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The Reaction Plane

The impact parameter vector b and 
the beam axis span the reaction 
plane

Experimentally, the reaction plane 
can be measured (with some finite 
resolution) on an event-by-event 
basis

One can then study particle 
production as a function of the 
emission angle w.r.t. the reaction 
plane

reaction plane

Introduction
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Initial state: Energy density spatial asymmetry in non-central ion collisions

Elliptic Flow: A Brief Review 6
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Figure 5. The created initial transverse energy density profile and its time
dependence in coordinate space for a non-central heavy-ion collision [21]. The z-axis
is along the colliding beams, the x-axis is defined by the impact parameter.

with the reaction plane. The reaction plane is defined by the impact parameter and the

beam direction z (see Fig. 4). A convenient way of characterizing the various patterns

of anisotropic flow is to use a Fourier expansion of the invariant triple di↵erential

distributions:
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where E is the energy of the particle, p the momentum, pt the transverse momentum, '

the azimuthal angle, y the rapidity, and  RP the reaction plane angle. The sine terms

in such an expansion vanish because of the reflection symmetry with respect to the

reaction plane. The Fourier coe�cients are pt and y dependent and are given by

vn(pt, y) = hcos[n('� RP)]i, (3)

where the angular brackets denote an average over the particles, summed over all events,

in the (pt, y) bin under study. In this Fourier decomposition, the coe�cients v1 and v2
are known as directed and elliptic flow, respectively.

The evolution of the almond shaped interaction volume is shown in Fig. 5. The

contours indicate the energy density profile and the plots from left to right show how

the system evolves from an almond shaped transverse overlap region into an almost

symmetric system. During this expansion, governed by the velocity of sound, the created

hot and dense system cools down.

Figure 6a shows the velocity of sound versus temperature for three di↵erent

equations of state [22]. The dash-dotted line is the hadron resonance gas EoS, the

red full line is a parameterization of the EoS which matches recent lattice calculations

and the blue dashed line is an EoS which incorporates a first order phase transition.

The arrows indicate the corresponding transition temperatures for the lattice inspired

EoS and the EoS with a first order phase transition. The temperature dependence of

the sound velocity clearly di↵ers significantly between the di↵erent equations of state.

Because the expansion of the system and the buildup of collective motion depend on the

velocity of sound, it is expected that this di↵erence will have a clear signature in the flow.

Momentum and position asymmetry 
in the final state

Access to initial state properties

Initial state Final state
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arXiv:nucl-th/0305084

Macroscopically described by Energy-Momentum Tensor
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Types of Collective Flow

 The only type of collective flow in A+A collisions with 
impact parameter b = 0

 Affects the shape of particle spectra at low p
T

 Caused by anisotropy of the overlap zone (b ≠ 0)

 Requires early thermalization of the medium

 Is produced in the pre-equilibrium phase of the 
collision

 Gets smaller with increasing √s
NN
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Extracting Energy-Momentum tensor components from collective flow Measuring it with Fourier decomposition of particle correlations

Experimentally

6

FIG. 12: Fundamental properties of the QGP that are acces-
sible to measurements in relativistic heavy ion collisions.

regime one expects that the ratio of shear viscosity to
entropy density ⌘/s, which is a dimensionless number, is
of the order of 1/(4⇡) [28].

The bulk viscosity ⇣ represents a measure of the de-
viation from scale invariance. Scale invariance is broken
in QCD by quantum e↵ects; it is predominantly visible
in the QGP near the transition region [29]. And so, if
one can deduce the value of ⇣/s from the data, one learn
something about the gluon and the energy momentum
tensor in the QGP.

Theory is fine, but one needs experimental observ-
ables and a way to extract the values of these quanti-
ties from the experimental observables. Over the past
several years, the way in which the model–data compari-
son has been done for relativistic heavy ion collisions has
been revolutionized by emulator-aided multi-parameter
Bayesian analyses [30]. On one hand, we have copious
data, both from RHIC and LHC, of spectra, flow veloc-
ities, and many other quantities. On the other hand,
we have detailed models that describe how the QGP ex-
pands and ultimately converts into hadrons and finally
breaks up. The combination of these two developments
allows us to extract these QGP properties quantitatively
and with quantifiable confidence [31].

