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Big Bang vs. Little Bang

Similarities: Hubble-like expansion, expansion-driven dynamical freeze-out
chemical freeze-out (nucleo-/hadrosynthesis) before thermal freeze-out
(CMB, hadron pT -spectra)
initial-state quantum fluctuations imprinted on final state

Differences: Expansion rates differ by 18 orders of magnitude
Expansion in 3d, not 4d; driven by pressure gradients, not gravity
Time scales measured in fm/c rather than billions of years
Distances measured in fm rather than light years
“Heavy-Ion Standard Model” still under construction
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WMAP HIC 

Credit: NASA 

The Universe� HIC�
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gluon degrees 
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The Big Bang vs. the Little Bangs 
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Big vs. Little Bang: The fluctuation power spectrumBig vs. Little Bang: The fluctuation power spectrum
Mishra, Mohapatra, Saumia, Srivastava, PRC77 (2008) 064902 and C81 (2010) 034903

Mocsy & Sorensen, NPA855 (2011) 241, PLB705 (2011) 71

Big Bang temperature power spectrum (Planck 2013)
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Higher flow harmonics get suppressed by shear viscosity

A detailed study of fluctuations is a powerful
discriminator between models!

U. Heinz Argonne National Lab, 9/5/2014 13(45)
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Every Little Bang evolves differently!

Each Little Bang evolves differently!

Density evolution of a single b=8 fm Au+Au collision at RHIC, with IP-Glasma initial conditions,

Glasma evolution to τ =0.2 fm/c followed by (3+1)-d viscous hydrodynamic evolution with MUSIC

using η/s=0.12= 1.5/(4π)

Schenke, Tribedy, Venugopalan, PRL 108 (2012) 252301:
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Event-by-event shape and flow fluctuations rule!
(Alver and Roland, PRC81 (2010) 054905)

• Each event has a different initial shape and density distribution, characterized by different set of

harmonic eccentricity coefficients εn

• Each event develops its individual hydrodynamic flow, characterized by a set of harmonic flow

coefficients vn and flow angles ψn

• At small impact parameters fluctuations (“hot spots”) dominate over geometric overlap effects

(Alver & Roland, PRC81 (2010) 054905; Qin, Petersen, Bass, Müller, PRC82 (2010) 064903)

U. Heinz RETUNE2012, 20-24 June 2012 20(47)

How anisotropic flow is measured:

Definition of flow coefficients:

dN (i)

dy pTdpT dφp
(b) =

dN (i)

dy pTdpT
(b)

(
1 + 2

∞∑

n=1

v(i)
n (y, pT ; b) cos(φp −Ψ(i)

n )

)
.

Define event average {. . .}, ensemble average 〈. . .〉

Flow coefficients vn typically extracted from azimuthal correlations (k-particle cumu-
lants). E.g. k = 2, 4:

cn{2} = 〈{eni(φ1−φ2)}〉 = 〈{eni(φ1−ψn)}{e−ni(φ2−ψn)}+ δ2〉 = 〈v2n + δ2〉
cn{4} = 〈{eni(φ1+φ2−φ3−φ4)}〉 − 2〈{eni(φ1−φ2)}〉 = 〈−v4n + δ4〉

vn is correlated with the event plane while δn is not (“non-flow”). δ2 ∼ 1/M , δ4 ∼ 1/M3.
4th-order cumulant is free of 2-particle non-flow correlations.

These measures are affected by event-by-event flow fluctuations:

〈v22〉 = 〈v2〉2 + σ2, 〈v42〉 = 〈v2〉4 + 6σ2〈v2〉2

vn{k} denotes the value of vn extracted from the kth-order cumulant:

v2{2} =
√
〈v22〉, v2{4} = 4

√
2〈v22〉2 − 〈v42〉

U. Heinz RETUNE2012, 20-24 June 2012 19(47)
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Panta rhei: “soft ridge”=“Mach cone”=flow!
ATLAS (J. Jia), Quark Matter 2011 ALICE (J. Grosse-Oetringhaus), QM11

• anisotropic flow coefficients vn and flow angles ψn correlated over large rapidity range!

M.Luzum, PLB 696 (2011) 499: All long-range rapidity correlations seen at RHIC are consistent with being entirely

generated by hydrodynamic flow.

• in the 1% most central collisions v3>v2
=⇒ prominent “Mach cone”-like structure!

