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Electroweak phase 
transition

QCD phase transition 

100,000 x Tcore sun

Quark Gluon 
Plasma 
(QGP)

What happens when you heat and compress matter to very high temperatures and densities?

Do we understand what QCD tells us?



Lattice QCD and the Phase Diagram

• at μB=0 we have rather reliable calculations from the lattice 

• at larger μB conflicting results from the lattice 

• for all cases the lattice calculations tell us (currently) very little about the (transport) properties of the matter 

• in case of a strongly interacting system, using e.g. the AdS/CFT correspondence, the energy density over 
T

4
 reaches about 70% of the non-interacting limit, not so different from lattice QCD!  

• what are the relevant degrees of freedom?
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Goal: Determine the detailed Phase Structure of QCD

Beam Energy Scan - Lower collision energies

19

Critical Point ?

Early Universe
• Is there a critical point? 

• Need detailed simulations  
taking into account all 
sources of fluctuations 

• Fluid dynamics: Include 
thermal conductivity, 
baryon diffusion, 
hydrodynamic fluctuations, 
appropriate initial state,  
equation of state at finite μB

LQCD evidence of QGP
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How to connect observables 
to lattice QCD predictions?

• try to create a large hot and dense system for 
which thermodynamics/hydrodynamics can be 
applied 

• collide heavy-ions at the highest energies 
possible 

4



Our current picture
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hadron cascade?

pre-equilibrium flow? 
AdS/CFT? CGC?



How to connect observables 
to lattice QCD predictions?

• many of the quantities calculable on the lattice are difficult/
impossible to measure directly from the observed particle 
distributions 

• not well constrained contributions of e.g. initial conditions, 
different phases, hadronization, …. 

• need some extra reference of other well understood control 
parameters  

• pp collisions and pA collisions as reference?
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How to connect observables 
to lattice QCD predictions?
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The ratio of scaled pp, pA 
and AA
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How to connect observables 
to lattice QCD predictions?

• many of the quantities calculable on the lattice are difficult/
impossible to measure directly from the observed particle 
distributions 

• not well constrained contributions of e.g. different phases, 
hadronization, …. 

• need some extra reference of other well understood control 
parameters  

• pp collisions as reference, pA collisions as reference? 

• geometry as a control parameter?
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A Heavy-Ion Collision
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spectators

participants
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UrQMD



The transverse plane
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Howard Wieman



1) superposition of independent p+p:
momenta pointed at random 
relative to reaction plane

Animation: Mike Lisa

b
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Ollitrault 1992

Elliptic Flow



1) superposition of independent p+p:

2) evolution as a bulk system

momenta pointed at random
relative to reaction plane

high
density / pressure

at center

“zero” pressure
in surrounding vacuum

pressure gradients (larger in-plane) 
push bulk “out” à “flow”

more, faster particles 
seen in-plane

b
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Elliptic Flow



1) superposition of independent p+p:

2) evolution as a bulk system

momenta pointed at random
relative to reaction plane

pressure gradients (larger in-plane) 
push bulk “out” à “flow”

more, faster particles 
seen in-plane
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Elliptic Flow



What do we measure?
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We do not know the reaction plane ψR or in more general ψn

We can calculate these observables only using correlations

vn ⌘ hein('� n)i

hhein('1�'2)ii = hhein('1)iihhein('2)ii+ hhein('1�'2)ici
zero for symmetric detector when averaged over many events

hhein('1�'2)ii = hhein('1� n�('2� n))ii
= hhein('1� n)ihe�in('2� n)ii
= hv2ni

when only ψn correlations are present



What do we measure?
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12 7 Long-Range Correlations in 7 TeV Data
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Figure 7: 2-D two-particle correlation functions for 7 TeV pp (a) minimum bias events with
pT > 0.1 GeV/c, (b) minimum bias events with 1 < pT < 3 GeV/c, (c) high multiplicity
(Noffline

trk � 110) events with pT > 0.1 GeV/c and (d) high multiplicity (Noffline
trk � 110) events

with 1 < pT < 3 GeV/c. The sharp near-side peak from jet correlations is cut off in order to
better illustrate the structure outside that region.

of particles and, therefore, has a qualitatively similar effect on the shape as the particle pT cut
on minimum bias events (compare Fig. 7b and Fig. 7c). However, it is interesting to note that
a closer inspection of the shallow minimum at Df ⇡ 0 and |Dh| > 2 in high multiplicity pT-
integrated events reveals it to be slightly less pronounced than that in minimum bias collisions.

