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We determine the transverse system size of the initial non-equilibrium Glasma state and of the
hydrodynamically evolving fireball as a function of produced charged particles in p+p, p+Pb and
Pb+Pb collisions at the Large Hadron Collider. Our results show features similar to recent measure-
ments of Hanbury-Brown-Twiss (HBT) radii by the ALICE collaboration. Azimuthal anisotropy
coefficients vn generated by combining the early time Glasma dynamics with viscous fluid dynamics
in Pb+Pb collisions are in excellent agreement with experimental data for a wide range of central-
ities. In particular, event-by-event distributions of the vn agree with the experimental data out to
fairly peripheral centrality bins. In striking contrast, our results for p+Pb collisions significantly
underestimate the magnitude and do not reproduce the centrality dependence of data for v2 and v3

coefficients. We argue that the measured vn data and HBT radii strongly constrain the shapes of
initial parton distributions across system sizes that would be compatible with a flow interpretation
in p+Pb collisions. Alternately, additional sources of correlations may be required to describe the
systematics of long range rapidity correlations in p+p and p+Pb collisions.

The description of ultra-relativistic heavy-ion (A+A)
collisions with event-by-event viscous fluid-dynamic
models has been extremely successful [1]. In particular
the color-glass-condensate (CGC) [2] based IP-Glasma
model [3, 4] in combination with the viscous fluid dy-
namic simulation music [5–7] provides a consistent de-
scription of particle spectra, the anisotropic flow coeffi-
cients vn and their event-by-event distributions [8].

Recent measurements at the Relativistic Heavy Ion
Collider (RHIC) at Brookhaven National Laboratory
(BNL) and the Large Hadron Collider (LHC) at CERN
have shown striking similarities in the structure of
long range pseudo-rapidity correlations between high-
multiplicity deuteron-gold (d+Au) [9] and proton-lead
(p+Pb) collisions [10–12] and peripheral heavy-ion colli-
sions with similar multiplicity. One may thus conclude
that the small collision systems are dominated by the
same physics, namely collective flow of the produced mat-
ter. Indeed, first fluid dynamic [13–17] and transport
model [18] calculations have been able to describe certain
features of the experimental data in d+Au and p+Pb col-
lisions. In particular, the observed mass splitting of ellip-
tic flow has been at least qualitatively explained within
the fluid dynamic framework [19, 20].

The observed long range correlations in pseudo-
rapidity are an input in the fluid dynamic framework
while the azimuthal structure follows from the system’s
collective response to the transverse geometry as in A+A
collisions. An explanation of the long range correla-
tions in all collision systems is given in the color-glass-
condensate based description of multi-particle produc-
tion in high energy nuclear collisions [21, 22]. In addition,
this description produces a collimation in azimuth that
is compatible with experimental data on the associated
yield in p+p and p+A collisions, without any final state
interactions [23–27].

The important question that needs to be answered

is whether the physics responsible for the observed
anisotropic flow in A+A collisions is qualitatively differ-
ent from that in high-multiplicity p+p and p+A (d+A)
collisions, or whether collective effects are always domi-
nant. We argue that in order to conclude the latter, a
systematic quantitative description from central to pe-
ripheral A+A to p/d+A to p+p collisions needs to be
given within the same theoretical framework.

In this letter, we first demonstrate that the IP-
Glasma+musicmodel that provided an excellent descrip-
tion of data for central and mid-central A+A collisions
at RHIC and LHC continues to provide a good descrip-
tion of the data as we study more and more peripheral
heavy-ion events. This holds not only for the mean values
of vn but also their event-by-event distributions. These
results are an important validation of the applicability
of our model to A+A collisions especially since a re-
cent study concludes that the vn distributions are not
well described by most other initial state models [28].
We further present the system sizes predicted in the IP-
Glasma+music model for p+p, p+A, and A+A colli-
sions. We note that they show similar features as exper-
imentally measured Hanbury-Brown-Twiss (HBT) radii
[29]. These include a linear rise of radii with the third

root of the number of charged particles N
1/3
ch

, and sim-
ilar system sizes in p+p and p+Pb, but larger sizes in
Pb+Pb collisions at the same multiplicity.

We study finally the multiplicity dependence of ellip-
tic and triangular flow in A+A and p+A collisions. This
requires a proper description of the multiplicity distri-
bution for both systems [4, 30]. We find that while the
description of v2 and v3 in peripheral A+A collisions is
fairly good, the theoretical results for p+A collisions un-
derpredict the experimental data by factors of up to 4.