=⇒ event-by-event eccentricity fluctuations dominate!
U. Heinz Argonne National Lab, 9/5/2014 17(45)Ulrich Heinz (OSU, CERN & EMMI) The Little Bang Standard Model GSI, 6/12/18 17 / 45



Event-by-event shape and flow fluctuations rule!

ALICE (A. Bilandzic) Quark Matter 2011

• in the 1% most central collisions v3>v2 =⇒ prominent “Mach cone”-like structure!

• triangular flow angle uncorrelated with reaction plane and elliptic flow angles

=⇒ due to event-by-event eccentricity fluctuations which dominate the anisotropic flows in the

most central collisions

U. Heinz Argonne National Lab, 9/5/2014 18(45)
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https://u.osu.edu/vishnu: A product of the JET Collaboration

superMC
(C++)

binUtilities
(Python)

UrQMD
(FORTRAN)

iSS
(C++)

VISHNew
(FORTRAN)
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Generate Initial 

Conditions

Initial Condition

?

Particle emission

Hadron re-scattering

Collect particle 
information into 
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Cascade

Flow of time

Hydrodynamic 
simulations

Hydrodynamics

U. Heinz Argonne National Lab, 9/5/2014 21(45)

Pre-hydrodynamics  fs
(C++)
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Viscous relativistic hydrodynamics (Israel & Stewart 1979)

Include shear viscosity η, neglect bulk viscosity (massless partons) and heat conduction
(µB ≈ 0); solve

∂µ T
µν = 0

with modified energy momentum tensor

Tµν(x) =
(
e(x)+p(x)

)
uµ(x)uν(x)− gµνp(x)+πµν.

πµν = traceless viscous pressure tensor which relaxes locally to 2η times the shear
tensor ∇〈µuν〉 on a microscopic kinetic time scale τπ:

Dπµν = − 1
τπ

(
πµν − 2η∇〈µuν〉

)
+ . . .

where D ≡ uµ∂µ is the time derivative in the local rest frame.

Kinetic theory relates η and τπ, but for a strongly coupled QGP neither η nor this
relation are known =⇒ treat η and τπ as independent phenomenological parameters.

For consistency: τπθ ≪ 1 (θ = ∂µuµ= local expansion rate).

U. Heinz Argonne National Lab, 9/5/2014 19(45)
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Numerical precision: “Gubser-Test”
Gubser (PRD82 (2010) 085027) found analytical solution for relativistic Navier-Stokes equation with 
conformal EOS, boost-invariant longitudinal and non-zero transverse flow, corresponding to a specific 
transverse temperature profile.

Marrochio, Noronha et al. (arXiv:1307.6130) found semianalytical generalization of this solution for 
Israel-Stewart theory. This solution provides a stringent test for numerical Israel-Stewart codes (very 
rapid and non-trivial transverse expansion!)

VISH2+1 (C. Shen, 2013)
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https://u.osu.edu/vishnu: A product of the JET Collaboration
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Converting initial shape

fluctuations into

final flow anisotropies –

the QGP shear viscosity

(η/s)QGP

U. Heinz Argonne National Lab, 9/5/2014 23(45)
Ulrich Heinz (OSU, CERN & EMMI) The Little Bang Standard Model GSI, 6/12/18 23 / 45



The University of Queensland pitch drop experiment

SI unit for shear viscosity:

[η] = Poise = kg/(m · s)

ηwater = O(10−2 Poise)

ηpitch ≈ 2.3×1011 ηwater = O(109 Poise)

(∼ one drop per decade –
   last drop fell in April 2014 – 2 years late!) 

ηQGP ≈ 103 ηpitch = O(1012Poise)

U. Heinz Argonne National Lab, 9/5/2014 24(45)
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A measure of fluidity

η

e+p
× ∂·u =

Γexp

Γsound

∼ η

s

1

Tτ

The specific viscosity η/s (s=entropy density) is conceptually related to the
“kinematic viscosity” η/n in non-relativistic fluid dynamics

U. Heinz Argonne National Lab, 9/5/2014 25(45)

(a.k.a. Knudsen number) 
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QGP – the most perfectly fluid liquid ever observed!

AdS/CFT universal lower viscosity bound conjecture:
η

s
>∼

h̄

4πkB

Kovtun, Son, Starinets, PRL 94 (2005) 111601
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Will show that the QGP viscosity is close to this bound!

