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High-temperature regime of QCD 
•  At high temperatures and densities, quarks and gluons are no longer 

confined into hadrons but behave quasi-freely 
–  Quark-Gluon Plasma (QGP) 

•  Lattice QCD indicates a crossover between phases, Tc ~ 154 ± 9 MeV 
•  Expect a 1st order phase transition and critical point elsewhere 
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QGP as the asymptotic state of QCD
Quark-Gluon-Plasma (QGP): at extreme temperatures and densities quarks 
and gluons behave quasi-free and are not anymore localised to individual 
hadrons.

Temperature T
T0 ≈ 1/40 eV

Asymptotic 
freedom: free 
quarks & gluons

bound 
quarks & 
gluons

Where is the phase 
transition?

à Lattice QCD

Critical temperature 
Tc ≈ 156 MeV

T → ∞

[PRD 90 094503 (2014)]
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Heavy-ion colliders 
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Large Hadron Collider 
•  27 km circumference 
•  Pb+Pb collisions  

@ √sNN = 2.76, 5.02 TeV 
•  also p+p, p+Pb, Xe+Xe 

Relativistic Heavy Ion Collider 
•  3.8 km circumference 
•  Au+Au collisions  

@ √sNN = 7.7 – 200 GeV 
•  also p+p, p+Au, d+Au,  

3He+Au, Cu+Cu, Cu+Au,  
U+U 



Heavy-ion experiments 

Not pictured: PHOBOS, BRAHMS, HADES, NA49, NA61/SHINE 
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STAR ALICE 
CMS 

LHCb ATLAS PHENIX 
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jets 
heavy flavor 

hydrodynamics 

collectivity in  
small systems? 

dileptons 
photons 

fluctuations femtoscopy 

hadrochemistry 
(anti-)(hyper-)nuclei 

diffraction 



Evolution of a heavy-ion collision 
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•  Centrality: amount of overlap of colliding nuclei 

 
 
•  Peripheral events are not rotationally  

symmetric → anisotropic interaction  
region 
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Geometry of heavy ion collisions
We can control (a posteriori)  the geometry of heavy ion collisions

Centrality Variables:

• Number of nucleon-
nucleon collisions Ncoll

• Number of nucleon  
participants Npart

• Percentile of                   
hadronic cross section

CentralPeripheral

Participants
NN Collisions

~ # charged particles

Geometry of a heavy-ion collision 

symmetry plane 
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“peripheral” “central” 
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∝ particle multiplicity 



Anisotropic interaction region 

•  Stronger in-plane 
pressure gradients  
→ particles boosted  
in-plane more than  
out-of-plane 
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Figure 2.2: The correlation of charged hadrons (2 < pT < 6 GeV/c) with the event
plane in three centrality bins [18].

an anisotropy in momentum-space [17]. As a result, more particles are observed

to be aligned with the participant planes, and fewer particles are observed out-of-

plane. This was demonstrated in the early days of RHIC in the correlation of charged

hadrons with the 2nd-harmonic event plane, shown in Fig. 2.2.

The azimuthal angular (�) distribution of the particles can be expanded in Fourier

coe�cients with respect to the azimuthal angle of the reaction plane ( RP), as shown

in Eq. (2.1), or any order participant plane ( PP,m), as in Eq. (2.2) [19]:

dN

d (�� RP)
/ 1 +

1X

n=1

2v
n

cos [n (�� RP)] (2.1)

dN

d (�� PP,m)
/ 1 +

1X

n=1

2v
n

cos [n (�� PP,m)] (2.2)

Since the QGP has a predominantly elliptical shape, which is translated to an

elliptical distribution in momentum-space by pressure gradients, as discussed above,

the cos(2(�� 2)) modulation dominates the particle distribution shown in Fig. 2.2.

Therefore the v2 parameter is dominant compared to the other v

n

coe�cients, in
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position-space  
anisotropy 

momentum-space  
anisotropy 

anisotropic 
pressure gradients 

STAR,	PRL	90	(2003)	032301	

Elliptic Flow in  
Ultracold Lithium 

K.M. O’Hara et al., Science,  
13 Dec 2002: 2179-2182 



Harmonic decomposition of two particle correlations ALICE Collaboration

 [rad]φ∆
0 2 4

)φ
∆

C(

0.99

0.995

1

1.005

1.01

1.015

Pb-Pb 2.76 TeV, 0-2% central
 < 2.5 GeV/ct

T
2 < p

 < 2 GeV/ca
T

1.5 < p
| < 1.8η∆0.8 < |

/ndf = 33.3 / 352χ

 [rad]φ∆
0 2 4

ra
tio

0.998
1

1.002

n
1 2 3 4 5 6 7 8

]
-2

 [1
0

∆n
V

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35 Centrality
0-2%
 < 2.5 GeV/ct