Moving to the intermediate pT range in high multiplicity events shown in Fig. 7d, an unex-
pected effect is observed in the data. A clear and significant “ridge”-like structure emerges
at Df ⇡ 0 extending to |Dh| of at least 4 units. This is a novel feature of the data which has
never been seen in two-particle correlation functions in pp or pp̄ collisions. Simulations using
MC models do not predict such an effect. An identical analysis of high multiplicity events in
PYTHIA8 [34] results in correlation functions which do not exhibit the extended ridge at Df ⇡0
seen in Fig. 7d, while all other structures of the correlation function are qualitatively repro-
duced. PYTHIA8 was used to compare to these data since it produces more high multiplicity
events than PYTHIA6 in the D6T tune . Several other PYTHIA tunes, as well as HERWIG++ [30]
and Madgraph [35] events were also investigated. No evidence for near-side correlations cor-
responding to those seen in data was found.

The novel structure in the high multiplicity pp data is reminiscent of correlations seen in rel-
ativistic heavy ion data. In the latter case, the observed long-range correlations are generally

8 5 Results

passoc
T < 3 GeV/c, and with the track multiplicity in the range 220  Noffline

trk < 260. For PbPb
collisions, this Noffline

trk range corresponds to an average centrality of approximately 60%, as
shown in Table 1. For both high-multiplicity systems, in addition to the correlation peak near
(Dh, Df) = (0, 0) due to jet fragmentation (truncated for better illustration of the full correlation
structure), a pronounced long-range structure is seen at Df ⇡ 0 extending at least 4.8 units in
|Dh|. This structure was previously observed in high-multiplicity (Noffline

trk ⇠ 110) pp collisions
at

p
s = 7 TeV [38] and pPb collisions at psNN = 5.02 TeV [39–41]. The structure is also prominent

in AA collisions over a wide range of energies [2, 12–15, 33, 34, 36, 37]. On the away side
(Df ⇡ p) of the correlation functions, a long-range structure is also seen and found to exhibit
a magnitude similar to that on the near side for this pT range. In non-central AA collisions,
this cos(2Df)-like azimuthal correlation structure is believed to arise primarily from elliptic
flow [31]. However, the away-side correlations must also contain contributions from back-to-
back jets, which need to be accounted for before extracting any other source of correlations.
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Figure 2: The 2D two-particle correlation functions for (a) 2.76 TeV PbPb and (b) 5.02 TeV pPb
collisions for pairs of charged particles with 1 < ptrig

T < 3 GeV/c and 1 < passoc
T < 3 GeV/c

within the 220  Noffline
trk < 260 multiplicity bin. The sharp near-side peak from jet correlations

is truncated to emphasize the structure outside that region.

To investigate the observed correlations in finer detail and to obtain a quantitative comparison
of the structure in the pp, pPb, and PbPb systems, one-dimensional (1D) distributions in Df
are found by averaging the signal and background 2D distributions over |Dh| < 1 (defined as
the “short-range region”) and |Dh| > 2 (defined as the “long-range region”) respectively, as
done in Refs. [33, 34, 38, 39]. The correlated portion of the associated yield is estimated using
an implementation of the zero-yield-at-minimum (ZYAM) procedure [57]. In this procedure,
the 1D Df correlation function is first fitted by a second-order polynomial in the region 0.1 <
|Df| < 2. The minimum value of the polynomial, CZYAM, is then subtracted from the 1D Df
correlation function as a constant background (containing no information about correlations)
such that its minimum is shifted to have zero associated yield. The statistical uncertainty in
the minimum level obtained by the ZYAM procedure, combined with the deviations arising
from the choice of fit range in |Df|, gives an absolute uncertainty of ±0.003 in the associated
event-normalized yield that is independent of multiplicity and pT.

Figures 3 and 4 show the 1D Df correlation functions, after applying the ZYAM procedure,
for PbPb and pPb data, respectively, in the multiplicity range Noffline

trk < 20 (open) and 220 
Noffline

trk < 260 (filled). Various selections of ptrig
T are shown for a fixed passoc

T range of 1–2 GeV/c
in both the long-range (top) and short-range (bottom) regions, with pT increasing from left to

In minimum bias pp collisions clear jet near and away side peak 
In PbPb long ridge structures on near and away side 

Signatures of correlations due to the initial stage (geometry) and 
in PbPb final state interactions (which translate spatial geometry 

into momentum space)



How do we quantify these ridges?
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8 5 Results

passoc
T < 3 GeV/c, and with the track multiplicity in the range 220  Noffline

trk < 260. For PbPb
collisions, this Noffline

trk range corresponds to an average centrality of approximately 60%, as
shown in Table 1. For both high-multiplicity systems, in addition to the correlation peak near
(Dh, Df) = (0, 0) due to jet fragmentation (truncated for better illustration of the full correlation
structure), a pronounced long-range structure is seen at Df ⇡ 0 extending at least 4.8 units in
|Dh|. This structure was previously observed in high-multiplicity (Noffline

trk ⇠ 110) pp collisions
at

p
s = 7 TeV [38] and pPb collisions at psNN = 5.02 TeV [39–41]. The structure is also prominent

in AA collisions over a wide range of energies [2, 12–15, 33, 34, 36, 37]. On the away side
(Df ⇡ p) of the correlation functions, a long-range structure is also seen and found to exhibit
a magnitude similar to that on the near side for this pT range. In non-central AA collisions,
this cos(2Df)-like azimuthal correlation structure is believed to arise primarily from elliptic
flow [31]. However, the away-side correlations must also contain contributions from back-to-
back jets, which need to be accounted for before extracting any other source of correlations.
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Figure 2: The 2D two-particle correlation functions for (a) 2.76 TeV PbPb and (b) 5.02 TeV pPb
collisions for pairs of charged particles with 1 < ptrig

