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Abstract.
Ultracentral collisions of heavy nuclei, in which the impact parameter is nearly
zero, are especially sensitive to the details of the initial state model and the mi-
croscopic mechanism for collective flow. In a hydrodynamic “flow” picture, the
final state momentum correlations are a direct response to the fluctuating initial
geometry, although models of the initial geometry differ widely. Alternatively,
dynamical mechanisms based in the color glass condensate (CGC) formalism
can naturally lead to many-body correlations with very different systematics.
Here we present a calculation of event-by-event elliptic flow in both the hy-
drodynamic and CGC paradigms and show that they can be qualitatively dis-
tinguished in ultracentral collisions of deformed nuclei. Specifically, the mul-
tiplicity dependence in such collisions is qualitatively opposite, with the CGC
correlations increasing with multiplicity while the hydrodynamic correlations
decrease. The consistency of the latter with experimental data on UU collisions
appears to rule out a CGC-mediated explanation. We find that these qualitative
features also persist in small deformed systems and can therefore be a valuable
test of the microscopic physics in that regime.

1 Introduction

This Proceedings is a brief summary of the important results derived in Ref. [1]; we refer the
interested reader there for additional information and details.

While “centrality” in heavy-ion collisions is usually considered to be synonymous with
“impact parameter,” the physics which drives multiplicity production arises from many fac-
tors. In off-central collisions (say, centralities greater than ∼ 10%), both the produced mul-
tiplicity and the elliptical collision geometry are indeed strongly correlated with the impact
parameter b. But in ultracentral collisions (say, centralities less than ∼ 1%), where b ≈ 0
already, the remaining variation in multiplicity production is sensitive to the presence of de-
formed nuclear geometry. For this reason, ultracentral collisions of deformed ions such as
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uranium have been used to study the impact of nonspherical nuclear geometries [2–4]. This
kind of geometry engineering in ultracentral collisions has been used to rule out the two-
component Glauber model of initial conditions [5–7] and also extended to other deformed
nuclei such as xenon [8–11]. As we demonstrate in this work, such ultracentral collisions
of deformed nuclei can also provide a powerful test of the response of the system to initial
geometry in various theoretical frameworks. Specifically, we find that two competing models
for the microscopic origin of collective flow – hydrodynamics and the color glass condensate
– lead to qualitatively opposite predictions for the multiplicity dependence in ultracentral col-
lisions of deformed systems. This is especially important for understanding the role which
non-hydrodynamic response may play in small deformed systems [12, 13] and how the tran-
sition from large systems with hydrodynamic response may occur [14].

In distinguishing collective flow in hydrodynamics from other multiparticle correlations,
it is useful to decompose the two-particle distribution for a given event into “factorized” and
“non-factorized” pieces [15]:

dN2

d2 p1dy1 d2 p2dy2
=

dN1

d2 p1dy1

dN1

d2 p2dy2
+ δ2(p1, p2). (1)

Here the first term factorizes into two particles produced independently, and the second term
denotes the intrinsic, non-factorizing correlations. From here one can define the second cu-
mulant vn{2} as
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〈∫
p1 p2

ein(φ1−φ2) dN2
d2 p1 dy1 d2 p2 dy2

〉
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. =
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p einφ dN1
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∣∣∣∣
2〉
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+

〈∫
p1 p2

ein(φ1−φ2) δ2(p1, p2)
〉

〈Npairs〉
.

(2)

The first term here reflects the indirect correlation of two particles because of their mutual
correlation with the event geometry; this is the phenomenon of “collective flow” in hydrody-
namic response. The second term represents the dynamical “non-flow” effects which corre-
late two particles directly with each other. Usually non-flow effects such as jet correlations
are suppressed through the use of rapidity cuts, although non-flow correlations which are
long-range in rapidity can survive such a procedure.

2 Collective Flow in the Hydrodynamics

In the hydrodynamic paradigm, non-flow effects are suppressed such that all particles are
generated independently. In this scenario, δ2 = 0 and all multiparticle correlations such as
vn{2} arise from moments (cumulants) of the event-by-event distribution of the single-particle
anisotropy

Vn ≡ vneinψn =
1

Ntot

∫
p

einφ dN1

d2 p dy
, (3)

such that the second-order cumulant

vn{2}
flow
=

√
〈v2n〉 (4)

measures the RMS of the fluctuating anisotropic flow vn. In turn, the flow vector Vn for a
given event arises from the deterministic response of hydrodynamics to the initial conditions.
From symmetry considerations and the assumption that long-wavelength modes dominate in
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hydrodynamics, one can construct a hierarchy of estimators to Vn from the initial state [16].
These estimators are known as eccentricities, defined as

En ≡ εneinΦn = −
〈
∫

r rneinφs(r, φ)〉
〈
∫

r rns(r, φ)〉
(5)

where here the entropy density s is used to characterize the initial state. In central heavy-ion
collisions, these estimators are precise enough that simple linear response