T
2 < p

 < 2 GeV/ca
T

1.5 < p

n
1 2 3 4 5 6 7 8

]
-2

 [1
0

∆n
V

0

1

2

3

4

5 Centrality
40-50%
20-30%
10-20%
2-10%
0-2%
 < 2.5 GeV/ct

T
2 < p

 < 2 GeV/ca
T

1.5 < p

Fig. 2: (Color online) Left: C (Df) for particle pairs at |Dh |> 0.8. The Fourier harmonics for V1D to V5D
are superimposed in color. Their sum is shown as the dashed curve. The ratio of data to the n  5 sum is
shown in the lower panel. Center: Amplitude of VnD harmonics vs. n for the same pt

T , pa
T , and centrality

class. Right: VnD spectra for a variety of centrality classes. Systematic uncertainties are represented with
boxes (see section 4), and statistical uncertainties are shown as error bars.
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Fig. 3: (Color online) Left: C (Df) at |Dh | > 0.8 for higher-pT particles than in Fig. 2. The Fourier
harmonics VnD for n  5 are superimposed in color. Their sum is shown as the dashed curve. The ratio of
data to the n  5 sum is shown in the lower panel. Right: Amplitude of VnD harmonics vs. n at the same
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An example of C (Df) from central Pb–Pb collisions in the bulk-dominated regime is shown
in Fig. 2 (left). The prominent near-side peak is an azimuthal projection of the ridge seen in
Fig. 1. In this very central collision class (0–2%), a distinct doubly-peaked structure is visible
on the away side, which becomes a progressively narrower single peak in less central colli-
sions. We emphasize that no subtraction was performed on C (Df), unlike other jet correlation
analyses [7–14].

A comparison between the left panels of Fig. 2 and Fig. 3 demonstrates the change in shape
as the transverse momentum is increased. A single recoil jet peak at Df ' p appears whose
amplitude is no longer a few percent, but now a factor of 2 above unity. No significant near-side
ridge is distinguishable at this scale. The recoil jet peak persists even with the introduction of a
gap in |Dh | due to the distribution of longitudinal parton momenta in the colliding nuclei.

The features of these correlations can be parametrized at various momenta and centralities by

5

Anisotropic flow components vn 
•  Particle distribution described by a Fourier cosine series 

•  Two-particle (Δφ) distribution  
described by Fourier series  
with coefficients vn

2  
•  In non-central events,  

v2 is dominant → “elliptic flow” 

dN/dφ ~ 1 + 2v1cos(φ-Ψ1)  
     + 2v2cos(2(φ-Ψ2))  
     + 2v3cos(3(φ-Ψ3))  
     + 2v4cos(4(φ-Ψ4))  
     +... 
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Hydrodynamic evolution of the system 
•  Measurements of v2 are described very well by hydrodynamic 

models → QGP behaves as a liquid! 

 
•  Viscosity (η/s) is near quantum lower bound  
→ QGP is the “perfect liquid” 
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Higher harmonic flow at the LHC ALICE Collaboration
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Fig. 11: The pT-differential vsub
2 for pions, kaons and protons measured with the Scalar Product method in Pb–

Pb collisions at
p

sNN = 2.76 TeV compared to v2 measured with iEBE-VISHNU. The upper panels present the
comparison for 10–20% up to 40–50% centrality intervals. The thickness of the curves reflect the uncertainties
of the hydrodynamical calculations. The differences between vsub

2 from data and v2 from iEBE-VISHNU are
presented in the lower panels.

These figures show that this hydrodynamical calculation can reproduce the observed mass ordering in
the experimental data for pions, kaons and protons. In particular, it is seen that for the range 1 < pT < 2
GeV/c in the 10–20% centrality interval the model overpredicts the pion vsub

2 (pT) values by an average
of 10%, however for more peripheral collisions the curve describes the data points relatively well. In
addition, the model describes vsub

3 and vsub
4 for charged pions within 5%, i.e. better than vsub

2 . Further-
more, it is seen that iEBE-VISHNU overpredicts the vsub

2 (pT) values of K± (i.e. 10–15% deviations)
and does not describe p+p in more central collisions (i.e. by 10% with a different transverse momentum
dependence compared to data), but in more peripheral collisions the agreement with the data points is
better. Finally, the model describes the vsub

3 (pT) and vsub
4 (pT) values for K± and p+p with a reasonable

accuracy (i.e. within 5%) in all centrality intervals up to pT around 2 GeV/c. These observations are also
illustrated in the lower plots of each panel in Figs. 11, 12 and 13 that present the difference between the
measured vsub

n relative to a fit to the hydrodynamical calculation.