Given the excellent results of the model for A+A col-
lisions and the various system sizes, the result for p+Pb
collisions has dramatic implications. Two equally excit-
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ing explanations for the disagreement are possible. Previ-
ously discussed multi-particle correlations present in ini-
tial gluon production have been ignored in this and all
other calculations that are based on collective final state
effects. One explanation of our p+Pb results is that these
initial state contributions could significantly modify the
result for v2 and v3 if final state effects are not able to
overpower them–the latter seems to be the case in A+A
collisions [24]. Alternatively, the disagreement with the
measured v2 and v3 could stem from simplified assump-
tions about the (spherical) shape of gluon distributions
in the proton1. Deformed parton distributions in the pro-
ton would lead to larger initial eccentricities within our
model and could generate significantly larger anisotropic
flow. This implies that the new measurements at RHIC
and LHC could provide unprecedented insight into the
detailed shape of a proton at high energy [32, 33].
We begin our systematic study by demonstrating that,

for a fixed shear viscosity to entropy density ratio η/s =
0.18, anisotropic flow data from heavy-ion collisions at
LHC is well described by fluid dynamic simulations us-
ing the IP-Glasma initial state described in [30]. The
IP-Glasma energy density and flow velocities serve as in-
put to the fluid dynamic simulationmusic as described in
[8]. Here we choose the initial time τ0 = 0.4 fm/c for the
fluid dynamic simulation. We select centralities based on
the gluon multiplicity distribution at τ0, obtained from
∼ 40, 000 IP-Glasma events. This centrality selection
method neglects possible corrections due to entropy pro-
duction during the fluid dynamic evolution and effects
from hadronization. It is however close to the experi-
mental procedure and avoids having to simulate the fluid
dynamic evolution for tens of thousands of events. After
kinetic freeze-out at Tkin fo = 135MeV (chemical freeze-
out occurs at Tchem fo = 150MeV) and resonance decays,
we determine vn for n ∈ {2, 3, 4, 5} of charged hadrons
in every event by first determining the event-plane angle
ψn = (1/n) arctan(〈sin(nφ)〉/〈cos(nφ)〉) , and then com-
puting vn = 〈cos(n(φ−ψn))〉 , where 〈·〉 are averages over
the charged hadron distribution functions.
In Fig. 1 we present results for the mean 〈vn〉 as a func-

tion of centrality compared to experimental results from
the ATLAS collaboration [34]. Here we study signifi-
cantly more peripheral events than in previous studies
[8]. The agreement is excellent from the most central to
50% central events. For more peripheral events our re-
sults are up to 10% larger than the experimental data,
with differences being largest for v2.
In Fig. 2 we present the computed event-by-event

1 Gluon distributions in the proton are extracted from fits of model
parameters to combined H1 and ZEUS data on inclusive struc-
ture functions. These give excellent χ-squared fits to diffractive
and exclusive HERA data [31]. However, these data may not
fully capture the shapes of gluon distributions.
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FIG. 1. (Color online) The event averaged pT -integrated 〈vn〉
as a function of centrality compared to experimental data
from the ATLAS collaboration [34].

distributions of v2, v3, and v4 and the corre-
sponding initial state eccentricities defined as εn =
√

〈rn cos(nφ)〉2 + 〈rn sin(nφ)〉2/〈rn〉, where 〈·〉 is the av-
erage weighted by the deposited energy density. We com-
pare to data in the respective maximally peripheral bin
measured by the ATLAS collaboration [34]. All distribu-
tions are scaled by their mean value. More central bins
have been studied previously in [8].

The ε3 distribution already provides a good descrip-
tion of the measured v3 distribution, while ε2 and ε4
distributions are narrower. This result strongly supports
the importance of fluid dynamics in heavy-ion collisions.
We have checked that the scaled distributions are only
weakly dependent on the value of η/s, as was previously
found in [35]. We note that linearized fluid dynamics can
describe several features of the experimental data [36, 37].
However, non-linear effects in the fluid dynamic evolution
become visible in the tails of the vn-distributions. They
are thus necessary to achieve quantitative agreement with
experimental data.