T < 3 GeV/c and 1 < passoc
T < 3 GeV/c

within the 220  Noffline
trk < 260 multiplicity bin. The sharp near-side peak from jet correlations

is truncated to emphasize the structure outside that region.

To investigate the observed correlations in finer detail and to obtain a quantitative comparison
of the structure in the pp, pPb, and PbPb systems, one-dimensional (1D) distributions in Df
are found by averaging the signal and background 2D distributions over |Dh| < 1 (defined as
the “short-range region”) and |Dh| > 2 (defined as the “long-range region”) respectively, as
done in Refs. [33, 34, 38, 39]. The correlated portion of the associated yield is estimated using
an implementation of the zero-yield-at-minimum (ZYAM) procedure [57]. In this procedure,
the 1D Df correlation function is first fitted by a second-order polynomial in the region 0.1 <
|Df| < 2. The minimum value of the polynomial, CZYAM, is then subtracted from the 1D Df
correlation function as a constant background (containing no information about correlations)
such that its minimum is shifted to have zero associated yield. The statistical uncertainty in
the minimum level obtained by the ZYAM procedure, combined with the deviations arising
from the choice of fit range in |Df|, gives an absolute uncertainty of ±0.003 in the associated
event-normalized yield that is independent of multiplicity and pT.

Figures 3 and 4 show the 1D Df correlation functions, after applying the ZYAM procedure,
for PbPb and pPb data, respectively, in the multiplicity range Noffline

trk < 20 (open) and 220 
Noffline

trk < 260 (filled). Various selections of ptrig
T are shown for a fixed passoc

T range of 1–2 GeV/c
in both the long-range (top) and short-range (bottom) regions, with pT increasing from left to

The long range correlations 
can be characterised by the 

flow Fourier harmonics such as 
v2, which is the most dominant 
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Collective motion

18

• therefore to reliably measure flow: 

• not easily satisfied: M=200 vn >> 0.07

particle 1 coming from the resonance. Out of 
remaining M-1 particles there is only one which is 
coming from the same resonance, particle 2. 
Hence a probability that out of M particles we will 
select two coming from the same resonance is ~ 
1/(M-1). From this we can draw a conclusion that 
for large multiplicity:

p1

p2



Collective motion
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cumulants allow us to see if there are multi-particle 
correlations in the system (cumulants nonzero only 

mathematical proof) 



What do we measure?

20

Build cumulants with multi-particle correlations (Ollitrault and 
Borghini, 2000) 

got rid of 2-particle correlations not related to collective flow 
however now we measure higher moment moments of the 

distribution
mathematical framework to calculate these analytically developed at 

Nikhef and used by all RHIC and LHC experiments 



What do we measure?
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if the fluctuations are small or 
for a special pdf we can say 
for any distributions that the 

various flow estimates follow:



Integrated v2
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Collision energy dependence of elliptic 
flow as function of transverse momentum
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Collective behaviour
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In a hydro picture 
particles have a common temperature and flow velocity at freeze-out. 

The difference in pT-differential elliptic flow depends mainly on one 
parameter: the mass of the particle
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Hydrodynamic behaviour
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hydro picture 
particles have a common temperature and flow velocity 

larger radial flow increases mass splitting
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Collision energy dependence of elliptic 
flow for particles with different masses
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mass hierarchy follows hydrodynamic picture at low pT!

ALICE  arXiv:1405.4632STAR QM2014
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Collision energy dependence of elliptic 
flow as function of transverse momentum
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while the pT-differential charged particle v2 changes very little over two 
orders of magnitude the v2 of heavier particles clearly shows the effect of 

the larger collective flow at higher collision energies

ALICE  arXiv:1405.4632 STAR QM2014
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Compared to viscous hydrodynamics
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pure viscous hydrodynamics  VISH2+1, status at QM2011

ALICE  arXiv:1405.4632 ALICE  arXiv:1405.4632

Viscous hydrodynamics predictions worked reasonably well for more peripheral 
collisions 40-50% 

For more central collisions, 10-20%, the radial flow seems to be under-predicted 
as the protons deviate a lot and this was part of the proton puzzle
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Fluctuations
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Fluctuations
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2 

Nature of sources seeding these long-range collective ridges?  
Frozen PDF fluctuation Frozen PDF fluctuation 

How many sources, their sizes & transverse distribution? 
they transport in rapidity?  