That was really first demonstrated in great detail in a
Ph.D. thesis by Jonah Bernhard at Duke, who performed
a complete Bayesian sensitivity analysis for a large num-
ber of parameters that are related to fundamental prop-
erties of the QGP, including the equation of state and
the viscosities [32]. If we focus on the parameters that
are relevant for the shear viscosity they show that, with
well controlled uncertainty, the specific shear viscosity in
the QGP is indeed much smaller than those in common
materials, like helium or water, as shown in Fig. 13. The
results confirm that QGP is very close to the putative
quantum bound ⌘/s = 1/(4⇡), thereby confirming the
“perfect fluid” property of the QGP.

We next turn to jet quenching. As I mentioned in con-
junction with the Table in Fig. 12, the energy loss of fast
partons in the QGP depends on the light-cone correla-
tor of glue fields. There is a parameter that one usually

FIG. 13: Temperature dependence of the specific shear vis-
cosity ⌘/s obtained by a Bayesian model-to-data comparison
(adopted from Ref. [32]).

FIG. 14: The normalized jet quenching parameter q̂/T 3 de-
duced from RHIC and LHC data on jet suppression (adopted
from Ref. [35]).

calls q̂, which is proportional to the radiative energy loss
per unit distance of a fast parton propagating through
the QGP [33]. By performing an analysis of the suppres-
sion of energetic hadron production in a heavy ion colli-
sion, one can deduce the value of q̂. The first determina-
tion was done by the so-called JET Collaboration [34], a
medium sized collaboration of theorists, which has been
extended into the JETSCAPE and, more recently, X-
SCAPE Collaborations. The participant scientists have
determined that the ratio of q̂/T 3 is somewhere in the
range of four [35], see Fig. 14. This implies a quantita-
tive determination of the gluon density in the QGP, as
measured by a particle that travels at the speed of light.

B. Color screening

On the other hand, if heavy quarks imbedded in the
QGP travels slowly, it sees gluon correlations either in
the spatial direction, if one looks at the potential that
binds them, or in the temporal of direction, if one looks
at di↵usion phenomena. Correlations in space are re-
sponsible for the screening of the color force, quantified
by the so-called Debye mass mD. This screening leads,

Also in small systems? Nat. Phys. 15, 214–220 (2019) Only at forward rapidity

A collective motion of particles superimposed to the 
thermal motion → the system as a medium

Radial flow
radial expansion of a medium in the vacuum under a 
common velocity field
• Affects transverse momentum distribution of hadrons and 

their ratios, …

Anisotropic flow
pressure gradients convert spatial anisotropy into 
observable momentum anisotropies
• anisotropy in azimuthal angle described by a Fourier series
• $n describe how initial fluctuations propagate in a viscous 

fluid

Hydrodynamics at play: flow

F. Bellini, Emergence of QGP phenomena - EPS-HEP - 27.07.2021 20

Radial flow v0

Elliptic flow v2

Direct flow v1

Triangular flow v3

https://www.nature.com/articles/s41567-018-0360-0#citeas
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About LHCb
The LHCb detector

 2

Single arm spectrometer fully instrumented in pseudorapidity range 2 < ! < 5

Unique in this range

❖ Excellent resolution down to pT~0.

❖ Excellent particle identification.

❖ Excellent primary vertex determination.

