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• Check whether experimental data can be 
described with hydrodynamics!

!

• Introduce a more stringent test on 
hydrodynamics (observable        ), which !

! ! gives another handle to explore HIC!
!

• Use MUSIC: Schenke, Jeon & Gale, PRL 
106 (2011)!

Are particle azimuthal anisotropies due to hydro?

rn
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Glauber+NBD
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pp multiplicity with Glauber+NBD
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Transverse granularity
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� = 0.4fm ⌘/s = 0.08
Compare with hydro; start with:



Comparing!
hydro calculations to!

existing pA data 
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pPb flow observables: CMS & hydro
v̄2{4}
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The system formed in ultrarelativistic heavy-ion collisions behaves as a nearly-perfect fluid. This
collective behavior is probed experimentally by two-particle azimuthal correlations, which are typi-
cally averaged over the properties of one particle in each pair. In this Letter, we argue that much
additional information is contained in the detailed structure of the correlation. In particular, the
correlation matrix exhibits an approximate factorization in transverse momentum, which is taken as
a strong evidence for the hydrodynamic picture, while deviations from the factorized form are taken
as a signal of intrinsic, “nonflow” correlations. We show that hydrodynamics in fact predicts factor-
ization breaking as a natural consequence of initial state fluctuations and averaging over events. We
derive the general inequality relations that hold if flow dominates, and which are saturated if the
matrix factorizes. For transverse momenta up to 5 GeV, these inequalities are satisfied in data, but
not saturated. We find factorization breaking in event-by-event ideal hydrodynamic calculations
that is at least as large as in data, and argue that this phenomenon opens a new window on the
study of initial fluctuations.

I. INTRODUCTION

In relativistic heavy-ion collision experiments a large
second Fourier harmonic is observed in two-particle cor-
relations as a function of relative azimuthal angle [1–4].
This has long been considered a sign of significant col-
lective behavior [5], or “elliptic flow”, indicating the ex-
istence of a strongly-interacting, low-viscosity fluid [6].
However, only recently has it been realized that all such
correlations observed between particles separated by a
large relative pseudorapidity could be explained by this
collective behavior [7–15], at least for the bulk of the
system.
One significant piece of evidence for this view was the

recent observation of the factorization [16–19] of two-
particle correlations into a product of a function of prop-
erties of only one of the particles times a function of the
properties of the second. Specifically, for pairs of parti-
cles in various bins of transverse momentum pT , factor-
ization of each Fourier harmonic was tested as [16]:

Vn∆(p
a
T , p

b
T ) ≡

〈

cosn(φa − φb)
〉 ?
= vn(p

a
T )× vn(p

b
T ), (1)

where the brackets indicate an average over pairs of par-
ticles (a and b) coming from the same event as well as an
average over a set of collision events, and φa(φb) is the
azimuthal angle of particle a(b). The left-hand side is a
(symmetric) function of two variables, paT and pbT , and in
general may not factorize into a product of a function vn
of each variable individually. The fact that this factoriza-
tion holds at least approximately, then, is a non-trivial
observation about the structure of the correlation.
While most known sources of non-flow correlations do

not factorize at low pT [20], a type of factorization comes
naturally in a pure hydrodynamic picture where particles
are emitted independently. They thus have no intrinsic

correlations with other particles, carrying only informa-
tion about their orientation with respect to the system
as a whole. This causes the two-particle probability dis-
tribution in a single collision event to factorize [21] into
a product of one-particle distributions,

dNpairs

d3pad3pb
(flow)
=

dN

d3pa
×

dN

d3pb
. (2)

Inspired by this fact, it has often been stated [19, 22,
23] that the factorization test in Eq. (1) should work
perfectly in hydrodynamics. The observed approximate
factorization was hailed as a success for the flow inter-
pretation of correlations, while small deviations from the
factorized form was interpreted as a gradual breakdown
of the hydrodynamic description with increasing trans-
verse momentum, and of increasing contribution from
other sources of correlations.

In this work, we show that factorization as in Eq. (1)
is not necessarily present even in an ideal hydrodynamic
system governed by Eq. (2), because of event-by-event
fluctuations [13, 24, 25]. These stem from quantum
fluctuations: the collision takes place over a very short
timescale, and takes a snapshot of the wavefunction of
incoming nuclei. In the presence of fluctuations, we show
that the correlation matrix satisfies general inequalities,
which are saturated by Eq. (1). We test these inequalities
on ALICE data and point out where breaking of factor-
ization occurs. We then illustrate with a full event-by-
event hydrodynamic calculation that the same deviation
seen in experiment is also present in ideal hydrodynam-
ics.

experiment:
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• Hydrodynamics can reasonably describe a wide range 
of flow observables for pPb system at high multiplicity 

!

!

!

!

•         prediction provides a new handle of exploring QGP 
!