!!
vn ∝εn ∝

1
nsources

flow fluctuations scale with the number of sources 
good tool to constrain initial conditions!



Fluctuations
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trend but fail on the details



A Single Collision
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Many Collisions versus the 
Reaction Plane
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The original picture
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Symmetry Plane
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Using the particles produced we (experimentalists) 
determine, due to the fluctuations, a symmetry 
plane which is different than the Reaction Plane
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higher harmonics very sensitive to fluctuations and 
transport parameters such as viscosity
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2 

Nature of sources seeding these long-range collective ridges?  
Frozen PDF fluctuation Frozen PDF fluctuation 

How many sources, their sizes & transverse distribution? 
they transport in rapidity?  

!!
vn ∝εn ∝

1
nsources

Higher harmonics clearly seen by eye in correlation function
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the mass ordering is also observed for higher harmonics 
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What do the fluctuations tell 
us?

• small fluctuations easy but do not provide much 
information  

• in our case fluctuations are large and can give a 
lot of information about the initial stage of the 
collision and the evolution of the system 

• constrain the underlying pdf!

44
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Bessel-Gaussian

ε0 is the anisotropy versus the reaction 
plane and σ the fluctuations. 

Works for mid-central collisions, not 
expected to work for peripheral collisions 

because not constraint to 1 
this distribution predict that v3{4}=0

Power-law distribution

α quantifies the fluctuations, this function 
has no ε0 therefore only describes the 

response due to fluctuations

Elliptic Power distribution

α and ε0 are the ingredients with same 
definition as in previous distributions
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In 0-5% all three functions work rather 
well. This is understood, ε0 is small and α 
is large. Elliptic Power turns into a Bessel 

Gaussian and with ε0 small the 
anisotropy versus the reaction plane and 

power law also works. For more 
peripheral collisions the Elliptic Power is 
the only distributions which works well
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ε3, v3 dominated by fluctuations. For 
more central collisions all three functions 
work rather well. Again this is understood 
Bessel Gaussian fails for more peripheral 

due to lack of constraint < 1. The fact 
that ε3{4} and v3{4} are non-zero 
completely excluded the Bessel 

Gaussian
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C. The Science of Quark-Gluon Plasma  
 
A look backwards in time reveals a universe at higher and higher temperatures. Just a microsec-
ond after the big bang, the entire universe was millions of times hotter than the center of the sun. 
As the infant universe cooled, it passed through various phase transitions, just as steam condens-
es to water and then freezes to ice. Above some almost unimaginably high temperature, it is pos-
sible that all known forces of nature were unified. A few microseconds after the big bang, the 
forces of nature were as we know them today but, because the universe was many trillions of de-
grees hot, the matter that filled it was still unrecognizable: no protons or neutrons had yet 
formed, therefore no nuclei, no atoms, and no molecules. The entire universe existed as a pri-
mordial fluid of quarks and gluons, called quark-gluon plasma, until after about 20 microseconds 
it "condensed", forming protons and neutrons, the first complex structures in the universe. 
 
The most powerful accelerators in the world today are capable of colliding nuclei at such high 
energies that they can recreate droplets of the quark-gluon plasma that filled the microseconds-
old universe, making it possible to study its properties in the laboratory and answer questions 
about the nature of the new-born universe that will never be accessible via astronomical observa-
tion. The formation of protons and neutrons from quark-gluon plasma is likely to be the earliest 
scene in the history of the universe that will ever be re-enacted in the laboratory. Each nuclear 
collision at RHIC makes a droplet of quark-gluon plasma, exploding in a "little bang" which rec-
reates the transition by which the first protons and neutrons were formed. These experi-
ments allow us to see the essence of the fundamental nuclear force, as described via the theory of 
QCD. Although the analysis of the experiments is challenging due to the short lifetime and small 
size of these droplets, we have the advantage of billions of little bangs to study as well as a sur-
prising degree of control over their initial conditions.  
 

Figure II-5: Our one universe with its primordial fluctuations (parts per million variations in temperature) as 
measured via photons by the WMAP satellite experiment (left) compared to seed fluctuations (corresponding 
to 10-15% variations in temperature) in four simulated heavy ion collisions at RHIC (right). The measured 
fluctuations bring us knowledge about the quantum fluctuations at the earliest moments of the explosion (big 
bang or heavy ion collision) as well as about the material properties of the rippling fluid that ensues. Obser-
vations of the glow of the big bang or of heavy ion collisions reveal different and complementary properties of 
the trillions-of-degrees-hot matter that filled the microseconds old universe.  
 