U. Heinz Argonne National Lab, 9/5/2014 26(45)
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How to use elliptic flow for measuring (η/s)QGP

Hydrodynamics converts
spatial deformation of initial state =⇒
momentum anisotropy of final state,
through anisotropic pressure gradients

Shear viscosity degrades conversion efficiency

εx=
〈〈y2−x2〉〉
〈〈y2+x2〉〉 =⇒ εp=

〈Txx−T yy〉
〈Txx+T yy〉

of the fluid; the suppression of εp is monoto-
nically related to η/s. 0 1 2 3 4 5 6 7
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The observable that is most directly related to the total hydrodynamic momentum
anisotropy εp is the total (pT -integrated) charged hadron elliptic flow vch

2 :

εp=
〈T xx−T yy〉
〈T xx+T yy〉 ⇐⇒

∑
i

∫
pTdpT

∫
dφp p

2
T cos(2φp)

dNi
dypTdpTdφp∑

i

∫
pTdpT

∫
dφp p2T

dNi
dypTdpTdφp

⇐⇒ vch2

U. Heinz Argonne National Lab, 9/5/2014 27(45)
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Extraction of (η/s)QGP from AuAu@RHIC
H. Song, S.A. Bass, UH, T. Hirano, C. Shen, PRL106 (2011) 192301
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• All shown theoretical curves correspond to parameter sets that correctly
describe centrality dependence of charged hadron production as well as
pT -spectra of charged hadrons, pions and protons at all centralities

• vch2 /εx vs. (1/S)(dNch/dy) is “universal”, i.e. depends only on
η/s but (in good approximation) not on initial-state model (Glauber
vs. KLN, optical vs. MC, RP vs. PP average, etc.)

• dominant source of uncertainty: εGl
x vs. εKLN

x −→
• smaller effects: early flow → increases

v2
ε by ∼ few% → larger η/s

bulk viscosity → affects vch2 (pT ), but ≈ not vch2

Zhi Qiu, UH, PRC84 (2011) 024911

U. Heinz Argonne National Lab, 9/5/2014 28(45)

Ulrich Heinz (OSU, CERN & EMMI) The Little Bang Standard Model GSI, 6/12/18 28 / 45



Hydrodynamics – a theory with predictive power

After tuning initial conditions and viscosity at RHIC to obtain a good
description of all soft hadron data simultaneously (Song et al. 2010) the
first LHC spectra and elliptic flow measurements were successfully
predicted:

ALICE, Quark Matter 2011 (VISH2+1 prediction: Shen et al., PRC84 (2011) 044903)
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Towards a Standard Model of the Little Bang 

13 

B. Schenke: QM2012

With inclusion of sub-nucleonic quantum fluctuations 

and pre-equilibrium dynamics of gluon fields: 

→ outstanding agreement between data and model

Rapid convergence on a standard model of the Little Bang! 

Perfect liquidity reveals in the final state initial-state gluon field correlations 

of size 1/Qs (sub-hadronic)! 

Schenke, Tribedy, Venugopalan, 
Phys.Rev.Lett. 108:25231 (2012)  

U. Heinz Argonne National Lab, 9/5/2014 37(45)
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Effect of “afterburning” on pT -spectra::

IP-Glasma + MUSIC + UrQMD, S. Ryu et al., PRC97 (2018) 034910

8

0

0.02

0.04

0.06

0.08

0.1

0.12

140 150 160 170 180

h
+

/-
 v

2

Tsw (MeV)

Au+Au, 200 GeV

0-5%

30-40%

w/ coll.
w/o coll.

140 150 160 170

Pb+Pb, 2.76 TeV

0-5%

30-40%
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√
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with
√
sNN = 2.76 TeV (right).

larger for peripheral events than for central ones. Our
understanding is that this is a consequence of the dif-
ferent lifetime of the hadronic transport phase compared
to the hydrodynamic expansion for the different central-
ities and collision energies, as well as a consequence of
how isotropic each system is at the transition between
hydrodynamics and transport.
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FIG. 9: pT spectra of identified hadrons for centrality classes
0 − 5%, 10 − 20%, 20 − 30% and 30 − 40% of Pb-Pb col-
lisions with

√
sNN = 2.76 TeV. The solid curves and the

dashed curves correspond to full UrQMD and UrQMD without
collisions, respectively. The statistical errors in the calcula-
tion are shown as the bands around the curves. The ALICE
data [65] are shown for comparison.

