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Tomorrow: MC  to address the open HI issues



Introduction

W. Busza, K. Rajagopal and W. van der Schee, arXiv:1802.04801 
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What is QCD?

5

❑Quantum Chromo-Dynamics is the theory of the strong force
❑the strong force describes the binding of quarks
by gluons to make particles such as protons

❑The strong force is one of the four fundamental forces  
❑The 2004 Physics Nobel prize was awarded to David J. 

Gross, H. David Politzer, and Frank Wilczek  for their work 
leading to QCD
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Features of QCD
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❑In QCD, quarks and gluons 
(partons) are the elemental 
degrees of freedom

❑Quarks and gluons have color 
charge as additional quantum 
number

❑The strength of the interaction 
changes drastically with the 
transfer momentum (Q)

Confinement

Asymptotic 
freedom
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Heavy ion collisions
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In the centre-of-mass frame (the “lab 
frame” at a collider):
❑Each incident nucleus is a Lorentz 

contracted disk (e.g. for Pb or Au, 
thickness ~  fm)

❑Each disc includes many coloured 
quarks and antiquarks (three more 
quarks than antiquarks per nucleon, 

 pairs from quantum fluctuations). 
These quarks and antiquarks are 
sources of strong and almost 
completely transverse color fields

❑The area density of partons increases 
with velocity 

14/γ

qq̄
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Heavy ion collisions
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When two discs overlap or 
collide:
❑SOFT interactions: most of 

incident partons lose some 
energy but are not kicked by 
any large angle -> little 
transverse momentum 
transfer

❑HARD interactions: a small 
fraction of incident partons 
suffer hard perturbative 
interactions->production of 
high transverse momentum 
particles 

MAXIMUM energy 
density
 
System very far 
from equilibrium
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Heavy ion collisions

9

What can we say in a generic way about 
the energy density at ~1fm/c after the 
collision:
❑Rough estimate from LHC data 

(  TeV),  GeV/fm3 
which is around 20 times higher the 
energy density in a hadron

sNN = 2.76 ϵ > 12
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Heavy ion collisions
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Partons produced in the collision can not be described 
as a collection of distinct individual hadrons

Lattice QCD calculations for hot QCD matter in thermal equilibrium at temperature T show a continuous crossover 
around T ∼ 150 MeV, from a hadron resonance gas (HRG) at lower temperatures to QGP at higher temperatures 
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Heavy ion collisions
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Quarks and gluons in this high energy density matter are far 
from independent, they are so strongly coupled to each other 
that they form a collective medium that expands and flows as a 
relativistic hydrodynamic fluid with a remarkably low viscosity 
to entropy density ratio 

This form of matter is named Quark-Gluon 
Plasma (QGP)

Heavy ion collisions recreate droplets of the matter that filled 
the universe a microsecond or so after the Big Bang
➡when the universe was only a few microseconds old it was 

filled with matter at temperatures above  and was too 
hot for the formation of any hadron 

η/s ≈ 1/4π

ΛQCD
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Heavy-ion collisions
Compressing a large amount of energy in a small volume produces a 
“fireball” of hot matter (~T of universe at ~10 𝜇s after Big-Bang)

13

RHIC and LHC: 
compelling evidence 
of the formation of a 
“strongly interacting” 
Quark Gluon Plasma 

Collectivity 
Hadrochemistry 
Parton energy loss 
Quarkonium 
suppression

Ann. Rev. Nucl. Part. Sci. 
68 (2018) 339-376

https://www.annualreviews.org/doi/10.1146/annurev-nucl-101917-020852
https://www.annualreviews.org/doi/10.1146/annurev-nucl-101917-020852


QGP signatures in AA 
collisions
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Ncoll, Npart…

15

Pramana 61 (2003) 865-876
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Event characterisation

16

ALICE Public note, ALI-PUB-2877

Geometrical quantities are calculated using a Glauber Monte Carlo, the 
different event classes are classified according to their impact parameter
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Radial flow

17

Transverse momentum distribution 
ALICE, PLB 736, 196

Change from pp to Pb-Pb: 
Increase in mean pT 
Larger effect for larger mass

First indication of collective 
behaviour  

Pressure leads to radial flow 
Same Lorentz boost (𝛽) gives 
larger momentum for heavier 

particles 
(mp<mK<m𝜋)
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Azimuthal anisotropy

18

The n-th order spatial eccentricity that characterises the 
initial state geometry is defined as

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

pressure gradients, flow of the QGP

Single event

Sum over many events
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Jet quenching

19

From L. Apolinário [2020 RHIC/AGS Jet Workshop]

Jet shower in the medium, superposition of: 

vacuum shower



MCnet-CTEQ Summer School 2021 VIRTUAL                         Antonio Ortiz (14/09/2021)

Jet quenching

20

From L. Apolinário [2020 RHIC/AGS Jet Workshop]