Quark-gluon plasma was created in the United States at RHIC, and it was there that we first 
learned of its near-perfect liquid nature. This discovery was the top physics story across all areas 

The Standard Model for QGP 
Evolution (fluctuations)
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Constraints from RHIC and LHC data 
We start to answer the question how well we can constrain the EoS
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Extracting quantitative information

Example: Shear viscosity to entropy density ratio η/s 
Broad theoretical efforts and experimental advances 
lead to increasingly precise determination of η/s 

11

LO pQCD: 	 	 P. Arnold, G. D. Moore, L. G. Yaffe, JHEP 0305 (2003) 051

AdS/CFT: 	 	 P. Kovtun, D. T. Son, A. O. Starinets, Phys.Rev.Lett. 94 (2005) 111601 

Lattice QCD: 	 A. Nakamura, S. Sakai, Phys.Rev.Lett. 94 (2005) 072305

	 	      	 H. B. Meyer, Phys.Rev. D76 (2007) 101701; Nucl.Phys. A830 (2009) 641C-648C

Ideal hydro: 		 P. F. Kolb, J. Sollfrank, U. W. Heinz, Phys.Rev. C62 (2000) 054909 

	 	 	 P. F. Kolb, P. Huovinen, U. W. Heinz, H. Heiselberg, Phys.Lett. B500 (2001) 232-240

pQCD/kin. theory: 	Z. Xu, C. Greiner, H. Stöcker, Phys.Rev.Lett. 101 (2008) 082302 

	 	 	 J.-W. Chen, H. Dong, K. Ohnishi, Q. Wang, Phys.Lett. B685 (2010) 277-282

Viscous hydro:	 P. Romatschke, U. Romatschke, Phys.Rev.Lett. 99 (2007) 172301 

	 	 	 M. Luzum, P. Romatschke, Phys.Rev. C78 (2008) 034915

	 	 	 H. Song, U. W. Heinz, J.Phys. G36 (2009) 064033 

	 	 	 H. Song, S. A. Bass, U. Heinz, T. Hirano, C. Shen, Phys.Rev.Lett. 106 (2011) 192301
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Correlations between 
harmonics (magnitude)
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Symmetric Cumulants (SC) 
z Consider the following new 4-particle observable a.k.a. 

‘Symmetric Cumulant’ SC(m,n): 

17 

z If not zero, 𝑣𝑚2 𝑣𝑛2  cannot be factorized, i.e. e-b-e 
amplitude fluctuations of 𝑣𝑛 and 𝑣𝑚 are correlated 

         Section IV C in AB, C. H. Christensen, K. Gulbrandsen, A. Hansen, Y. Zhou, Phys. Rev. C 89, 064904 (2014) 

z By construction not sensitive to: 
z Magnitudes of constant flow harmonics 
z Inter-correlations of various symmetry planes  

• one can define a symmetric cumulant  

• if nonzero there is no factorisation and the 
magnitude of the harmonics is correlated



Correlations between 
harmonics (magnitude)
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clear correlations and anti-correlations between the harmonics, some which 
are non-trivial from initial conditions, generated during expansion of the 

system

Normalized SC observables 
z Normalized SC(3,2) is sensitive mainly (only?) to initial conditions!!  

28 ALICE, arXiv:1604.07663, submitted to PRL 

ALICE: 1604.07663, submitted to PRL



Small systems; pp and pA 
collisions

• a reference for AA (pA cold nuclear matter 
effects) 

• good systems for studies of the parton 
distributions (e.g. CGC) if there are no final state 
effects

53
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12 7 Long-Range Correlations in 7 TeV Data
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Figure 7: 2-D two-particle correlation functions for 7 TeV pp (a) minimum bias events with
pT > 0.1 GeV/c, (b) minimum bias events with 1 < pT < 3 GeV/c, (c) high multiplicity
(Noffline

trk � 110) events with pT > 0.1 GeV/c and (d) high multiplicity (Noffline
trk � 110) events

with 1 < pT < 3 GeV/c. The sharp near-side peak from jet correlations is cut off in order to
better illustrate the structure outside that region.

of particles and, therefore, has a qualitatively similar effect on the shape as the particle pT cut
on minimum bias events (compare Fig. 7b and Fig. 7c). However, it is interesting to note that
a closer inspection of the shallow minimum at Df ⇡ 0 and |Dh| > 2 in high multiplicity pT-
integrated events reveals it to be slightly less pronounced than that in minimum bias collisions.

Moving to the intermediate pT range in high multiplicity events shown in Fig. 7d, an unex-
pected effect is observed in the data. A clear and significant “ridge”-like structure emerges
at Df ⇡ 0 extending to |Dh| of at least 4 units. This is a novel feature of the data which has
never been seen in two-particle correlation functions in pp or pp̄ collisions. Simulations using
MC models do not predict such an effect. An identical analysis of high multiplicity events in
PYTHIA8 [34] results in correlation functions which do not exhibit the extended ridge at Df ⇡0
seen in Fig. 7d, while all other structures of the correlation function are qualitatively repro-
duced. PYTHIA8 was used to compare to these data since it produces more high multiplicity
events than PYTHIA6 in the D6T tune . Several other PYTHIA tunes, as well as HERWIG++ [30]
and Madgraph [35] events were also investigated. No evidence for near-side correlations cor-
responding to those seen in data was found.