Samuel Belin samuel.belin@cern.ch 

LHCb experiment
• Single-arm fully instrumented spectrometer in 

• pp, pPb, PbPb and fixed target modes
• Momentum resolution: 

• Primary vertex resolution:  
• ECAL energy resolution: arXiv:2008.11556

 

η ∈ [2, 5]

Δp/p = 0.5 − 1 % , p ∈ [2, 200] GeV/c
∈ [10, 35] μm

13.5 % / E/GeV ⊕ 5.2% ⊕ (0.32 GeV)/E

JINST 3 (2008) S08005

https://arxiv.org/abs/2008.11556
http://dx.doi.org/10.1088/1748-0221/3/08/S08005
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• : exchanged moments between interacting partons
• x: momentum fraction of the parton with respect to nucleus

Q2

Q2 ∼ m2 + p2
T, x ∼

Q
sNN

e−η

•LHCb coverage • Forward,   
• Backward, 

10−6 ≤ x ≤ 10−4

10−3 ≤ x ≤ 10−1

Unique access to low-x physics

LHCb particular capabilities
• Charged and neutral hadron production at small-x
• Capability to study one system in a wide range of x values:

• Forward/Backward comparison
• Possible access to the saturation region Non-linear dynamics→
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Figure 1: Kinematic coverage of LHCb and other experiments for pPb collisions in terms of the
fractional momentum, x, of the nucleon in the target and the squared parton-parton invariant
mass, Q

2. The kinematic range is taken from measurements of RpPb for charged particles
performed at the ALICE [8], CMS [9], ATLAS [11], BRAHMS [12], PHOBOS [14], PHENIX [13]
experiments. The saturation region is shown for Pb nuclei estimated from considerations in [4,5].

is ideal to observe saturation e↵ects.47

This note presents the measurement of prompt charged particle spectra in pPb collisions48

at
p

sNN = 5.02 TeV and in pp collisions at
p

s = 5 TeV. The pPb measurement covers a49

pseudo-rapidity range of �5.3 < ⌘cms < �2.5 and 1.6 < ⌘cms < 4.3, where ⌘cms represents50

the pseudo-rapidity measured in the nucleon-nucleon centre-of-mass system. The pp51

measurement spans over 2 < ⌘cms < 4.8. There is no previous determination of charged52

particle spectra in the mentioned pseudo-rapidity ranges in proton-lead collisions at53

the LHC and, therefore, this study will provide invaluable information for the tuning54

of Monte-Carlo generators. In addition, these measurements allow to make the first55

determination of the nuclear modification factor for charged particles at
p

sNN = 5 TeV in56

the �4.8 < ⌘cms < �2.5 and 2.0 < ⌘cms < 4.3 ranges, allowing to test CNM e↵ects down57

to x ⇠ 10�6.58

2
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How to probe low-  processes?x

3

• Instrumented to detect neutral/charged hadrons


• Excellent performance in  and  collisionspPb pp
Unique access to the 

saturation region with LHCb

• This talk  light hadron production measurements to tests of nuclear effects→
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• Lighter particles provide access to the lowest x

Q2 ∼ m2 + p2
T, x ∼ Q

sNN
e−η

: exchanged momentum between interacting 
partons

: momentum fraction of  parton

Q2

x Pb

- forward, 

- backward, 

10−6 ≲ x ≲ 10−4

10−3 ≲ x ≲ 10−1
p Pb pPb

forward

• LHCb 
coverage:

backward
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Sat.region from PRL.100.022303

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.100.022303
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Two-particle angular correlations

4Cheuk-Ping Wong (LANL) 4/6/22

Charged Hadron Correlations

("#, "%)
Trigger particle

Same events Mixed events

÷ =

• Construct ("#, "$) of charged 
hadron pair with the same pT
range in the same events

• Using mixed-event technique to 
correct for detector acceptance

Correlation functions

Int. J. Mod. Phys. Conf. Ser. 29 (2014) 1460212

Correlation function:   

Where 

Background mixed events should have similar features with respect to signal 

1
Ntrig

d2Npairs

dΔϕdΔη
= B(0, 0)

S(Δη, Δϕ)
B(Δη, Δϕ)