Jet shower in the medium, superposition of: 

medium-induced gluon emission

These processes happen simultaneously and interfere
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Jet quenching

21

From L. Apolinário [2020 RHIC/AGS Jet Workshop]

Jet shower in the medium, superposition of: 

medium-induced gluon emission

These processes happen simultaneously and interfere

Suppression of jet-like yield 
of the away side of the di-
hadrons correlations (A-A 

relative to MB pp)

I A
A

1

0.5

ALICE, PRL 108 (2012) 092301
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Jet quenching

22

From L. Apolinário [2020 RHIC/AGS Jet Workshop]

Jet shower in the medium, superposition of: 

medium-induced gluon emission

Suppression of the high pT 
hadron yield in A-A relative 

to MB pp

ALICE, PRL 110 (2013) 082302
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Jet quenching

23

From L. Apolinário [2020 RHIC/AGS Jet Workshop]

Jet shower in the medium, superposition of: 

medium-induced gluon emission

The effect (suppression = parton energy loss) is not 
seen in p-Pb collisions  more studies are needed→

Suppression of the high pT 
hadron yield in A-A relative 

to MB pp

Observed consequences, e.g. 2 



Striking similarities 
between pp and AA data
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Traditional approach
pp and p-A (even peripheral A-A) 
collisions traditionally studied as 
“control experiments” to extract 
the genuine properties of QGP in 
central A-A collisions

25

QGP

Initial state 
effects

Reference 
data
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Change of perspective
pp and p-A (even peripheral A-A) 
collisions traditionally studied as 
“control experiments” to extract 
the genuine properties of QGP in 
central A-A collisions

26

QGP

Initial state 
effects

Reference 
data

“Ridge” structures have been discovered in small 
systems (pp and p-A collisions). See e.g.

Same origin ?  

Experiment: accumulate observables to say 
the final words

CMS, JHEP 1009 (2010) 091 
ALICE, PLB 719 (2013) 29 
ATLAS, PRL 110 (2013), 182302  
LHCb, PLB 762 (2016) 473

In heavy-ion collisions it is interpreted as a 
signature of the collective expansion of the system

QGP?

https://link.springer.com/article/10.1007/JHEP09(2010)091
https://www.sciencedirect.com/science/article/pii/S037026931300035X?via=ihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.182302
https://www.sciencedirect.com/science/article/pii/S037026931630572X?via=ihub
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Long range correlations

27

Milan Stojanovic Initial Stages 2017 23

Multiparticle correlation - collectivity
Two-particle correlations Multi-particle correlations

Milan Stojanovic Initial Stages 2017 10

Motivation

“Ridge” seen (as expected)
in PbPb collisions 

PLB 724 (2013) 213 PLB 724 (2013) 213

Similar structure seen also in pPb... As well as in high
multiplicity pp collisions!

(c) 

PLB 765 (2017) 193

a

CMS, PLB 724 (2013) 213 CMS, PLB 765 (2017) 193

Less sensitive to non-flow effects

What is the nature of long-range 
correlations observed in small systems?

Two-particle correlations with inclusive charged particles



Anisotropic flow
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Collectivity in small systems
Collective flow: In  heavy-ion collisions 
(HIC) azimuthal anisotropies 
established during the hydrodynamic 
stage in response to initial geometry

29

Tracker HF+HF-

𝜂
vn{SP} =

⟨QnQ*nA⟩
⟨QnAQ*nB⟩⟨QnAQ*nC⟩

⟨QnBQ*nC⟩

Qn =
M

∑
i=1

ω̃ieinϕi

Qn

QnA QnBQnC

{{ {

Main challenge for small systems: non-flow contributions (resonance decays, 
jets). Different techniques have been developed to control non-flow effects (e.g. 
scalar product method correlating particles from different subevents)

Reaction plane

v2: dominates in non-central HI collisions 
v2n+1: various geometrical configurations 
arising from initial geometry fluctuations 
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Collectivity in small systems
Collective flow: In  heavy-ion collisions 
(HIC) azimuthal anisotropies 
established during the hydrodynamic 
stage in response to initial geometry

30

Tracker HF+HF-

𝜂
vn{SP} =

⟨unQ*nA⟩
⟨QnAQ*nB⟩⟨QnAQ*nC⟩

⟨QnBQ*nC⟩

Qn =
M

∑
i=1

ω̃ieinϕi

un

QnA QnBQnC

{{ {

Main challenge for small systems: non-flow contributions (resonance decays, 
jets). Different techniques have been developed to control non-flow effects (e.g. 
scalar product method correlating particles from different subevents)

Reaction plane

v2: dominates in non-central HI collisions 
v2n+1: various geometrical configurations 
arising from initial geometry fluctuations 
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Anisotropic flow coefficients

31
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ALICE, arXiv:1903.01790
v2(Pb-Pb) > v2(p-Pb) > v2(pp)
(as expected if the overall collision 
geometry dominates) 

