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Motivation and introduction

The two particle correlations show a striking similarity between high
multiplicity pA and AA collisions at fixed multiplicity.

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

p
sNN = 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
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The two particle correlations show a striking similarity between high
multiplicity pA and AA collisions at fixed multiplicity.
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Motivation and introduction

The two particle correlations show a striking similarity between
high multiplicity pA and AA collisions at fixed multiplicity.
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Question: Do they originate from the same physics?

Idea: They both emerge from a collective response to the

geometry dictated by
lmfp

L = f(dN/dy).
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“Conformal dynamics” (as an elliptical cow)

I The initial state is described by Nclust independently
distributed clusters such that the multiplicity N ∝ Nclust

I There is a single dimensionful parameter that controls the
equilibration dynamics:

lmfp ∝ 1/Ti (e.g. saturation inspired model: ∝ Qs)

I The equilibration dynamics is conformal:

lmfp

L ∝ 1
TiL

= f
(
dN
dy

)
I Flow emerges as a collective response to the geometry:

v2,3 = k2,3(lmfp/L)︸ ︷︷ ︸
response coefficient

× ε2,3︸︷︷︸
geometry

(e.g. saturation inspired model: Nclust = πQ2
sL

2 ⇒ lmfp

L
∝ 1

QsL
∝ 1√

dN/dy
)

Gökçe Başar A scaling relation between pA and AA collisions



Independent cluster model and flow in AA

I Nclust point like, independent clusters distributed as

n(x) = n̄(x) + δn(x) , 〈δn(x)δn(y)〉 = n̄(x)δ(2)(x− y)

I Flow is sourced both by:

I average geometry n̄(x)

I fluctuations δn(x)
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Eccentricity fluctuations and elliptic flow at RHIC

Rajeev S. Bhalerao1 and Jean-Yves Ollitrault2
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Fluctuations in nucleon positions can affect the spatial eccentricity of the overlap zone in nucleus-
nucleus collisions. We show that elliptic flow should be scaled by different eccentricities depending
on which method is used for the flow analysis. These eccentricities are estimated semi-analytically.
When v2 is analyzed from 4-particle cumulants, or using the event plane from directed flow in a
zero-degree calorimeter, the result is shown to be insensitive to eccentricity fluctuations.

PACS numbers: 25.75.Ld, 24.10.Nz

1. Introduction
Elliptic flow, v2, is one of the key observables in

nucleus-nucleus collisions at RHIC [1]. It originates
from the almond shape of the overlap zone (see Fig. 1)
which produces, through unequal pressure gradients, an
anisotropy in the transverse momentum distribution [2],
the so-called v2 ≡ 〈cos 2φ〉, where φ’s are the azimuthal
angles of the detected particles with respect to the reac-
tion plane.

Preliminary analyses of v2 in Cu-Cu collisions at RHIC
[3, 4, 5], presented at the QM’2005 conference, reported
values surprisingly large compared to theoretical expec-
tations, almost as large as in Au-Au collisions. It was
shown by the PHOBOS collaboration [4] that fluctua-
tions in nucleon positions provide a natural explanation
for this large magnitude. The idea is the following: The
time scale of the nucleus-nucleus collision at RHIC is so
short that each nucleus sees the nucleus coming in the op-
posite direction in a frozen configuration, with nucleons
located at positions whose probabilities are determined
according to the nuclear wave function. Fluctuations in
the nucleon positions result in fluctuations in the almond
shape and orientation (see Fig. 1), and hence in larger
values of v2.

In this Letter, we discuss various definitions of the ec-
centricity of the overlap zone. We show that estimates
of v2 using different methods should be scaled by appro-
priate choices of the eccentricity. We then compute the
effect of fluctuations on the eccentricity semi-analytically
to leading order in 1/N , where N is the mean number
of participants at a given centrality. A similar study was
recently performed by S. Voloshin on the basis of Monte-
Carlo Glauber calculations [6].