6.5.2 Comparison with AMPT

In addition to the hydrodynamical calculations discussed in the previous paragraphs, three different ver-
sions of AMPT [50–52] are studied in this article. The AMPT model can be run in two main configura-
tions: the default and the string melting. In the default version, partons are recombined with the parent
strings when they stop interacting. The resulting strings are later converted into hadrons using the Lund
string fragmentation model [56, 57]. In the string melting version, the initial strings are melted into par-
tons whose interactions are described by a parton cascade model [58]. These partons are then combined
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2 for pions, kaons and protons measured with the Scalar Product method in Pb–

Pb collisions at
p

sNN = 2.76 TeV compared to v2 measured with iEBE-VISHNU. The upper panels present the
comparison for 10–20% up to 40–50% centrality intervals. The thickness of the curves reflect the uncertainties
of the hydrodynamical calculations. The differences between vsub

2 from data and v2 from iEBE-VISHNU are
presented in the lower panels.

These figures show that this hydrodynamical calculation can reproduce the observed mass ordering in
the experimental data for pions, kaons and protons. In particular, it is seen that for the range 1 < pT < 2
GeV/c in the 10–20% centrality interval the model overpredicts the pion vsub

2 (pT) values by an average
of 10%, however for more peripheral collisions the curve describes the data points relatively well. In
addition, the model describes vsub

3 and vsub
4 for charged pions within 5%, i.e. better than vsub

2 . Further-
more, it is seen that iEBE-VISHNU overpredicts the vsub

2 (pT) values of K± (i.e. 10–15% deviations)
and does not describe p+p in more central collisions (i.e. by 10% with a different transverse momentum
dependence compared to data), but in more peripheral collisions the agreement with the data points is
better. Finally, the model describes the vsub

3 (pT) and vsub
4 (pT) values for K± and p+p with a reasonable

accuracy (i.e. within 5%) in all centrality intervals up to pT around 2 GeV/c. These observations are also
illustrated in the lower plots of each panel in Figs. 11, 12 and 13 that present the difference between the
measured vsub

n relative to a fit to the hydrodynamical calculation.

6.5.2 Comparison with AMPT

In addition to the hydrodynamical calculations discussed in the previous paragraphs, three different ver-
sions of AMPT [50–52] are studied in this article. The AMPT model can be run in two main configura-
tions: the default and the string melting. In the default version, partons are recombined with the parent
strings when they stop interacting. The resulting strings are later converted into hadrons using the Lund
string fragmentation model [56, 57]. In the string melting version, the initial strings are melted into par-
tons whose interactions are described by a parton cascade model [58]. These partons are then combined
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2 from data and v2 from iEBE-VISHNU are
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These figures show that this hydrodynamical calculation can reproduce the observed mass ordering in
the experimental data for pions, kaons and protons. In particular, it is seen that for the range 1 < pT < 2
GeV/c in the 10–20% centrality interval the model overpredicts the pion vsub

2 (pT) values by an average
of 10%, however for more peripheral collisions the curve describes the data points relatively well. In
addition, the model describes vsub

3 and vsub
4 for charged pions within 5%, i.e. better than vsub

2 . Further-
more, it is seen that iEBE-VISHNU overpredicts the vsub

2 (pT) values of K± (i.e. 10–15% deviations)
and does not describe p+p in more central collisions (i.e. by 10% with a different transverse momentum
dependence compared to data), but in more peripheral collisions the agreement with the data points is
better. Finally, the model describes the vsub

3 (pT) and vsub
4 (pT) values for K± and p+p with a reasonable

accuracy (i.e. within 5%) in all centrality intervals up to pT around 2 GeV/c. These observations are also
illustrated in the lower plots of each panel in Figs. 11, 12 and 13 that present the difference between the
measured vsub

n relative to a fit to the hydrodynamical calculation.

6.5.2 Comparison with AMPT

In addition to the hydrodynamical calculations discussed in the previous paragraphs, three different ver-
sions of AMPT [50–52] are studied in this article. The AMPT model can be run in two main configura-
tions: the default and the string melting. In the default version, partons are recombined with the parent
strings when they stop interacting. The resulting strings are later converted into hadrons using the Lund
string fragmentation model [56, 57]. In the string melting version, the initial strings are melted into par-
tons whose interactions are described by a parton cascade model [58]. These partons are then combined
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comparison for 10–20% up to 40–50% centrality intervals. The thickness of the curves reflect the uncertainties
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These figures show that this hydrodynamical calculation can reproduce the observed mass ordering in
the experimental data for pions, kaons and protons. In particular, it is seen that for the range 1 < pT < 2
GeV/c in the 10–20% centrality interval the model overpredicts the pion vsub