(indicating a similar, fluctuation-driven 
initial-state geometry) 

v3(Pb-Pb) ≈ v3(p-Pb) 

v2>0 for small systems

The analysis has also been 
extended to the subevent 
method

Se also: CMS, arXiv:1901.07997

https://arxiv.org/abs/1903.01790
https://arxiv.org/abs/1901.07997


Hadrochemistry and 
radial flow
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Strangeness enhancement
None of microscopic models (string 
hadronization, core-corona 
approach) can reproduce the 
increasing trend

33

ALICE, NP 13 (2017) 535
ALICE, EPJC 80 (2020) 8, 693 

https://www.nature.com/nphys/journal/v13/n6/full/nphys4111.html
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Particle production

34
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ch
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(V0A Mult. Classes - Pb side)
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= 2.76 TeVNNsALICE Pb-Pb 
= 1601.0〉η/d

ch
dN〈0-5%, 

= 55.5〉η/d
ch

dN〈60-80%, 

ALI-PREL-110279

Identified particle production vs multiplicity in pp, p-Pb and 
Pb-Pb collisions exhibits remarkable similarities

Mass dependent modification of the pT spectral shapes going from low to high multiplicities 

A. O. (ALICE), PoS LHCP2019 (2019) 091 
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𝜋/K/p pT spectra vs Nch

35
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CMS, PRD 96 (2017) 112003

The pT spectra at low pT flatten out with increasing event multiplicity 
The effect is mass dependent as observed in heavy-ion collisions

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.112003
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𝜋/K/p pT spectra vs Nch
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The pT spectra at low pT flatten out with increasing event multiplicity 
The effect is mass dependent as observed in heavy-ion collisions

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.112003
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Blast wave: simplified hydro model: 
Assumes common particle expansion 
with       and  
Assumption ~ok for large collision 
systems 
pp and p-Pb: similar      vs       behavior   
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.99.024906
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.042001
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Alternative view

38

Color reconnection allows the interaction of partons (from MPI), just 
before the hadronization. CR has proven to produce radial flow-like 
patterns in events with large number of MPI

With CR Without CR

courtesy of P. Skands

See the presentation of Leif Lönnblad
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Alternative view

39

Color reconnection allows the interaction of partons (from MPI), just 
before the hadronization. CR has proven to produce radial flow-like 
patterns in events with large number of MPI

With CR Without CR

courtesy of P. Skands

See the presentation of Leif Lönnblad



Selection biases
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Particle production vs Nch

41

ALICE, arXiv:1905.07208
Multiplicity selection at mid-pseudiorapidity Multiplicity selection at forward rapidity

Correlation between inclusive multiplicity 
(low pT) and high-pT particle production

Lower multiplicity reach for the highest V0M multiplicity class than 
that for the highest SPDtracklets multiplicity class
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https://arxiv.org/abs/1905.07208
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Particle production vs Nch

42

Non-linear increase of the high-pT particle 
production as a function of multiplicity. 
EPOS LHC describes the relative yields  
better than PYTHIA, but it fails in 
describing the spectral shapes at high pTThe results illustrate the role of hard 

physics in high multiplicity events
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Summary

The hot and dense QCD system created in A-A collisions exhibits 
features compatible with the formation of QGP: collectivity, 
strangeness enhancement, jet quenching, … 

Surprisingly, we found collective-like behaviour and strangeness 
enhancement in pp and p-A collisions. The origin of these effects 
in small collision systems is still an open question
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Initial or final state effect?
The origin of the effect in small 
systems is still unclear. Different 
models: a) final state interactions 
(assuming QGP), b) initial state 
effects related to gluon saturation, 
c) parton transport models

47

How reliable is hydrodynamics 
applied to small non-equilibrium 
systems? 
How large are the initial state 
correlations in realistic simulations 
and to what extend do they survive 
subsequent final state interactions?

See e.g. PRC 85 (2012) 014911 (a), PRC 87 
(2013) 064906 (b), PRL 113 (2014) 252301 or 
arXiv:1805.04081 (c)

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.113.252301
https://arxiv.org/abs/1805.04081
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Combination of both initial- and 
final-state effects?

PLB 772 (2017) 681

IP-Glasma + hydrodynamics + 
UrQMD (importance of sub-
nucleon scale fluctuations in the p 
projectile)

Initial or final state effect?

See e.g. PRC 85 (2012) 014911 (a), PRC 87 
(2013) 064906 (b), PRL 113 (2014) 252301 or 
arXiv:1805.04081 (c)

The origin of the effect in small 
systems is still unclear. Different 
models: a) final state interactions 
(assuming QGP), b) initial state 
effects related to gluon saturation, 
c) parton transport models
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.113.252301
https://arxiv.org/abs/1805.04081
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Phase diagram
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