B. Differential observables

In this section, we examine pT differential observables.
At this point, all model parameters have already been
fixed with integrated observables both at LHC and RHIC
energies.

The pT differential vn{2} of n = 2, 3, 4 of charged
hadrons are compared with the ALICE [62] and the CMS
[82, 83] data in Fig. 8. Note that the pT -differential vn
is evaluated from the azimuthal correlation between par-
ticles of interest and reference flow particles, given that
the particles of interest are those in specific pT bins [63].
Although v2{2} deviates from the data at high pT , es-
pecially when compared with the ALICE measurements,
our calculation shows a reasonable agreement with data
for pT . 1 GeV, where we have the most particles.

We next turn to identified hadron observables at LHC
energies. The pT -differential spectra of pions, kaons and
protons are shown in Fig. 9, with (solid line) and without
(dashed line) the effect of hadronic rescattering, for four
different centralities. Calculations that include hadronic
rescattering agree very well with measurements for the
most central collisions (0 − 5%), for all three hadron
species. Tension with data appears and increases in
more peripheral centralities, especially in kaons and pro-
tons, but also in pions at pT above 1.5 − 2 GeV. As ex-
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Pb-Pb collisions with

√
sNN = 2.76 TeV. The solid curves

and the dashed curves correspond to full UrQMD and UrQMD

without collisions, respectively. The statistical errors in the
calculation are shown as the bands around the curves. The
ALICE data [72] are shown for comparison.

pected from the discussion of integrated observables, the
hadronic transport phase has a minor effect on the pion
spectra, which is slightly hardened at pT > 2 GeV. The
kaon spectra get flatter resulting in a better agreement
with the experimental measurement. A more significant
effect of rescattering is seen in the proton spectra: the
low pT parts of the spectra is reduced in the transport
phase owing to BB̄ annihilations while hadronic rescat-
tering shifts more protons to higher pT . This shows once
again that the inclusion of the hadronic transport phase
is important to describe the measured proton spectra at
the LHC.

Figure 10 shows identified particle elliptic flow coeffi-
cients at the LHC, with measurements from the ALICE
collaboration [72]. Comparing the simulation results with
(solid lines) and without (dashed lines) hadronic rescat-
tering, we find once more that pions and kaons v2(pT ) are
largely insensitive to rescattering. On the other hand,
hadronic rescattering has a large effect on the proton
v2(pT ), which is considerably decreased by hadronic in-
teractions. Even though v2 around the mean pT is well
reproduced, our calculations overestimate the v2 of pi-
ons and kaons at higher pT . We highlight that tension
with ALICE measurements was also observed at high pT
for the v2 of charged hadrons shown in Fig. 8. We note
that tension with measurements at high pT is less wor-
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FIG. 11: pT spectra (upper) and pT -differential v2{2} (lower)
of strange baryons of Pb-Pb collisions with

√
sNN = 2.76 TeV.

The solid curves and the dashed curves correspond to full
UrQMD and UrQMD without collisions, respectively. The statis-
tical errors in the calculation are shown as the bands around
the curves.

rying than in lower regions of transverse momenta, since
this region of pT is more sensitive to uncertainties in the
viscous corrections to the hadron distribution function
(δf), as well as potential contribution from recombina-
tion with (mini-)jet shower partons. Nevertheless, there
still seems to be room for improvement at lower pT in
our description of identified hadron vn.

The pT spectra and v2 of strange baryons are shown in
Fig. 11 and compared with the ALICE data [72, 75, 76].
The pT dependence of the spectra of Λ, Ξ and Ω is
described well, although deviations of up to 20% are
observed in the normalization. The effect of hadronic
rescattering, which suppresses the pT spectra more at
low pT , is consistent with the decrease in multiplicity
and the increase in average transverse momentum seen
in the previous section. We consider the level of agree-
ment with experimental data to be acceptable consider-
ing the non-negligible dependence of heavier hadrons on
the switching temperature between hydrodynamics and
UrQMD shown previously in Fig. 3.