S(Δη, Δϕ) = 1
Ntrig

dNsame
pairs

dΔϕ → Correlated pairs from the same events

B(Δη, Δϕ) = 1
Npairs(Δϕ = 0)

dNmixed
pairs

dΔϕ → Uncorrelated pairs from mixed events

Fourier expansion

dNpairs

dΔϕ
= A [1 + 2

3

∑
n=1

⟨Vn⟩ cos(n ⋅ Δϕ)] Fitting we extract → vn(passoc
T ) =

Vn(passoc
T , ptrigg

T )

Vn(ptrigg
T , ptrigg

T )

v1 → Directed flow

v2 → Eliptic flow

v3 → Triangular flow

passoc
T

ptrigg
T
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• Correlation function: 

•  

1
Ntrig

d2Npair

dΔηdΔϕ
= B(0, 0)

S(Δη, Δϕ)
B(Δη, Δϕ)

ℒ = 95 μb−1

PLB.2016.09.064

8Cheuk-Ping Wong (LANL) 4/6/22

Activity Class Determination

LHCb

• Five activity classes determined using hit multiplicity 
in the Velo (vertex detector)

• Activity classes of Pbp have higher multiplicity than pPb

hit
VELON
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 = 5 TeVNNs

LHCb

PLB 762 (2016) 473

Away-side

Near-side

Jet correlations

*VErtex LOcator (VELO): LHCb Vertex detector

Two-particle angular correlations in pPb at 5 TeV

Activity class definition based on percentiles of  distribution*Nhit
VELO

https://www.sciencedirect.com/science/article/pii/S037026931630572X?via=ihub
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Two-particle angular correlations in pPb at 5 TeV
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PLB.2016.09.064
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Quantitative Comparison
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• Integrate over 2 < Δ= < 2.9 to avoid jet-like contributions
• Using zero-yield-at-minimum (ZYAM) to remove 

combinatorial background
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Quantitative analysis:

• 1-dimensional yield:  

• Integrating over  to avoid short range (jet etc) contributions 
• Using zero-yield-at-minimum (ZYAM) condition to remove flat pedestal  from a second-order polynomial fit at 

Y(Δϕ) =
1

Ntrig

dNpair

dΔϕ
= B(0, 0)

S(Δϕ)
B(Δϕ)

2 < |Δη | < 2.8
→ CZYAM Δϕmin
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Fig. 6. One-dimensional correlation yield as a function of !φ obtained from the ZYAM-method by averaging the two-dimensional distribution over 2.0 < !η < 2.9. The 
results for the p + Pb and Pb + p samples are compared in five event classes which probe identical activities in the range 2.0 < η < 4.9. The measured hit-multiplicities of 
the p +Pb sample are scaled to agree with the hit-multiplicities of the Pb+ p sample. The uncertainty band represents the systematic limitation of the scaling procedure. The 
error bars represent the statistical uncertainty. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Lower activity events (>30%)
• No near-side peak
• Pronounced away-side peaks

High activity events (<30%)
• Near-side peak emerge
• Near-side peaks are higher in Pbp than in pPb
•  dependence for both near and away-side peakspT

M
ultiplicity

Two-particle angular correlations in pPb at 5 TeV
PLB.2016.09.064

pT

https://www.sciencedirect.com/science/article/pii/S037026931630572X?via=ihub
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Ongoing analyses
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• Charge hadron  in PbPb at 5TeV
• Centrality determination using calorimeter energy and MC Glauber
• Study direct flow in forward region
•  

vn

ℒ = 228 μb−1

Figure 15: Classification of events from data according to the defined centrality classes (top left).
Distribution of the impact parameter (top right), Npart (bottom left) and Ncoll (bottom right)
values for the corresponding centrality classes.

