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Introduction : the concept of quark gluon plasma

Key feature of Quantum Chromodynamics :

→ confinement !
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Introduction : signatures of the quark gluon plasma

Signatures : many !

2001 : discovery of strong « elliptic » flow at STAR

2002 : discovery of jet quenching at PHENIX
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Au+Au collisions at 𝑠 = 130 GeV (RHIC) 
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Summary of the discovery of QGP : arxiv:nucl-ex/0501009
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Summary of the discovery of QGP : arxiv:nucl-ex/0501009

1 × (𝑃𝑏𝑃𝑏) ≠ 𝑁 × (𝑝𝑝) ? (at same energy)

⇔
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Introduction : signatures of the quark gluon plasma

Many other signatures : 

strangeness enhancement

quarkonia suppression

mass ordering

baryon-meson grouping
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Summary of the discovery of QGP : arxiv:nucl-ex/0501009

Au+Au collisions at 𝑠 = 130 GeV (RHIC) 

Signatures used by SPS to try to 

claim QGP discovery in 2000 !

Evidence for a New State of Matter : An Assessment of 

the Results from the CERN Lead Beam Programme
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Main signatures used for the 

discovery of the quark-gluon plasma 

at RHIC

Summary of the discovery of QGP : arxiv:nucl-ex/0501009
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Summary of the discovery of QGP : arxiv:nucl-ex/0501009

Take home message : elliptic (anisotropic)

flow is a key feature to study QGP properties

and was used since the beginning as an

exclusive signature or the QGP in heavy-ion

collisions !
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Introduction : signatures? of the quark gluon plasma
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Near-side ridge in two-particle correlations

was understood as a signature of QGP in

heavy-ion collisions
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Near-side ridge in two-particle correlations

was understood as a signature of QGP in

heavy-ion collisions

Until CMS dropped a bomb in 2010 by observing a 

similar but less strong near-side ridge in pp collisions !

Which started the hunt of QGP

« signatures » in smaller systems !

The ridge was also later observed

in pPb collisions

mailto:alexian.lejeune@cern.ch
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Introduction : signatures? of the quark gluon plasma
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+ strangeness enhancement

+ quarkonia suppression in high multiplicity

pp collisions
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Introduction : signatures? of the quark gluon plasma
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Jet quenching has yet to be observed in 

small collision systems !
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Introduction : signatures? of the quark gluon plasma
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Collectivity seems to be everywhere…

Either what we thought were signatures were in fact not exclusive 

signatures (that is sure thing for some signatures)

or maybe a quark-gluon plasma droplet is created in smaller

systems ??

My analysis will answer this question ! (Not true but that’s what I 

would say to a funding agency)

mailto:alexian.lejeune@cern.ch


Anisotropic flow illustrated with heavy-ion collisions….

17alexian.lejeune@cern.chDěčín Workshop 20th of September 2024

𝑑𝑁

𝑑𝜑
∝ 1 + 2෍

𝑛=1

∞

𝑣𝑛 cos 𝑛 𝜑 − 𝜓𝑛

Angular modulation of 

their distribution

4

Quantifies particle correlation

with symmetry plane 𝜓𝑛

Initial spatial asymmetry1

Particle are emitted with

preferred direction

3

𝜑

𝜓𝑝𝑙𝑎𝑛𝑒

2Collectively expanding

medium
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Two-particle correlations
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How to get two-particle

azimuthal correlations ?

𝐶 ∆𝜂, ∆𝜑 =
𝑆(∆𝜂, ∆𝜑)

𝐵(∆𝜂, ∆𝜑)

same event

mixed event

This typical triangular shape is caused

by the limited detector acceptance

The correlation function :

𝜂1 − 𝜂2 𝜑1 − 𝜑2

mailto:alexian.lejeune@cern.ch


Understanding the 2D correlation function
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credits : Łukasz Graczykowski & Małgorzata Janik
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What is our interest in the 2D correlation function ?
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credits : Jasper Parkkila

∆𝜑 ≈ π

∆𝜑 ≈ 0
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What is our interest in the 2D correlation function ?
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credits : Jasper Parkkila

∆𝜑 ≈ π

∆𝜑 ≈ 0

The near-side peak spans a limited ∆𝜂 range because the ∆𝜂 of two

charged particles within the same jet is limited by the definition of

the jet itself :

max ∆𝜂 ≈ 𝑅𝑗𝑒𝑡

The near-side peak is bigger than the away-side peak for 2 reasons :

more physics phenomena occur at this range and for each opposite-

jet, there is 2 times the contribution of 1 same-jet correlations

mailto:alexian.lejeune@cern.ch


What is our interest in the 2D correlation function ?
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credits : Jasper Parkkila