2 (pT) values by an average
of 10%, however for more peripheral collisions the curve describes the data points relatively well. In
addition, the model describes vsub

3 and vsub
4 for charged pions within 5%, i.e. better than vsub

2 . Further-
more, it is seen that iEBE-VISHNU overpredicts the vsub

2 (pT) values of K± (i.e. 10–15% deviations)
and does not describe p+p in more central collisions (i.e. by 10% with a different transverse momentum
dependence compared to data), but in more peripheral collisions the agreement with the data points is
better. Finally, the model describes the vsub

3 (pT) and vsub
4 (pT) values for K± and p+p with a reasonable

accuracy (i.e. within 5%) in all centrality intervals up to pT around 2 GeV/c. These observations are also
illustrated in the lower plots of each panel in Figs. 11, 12 and 13 that present the difference between the
measured vsub

n relative to a fit to the hydrodynamical calculation.

6.5.2 Comparison with AMPT

In addition to the hydrodynamical calculations discussed in the previous paragraphs, three different ver-
sions of AMPT [50–52] are studied in this article. The AMPT model can be run in two main configura-
tions: the default and the string melting. In the default version, partons are recombined with the parent
strings when they stop interacting. The resulting strings are later converted into hadrons using the Lund
string fragmentation model [56, 57]. In the string melting version, the initial strings are melted into par-
tons whose interactions are described by a parton cascade model [58]. These partons are then combined
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sNN = 2.76 TeV compared to v2 measured with iEBE-VISHNU. The upper panels present the
comparison for 10–20% up to 40–50% centrality intervals. The thickness of the curves reflect the uncertainties
of the hydrodynamical calculations. The differences between vsub

2 from data and v2 from iEBE-VISHNU are
presented in the lower panels.

These figures show that this hydrodynamical calculation can reproduce the observed mass ordering in
the experimental data for pions, kaons and protons. In particular, it is seen that for the range 1 < pT < 2
GeV/c in the 10–20% centrality interval the model overpredicts the pion vsub

2 (pT) values by an average
of 10%, however for more peripheral collisions the curve describes the data points relatively well. In
addition, the model describes vsub

3 and vsub
4 for charged pions within 5%, i.e. better than vsub

2 . Further-
more, it is seen that iEBE-VISHNU overpredicts the vsub

2 (pT) values of K± (i.e. 10–15% deviations)
and does not describe p+p in more central collisions (i.e. by 10% with a different transverse momentum
dependence compared to data), but in more peripheral collisions the agreement with the data points is
better. Finally, the model describes the vsub

3 (pT) and vsub
4 (pT) values for K± and p+p with a reasonable

accuracy (i.e. within 5%) in all centrality intervals up to pT around 2 GeV/c. These observations are also
illustrated in the lower plots of each panel in Figs. 11, 12 and 13 that present the difference between the
measured vsub

n relative to a fit to the hydrodynamical calculation.

6.5.2 Comparison with AMPT

In addition to the hydrodynamical calculations discussed in the previous paragraphs, three different ver-
sions of AMPT [50–52] are studied in this article. The AMPT model can be run in two main configura-
tions: the default and the string melting. In the default version, partons are recombined with the parent
strings when they stop interacting. The resulting strings are later converted into hadrons using the Lund
string fragmentation model [56, 57]. In the string melting version, the initial strings are melted into par-
tons whose interactions are described by a parton cascade model [58]. These partons are then combined

20
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Higher harmonics (n > 2) 
•  Due to event-by-event fluctuations of the 

positions of nucleons, overlap region is not 
perfectly symmetric  
→ development of triangular flow v3, 
quadrangular flow v4,... 

•  Higher harmonics are sensitive to 
hydrodynamic properties and dynamics  
of the QGP 
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Size of the system – femtoscopy 
•  Hanbury Brown-Twiss (HBT) interferometry 

–  quantum interference of pairs of identical particles can be 
used to measure (final) source size 

•  Source region is smaller in-plane than out-of-plane at late 
times, although smaller eccentricity than at early times   

3 September 2018 A. Ohlson (U. Heidelberg) 13 
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Cooldown of the QGP, hadrochemistry 

•  Pseudocritical temperature (Tc): transition from QGP 
phase to hadron gas phase 

•  Chemical freeze-out (Tch): inelastic collisions cease, 
particle species ratios become fixed 

•  Kinetic freeze-out (Tkin, Tfo): elastic collisions cease, 
particles stream freely to the detector 

