across large rapidity intervals. 

|Δη | < 3.0

1521
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Flow coefficients: Ultra long-range correlation in ALICE
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• SM of heavy-ions: Hydro (3DGlauber+MUSIC+UrQMD) doesn’t explain the results.

• SM of pp physics (PYTHIA) fails. Altrenative approach such as PYTHIA with shoving fails too!

• Critical challenge to both paradigms (HI and small systems) at once. 

4
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| < 6.0)ηΔ3DGlauber+MUSIC+UrQMD: (5.0 < |
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Flow coefficients: Ultra long-range correlation in ALICE
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3dGlauber+MUSIC+UrQMD:  W Zhao, S Ryu, C Shen, and B Schenke; 

Phys. Rev. C 107, 014904 (2023)
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• SM of heavy-ions: Hydro (3DGlauber+MUSIC+UrQMD) doesn’t explain the results.

• SM of pp physics (PYTHIA) fails. Altrenative approach such as PYTHIA with shoving fails too!

• Critical challenge to both paradigms (HI and small systems) at once. 
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Collectivity in low multiplicity pp and p-Pb: A new paradigm!

w

• Ultra Long range correlation exist after non-flow removal 
even below min bias multiplicity (First observation).


• Hydro paradigm fails.


• PYTHIA paradigm (including shoving) fails.


• CGC doesn’t contribute.


• Transport model (AMPT) fails (see the back up).


Hydro paradigm
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A new paradigm! paradigm shift?

Can we locate?

• Partonic collectivity, 
hydro applicable


• Standard approach 
of HI physics works!

24
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Collectivity in low multiplicity pp and p-Pb: A new paradigm!

w

• Ultra Long range correlation exist after non-flow removal 
even below min bias multiplicity (First observation).


• Hydro paradigm fails.


• PYTHIA paradigm (including shoving) fails.


• CGC doesn’t contribute.


• Transport model (AMPT) fails (see the back up).


Hydro paradigm
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A new paradigm! paradigm shift?

Can we locate?

Only Initial state effects (not CGC )?

Initial state effects (not CGC )? + final state effects ?


Hydro still applicable? 

 new physics?


What are the possibilities?

• Partonic collectivity, 
hydro applicable


• Standard approach 
of HI physics works!

24

e+e-: new baseline?
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• Small systems:  partonic collectivity in high multiplicity classes of small systems!

• A new open question: Collective effects at low multiplicity pp and p–Pb collisions (down to MB multiplicity). 
Origin: initial and/or final state effects? Run 3 pp and O-O data will be useful. 

• Ultra long-range correlation ( ) down to the minimum bias multiplicity measured in pp and p–Pb 
collisions for the first time. 

• Inclusive e+e- collsions at 91 GeV and and 183-209 GeV show no ridge. New baseline?

• High multiplicity e+e- collisions (183-209 GeV) show ridge. Where is the onset of collective phenomena? 

• New paradigm of collectivity search in small systems. Baseline: Min Bias e+e-; Target system: low mult pp, p-
Pb and OO, UPC, DIS etc. LHC Run3 will provide more insights.

|Δη | > 5.0

Thank You

Summary and Outlook

25
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Boundaries to be pushed with the Run 3 data

• Multiplicty dependent precision measurements for PID flow, long range correlations— search for the onset of 
collectivity

• Multiplicty dependent flow vector fluctuations study using mid and forwrad rapidity detectors — constrain the 
3D initial state effects. 

pp

ALICE-PUBLIC-2020-005 


31
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• Ridge Yield:  5σ (best) at 91 GeV;    6.3σ (best) at 183–209 GeV 

• Correlation at mid-rapidity: relatively short range ( ), non-flow removal might depend on the kinematics.
Ypp > Ye+e−

|Δη | < 1.8

42

What is the low multiplicity limit for collectivity?

What is the origin of flow-like behavior at low multiplicity?

14

ALICE, PRL 132, 172302 (2024)


Ridge yield: No non-flow subtraction

pp

Initial and/or Final effects?

24
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Boundaries to be pushed with the Run 3 data

• Multiplicity overlap with pp, p-Pb and Pb-Pb: scanning from fluctuation-dominant region to geometry-dominant 
region. 

• Multiplicity dependence of ultralong range correlation, PID flow, flow vector fluctuations can probe the initial 
conditions (role of  -clustering).

• Measurements will provide constraints on initial state effects in both small systems and heavy-ion collisions.
α

O-O

ALICE-PUBLIC-2021-004 
See talk by C. Cheshkov : Link

32

https://indico.cern.ch/event/1436085/contributions/6107409/attachments/2964440/5214988/ALICE%20Highlights-4.pdf
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The Endgame: A consistent description with an onset possible?