For all three heavy strange baryons, our calculation
overestimates the v2(pT ). Previous studies [41, 45], also
based on a hybrid approach with isothermal particliza-
tion, found some tension with hyperons as well, although
we highlight that comparisons with these previous mod-

“Afterburning” builds additional radial flow, with little effect on abundance ratios
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Ridges everywhere!

Yen-Jie Lee (MIT)

Ridge in pp, pPb and PbPb

4New results from CMS

pp 7 TeV

Ridge observed in high multiplicity

pp collisions at 13 TeV !

pp 13 TeV

pPb PbPb

CMS-FSQ-15-002

13 TeV vs. 7 TeV?
Zhenyu Chen
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Flow in Pb+Pb, p+Pb and even p+p at the LHC!

R.D. Weller, P. Romatschke, Phys. Lett. B 774 (2017) 351

H Y D R O  I N  S M A L L  S Y S T E M S

8 B j ö r n  S c h e n k e ,  B N L

Successful description from p+p to p+A to A+A

R.D. Weller, P. Romatschke, arXiv:1701.07145

CMS Collaboration, Phys. Lett. B765, 193 (2017) 
ATLAS Collaboration, Phys. Rev. C90, 044906 (2014) 

ALICE Collaboration, Phys. Rev. Lett. 116, 132302 (2016) 
ATLAS Collaboration, 1609.06213 

CMS Collaboration, Phys. Lett. B724, 213 (2013)

P O S T E R  B Y  R .  W E L L E R

Requires fluctuating proton substructure (gluon clouds clustered around
valence quarks (K. Welsh et al. PRC94 (2016) 024919))
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This is a collective effect!
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Whatever its origin, the “flow signal” represents a collective response
(to what?) of all particles!
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“Small” systems are so only initially:
Three collision systems with the same multiplicity dNch/dη = 100

(iEBE-VISHNU, Scott Moreland)

short direction:

long direction:

Collision systems with similar dNch/dη have similar freeze-out volumes!

=⇒ Stronger radial flow in initially smaller systems!
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Strong radial flow in pp collisions at the LHC

Werner, Guiot, Karpenko, Pierog (EPOS3), PRC 89 (2014) 064903;

Data: CMS Collaboration (8, 84, 160, 235 charged tracks)
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Elliptic flow (double ridge) discovered in high-multiplicity pp by CMS at
7 TeV (and confirmed by ATLAS at 13 TeV) also reproduced by EPOS.
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“One fluid that rules them all” (Weller & Romatschke 2017)

Schenke, Quark Matter 2018 (Schenke, Shen, Tribedy, in preparation)

Anisotropy vs. multiplicity

!17 B j ö r n  S c h e n k e ,  B N L

B. Schenke, C. Shen, P. Tribedy, in preparation

Experimental data: J. Adam et al. (ALICE), Phys. Rev. Lett. 116, 132302 (2016) 
B. B. Abelev et al. (ALICE), Phys. Rev. C90, 054901 (2014), ALICE Collaboration, arXiv:1805.01832 
ATLAS Collaboration, Eur. Phys. J. C (2017) 77:428 

Except for pp, hydro describes all collision systems at all “centralities”
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Towards quantitative quark-gluon plasma spectroscopy

Relativistic viscous hydrodynamics (+ pre-hydrodynamic early stage
and hadronic rescattering “afterburner”) has become the workhorse of
dynamical modeling of ultra-relativistic heavy-ion collisions

It has been successfully used in a Bayesian analysis of LHC Pb+Pb
collision data for putting meaningful constraints on the initial
conditions and medium properties of QGP created in heavy-ion
collisions:
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temperature-dependent viscosities from 
the calibrated posterior:

Calibrated Posterior Distribution

Key Results:
• excellent agreement with data, simultaneous

description of v2, v3 and v4 data
• initial condition favors scaling properties of IP-Glasma
• non-zero bulk viscosity
• temperature dependence of η/s requires data at

several beam energies to pin down

p≈0: IP-Glasma type scaling

Tsw⩽Tc

(J. Bernhard et al., PRC94 (2016) 024907) 
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CHAPTER 5. QUANTIFYING QCD PROPERTIES 152

8

14

20

N
or

m
2.