The novel structure in the high multiplicity pp data is reminiscent of correlations seen in rel-
ativistic heavy ion data. In the latter case, the observed long-range correlations are generally

2010 CMS observed near side ridge in pp!
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pA collisions near and away-side ridge observed by all LHC 
experiments

The “ridge” tsunami in pPb at the LHC!
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Fig. 3: Left: Associated yield per trigger particle in Dj and Dh for pairs of charged particles with
2 < pT,trig < 4 GeV/c and 1 < pT,assoc < 2 GeV/c in p–Pb collisions at

p
sNN = 5.02 TeV for the 0–20%

multiplicity class, after subtraction of the associated yield obtained in the 60–100% event class. Top
right: the associated per-trigger yield after subtraction (as shown on the left) projected onto Dh averaged
over |Dj| < p/3 (black circles), |Dj �p| < p/3 (red squares), and the remaining area (blue triangles,
Dj < �p/3, p/3 < Dj < 2p/3 and Dj > 4p/3). Bottom right: as above but projected onto Dj av-
eraged over 0.8 < |Dh | < 1.8 on the near side and |Dh | < 1.8 on the away side. Superimposed are fits
containing a cos(2Dj) shape alone (black dashed line) and a combination of cos(2Dj) and cos(3Dj)
shapes (red solid line). The blue horizontal line shows the baseline obtained from the latter fit which
is used for the yield calculation. Also shown for comparison is the subtracted associated yield when
the same procedure is applied on HIJING shifted to the same baseline. The figure shows only statisti-
cal uncertainties. Systematic uncertainties are mostly correlated and affect the baseline. Uncorrelated
uncertainties are less than 1%.

the above-mentioned incomplete near-side peak subtraction on v2 and v3 is evaluated in the
following way: a) the size of the near-side exclusion region is changed from |Dh | < 0.8 to
|Dh |< 1.2; b) the residual near-side peak above the ridge is also subtracted from the away side
by mirroring it at Dj = p/2 accounting for the general pT-dependent difference of near-side
and away-side jet yields due to the kinematic constraints and the detector acceptance, which is
evaluated using the lowest multiplicity class; and c) the lower multiplicity class is scaled before
the subtraction such that no residual near-side peak above the ridge remains. The resulting
differences in v2 (up to 15%) and v3 coefficients (up to 40%) when applying these approaches
have been added to the systematic uncertainties.

The coefficients v2 and v3 are shown in the left panel of Fig. 4 for different event classes. The
coefficient v2 increases with increasing pT, and shows only a small dependence on multiplicity.
In the 0–20% event class, v2 increases from 0.06±0.01 for 0.5 < pT < 1 GeV/c to 0.12±0.02
for 2 < pT < 4 GeV/c, while v3 is about 0.03 and shows, within large errors, an increasing trend
with pT. Reference [34] gives predictions for two-particle correlations arising from collective
flow in p–Pb collisions at the LHC in the framework of a hydrodynamical model. The values
for v2 and v3 coefficients, as well as the pT and the multiplicity dependences, are in qualitative
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pA collisions near and away-side ridge observed by all LHC 
experiments 

and characterised by significant flow Fourier harmonics

The “ridge” tsunami in pPb at the LHC!
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2 < pT,trig < 4 GeV/c and 1 < pT,assoc < 2 GeV/c in p–Pb collisions at

p
sNN = 5.02 TeV for the 0–20%

multiplicity class, after subtraction of the associated yield obtained in the 60–100% event class. Top
right: the associated per-trigger yield after subtraction (as shown on the left) projected onto Dh averaged
over |Dj| < p/3 (black circles), |Dj �p| < p/3 (red squares), and the remaining area (blue triangles,
Dj < �p/3, p/3 < Dj < 2p/3 and Dj > 4p/3). Bottom right: as above but projected onto Dj av-
eraged over 0.8 < |Dh | < 1.8 on the near side and |Dh | < 1.8 on the away side. Superimposed are fits
containing a cos(2Dj) shape alone (black dashed line) and a combination of cos(2Dj) and cos(3Dj)
shapes (red solid line). The blue horizontal line shows the baseline obtained from the latter fit which
is used for the yield calculation. Also shown for comparison is the subtracted associated yield when
the same procedure is applied on HIJING shifted to the same baseline. The figure shows only statisti-
cal uncertainties. Systematic uncertainties are mostly correlated and affect the baseline. Uncorrelated
uncertainties are less than 1%.

the above-mentioned incomplete near-side peak subtraction on v2 and v3 is evaluated in the
following way: a) the size of the near-side exclusion region is changed from |Dh | < 0.8 to
|Dh |< 1.2; b) the residual near-side peak above the ridge is also subtracted from the away side
by mirroring it at Dj = p/2 accounting for the general pT-dependent difference of near-side
and away-side jet yields due to the kinematic constraints and the detector acceptance, which is
evaluated using the lowest multiplicity class; and c) the lower multiplicity class is scaled before
the subtraction such that no residual near-side peak above the ridge remains. The resulting
differences in v2 (up to 15%) and v3 coefficients (up to 40%) when applying these approaches
have been added to the systematic uncertainties.