Vn ≈ κnEn (6a)

vn{2} ≈ |κn|
√
〈ε2

n〉. (6b)

provides a good description of the observed flow harmonics [16].
Within this framework, we can estimate the cumulants vn{2} in ultracentral collisions of

deformed nuclei. We generate an initial collision geometry using the Trento code [17], which
combines the nuclear profiles of the colliding nuclei into a reduced thickness function TR.
This specifies the initial entropy density s(x, y) ∝ TR(x, y), from which we can determine
the event-by-event eccentricities. Then linear response determines the cumulant for sub-bin i
relative to the full 0 − 1% centrality bin as

vin{2}
vn{2}

=

√
〈ε2

n〉i
〈ε2

n〉0−1%
. (7)

3 Non-Flow Gluon Correlations in the CGC

The most prominent alternative to a hydrodynamic paradigm in certain heavy-ion collisions
is an explanation based on multi-gluon correlations arising from the color-glass conden-
sate (CGC) effective theory of high-energy QCD. Because the single-gluon distribution is
isotropic,

dN1

d2 p dy
=

1
2πpT

dN1

dpT dy
(8)

the “collective flow” component of the second-order cumulant vn{2} vanishes. Instead, the
cumulant is driven by the explicit two-gluon correlations δ2, which can be calculated order-
by-order in the CGC framework. In the high-pT “dilute-dilute” limit, the gluon correlation
function has an explicit dependence on the the overlapping nuclear profiles TA, TB. At leading
order, that dependence is quadratic

δ2(p1, p2) L.O.
=

(∫
d2x⊥T 2

A(�x⊥) T 2
B(�x⊥)

)
f (p1, p2), (9)

but the resulting gluon correlations are explicitly symmetric: f (p1, p2) = f (p2, p1) [18, 19].
As a result, the quadratic dependence on the nuclear profiles generates the leading contri-
bution to even harmonics n such as v2{2}, while the contribution to odd harmonics such as
v3{2} vanishes. For these odd harmonics, the leading contribution arises at the next-to-leading
order:

δ2(p1, p1) N.L.O.
=

(∫
d2x⊥T 3

A(�x⊥) T 3
B(�x⊥)

)
g(p1, p2), (10)
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Figure 1. Comparison of the fractional elliptic flow v2{2} fractional versus multiplicity M in ultracentral
collisions of deformed ions. Here we show both a large deformed system (UU, left panel) and a small
deformed system (dAu, right panel) and normalize the axes by the full 0 − 1% centrality bin.

where the symmetry is explicitly broken: g(p1, p2) � g(p2, p1) [20]. Here the functions f
and g stand for specific integrals of the transverse momenta.

The angular integrals which determine the second cumulant vn{2} then yield

(vn{2})2 =
1

〈Npairs〉


fn
〈∫

d2x⊥T 2
A(�x⊥) T 2

B(�x⊥)
〉

if n = even
gn

〈∫
d2x⊥T 3

A(�x⊥) T 3
B(�x⊥)

〉
if n = odd

(11)

where the coefficients fn, gn are pure numbers which will cancel out in ratios. This allows
the cumulants to be calculated, event-by-event, directly from overlap integrals of the nuclear
profiles

Iα ≡
∫

d2x⊥TαA(�x⊥)TαB(�x⊥). (12)

This includes not only the numerators of the cumulants which invoke I2,I3, but also the
denominators 〈Npairs〉 ∝ 〈(I0)2〉 using the phenomenologically-preferred p = 0 setting of
Trento [21]. Altogether this gives for the CGC scenario

vin{2}
vn{2}

=

√√√√√〈(I0)2
〉

0−1%〈
(I0)2

〉
i

〈
I2,3

〉
i〈

I2,3

〉
0−1%

, (13)

where one uses I2 for n = even and I3 for n = odd. In this way, we can generate an event-by-
event comparison between the cumulants vn{2} arising from collective flow in hydrodynamic
response and the dynamical gluon correlations arising in the CGC.

4 Results and Conclusions

Results for the second elliptic cumulants v2{2} are shown in Fig. 1 for both a large UU col-
lision and a small dAu collision. In UU collisions, the experimental data (black) reveal an
anticorrelation between the elliptic flow and the event multiplicity. This decreasing trend is
consistent with the expectation of a linear response from hydrodynamics to the initial state
(blue). In this scenario, tip-on-tip collisions produce the most multiplicity but the least ellip-
ticity, while side-on-side collisions produce less multiplicity but a greater ellipticity.

These features are qualitatively opposite to the trend shown by the CGC-mediated corre-
lations (red), which increases monotonically as a function of multiplicity. This is because the
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These features are qualitatively opposite to the trend shown by the CGC-mediated corre-
lations (red), which increases monotonically as a function of multiplicity. This is because the

particle correlations are all proportional to powers of the saturation momentum Q2
s which is

monotonically correlated with multiplicity. The CGC-mediated mechanism cares only about
density, not about geometry. For this reason, the predictions in ultracentral deformed systems
are qualitatively opposite.

These features persist generically in smaller systems, as we discuss in detail in Ref. [1].
As an example, we also show the equivalent results for ultracentral dAu collisions. The
same qualitative trends persist: the hydrodynamic response is anticorrelated with multiplicity,
while the CGC response is positively correlated with it. For dAu the ellipticity in ultracentral
collisions is not as great as in UU, so the negative slope persists. Meanwhile, the CGC
response is still strongly correlated with multiplicity, even in this small system. Although
ample dAu data exists on tape, this analysis of ultracentral events has not yet been performed.
We further believe that these results are generic and applicable across the entire spectrum of
small and large systems.
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