76
 T

eV

13.9+1.2
−1.1

10.0

17.5

25.0

N
o
rm

5.
02

 T
eV

18.5+1.8
−1.7

−0.5

0.0

0.5

p

0.006+0.078
−0.078

0

1

2
σ

fl
u
ct

0.90+0.24
−0.27

0.4

0.7

1.0

w [f
m

]

0.96+0.04
−0.05

0.0

1.2

1.5
1.7

d
m

in
[f
m

]

1.28+0.42
−0.53

0.00

0.75

1.50

τ
fs

[f
m
/
c]

1.16+0.29
−0.25

0.0

0.1

0.2

η/
s

m
in

0.085+0.026
−0.025

0

4

8

η/
s

sl
op

e

[G
eV

−
1
]

0.83+0.83
−0.83

−1

0

1

η/
s

cr
v

−0.37+0.79
−0.63

0.00

0.05

0.10

ζ/
s

m
ax

0.037+0.040
−0.022

0.00

0.05

0.10

ζ/
s

w
id

th

[G
eV

]

0.029+0.045
−0.026

0.150

0.175

0.200

ζ/
s
T

0

[G
eV

]

0.177+0.023
−0.021

0.135

0.150

0.165

T
sw

it
ch

[G
eV

]

0.152+0.003
−0.003

8 14 20
Norm

2.76 TeV

0.0

0.2

0.4

σ
m

od
el

sy
s

10.0 17.5 25.0
Norm

5.02 TeV

−0.5 0.0 0.5
p

0 1 2
σ fluct

0.4 0.7 1.0
w

[fm]

0.0 1.2 1.5 1.7
d min
[fm]

0.00 0.75 1.50
τ fs

[fm/c]

0.0 0.1 0.2
η/s min

0 4 8
η/s slope

[GeV−1]

−1 0 1
η/s crv

0.00 0.05 0.10
ζ/s max

0.00 0.05 0.10
ζ/s width

[GeV]

0.15
0

0.17
5

0.20
0

ζ/s T0

[GeV]

0.13
5

0.15
0

0.16
5

T switch
[GeV]

0.0 0.2 0.4
σ model sys

0.10+0.09
−0.08

Figure 5.10 Posterior distribution for the model parameters.
Diagonal: marginal distributions for each parameter;

off-diagonal: joint marginal distributions between
pairs of parameters. The annotated estimates

are the posterior medians with 90%
HPD credible intervals.

From Jonah Bernhard's PhD thesis:
(arXiv:1804.06469)
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Challenges to the Little Bang Standard Model

Flow-like signatures are also obtained from kinetic theory in the limit
of large Knudsen numbers (“single scattering limit”)
Heiselberg & Levy ’99, Kolb et al. ’01, Alver et al. ’10, Borghini & Gombeaud ’11,

Romatschke ’18, Kurkela & Wiedemann ’18, Borghini et al. ’18, . . .

This may actually explain the anisotropic flow measured at high pT :
(Romatschke ’18)
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FIG. 4. Left: Results for momentum anisotropy coefficients 〈vn(pT )〉 for massless partons from

theoretical calculations at low momenta (zeroth order hydrodynamic gradient expansion) and high

momenta (first order eremitic expansion). For illustration, low and high momentum results are con-

nected through Padé-type fits. Right panel: experimental data [52–54] for momentum anisotropy

coefficients for unidentified hadrons in Pb+Pb collisions at
√
s = 5.02 TeV in the 30-40 percent

multiplicity class.

hydrodynamic gradient expansion breaks down at high pT , but 〈vn(τf , pT )〉[ffluid,(0)] exhibits

the rising trend familiar from full hydrodynamic simulation studies [12]. The hydrodynamic

gradient results7 at low momenta pT ≤ 2 GeV can be connected to the eremitic curves at

high momenta pT ≥ 15 GeV by a type of Padé fit, suggesting a peak in 〈vn(τf , pT )〉 for

specific values of pT for n = 2, 3, 4. Note that the available information at low and high

momenta, respectively, is not sufficient to unambiguously determine the location or height

of the peaks in 〈vn(τf , pT )〉.
Since the results shown for 〈vn(τf , pT )〉 are for massless partons obtained when the whole

system has cooled down below a pre-defined temperature, the results are not directly com-

parable to experimental data. However, it is tempting to inspect the relevant experimental

data on differential flow coefficients for 30-40% Pb+Pb collisions for unidentified hadrons,

shown in the rhs panel of Fig. 4. Interestingly, the experimental data seems to exhibit the

qualitative features of the above theoretical calculations at low momenta (rise with pT as

predicted by hydrodynamic expansions) and high momenta (decrease with pT as predicted

by eremitic expansions). Curiously, also the magnitude of experimentally measured vn coef-

