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FIG. 2. Symbols: Experimental data on v2 and v3, as function of centrality percentile, measured by the ATLAS Collabora-
tion [55] in 5.02 TeV Pb+Pb collisions [panel (a)], and by the STAR Collaboration [56] in 200 GeV Au+Au collisions [panel
(b)]. Lines represent results from our CGC formalism, rescaled according to Eq. (13) for m = 0.14 GeV and best-fit values of
Qs0, depending on the collision energy. The extracted values of 2 and 3 at both RHIC and LHC energy are displayed in the
legends as factors multiplying the cumulants of "n fluctuations.

final-state flow harmonics and initial-state anisotropies:

v2{2} = 2"2{2},
v2{4} = 2"̄2,
v3{2} = 3"3{2}. (13)

We treat 2, 3, and Qs0 as free parameters, which we
adjust to data. In the following results, the value of m is
always chosen equal to 0.14 GeV.

A. Cumulants of flow fluctuations

Since the mean eccentricity in the reaction plane, "̄2,
in Eq. (8) does not depend on Qs0, we first use v2{4} to
fix the value of 2. The dot-dashed lines in Fig. 2 show
that our calculation captures the measured centrality de-
pendence of v2{4}, both at RHIC and at LHC.4 We note
that our formula leads to a better description of RHIC
data, which are essentially captured all the way up to
25% centrality. This finding suggests that either ellip-
tic flow fluctuations at LHC energy are in general less
Gaussian than at RHIC energy, so that the approxima-
tion "2{4} ⇡ "̄2 is less justified at LHC energy, or that

4 The sharp decrease of v2{4} at RHIC below 5% centrality is an
e↵ect of centrality fluctuations [58], which are not included in
our description.

the centrality dependence of the response coe�cient 2

is stronger at LHC energy, a feature that has never been
investigated in hydrodynamic simulations.

With the knowledge of 2 at hand, we move on to
the description of v2{2} = 2"2{2}. This quantity
is less trivial because it depends on Qs0. The solid
lines in Fig. 2 show the rescaled "2{2} corresponding to
Qs0 = 1.24 GeV. This result is in very good agreement
with the measured v2{2}. As expected, we observe a sig-
nificant energy dependence of Qs0: LHC data [panel (a)]
are reproduced in our calculation with a larger value of
value of Qs0, of order 1.24 GeV at LHC energy versus
0.72 GeV at RHIC energy. We come back to this point
below in Sec. V C.

Finally, we fit the value of 3 to match the value of
v3{2} in central collisions. Our results are displayed as
dashed lines in Fig. 2. Agreement with data is very good
throughout the chosen centrality range.

B. Triangular flow and the ratio v2{2}/v3{2}

The centrality dependence of the ratio v2{2}/v3{2} is
typically steeper in experiment than in hydrodynamic
calculations. This was shown explicitly in Ref. [59], but
can also be inferred from previous articles [60, 61]. We
present our results for this ratio, along with ATLAS data,
as a solid line in Fig. 3. Agreement with data is much
better than with the TRENTo model, shown as a dotted
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FIG. 4. | Measured vn(pT ) in three collision systems compared to two hydrodynamical models. a, Measured vn(pT )
in the 0-5% most central p+Au collisions compared to hydrodynamical models. b, Measured vn(pT ) in the 0-5% most central
d+Au collisions compared to hydrodynamical models. c, Measured vn(pT ) in the 0-5% most central 3He+Au compared to
hydrodynamical models. Each point in a-c represents an average over pT bins of width 0.2 GeV/c to 0.5 GeV/c; black circles
are v2, black diamonds are v3. Each model curve in a-c represents a hydrodynamic prediction of vn. The solid red is sonic;
the dashed blue line is iEBE-VISHNU.

elliptic and triangular flow ordering eliminates this am-
biguity.

In summary, we have shown azimuthal particle cor-
relations in three di↵erent small-system collisions with
di↵erent intrinsic initial geometries. The simultaneous
constraints of v2 and v3 in p/d/3He+Au collisions defini-
tively demonstrate that the vn’s are correlated to the ini-
tial geometry, removing any ambiguity related to event
multiplicity or initial geometry models. We find that
the ordering of the v2 and v3 between the three systems
is inconsistent with that expected from initial-state mo-
mentum correlation models, ruling this out as the dom-
inant mechanism behind the observed collectivity. Fur-
ther, we find that hydrodynamical models which include
QGP formation provide a simultaneous and quantitative
description of the data in all three systems.
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Bolyai Research Scholarships (Hungary), Department
of Atomic Energy and Department of Science and
Technology (India), Israel Science Foundation (Israel),
Basic Science Research Program through NRF of the
Ministry of Education (Korea), Physics Department,
Lahore University of Management Sciences (Pakistan),
Ministry of Education and Science, Russian Academy
of Sciences, Federal Agency of Atomic Energy (Russia),
VR and Wallenberg Foundation (Sweden), the U.S.
Civilian Research and Development Foundation for the
Independent States of the Former Soviet Union, the
Hungarian American Enterprise Scholarship Fund, and
the US-Israel Binational Science Foundation.

Author contributions All PHENIX collaboration
members contributed to the publication of these results
in a variety of roles including detector construction, data
collection, data processing, and analysis. A subset of
collaboration members prepared this manuscript, and all
authors had the opportunity to review the final version.

Competing financial interests The authors declare

Dilute-dense gluons
Previous CGC results showed good description of size hierarchy

Unit conversion mistake in numerics found, affecting all momenta

Hierarchy now inverted, magnitudes of vn can’t describe PHENIX results 
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Correction to reference bin spoils hierarchy

MM, Skokov, Tribedy, Venugopalan, PRL 112 2018

Dilute-dense CGC solver 
publicly available:  
https://github.com/

markfmace/
DiluteDenseGluons

!23

Previous ordering only exists for pT<0.5 GeV

How lumpy is the initial state?

Anisotropic flow in large and small systems 
and the Color Glass Condensate

Anthony Timmins

‣ MC Glauber: Size of lumps controlled by 
nucleon size

‣ Color Class Condensate (CGC): Size of lumps controlled by 
saturation scale Qs i.e. the gluon size 
✓Smaller than nucleon size at top energy RHIC and LHC

Color Glass Condensate
Color Glass Condensate (CGC) - description of nucleus at 
high energy (small x) as a highly gluon dense state
McLerran, Venugopalan, PRD 49 (1994), Iancu, Venugopalan hep-ph/0303204 

Saturation: recombination competes with gluon splitting, 
generating scale generate a resolution scale, Qs2 ~ A1/3 sγ 

Fig: EIC White Paper

~1/Qs

Weak coupling (αs(Qs)≪1), strong fields (Aµ~1/g), large 
occupation (f∼1/αs) —> classical limit 
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Talk by T. Altinoluk Monday

The CGC and anisotropic flow in heavy ion collisions
‣ Comprehensive set of observations (e.g. 

[2]) indicate a CGC initial state describes 
heavy-ion flow data better than MC 
Glauber 

‣ Recent calculation [3] which determines 
CGC gluon densities directly describes 
energy dependence of flow 
fluctuations [4,5]

‣ Uses reasonable saturation scales that 
decrease with collision energy 

CGC momentum correlations in small systems

‣ Different matter distributions in each approach lead to different predictions for eccentricities [1]
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‣ CGC also has color domains which 
can “push” colliding gluons in specific 
directions… 

‣ Respective calculations have 
difficulties describing light system flow 
at RHIC [6] 

‣Why does the CGC know where the 
gluons are in a large system, but 
can’t say where gluons should go in 
a small system?