2. Eccentricity scaling and fluctuations
Elliptic flow is determined by the initial density pro-

file. Although its precise value depends on the detailed
shape of the profile, most of the relevant information is
encoded in three quantities: 1) the initial eccentricity of
the overlap zone, ε, which will be defined more precisely
below; 2) the density n, which determines pressure gradi-
ents through the equation of state (by density, we mean
the particle density, n, at the time when elliptic flow de-

x

y

x’

y’

FIG. 1: Schematic view of a collision of two identical nuclei,
in the plane transverse to the beam direction (z-axis). The
x- and y-axes are drawn as per the standard convention. The
dots indicate the positions of participant nucleons. Due to
fluctuations, the overlap zone could be shifted and tilted with
respect to the (x, y) frame. x′ and y′ are the principal axes
of inertia of the dots.

velops; this time is of the order of the transverse size R.
Quite remarkably, the density thus defined varies little
with centrality, and has almost the same value in Au-Au
and Cu-Cu collisions at the same colliding energy per
nucleon [7]); 3) the system transverse size R, which de-
termines the number of collisions per particle. v2 scales
like ε for small ε, that is, v2 = εf(n, R).

This proportionality relation is only approximate.
However, hydrodynamical calculations [7] show that it is
a very good approximation in practice for nucleus-nucleus
collisions. Eccentricity scaling holds for integrated flow
as well as for the differential flow of identified particles.
In the latter case, the function f(n, R) also depends on
the mass, transverse momentum and rapidity of the par-
ticle.

Eccentricity scaling of v2 is generally believed to be a
specific prediction of relativistic hydrodynamics. In the
form above, the scaling is expected to be more general: it
does not require thermalization, as implicitly assumed by
hydrodynamics. If thermalization is achieved, that is, if
the system size R is much larger than the mean free path
λ, then the scaling is stronger: v2/ε no longer depends
on R, but only on the density n [7].

(Bhalerao, Ollitrault, nucl-th/0607009)

I Eccentricity in AA:

〈ε22〉AA = ε2s︸︷︷︸
average

+ 〈δε22〉︸ ︷︷ ︸
fluctuations

, 〈δε22〉 =
〈r4〉

Nclust〈r2〉2
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Eccentricity in pA and scaling relation

I Eccentricity in AA: 〈ε22〉AA = ε2s︸︷︷︸
average

+ 〈δε22〉︸ ︷︷ ︸
fluctuations

I Eccentricity in pA: 〈ε22〉pA = 〈δε22〉︸ ︷︷ ︸
fluctuations

⇒ To compare the v2s, scale out the average geometry from AA:

(v2{2})PbPb,rscl ≡
√

1− ε2s
〈ε22〉PbPb

(v2{2})PbPb

I If the conformal scaling relation (k2 AA = k2 pA) holds expect

(v2{2})PbPb,rscl ≡ k2
√
〈δε22〉PbPb ' k2

√
〈δε22〉pPb ≡ (v2{2})pPb

Gökçe Başar A scaling relation between pA and AA collisions
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I Remarkable agreement between the fluctuation driven part
of (v2{2})PbPb and (v2{2})pPb!

I The scaling factor
√

1− ε2s
〈ε22〉PbPb

is a nontrivial function of

multiplicity and is calculated by Glauber model (not a fit!).
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Triangular flow
I Linear response: v3 = k3

√
〈ε23〉

〈ε23〉 = 〈δε23〉 = 〈r6〉
Nclust〈r2〉3 ⇔ fluctuations both in pA and AA

I Excpect (v3{2})PbPb ≡ k3
√
〈δε23〉PbPb ' k3

√
〈δε23〉pPb ≡ (v3{2})pPb

blue circles: 0.96 ¥ Hv382<LPbPb
red triangles: Hv382<LpPb
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Transverse momentum dependence of the flow

I Scaling argument (dictated by “conformal dynamics”):

v2(pT ) = ξ2︸︷︷︸
response coef.