7 Note that the hydrodynamic curves shown in Fig. 4 were calculated with a QCD equation of state [47]

instead of an ideal equation of state to increase numerical stability of the hydrodynamic solver.
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system has cooled down below a pre-defined temperature, the results are not directly com-

parable to experimental data. However, it is tempting to inspect the relevant experimental
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shown in the rhs panel of Fig. 4. Interestingly, the experimental data seems to exhibit the

qualitative features of the above theoretical calculations at low momenta (rise with pT as

predicted by hydrodynamic expansions) and high momenta (decrease with pT as predicted

by eremitic expansions). Curiously, also the magnitude of experimentally measured vn coef-

7 Note that the hydrodynamic curves shown in Fig. 4 were calculated with a QCD equation of state [47]

instead of an ideal equation of state to increase numerical stability of the hydrodynamic solver.
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of large Knudsen numbers (“single scattering limit”)
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(Romatschke ’18)

18

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0.35

0.2 0.5 1 2 4 8 16 32 50 100

τR T=αs
-2

(p
2
)/7v

n
(p

T
)

pT [GeV]

Pb+Pb √s=5.02 TeV, 30-40%, massless partons (Th)

fluid |v2|
fluid |v3|

fluid |v4|/2
hermit |v2|
hermit |v3|

hermit |v4|/2
Pade

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0.35

0.2 0.5 1 2 4 8 16 32 50 100
v

n
(p

T
)

pT [GeV]

Pb+Pb √s=5.02 TeV, 30-40%, unidentified hadrons (Exp)

ALICE v2{EP}
ALICE v3{EP}

ALICE v4{EP}/2
CMS v2{SP}
CMS v3{SP}

FIG. 4. Left: Results for momentum anisotropy coefficients 〈vn(pT )〉 for massless partons from

theoretical calculations at low momenta (zeroth order hydrodynamic gradient expansion) and high

momenta (first order eremitic expansion). For illustration, low and high momentum results are con-
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system has cooled down below a pre-defined temperature, the results are not directly com-

parable to experimental data. However, it is tempting to inspect the relevant experimental

data on differential flow coefficients for 30-40% Pb+Pb collisions for unidentified hadrons,

shown in the rhs panel of Fig. 4. Interestingly, the experimental data seems to exhibit the

qualitative features of the above theoretical calculations at low momenta (rise with pT as

predicted by hydrodynamic expansions) and high momenta (decrease with pT as predicted

by eremitic expansions). Curiously, also the magnitude of experimentally measured vn coef-

7 Note that the hydrodynamic curves shown in Fig. 4 were calculated with a QCD equation of state [47]

instead of an ideal equation of state to increase numerical stability of the hydrodynamic solver.
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Challenges to the Little Bang Standard Model

Flow-like signatures are also obtained from kinetic theory in the limit
of large Knudsen numbers (“single scattering limit”)

Variation of this theme: the “escape mechanism” (studied extensively
in AMPT: He et al. ’15, Lin et al. ’15, Orjuela-Koop et al. ’15, Li et al. ’16,

’17, . . . )

Initial-state momentum correlations (Dusling & Venugopalan ’13, Lappi et

al. ’15, Kovchegov & Skokov ’18, Schlichting et al. ’16, Greif et al. ’17, ’18, . . . )

3

the softer medium. Even though the dominant correla-
tion of the leading high-pT particles is still due to the ini-
tial back-to-back correlation, the path length dependence
of the energy loss in the medium also leads to an addi-
tional correlation with the initial state geometry. Such
correlations are reflected e.g. by the high-momentum
vn(pT ) measuring correlations between soft and hard par-
ticles.