3 September 2018 A. Ohlson (U. Heidelberg) 14 
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Fluctuations in heavy ion collisions 
•  Event-by-event fluctuations of particle multiplicities are used to 

study properties and phase structure of strongly-interacting matter 

3 September 2018 A. Ohlson (U. Heidelberg) 15 

•  Fluctuations grow in the region near  
a phase transition and/or critical point 

T > Tc  T >~ Tc   T <~ Tc      T < Tc 

Critical opalescence in CO2 (2nd order PT) 
J.V. Sengers, A.L Sengers, Chem. Eng. News, 
June 10, 104–118, 1968 



Fluctuations in heavy ion collisions 
•  Event-by-event fluctuations of particle multiplicities are used to 

study properties and phase structure of strongly-interacting matter 
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•  Fluctuations grow in the region near  
a phase transition and/or critical point 

•  Fluctuations of conserved charges  
can be related to susceptibilities 
calculable in lattice QCD 
–  precision test of LQCD at µB ≈ 0 



Connecting theory to experiment 
•  Thermodynamic susceptibilities χ 

–  describe the response of a thermalized system to changes in 
external conditions, fundamental properties of the medium 

3 September 2018 A. Ohlson (U. Heidelberg) 17 

χn
B =

∂n P /T 4( )
∂ µB /T( )n

Theory:  
calculate susceptibilities 

in Lattice QCD 
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Q → electric charge 
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measure particle 

multiplicity distributions 
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Theory:  
calculate susceptibilities 
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Connecting theory to experiment 
•  Thermodynamic susceptibilities χ 

–  describe the response of a thermalized system to changes in 
external conditions, fundamental properties of the medium 
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Theory:  
calculate susceptibilities 

in Lattice QCD as a 
function of temperature 

 
 

  

Experiment:  
measure higher 

moments vs. √sNN 
 

Grand Canonical 
Ensemble 

Friman,	B.,	et	al.		
EPJC	71	(2011)	1694	
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Figure 5: The temperature dependence of the fourth, sixth and eighth order
cumulants of the net baryon number fluctuations χB

n relative to the second
order one. The temperature is given in units of the chiral crossover temper-
ature. The shaded area indicates the region of the chiral crossover transition
at µq/T = 0. The calculations were done in the PQM model within the FRG
approach.

their depth is to some extent model dependent. However, we note, that in
the transition region the second order cumulant used in these ratios for nor-
malization is dominated by non-singular contributions which are positive.
The minima in RB

n,2 therefore mainly reflect the strong temperature depen-
dence of higher cumulants χB

n . We also note that these minima become more
pronounced with increasing µq/T . In fact, the structure of e.g. RB

6,2 becomes
similar to that of χB

8 at large µq/T . This is easily understood in terms of the
Taylor expansion of RB

6,2, where the dominant correction at non-zero µq/T is
due to χB

8 ,

RB
6,2(µq/T ) = RB

6,2(0) +
1

2

!µq

T

"2
#

RB
8,2(0)−RB

6,2(0)R
B
4,2(0)

$

+O((µq/T )
4) . (21)

This also makes it clear why for µq/T > 0 the location of the minimum
of RB

6,2(µq/T ) is shifted to lower temperatures relative to that of the chi-
ral crossover temperature. Similarly, at non-zero µq/T , the ratio RB

8,2(µq/T )
shows more pronounced oscillations in the transition region, due to contri-
butions from higher order cumulants, which oscillate more rapidly in the

14
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κ1 p( ) = Np κ2 p( ) = Np − Np( )
2

•  Skellam baseline → when 
multiplicity distributions of 
protons and anti-protons are 
Poissonian and uncorrelated  

•  κ2(p-p) shows only small 
deviations from Skellam 
prediction 
–  can be fully explained 

by volume fluctuations 
and global baryon 
number conservation 

κ2 p− p( ) = ΔNp − ΔNp( )
2

P.	Braun-Munzinger	et	al.,	NPA	960	(2017)	114	



Higher moments 
•  Scan the phase diagram by lowering the collision energy 
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Fourth Order Net Proton Fluctuation

Ø Non-monotonic energy 
dependence is observed for
4th order net-proton, proton
fluctuations in most central
Au+Au collisions.

Ø UrQMD results show
monotonic decrease with
decreasing collision energy.