∆𝜑 ≈ π

∆𝜑 ≈ 0

The away-side peak spans the whole ∆𝜂 range because opposite 

jets can be emitted in a variety of 𝜂 range :

𝜂1 − 𝜂2 ≈ 2 𝜂1 − 𝜂2 ≫ 1 

𝜂1 − 𝜂2 ≈ −2 

= beam axis

𝜂1 − 𝜂2 ≈ 0 

mailto:alexian.lejeune@cern.ch


What is our interest in the 2D correlation function ?
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∆𝜑 ≈ 0

∆𝜑 ≈ π

credits : Jasper Parkkila

Flow signal contributes across all ∆𝜼 range, but it is 

more visible in long-range, because most of the other 

2D correlation function contributions are negligible !

To study long-range correlations, we can make use of 

forward detectors to broaden the ∆𝜂 gap !

mailto:alexian.lejeune@cern.ch


Why studying heavy flavor ?
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scheme credits : Emma Chizzali

Heavy flavor (charm, beauty) = hard probes !

(= coming from energetic processes at very early collision stage A,

which will later experience the QGP medium completely)

mailto:alexian.lejeune@cern.ch


Focusing on 𝐷0 and ∧𝑐
+ but we will see what statistics allow us…
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They are the lightest heavy-flavor hadrons and both hadrons will be reconstructed
through their hadronic decays

Studying both a meson and a baryon will allow us

to study baryon/meson grouping and mass ordering !

mailto:alexian.lejeune@cern.ch


The ALICE detector
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ALICE during RUN 2

ITS → 6 layers of silicon pixel detectors

TPC → Multi Wire Proportional Chambers

Forward detectors (of interest) → Forward
Multiplicity Detectors on both sides

FMD already used to 

broaden 𝜂 gap in : 
arXiv:2308.16590

mailto:alexian.lejeune@cern.ch
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The ALICE detector
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ALICE during RUN 3

ITS → 7 layers and 1st layer closer to interaction point

TPC → Gas Electron Multipliers + continuous readout

Forward detectors → FMD out

Muon Forward Tracker in

(one side only)

Fast Interaction Trigger in

(both sides)

mailto:alexian.lejeune@cern.ch
https://arxiv.org/abs/2308.16590


Analysis procedure (I)
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Get two-particle

azimuthal correlation
1.
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Analysis procedure (I)
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Get two-particle

azimuthal correlation

Remove jet-peak apply 𝜟𝜂 > 1.4 

and project on 𝜟𝜑

0

TPC

0,8-0,8

MFT

-3,6 -2,45

∆𝜂 > 1,6 HFh
h HF

TPC

0 0,8-0,8

1.

2.

mailto:alexian.lejeune@cern.ch


Why using MFT for correlations ?
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0

TPC

0,8-0,8

MFT

-3,6 -2,45

∆𝜂 > 1,6 HFh
h HF

TPC

0 0,8-0,8

Remove jet-peak apply 𝜟𝜂 > 1.4 

and project on 𝜟𝜑

mailto:alexian.lejeune@cern.ch


When measuring the flow of identified particles (such as 𝐷0 and ∧𝑐
+ here) we must

cancel the effect of the reference flow (h-h correlations) so the final flow does not 
depend on the choice of reference

Using MFT introduces a bias in the forward region, and using the usual 2PC method 
isn’t enough anymore..

One consequence of using MFT for correlations
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𝑉2
𝐻𝐹 =

𝑉2
𝐻𝐹 ∙ 𝑉2

𝐹𝑉0 𝑉2
𝐻𝐹 ∙ 𝑉2

𝑀𝐹𝑇

𝑉2
𝐹𝑉0 ∙ 𝑉2

𝑀𝐹𝑇

𝑉2
𝐻𝐹 =

𝑉2
𝐻𝐹 ∙ 𝑉2

𝑀𝐹𝑇

𝑉2
𝑇𝑃𝐶 ∙ 𝑉2

𝑀𝐹𝑇

?
?

How to cancel forward region reference flow ?
We must also correlate the TPC from the other side

with FV0, and then cancel the forward region

reference flow by correlating MFT and FV0

« 3x2PC » method first used in PHENIX :  Phys. Rev. C 105, 024901 (2022)

mailto:alexian.lejeune@cern.ch
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.105.024901


A potential problem with MFT
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Section24

Text18

credits : Katka/Sarah Hermann et al.