Because of this, it is important to exclude in the analyses the energy region where we293

have a sizeable contamination from these events. If no further selection has been applied294

to get rid of UPC events, their contamination will be below 5% at energies higher than295

585GeV, that is at centralities lower than 84% (more central than 84%).296

To determine this threshold, the data was compared to the fit MC Glauber as in297

figure 14 (see the plot on the right). The point from which the two distributions match298

was found by computing a centred mean of the Data/MC ratio around each bin, then299

when this ratio was below a chosen tolerance of 1.05 (meaning 5% contamination of UPC300

events) for three consecutive bins, the centre of the bin of lower energy was chosen as the301

energy threshold.2302

If one is able to identify and take out UPC events from the data sample then this303

limit of 84% can be pushed to more peripheral events.304

4 Uncertainties305

To compute uncertainties, we will analyse some aspects that may a↵ect the cuts on the306

deposited energy to define the centrality classes. However, we will focus not on how they307

2For a given bin n, the ratio of Data/MC was computed for bins n� 1, n and n+ 1, and averaged.
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Charged hadrons  in PbPb at vn sNN = 5 TeV

• Study initial effects at low-x
•
• Multiplicity dependent measurement
• Multiplicity correction with response matrix
• Precise charmed mesons reconstruction  High statistics

ℒ ∼ 15 nb−1

→

Charged hadrons and charm  in pPb at  vn sNN = 8 TeV

p > 2 GeV|Δη | ≥ 12 ≤ η ≤ 4.9
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arXiv:2205.03936

https://cds.cern.ch/record/2789548/files/document.pdf
https://arxiv.org/abs/2205.03936
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Bose-Einstein correlations of identical pions in pPb
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• Bose-Einstein correlations (BEC)  Enhanced production of identical particles with small momentum
• Measure scales that are referred to as lengths of homogeneity  Related with the geometrical size of the particle-emitting source
• Correlation radius scales universally with the cube root of the charge-particle multiplicity 

→
→

Data sample: 2013 pPb/Pbp data at 

1. Two-particle correlation function 

       where  

  Where 

2. Levy-type parametrization: Correlation radius, R

sNN = 5.02 TeV

C2(Q) = ( Nref

Nsig ) ( dNsig(Q)/dQ
dNref(Q)/dQ ) Q ≡ −q2 = −(k1 − k2)2

{Nsig → Sample with BEC. Same-sign charged particles

Nref → Sample free from BEC. Event-mixing method

C2 (Q) = 1 + e−|RQ| →

pp

JHEP12(2017)025

VErtex LOcator activity based classification

In progress

https://link.springer.com/article/10.1007/JHEP12(2017)025
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LHCb at Run3
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LHCb upgrade run 3

!7

New tracking system:
• Silicon upstream detector (UT)
• Scintillating tracking fiber (SciFi)

New Pixel VELO

New RICH optics and photodetectors

New electronics for 
calorimeter and muon 

chambers

Upgrade for pp requirement

• 40 MHz collision rate

• Pile Up factor ∼ 5

Full software trigger

• Remove L0 triggers.

• Read out full detector at 40 MHz.

Heavy ion program will profit from this upgrade !

New SMOG2 cell

[CERN-LHCC-2012-007]

Samuel Belin samuel.belin@cern.ch 

Many possibilities 
of flow studies in 
small systems 

Up to 30% centrality in PbPb
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Summary
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icorredo@cern.ch 

More LHCb results will come in the future Stay tuned→

• Two-particle angular correlations  Initial state properties 

• LHCb can

Ongoing analysis:
• Centrality dependence of two-particle angular correlations in PbPb at  

• Multiplicity dependence of two-particle angular correlations in pPb at 

• Study of the Bose-Einstein correlations of identical pions in pPb at 

→

{Access low-x physics in pPb and PbPb, 10−6 < x < 10−1

Measure two-particle correlations in a complementary pseudorapidy region to other experiments, 2.0 < η < 4.9

sNN = 5 TeV
sNN = 8 TeV

sNN = 5 TeV

mailto:icorredo@cern.ch
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Backup: Event activity classification
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• Multiplicity of reconstructed VELO tracks assigned to a PV for the 2011 no-bias sample. 
• Different colours indicate three activity classes defined as fractions of the full distribution. 
• The minimum value of the track multiplicity to accept reconstructed PV is five

JHEP12(2017)025

https://link.springer.com/article/10.1007/JHEP12(2017)025