STAR	Preliminary

\B5 = 	-2-5

Roli Esha (UCLA)February	8,	2016 9
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Fourth Order Net Proton Fluctuation

Ø Non-monotonic energy 
dependence is observed for
4th order net-proton, proton
fluctuations in most central
Au+Au collisions.
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decreasing collision energy.
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4 P. Braun-Munzinger, A. Rustamov, J. Stachel / Nuclear Physics A 00 (2018) 1–5

of fluctuations (cf. Eqs. 4 - 6) are much stronger than e↵ects due to fluctuations of participating nucleons.
Participant fluctuations push the 3/2 data in the opposite direction. Using the the procedure reported in [5]
we present STAR data corrected for possible fluctuations of participant nucleons (blue circles in Fig. 2).
Next, inserting the numerical values of the corrected 3/2 data into Eq. (5), we obtain the energy depen-
dence of the ↵ parameter. Finally, using these values of ↵ we present in the right panel of Fig. 2, with the
blue dashed line, excitation function of 4/2 as calculated using Eq. 6. We further add contributions from
participant fluctuations , which are presented by light blue circles. As seen from Fig. 2, besides the points
at
p

sNN = 7.7A and 11.5A GeV our predictions quantitatively reproduce the trend of 4/2. Similar con-
clusions we get for the energy dependence of 1/2 and 1/3 (not presented here). We hence conclude that,
above

p
sNN=11.5A GeV, the experimentally observed deviations from the GCE baselines can be described

by the combined e↵ects of participant fluctuations and global conservation laws, the latter being dominant.
Finally, we remark that the measurements from the ALICE experiment can also be explained by the baryon
number conservation [10].
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Fig. 2. Left panel: 3/2 measurements from STAR (the red circles) and their corrected values for participant fluctuations (the blue
symbols). Right panel: 4/2 measurements from STAR (the red circles) compared to our predictions (the blue symbols). The blue
dashed line corresponds to our predictions without participant fluctuations. The red dashed lines represent the GCE baseline.

4. Conclusions

We studied the e↵ects of global conservation laws on fluctuations of net-baryon number. Together
with analytic formulas we developed MC methods to simulate events in the CE. Above 11.5 GeV, the
deviations from the Skellam distribution reported by STAR are consistently described with baryon number
conservation and fluctuations of participating nucleons. A dramatic exception are the STAR results on 4/2
below

p
sNN = 11.5 GeV. The measured second cumulants of net protons at ALICE can also be accounted

for quantitatively by conservation laws. Our results will be relevant for the research programs at facilities
such as FAIR at GSI and NICA at JINR. Near future challenges will be precision measurements of higher
moments at RHIC and LHC and their connection to fundamental QCD predictions.
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•  Deviations can be largely 
explained by global 
conservation laws and 
participant fluctuations 

 



Jets: probes of the QGP 
•  Hard scatterings in the early stages of the collision produce 

back-to-back recoiling partons, which fragment into 
collimated clusters of hadrons 

•  As they traverse the QGP, 
partons interact with the 
medium → “jet quenching” 

•  Characterize the nature of 
this energy loss to 
understand properties of the 
QGP and the interactions of 
a colored probe with a 
colored medium 
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Jet suppression 
•  Compare number of reconstructed jets 

in AA collisions with superimposed  
pp collisions 
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Figure 4: Upper panel: The RAA values as a function of jet pT for jets with |y | < 2.8 for four centrality intervals
(0–10%, 20–30%, 40–50%, 60–70%). Bottom panel: The RAA values as a function of jet pT for jets with |y | < 2.8
for four other centrality intervals (10–20%, 30–40%, 50–60%, 70–80%). The error bars represent statistical
uncertainties, the shaded boxes around the data points represent bin-wise correlated systematic uncertainties. The
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which both a�ect the overall normalisation of the result. The horizontal size of error boxes represents the width of
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RAA =
(1 / Nevt )

dN jet
dpT AA

Ncoll
dN jet

dpT pp

•  Significant jet 
suppression in heavy-ion 
collisions over a wide 
momentum range 
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Charged particle suppression 
•  Compare number of charged particles 

in AA collisions with superimposed  
pp collisions 

 
•  Jet transport coefficient  

 
    for a quark with E = 10 GeV 
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RAA =
(1 / Nevt )dN dpT AA

Ncoll
dN

dpT pp

JET	CollaboraRon,	K.M.	Burke	et	al.,	
PRC	90	(2014)	014909	
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peratures reached in the most central Au+Au collisions
at RHIC, and 2.2±0.5 GeV2/fm at temperatures reached
in the most central Pb+Pb collisions at LHC. Values of q̂
in the hadronic phase are assumed to be proportional to
the hadron density in a hadron resonance gas model with
the normalization in a cold nuclear matter determined by
DIS data [81]. Values of q̂ in the QGP phase are consid-
ered proportional to T 3 and the coe�cient is determined
by fitting to the experimental data on R

AA

at RHIC and
LHC separately. In the HT-M model the procedure is
similar except that q̂ is assumed to be proportional to the
local entropy density and its initial value is q̂ = 0.89±0.11
GeV2/fm in the center of the most central Au+Au colli-
sions at RHIC, and q̂ = 1.29±0.27 GeV2/fm in the most
central Pb+Pb collisions at LHC (note that the values
of q̂ extracted in Sec IV are for gluon jets and therefore
9/4 times the corresponding values for quark jets). For
temperatures close to and below the QCD phase tran-
sition, q̂ is assumed to follow the entropy density, and
q̂/T 3 shown in Fig. 10 is calculated according to the pa-
rameterized EOS [96] that is used in the hydrodynamic
evolution of the bulk medium. In both HT approaches,
no jet energy dependence of q̂ is considered.