The coefficients v2 and v3 are shown in the left panel of Fig. 4 for different event classes. The
coefficient v2 increases with increasing pT, and shows only a small dependence on multiplicity.
In the 0–20% event class, v2 increases from 0.06±0.01 for 0.5 < pT < 1 GeV/c to 0.12±0.02
for 2 < pT < 4 GeV/c, while v3 is about 0.03 and shows, within large errors, an increasing trend
with pT. Reference [34] gives predictions for two-particle correlations arising from collective
flow in p–Pb collisions at the LHC in the framework of a hydrodynamical model. The values
for v2 and v3 coefficients, as well as the pT and the multiplicity dependences, are in qualitative
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Fig. 3: Left: Associated yield per trigger particle in Dj and Dh for pairs of charged particles with
2 < pT,trig < 4 GeV/c and 1 < pT,assoc < 2 GeV/c in p–Pb collisions at

p
sNN = 5.02 TeV for the 0–20%

multiplicity class, after subtraction of the associated yield obtained in the 60–100% event class. Top
right: the associated per-trigger yield after subtraction (as shown on the left) projected onto Dh averaged
over |Dj| < p/3 (black circles), |Dj �p| < p/3 (red squares), and the remaining area (blue triangles,
Dj < �p/3, p/3 < Dj < 2p/3 and Dj > 4p/3). Bottom right: as above but projected onto Dj av-
eraged over 0.8 < |Dh | < 1.8 on the near side and |Dh | < 1.8 on the away side. Superimposed are fits
containing a cos(2Dj) shape alone (black dashed line) and a combination of cos(2Dj) and cos(3Dj)
shapes (red solid line). The blue horizontal line shows the baseline obtained from the latter fit which
is used for the yield calculation. Also shown for comparison is the subtracted associated yield when
the same procedure is applied on HIJING shifted to the same baseline. The figure shows only statisti-
cal uncertainties. Systematic uncertainties are mostly correlated and affect the baseline. Uncorrelated
uncertainties are less than 1%.

the above-mentioned incomplete near-side peak subtraction on v2 and v3 is evaluated in the
following way: a) the size of the near-side exclusion region is changed from |Dh | < 0.8 to
|Dh |< 1.2; b) the residual near-side peak above the ridge is also subtracted from the away side
by mirroring it at Dj = p/2 accounting for the general pT-dependent difference of near-side
and away-side jet yields due to the kinematic constraints and the detector acceptance, which is
evaluated using the lowest multiplicity class; and c) the lower multiplicity class is scaled before
the subtraction such that no residual near-side peak above the ridge remains. The resulting
differences in v2 (up to 15%) and v3 coefficients (up to 40%) when applying these approaches
have been added to the systematic uncertainties.

The coefficients v2 and v3 are shown in the left panel of Fig. 4 for different event classes. The
coefficient v2 increases with increasing pT, and shows only a small dependence on multiplicity.
In the 0–20% event class, v2 increases from 0.06±0.01 for 0.5 < pT < 1 GeV/c to 0.12±0.02
for 2 < pT < 4 GeV/c, while v3 is about 0.03 and shows, within large errors, an increasing trend
with pT. Reference [34] gives predictions for two-particle correlations arising from collective
flow in p–Pb collisions at the LHC in the framework of a hydrodynamical model. The values
for v2 and v3 coefficients, as well as the pT and the multiplicity dependences, are in qualitative
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What is the origin of “ridge” in small systems?!

PRC 90, 044906 (2014)!
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also multi-particle correlations using cumulants show clear 
evidence for collectivity in small systems

Evidence of collectivity (“big” and “small”)!
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!  v2{4} ≈ v2{6} ≈ v2{8} ≈ v2{∞}!

PRL 115, 012301 (2015)!

Striking similarities between “big” and “small”!
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pA true collectivity?
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mass scaling observed in AA also observed in pA and at 
similar event multiplicity even stronger in pA 

Evidence of collectivity (“big” and “small”)!

Larger mass splitting of v2 in pPb!
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Small systems; pp and pA 
collisions

• is it strong final state interactions (hydro like 
behaviour) in small systems for high multiplicity events 
as in AA collisions? 