Clearly the aforementioned examples illustrate that it
is important to consider both initial state momentum
space correlations and the response to the initial state
geometry due to final state effects in order to describe
azimuthal correlations in small systems over a wide kine-
matic range. Our qualitative expectation is illustrated
in Fig. 2, where the azimuthal correlation strength due
to initial state and final state effects is shown versus the
event multiplicity e.g. in p+p collisions for a fixed trans-
verse momentum range e.g. 1−3 GeV. Based on our
discussion we expect that in low multiplicity or min-bias
events the azimuthal correlations between 1−3 GeV par-
ticles are pre-dominantly due to back-to-back mini-jets
(peaked at ∆φ = π). With increasing event-multiplicity
the contribution from multi-parton processes, such as
the ”Glasma graphs” (Sec. II C 3), becomes increasingly
important resulting in azimuthal correlations that have
a symmetric structure in relative azimuthal angle ∆φ
around π/2. When increasing the multiplicities even fur-
ther, final state interactions in this transverse momentum
region can no longer be neglected at some point and lead
to a depletion of initial state correlations. Even though
mini-jets do not fully equilibrate yet, the system starts
to show a response to the initial state geometry, which
in this low opacity region is presumably dominated by
the path length dependence of the parton energy loss –
also referred to as parton escape mechanism [59]. Ulti-
mately, in the limit of very high multiplicities, mini-jets
are fully quenched, resulting in the formation of a ther-
malized medium and the complete loss of initial state mo-
mentum space correlations. In this high opacity regime,
azimuthal correlations are dominated by the response to
initial geometry described by a hydrodynamic expansion
of a thermalized Quark-Gluon plasma.

One can attempt to further estimate the multiplicities
corresponding to the transitions from the initial state to
the final state dominated regime, exploiting recent theo-
retical progress in the understanding of the equilibration
process [61]. Since the equilibration time at weak cou-
pling corresponds to the time scale when a semi-hard
parton ∼ Qs looses all its energy to form a soft thermal
bath, one naturally expects the cross-over from the initial
state to final state dominated regime to occur when the
associated equilibration time τeq becomes comparable to
the system size R. Conversely, as long as τeq � R typical
semi-hard partons escape without encountering signifi-
cant final state interactions, whereas for τeq � R semi-
hard partons are fully quenched, equilibrium is reached
early on and the dynamics is dominated by the subse-
quent hydrodynamic expansion. Based on the estimate of
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FIG. 2. Illustration of long-range azimuthal correlations
in small systems, a slightly modified version of the figure
from [60].

the equilibration time Qsτeq ' 10(η/s)
4/3
Teq

(g2Nc)
1/3 ' 10

for (η/s)Teq ' 5/4π at realistic coupling g2Nc ' 10

[62, 63] and the multiplicity dN/dy ' ξQ2
sπR

2 with
ξ ' 1/4 [64] we obtain that

τeq
R
'
√

100

dN/dy
, (1)

corresponding to a cross-over at around dN/dy ∼ 100,
which in fact is much larger than the min-bias multi-
plicities reached in p + p or p + Pb collisions [65]. We
caution however that the estimate in Eq. (1) is inferred
from leading order weak-coupling calculations and should
only serve as a ballpark figure.

Beyond simple analytic estimates probably a promis-
ing alternative approach is to directly attempt an ex-
traction of the boundaries between the different regimes
through detailed comparisons of theory and experiment.
While a first principle theoretical description is compli-
cated throughout most of the multiplicity regimes shown
in Fig. 2, significant theoretical progress has been made
in understanding the features of initial state correlations
in the regime where final state effects can be neglected.
In the following we will review the theoretical computa-
tion of initial state correlations in the Color-Glass Con-
densate (CGC) effective field theory of high-energy QCD
and critically access to what extent these calculations are
compatible with the experimental observations.
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Much additional work needed

to quantitatively understand

small collision systems!
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Conclusions

Signs of hydrodynamic behavior are pervasive in heavy-ion collisions, from
high to relatively low energies and from large to small collision systems.

The Little Bang Standard Model, consisting of (1) QCD-motivated
fluctuating initial conditions, (2) a short-lived pre-hydrodynamic stage,
followed by (3) (anisotropic) relativistic dissipative fluid dynamics until
hadronization and (4) a hadronic cascade to describe the final freeze-out,
has been very successful and opens the door for precision spectroscopy of
the quark-gluon plasma.

Small collision systems still provide theoretical challenges: Where does the
hydrodynamic approach really break down?

Not covered in this talk: hard and penetrating probes =⇒ JETSCAPE

Just released: JETSCAPE V1.0
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https://github.com/JETSCAPE


Thanks!
(Also, of course, to the many collaborators and friends

who contributed to the development of the LBSM)
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