Considering the variation of the q̂ values between the
five di↵erent models studied here as theoretical uncer-
tainties, one can extract its range of values as constrained
by the measured suppression factors of single hadron
spectra at RHIC and LHC as follows:

q̂

T 3
⇡

⇢
4.6± 1.2 at RHIC,
3.7± 1.4 at LHC,

at the highest temperatures reached in the most central
Au+Au collisions at RHIC and Pb+Pb collisions at LHC.
The corresponding absolute values for q̂ for a 10 GeV
quark jet are,

q̂ ⇡
⇢

1.2± 0.3
1.9± 0.7

GeV2/fm at
T=370 MeV,
T=470 MeV,

at an initial time ⌧0 = 0.6 fm/c. These values are very
close to an early estimate [6] and are consistent with LO
pQCD estimates, albeit with a somewhat surprisingly
small value of the strong coupling constant as obtained
in CUJET, MARTINI and McGill-AMY model. The HT
models assume that q̂ is independent of jet energy in this
study. CUJET, MARTINI and McGill-AMY model, on
the other hand, should have a logarithmic energy depen-
dence on the calculated q̂ from the kinematic limit on the
transverse momentum transfer in each elastic scattering,
which also gives the logarithmic temperature dependence
as seen in Fig. 10.

As a comparison, we also show in Fig. 10 the value
of q̂

N

/T 3
eft in cold nuclei as extracted from jet quenching

in DIS [81] . The value of q̂
N

= 0.02 GeV2/fm and an
e↵ective temperature of an ideal quark gas with 3 quarks
within each nucleon at the nucleon density in a large
nucleus are used. It is an order of magnitude smaller
than that in A+A collisions at RHIC and LHC.
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FIG. 10. (Color online) The assumed temperature depen-
dence of the scaled jet transport parameter q̂/T 3 in di↵er-
ent jet quenching models for an initial quark jet with energy
E = 10 GeV. Values of q̂ at the center of the most central
A+A collisions at an initial time ⌧0 = 0.6 fm/c in HT-BW
and HT-M models are extracted from fitting to experimental
data on hadron suppression factor RAA at both RHIC and
LHC. In GLV-CUJET, MARTINI and McGill-AMY model, it
is calculated within the corresponding model with parameters
constrained by experimental data at RHIC and LHC. Errors
from the fits are indicated by filled boxes at three separate
temperatures at RHIC and LHC, respectively. The arrows
indicate the range of temperatures at the center of the most
central A+A collisions. The triangle indicates the value of
q̂N/T 3

e↵ in cold nuclei from DIS experiments.

There are recent attempts [92, 97] to calculate the jet
transport parameter in lattice gauge theories. A recent
lattice calculation [97] found that the non-perturbative
contribution from soft modes in the collision kernel can
double the value of the NLO pQCD result for the jet
transport parameter [98]. In the HT models such non-
perturbative contributions could be included directly in
the overall value of q̂. They can also be included in the
CUJET, MARTINI and McGill-AMY models by replac-
ing the HTL thermal theory or screened potential model
for parton scattering with parameterized collision kernels
that include both perturbative and non-perturbative con-
tributions.

One can also compare the above extracted values of q̂
to other nonperturbative estimates. Using the AdS/CFT
correspondence, the jet quenching parameter in a N = 4
supersymmetric Yang-Mills (SYM) plasma at the strong
coupling limit can be calculated in leading order (LO) as

11

peratures reached in the most central Au+Au collisions
at RHIC, and 2.2±0.5 GeV2/fm at temperatures reached
in the most central Pb+Pb collisions at LHC. Values of q̂
in the hadronic phase are assumed to be proportional to
the hadron density in a hadron resonance gas model with
the normalization in a cold nuclear matter determined by
DIS data [81]. Values of q̂ in the QGP phase are consid-
ered proportional to T 3 and the coe�cient is determined
by fitting to the experimental data on R

AA

at RHIC and
LHC separately. In the HT-M model the procedure is
similar except that q̂ is assumed to be proportional to the
local entropy density and its initial value is q̂ = 0.89±0.11
GeV2/fm in the center of the most central Au+Au colli-
sions at RHIC, and q̂ = 1.29±0.27 GeV2/fm in the most
central Pb+Pb collisions at LHC (note that the values
of q̂ extracted in Sec IV are for gluon jets and therefore
9/4 times the corresponding values for quark jets). For
temperatures close to and below the QCD phase tran-
sition, q̂ is assumed to follow the entropy density, and
q̂/T 3 shown in Fig. 10 is calculated according to the pa-
rameterized EOS [96] that is used in the hydrodynamic
evolution of the bulk medium. In both HT approaches,
no jet energy dependence of q̂ is considered.