‣  multiplicity limits of hydrodynamics validity 
‣ new way to extract the initial conditions granularity 
‣ new way to study differences between pA and AA 

!

v2{2}, v3{2}, v2{4}

rn

rnand

Section conclusions
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� = 0.4fm⌘/s = 0.08

     dependence on    and       in pPb

     is sensitive to 
transverse granularity
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• Hydrodynamics can reasonably describe a wide range 
of flow observables for pPb system at high multiplicity 

!

!

!

!

•         predictions provide another handle to explore HIC 
!

‣ it tells us where hydro breaks down 
‣ a way to probe initial conditions (granularity) 
‣ a way to study differences between pA and AA 

!

v2{2}, v3{2}, v2{4}

rn

rnand
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Initial conditions: longitudinal profile
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Pseudorapidity distribution
ATLAS arXiv/1403.5738
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Initial conditions: Glauber+NBD
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The system formed in ultrarelativistic heavy-ion collisions behaves as a nearly-perfect fluid. This
collective behavior is probed experimentally by two-particle azimuthal correlations, which are typi-
cally averaged over the properties of one particle in each pair. In this Letter, we argue that much
additional information is contained in the detailed structure of the correlation. In particular, the
correlation matrix exhibits an approximate factorization in transverse momentum, which is taken as
a strong evidence for the hydrodynamic picture, while deviations from the factorized form are taken
as a signal of intrinsic, “nonflow” correlations. We show that hydrodynamics in fact predicts factor-
ization breaking as a natural consequence of initial state fluctuations and averaging over events. We
derive the general inequality relations that hold if flow dominates, and which are saturated if the
matrix factorizes. For transverse momenta up to 5 GeV, these inequalities are satisfied in data, but
not saturated. We find factorization breaking in event-by-event ideal hydrodynamic calculations
that is at least as large as in data, and argue that this phenomenon opens a new window on the
study of initial fluctuations.

I. INTRODUCTION

In relativistic heavy-ion collision experiments a large
second Fourier harmonic is observed in two-particle cor-
relations as a function of relative azimuthal angle [1–4].
This has long been considered a sign of significant col-
lective behavior [5], or “elliptic flow”, indicating the ex-
istence of a strongly-interacting, low-viscosity fluid [6].
However, only recently has it been realized that all such
correlations observed between particles separated by a
large relative pseudorapidity could be explained by this
collective behavior [7–15], at least for the bulk of the
system.
One significant piece of evidence for this view was the

recent observation of the factorization [16–19] of two-
particle correlations into a product of a function of prop-
erties of only one of the particles times a function of the
properties of the second. Specifically, for pairs of parti-
cles in various bins of transverse momentum pT , factor-
ization of each Fourier harmonic was tested as [16]:

Vn∆(p
a
T , p

b
T ) ≡

〈

cosn(φa − φb)
〉 ?
= vn(p

a
T )× vn(p

b
T ), (1)

where the brackets indicate an average over pairs of par-
ticles (a and b) coming from the same event as well as an
average over a set of collision events, and φa(φb) is the
azimuthal angle of particle a(b). The left-hand side is a
(symmetric) function of two variables, paT and pbT , and in
general may not factorize into a product of a function vn
of each variable individually. The fact that this factoriza-
tion holds at least approximately, then, is a non-trivial
observation about the structure of the correlation.
While most known sources of non-flow correlations do

not factorize at low pT [20], a type of factorization comes
naturally in a pure hydrodynamic picture where particles
are emitted independently. They thus have no intrinsic

correlations with other particles, carrying only informa-
tion about their orientation with respect to the system
as a whole. This causes the two-particle probability dis-
tribution in a single collision event to factorize [21] into
a product of one-particle distributions,

dNpairs

d3pad3pb
(flow)
=

dN

d3pa
×

dN

d3pb
. (2)

Inspired by this fact, it has often been stated [19, 22,
23] that the factorization test in Eq. (1) should work
perfectly in hydrodynamics. The observed approximate
factorization was hailed as a success for the flow inter-
pretation of correlations, while small deviations from the
factorized form was interpreted as a gradual breakdown
of the hydrodynamic description with increasing trans-
verse momentum, and of increasing contribution from
other sources of correlations.

In this work, we show that factorization as in Eq. (1)
is not necessarily present even in an ideal hydrodynamic
system governed by Eq. (2), because of event-by-event
fluctuations [13, 24, 25]. These stem from quantum
fluctuations: the collision takes place over a very short
timescale, and takes a snapshot of the wavefunction of
incoming nuclei. In the presence of fluctuations, we show
that the correlation matrix satisfies general inequalities,
which are saturated by Eq. (1). We test these inequalities
on ALICE data and point out where breaking of factor-
ization occurs. We then illustrate with a full event-by-
event hydrodynamic calculation that the same deviation
seen in experiment is also present in ideal hydrodynam-
ics.

experiment:
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