× ε2︸︷︷︸
geometry

× f2

(
pT
〈pT 〉

)
︸ ︷︷ ︸

universal function at fixed dN/dy

I Input:
〈pT 〉pPb

〈pT 〉PbPb
' 1.25 (ALICE, arXiv:1307.1094)

I Expect:

I LPbPb

LpPb
=

Ti pPb

Ti PbPb
' 1.25 (pA is smaller and hotter)

I [v2{2}(pT )]pPb =
[
v2{2}

(
pT
κ

)]
PbPb,rscl

Gökçe Başar A scaling relation between pA and AA collisions



Scaling of v2(pT )
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Scaling of v3(pT )
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Gökçe Başar A scaling relation between pA and AA collisions



HBT radius

I The recent ALICE measurement reveals that RPbPb
RpPb

' 1.4

at the highest multiplicity measured (ALICE, arXiv:1404.1194)

Freeze-out radii in pp, p–Pb and Pb–Pb from three-pion cumulants ALICE Collaboration

(a) Low kT and KT,3 (b) High kT and KT,3

Fig. 4: Two- and three-pion Edgeworth fit parameters versus hNchi in pp, p–Pb and Pb–Pb collision
systems for low and high kT and KT,3 intervals. Top panels show the Edgeworth radii REw

inv and REw
inv,3 and

bottom panels show the effective intercept parameters l Ew
e and l Ew

e,3 . As described in the text, k3 and k4

are fixed to 0.1 and 0.5, respectively. The systematic uncertainties are dominated by fit-range variations
and are shown by bounding lines and shaded boxes for two- and three-particle parameters, respectively.
The dashed and dash-dotted lines represent the chaotic limits for l Ew

e and l Ew
e,3 , respectively.

parameters for each collision system, since the fit-range variations have the same effect in each
multiplicity interval. The systematic uncertainties for the two-pion fit parameters are largely
correlated and are asymmetric due to the different fit-range variations. We note that the radii
in pp collisions at

p
s = 7 TeV from our previous two-pion measurement [26] are about 25%

smaller than the central values extracted in this analysis. The large difference is attributed to the
narrower fit range in this analysis. In [24, 26] the chosen Gaussian fit range was q < 1.4 GeV/c,
while here it is q < 0.35 GeV/c for the lowest multiplicity interval. The narrower fit range is
chosen based on observations made with three-pion cumulants for which two-pion background
correlations are removed. It is observed in Fig. 2 that even for low multiplicities, the dominant
QS correlation is well below Q3 = 0.5 GeV/c. The presence of the non-femtoscopic back-
grounds can also bias the radii from two-pion correlations in wide fit ranges and is suppressed
with three-pion cumulant correlations.

To further address the non-Gaussian features of the correlation functions, we also extract the
fit parameters from an Edgeworth parametrization with k3 = 0.1 and k4 = 0.5 as shown in
Figs. 4(a) and 4(b). We observe that the Edgeworth radii in Pb–Pb are significantly larger than

10
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I Compare with the conformal scaling result LAA
LpA
' 1.25
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Remarks: geometric fluctuations

I pA and AA have different fluctuations in geometry:

〈δε22〉 =
〈r4〉

Nclust〈r2〉2
, 〈δε23〉 =

〈r6〉
Nclust〈r2〉3

I Radial profile of pA? Does it matter? Not so much!

(v2)AA,rscl.
(v2)pA

=

√
〈δε22〉AA
〈δε22〉pA

,

√
〈δε22〉hard−sphere
〈δε22〉Gaussian

' 0.85

I The difference comes as a square
root of a double ratio!

I Gaussian profile does a good job
for AA.

I Similar for v3.  0
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Conclusions

I The similarities as well as the differences between the high
multiplicity pA and AA can be explained in a quantitative
fashion by a simple conformal scaling framework.

I At fixed dN/dy, lmfp/L is the same for pA and AA (pA is
smaller but hotter).

I No need to fine tune initial conditions for the scaling to
work.

I It seems phenomenologically reasonable to conclude that v2
and v3 in pA and AA stem from the same collective physics
(response to geometry).
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