Considering the variation of the q̂ values between the
five di↵erent models studied here as theoretical uncer-
tainties, one can extract its range of values as constrained
by the measured suppression factors of single hadron
spectra at RHIC and LHC as follows:

q̂

T 3
⇡

⇢
4.6± 1.2 at RHIC,
3.7± 1.4 at LHC,

at the highest temperatures reached in the most central
Au+Au collisions at RHIC and Pb+Pb collisions at LHC.
The corresponding absolute values for q̂ for a 10 GeV
quark jet are,

q̂ ⇡
⇢

1.2± 0.3
1.9± 0.7

GeV2/fm at
T=370 MeV,
T=470 MeV,

at an initial time ⌧0 = 0.6 fm/c. These values are very
close to an early estimate [6] and are consistent with LO
pQCD estimates, albeit with a somewhat surprisingly
small value of the strong coupling constant as obtained
in CUJET, MARTINI and McGill-AMY model. The HT
models assume that q̂ is independent of jet energy in this
study. CUJET, MARTINI and McGill-AMY model, on
the other hand, should have a logarithmic energy depen-
dence on the calculated q̂ from the kinematic limit on the
transverse momentum transfer in each elastic scattering,
which also gives the logarithmic temperature dependence
as seen in Fig. 10.

As a comparison, we also show in Fig. 10 the value
of q̂

N

/T 3
eft in cold nuclei as extracted from jet quenching

in DIS [81] . The value of q̂
N

= 0.02 GeV2/fm and an
e↵ective temperature of an ideal quark gas with 3 quarks
within each nucleon at the nucleon density in a large
nucleus are used. It is an order of magnitude smaller
than that in A+A collisions at RHIC and LHC.
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FIG. 10. (Color online) The assumed temperature depen-
dence of the scaled jet transport parameter q̂/T 3 in di↵er-
ent jet quenching models for an initial quark jet with energy
E = 10 GeV. Values of q̂ at the center of the most central
A+A collisions at an initial time ⌧0 = 0.6 fm/c in HT-BW
and HT-M models are extracted from fitting to experimental
data on hadron suppression factor RAA at both RHIC and
LHC. In GLV-CUJET, MARTINI and McGill-AMY model, it
is calculated within the corresponding model with parameters
constrained by experimental data at RHIC and LHC. Errors
from the fits are indicated by filled boxes at three separate
temperatures at RHIC and LHC, respectively. The arrows
indicate the range of temperatures at the center of the most
central A+A collisions. The triangle indicates the value of
q̂N/T 3

e↵ in cold nuclei from DIS experiments.

There are recent attempts [92, 97] to calculate the jet
transport parameter in lattice gauge theories. A recent
lattice calculation [97] found that the non-perturbative
contribution from soft modes in the collision kernel can
double the value of the NLO pQCD result for the jet
transport parameter [98]. In the HT models such non-
perturbative contributions could be included directly in
the overall value of q̂. They can also be included in the
CUJET, MARTINI and McGill-AMY models by replac-
ing the HTL thermal theory or screened potential model
for parton scattering with parameterized collision kernels
that include both perturbative and non-perturbative con-
tributions.

One can also compare the above extracted values of q̂
to other nonperturbative estimates. Using the AdS/CFT
correspondence, the jet quenching parameter in a N = 4
supersymmetric Yang-Mills (SYM) plasma at the strong
coupling limit can be calculated in leading order (LO) as



Heavy-ion collisions: Extreme QCD 
•  Deconfined state of quarks and gluons produced in 

ultrarelativistic heavy ion collisions → Quark-Gluon Plasma 
•  Flow measurements show very low η/s 

–  QGP behaves hydrodynamically as a  
“perfect liquid” 

•  Jet transport parameter q describes large  
energy loss of colored probe due to  
interactions with a colored medium 

•  Higher moments related to susceptibilities χ 
–  precisely test LQCD and search for critical behavior 

•  Future measurements at LHC, RHIC, FAIR, NICA will 
improve our understanding of the dynamic, thermal, and 
chemical properties of the QGP and the phase diagram of QCD 
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Thank you for your attention! 
Any questions? 

  