DCAxy

collision 1 collision 2

012
3 4

z

5.8cm
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Analysis procedure (II)
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Remove jet-peak apply 𝜟𝜂 > 1.4 

and project on 𝜟𝜑
2.
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Analysis procedure (II)
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Remove jet-peak apply 𝜟𝜂 > 1.4 

and project on 𝜟𝜑
Perform template fit

𝒀𝒕𝒆𝒎𝒑𝒍𝒂𝒕𝒆 ∆𝝋 = 𝑭 ∙ 𝒀𝒑𝒆𝒓𝒊𝒑𝒉𝒆𝒓𝒂𝒍 ∆𝝋 + 𝒀𝒓𝒊𝒅𝒈𝒆 ∆𝝋

Our measurement Non-flow component Collective flow component

𝑌𝑟𝑖𝑑𝑔𝑒 ∆𝜑 = 𝐺 1 + 2෍

𝑛=2

3

𝑽𝒏∆ ∙ cos 𝑛∆𝜑

2.

3.

mailto:alexian.lejeune@cern.ch
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Analysis procedure (II)
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Analysis procedure (II)
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Remove jet-peak apply 𝜟𝜂 > 1.4 

and project on 𝜟𝜑
Perform template fit

𝒀𝒕𝒆𝒎𝒑𝒍𝒂𝒕𝒆 ∆𝝋 = 𝑭 ∙ 𝒀𝒑𝒆𝒓𝒊𝒑𝒉𝒆𝒓𝒂𝒍 ∆𝝋 + 𝒀𝒓𝒊𝒅𝒈𝒆 ∆𝝋

Our measurement Non-flow component Collective flow component

𝑌𝑟𝑖𝑑𝑔𝑒 ∆𝜑 = 𝐺 1 + 2෍

𝑛=2

3

𝑽𝒏∆ ∙ cos 𝑛∆𝜑

2.

3.

Get flow

Reference flow

Differential flow

4.

5.

5 bis.
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Template fit a nice scheme to understand more easily ☺
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scheme credits : Maxim Virta

mailto:alexian.lejeune@cern.ch


Summary
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I tried to show the relevance of anisotropic flow measurements both in the QGP 
history and in the young field of the study of collective behavior in small systems

I hope to have described well enough for you to understand the measurement of 
anisotropic flow through two particle correlations

I hope to have well motivated the purpose of my analysis

And I hope to have highlighted the use of forward detectors to improve anisotropic
results, and the challenges that they bring to the table 

mailto:alexian.lejeune@cern.ch


BACK UP

A Large Ion Collider Experiment



References from Katka’s JCF seminar
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Introduction : signatures of the quark gluon plasma

Many other signatures : 

strangeness enhancement

quarkonia suppression

mass ordering

baryon-meson grouping
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Summary of the discovery of QGP : arxiv:nucl-ex/0501009

chiral symmetry partial restoration → 𝑚𝑠 ≈ 100 MeV < 𝑇𝑄𝐺𝑃
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+ gluon fusion 𝒈𝒈 → 𝐬ത𝒔 more frequent in QGP
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Summary of the discovery of QGP : arxiv:nucl-ex/0501009
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Summary of the discovery of QGP : arxiv:nucl-ex/0501009

From Antonin Maire’s lecture : Strong interaction at hadron colliders

Quarkonia is even more suppressed in the presence of quark gluon plasma
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Summary of the discovery of QGP : arxiv:nucl-ex/0501009

Signature associated with the anisotropic flow of identified hadrons, explained

by quark coalescence, a phenomenon exclusive to a QGP-like medium

Figure from Katka’s JCF seminar on 10/11/2023
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Perform template fit 𝒀𝒕𝒆𝒎𝒑𝒍𝒂𝒕𝒆 ∆𝝋 = 𝑭 ∙ 𝒀𝒑𝒆𝒓𝒊𝒑𝒉𝒆𝒓𝒂𝒍 ∆𝝋 + 𝒀𝒓𝒊𝒅𝒈𝒆 ∆𝝋

Our measurement at given

multiplicity → Contains non-flow

& collective effects

Non-flow component

→ Assumption : low-multiplicity

sample contains only non-flow

Collective flow component

→ Fourier expansion

𝑌𝑟𝑖𝑑𝑔𝑒 ∆𝜑 = 𝐺 1 + 2෍

𝑛=2

3

𝑽𝒏∆ ∙ cos 𝑛∆𝜑

Fit inputs :

→ measurement at high multiplicity

→ measurement at low multiplicity

Fit outputs :

→ F, G, 𝑽𝒏∆ 

Get reference and differential flow 
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