• e+e-: Well-defined initial conditions. No uncertainties on initial geometry or PDF∗ description.

• No multi-parton interaction.

• No gluonic initial state radiation. 
•

20

System size decreasing

Image Courtesy: Yen-Jie Lee (MIT) 

33
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low multiplicity or smaller system: where is the limit?

22
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Ridge in high multiplicity e+e- event— final state effect

ALEPH, arXiv:2312.05084 

No Ridge Ridge

35
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Collective features at low multiplicity: Need more model input

• Hydrodynamics (3DGlauber + Music + UrQMD) underestimates the data. AMPT overestimates.

• Proper understanding of the initial state is missing.

Unprecedented constraint for hydrodynamic and alternative models. Need more theory/model input.

ALI-PREL-573662

18

Non-flow removal by Template fit method
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ALICE Collaboration, S.Acharya et al., Eur.Phys.J.C 80 (2020) 8, 693 
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 Baseline: Collective features in heavy-ion collisions

• low pT ( ) — Mass ordering —Interplay between radial and elliptic flow (hydrodynamics). 

• Intermediate pT ( ) —NCQ driven Baryon-meson splitting and grouping — quark coalescence, 
sign of partonic collectivity (     ).

• Well described by the model with hydro and quark-coalescence(    ).

pT ≲ 3 GeV/c
3 < pT ≲ 8 GeV/c

 
ALICE, JHEP 243 (2023) 243 
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Everything flows, everywhere…

NCQ Driven v2  
(Coalescence)

Pb-Pb

High multiplicity events in small systems: Qualitatively similar to the heavy-ion results!

 
ALICE, JHEP 243 (2023) 243 

New

• Intermediate  ( ) — Baryon-meson grouping (~  confidence) + splitting (>  confidence) of  
— quark coalescence, evidence of partonic collectivity ( ).

pT 3 ≲ pT ≲ 5 GeV/c 1σ 5σ v2

6
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Possible Initial State effects + Hydro

vp+Au
2 < vd+Au

2 ≈ v3He+Au
2

vp+Au
3 ≈ vd+Au

3 ≈ v3He+Au
3

(Expected hydro ordering)
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Eccentricity with nucleon fluctuation 

STAR, Phys. Rev. Lett. 130, 242301 (2023) 

•SONIC (nucleonic Glauber).Describes v2 — underestimates v3

• superSONIC: Nucleon fluctuation + Pre-Flow. 
Pre-Flow effect smears the v3 hierarchy! 

• Nucleon + Subnucleon fluctuations smears the v3 hierarchy!

Eccentricity with nucleon+sub-nucleon 
fluctuations

Possible Initial State effects + Hydro

STAR, arXiv:2312.07464v4 [nucl-ex] 6 Nov 2024

SONIC: P. Romatschke Eur. Phys.J.C 75, 305 (2015)

See talk by S. Huang: Link

B. Schenke, Rept. Prog. Phys. 84, 082301 (2021) 

https://indico.cern.ch/event/1436085/contributions/6107442/attachments/2964572/5215296/CERNShengliHuang4.pdf
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Basics

q
q

q qq̄

Hadrons

• At extreme temperatures and/or pressure, the hadronic medium undergoes a 
transition into quark-gluon plasma

• Extreme temperature — early Universe
• Extreme pressure — cores of neutron stars

• Tc (μb = 0) ≈ 156 MeV
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Static quark potential 

K. Olive et al. (Particle Data Group). 

Review of Particle Physics. 

Chin.Phys., C38:090001, 2014.  

G. S. Bali and K. Schilling.

Physical Review D, 46: 2636-2646, 1992.  

• Strong interaction with force carriers gluons. (Quarks and gluons = 
partons)

• Quarks have never been observed free (confinement). Quarks behave 
as asymptotically free at short distances (asymptotic freedom).
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• Long-range correlations: TPC—FMDA/C and FMDA—FMDC corelations.

•  estimated from Template Fit method:V2Δ
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After Template Fit: residual non-flow is ~ 0 

V 2
Δ

pT (GeV/c)

Non-flow removal

VTPC−FMD
2Δ ≈ vTPC

2 vFMD
2

Higher multiplicity event = Scaled baseline event (non-flow) + Additional flow 

8

 and  measurement from long-range correlation in ALICEV2Δ v2
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vp+Au
2 < vd+Au

2 ≈ v3He+Au
2

vp+Au
3 ≈ vd+Au

3 < v3He+Au
3

PHENIX, Nature Physics 15, 214-219 (2019)

Consistent with latest results: PHENIX: PRC 107 (2023) 024907

• Hydro prediction (             )vn ∝ ϵn

• Geometry scan results: consistent with hydro prediction:

Initial geometry driven…

Geometry driven. Hydrodynamics applicable (initial conditions?)
12