• data consistent with “hydro” scenario 

• small and large fluids should have similar properties 
(EoS, transport parameters), viscous corrections are 
larger though 

• biggest uncertainty the initial conditions (the 
“shape”)
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What is the shape of the 
proton?

60

“Smallness” is not the limitation!
Shape of a proton relevant for describing vn in pA!
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What are the sources of 
particle production?

61

Fluc.-driven εn determined by # of sources (Ns) !

Yan, Ollitrault, PRL 112, 082301 (2014)!

pp?! pPb!
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FIG. 2: Coherent and incoherent cross section as a function of
|t| calculated from the IP-Glasma framework compared with
HERA data [46, 47, 51, 52]. The bands show statistical errors
of the calculation.

are further apart on average (Bqc = 3.5 GeV�2
, Bq =

0.5 . . . 1 GeV�2), leads to an incoherent cross section
compatible with the data, while maintaining a good de-
scription of the coherent |t| spectrum. Consequently we
also expect to maintain a good description of the Q2 and
W dependence of the coherent J/ production cross sec-
tion [6] and the agreement with the di↵ractive structure
function data [22] within the IPsat model.

Note that the average distance of a constituent quark

from the center of the proton is
q

hr2qi =
p

2Bqc = 0.3 fm

for the smoother proton and 0.4 fm for the lumpy proton
we consider. We also show the conventional IPsat result,
which has zero fluctuations and thus zero incoherent cross
section.

In the IP-Glasma framework the additional color
charge fluctuations produce a non-zero incoherent cross
section even without geometric fluctuations. The e↵ect of
this kind of fluctuations on incoherent di↵ractive vector
meson production was considered in [53] in the Gaus-
sian approximation and found to be suppressed as 1/N2

c .
The result for a round proton with Bp = 4 GeV�2 and
m = 0.4 GeV in Fig. 2 shows that these fluctuations
alone are not enough to describe the measured incoher-
ent cross section. However, the IP-Glasma model com-
bined with a constituent quark picture with parameters
Bqc = 2 GeV�2

, Bq = 0.3 GeV�2, and m = 0.4 GeV pro-
duces coherent and incoherent cross sections compatible
with the data. This emphasizes the necessity of geomet-
ric fluctuations in a description of the transverse struc-
ture of the proton, which is in line with findings in p+A
collisions [14].

Note that even though the color charge density is sam-
pled from a proton described by the IPsat model, in the

FIG. 3: Four configurations of the proton in the IP-Glasma
model, represented by 1 � Re( Tr V )/Nc.

IP-Glasma framework Coulomb tails are produced that
are regulated by confinement scale physics implemented
via the mass term m. These tails e↵ectively increase
the proton size, and when combined with the constituent
quark model, weaken the fluctuations. It is the combi-
nation of Bqc, Bq and m that characterizes the degree of
geometric fluctuations in the IP-Glasma framework. We
have checked that reducing m increases Coulomb tails
and requires the reduction of Bqc and Bq to maintain
agreement with the experimental data.

In the limit t ! 0 the incoherent cross section should
vanish, as it is not possible to break up the proton with
zero momentum transfer. However, this e↵ect is not ex-
plicitly included in our framework. Instead, the color
charge fluctuations in the IP-Glasma model and possi-
ble Qs fluctuations make the scattering amplitude (2)
at t = 0 fluctuate from event to event, resulting in a
non-zero variance (4). Our results for the incoherent
cross section at small |t| in Fig. 1 (only geometric fluctu-
ations) and Fig. 2 indicate that this problem is negligible
for t & 0.1 GeV2, where geometric fluctuations start to
dominate.

Fig. 3 shows example proton configurations in the IP-
Glasma model with constituent quarks, demonstrating
the strong shape variations required to achieve compati-
bility with experimental data. For simplicity, the quan-
tity shown is 1 � Re(TrV )/Nc.

Similar to the color charge fluctuations in the IP-
Glasma framework, saturation scale fluctuations alone
result in an incoherent cross section, which is orders of
magnitude below the experimental data. The coherent
and incoherent spectra obtained by combining geometric
and Qs fluctuations on the level of constituent quarks

Mantysaasri, Schenke, arXiv:1603.04349



Summary
• In AA collisions clear evidence of the importance of the initial spatial distribution (in all 

gory details) in all the correlations 

• naturally explained if the constituents have strong final state interactions which 
translate them in an almost perfect liquid to momentum space 

• some depend non-trivially on the evolution (which is well captures in models with 
final state interactions)  

• very rich playground for theorist and experimentalist! 

• In pp and pA collisions similar experimental evidence found in correlations 

• again naturally explained with “strong” final state interactions (other models fail so 
far) for a system very similar to the QGP in AA 

• not as well tested as in AA 

• large uncertainties in initial conditions 

• could provide new ways of determining number of sources in particle production in 
pA and pp and the geometrical structure of the proton
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