Having established that even fairly peripheral events
are well described by the IP-Glasma+music model, we
now move on to applying the model to p+Pb and p+p
collisions. We first determine the system size (with and
without fluid dynamical expansion) in all systems.

We define rmax as the (angle-averaged) radius where
the system reaches the minimal threshold energy density
εmin. This defines a size equivalent to the size of the sys-
tem at freeze-out at a given energy density. The choice
of εmin only affects the overall normalization of rmax; it
does not affect the dependence of rmax on the number of
charged particlesNch [38]. There is also some uncertainty
in the radii coming from the choice of the infrared scale
m that regulates the long distance tail of the gluon dis-
tribution (see [3, 4, 30]). It can be mostly compensated
for by adjusting the overall normalization.
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FIG. 2. (Color online) Data points correspond to the event-
by-event distribution of v2, v3, and v4 in the respective max-
imal peripheral bin measured by the ATLAS collaboration
[34]. These are compared to the distributions of initial eccen-
tricities in the IP-Glasma model and the distributions of vn
obtained after fluid dynamic evolution.

In Fig. 3 we show the result for rmax in p+p, p+Pb,
and Pb+Pb collisions. We find that our estimate of the
system size shows similar features as the experimental
HBT measurements in all systems. The radius rmax in-
creases linearly with the third root of the number of
charged particles. We also note that while initial sizes
in p+p and p+Pb collisions are similar, those in Pb+Pb
collisions are larger for the same Nch.

In addition, at the same Nch (for example at
〈Nch〉

1/3 ≈ 4), p+Pb collisions in the hydrodynamic
framework show a much more significant expansion com-
pared to Pb+Pb collisions. We have checked that this is
also reflected in significantly harder pT -spectra in p+Pb
compared to Pb+Pb collisions at the same multiplicity.

We have established that the details of the bulk prop-
erties in Pb+Pb collisions as well as systematics of the
system size from p+p to Pb+Pb collisions are well repro-
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FIG. 3. (Color online) rmax determined using the IP-Glasma
model and fluid dynamic expansion. The lower end of the
band indicates the size of the initial state, the upper end the
maximal value of rmax during the hydrodynamic evolution.

duced in the IP-Glasma (+fluid dynamics) model. We
turn now to address anisotropic flow in p+Pb collisions.
Using the same method as in Pb+Pb collisions, we de-
termine v2 and v3 as a function of Noffline

trk
, measured by

the CMS collaboration.2

Fig. 4 shows the calculated v2 in peripheral Pb+Pb col-
lisions and central p+Pb collisions with the same Noffline

trk

in comparison to experimental data by the CMS collab-
oration [40]. While the Pb+Pb result reproduces the
experimental data within 10-15%, the computed v2 in
p+Pb collisions underestimates the data by a factor of
approximately 3.5. We have checked that even in the
ideal case (η/s = 0) the data is still underestimated by
approximately a factor of 2. We also varied the freeze-
out temperature and switching time τ0, but no choice
of parameters could achieve much better agreement with
the experimental data. For v3, shown in Fig. 5, we find
a similar result: Pb+Pb data are well described, while
p+Pb data are underestimated for Noffline

trk
> 60. Ideal

fluid dynamics (not shown) increases the v3 significantly
by nearly a factor of 4. Its Noffline

trk
dependence is rather

flat, slightly decreasing with increasing Noffline

trk
, opposite

to the trend seen in the experimental data.
The primary reason for the small vn in p+Pb collisions

is that the initial shape of the system closely follows the
shape of the proton (see [38]), which is spherical in our
model. The subnucleonic fluctuations included generate
non-zero values of the vn, but they do not fully account
for the larger experimentally observed values. As noted

2 To obtain Noffline

trk
we determine the centrality class in the IP-

Glasma simulations and match to the Noffline

trk
quoted for that

centrality class by the CMS collaboration in [40]. Noffline

trk
≈ 132

corresponds to 65-70% central Pb+Pb events, the most periph-
eral bin shown for the ATLAS data in Fig. 1.
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FIG. 4. (Color online) Multiplicity dependence of the root-
mean-square elliptic flow coefficient v2 in Pb+Pb (open sym-
bols) and p+Pb collisions (filled symbols) from the IP-
Glasma+music model (connected triangles) compared to ex-
perimental data by the CMS collaboration [40].
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FIG. 5. (Color online) Multiplicity dependence of the root-
mean-square triangular flow coefficient v3 in Pb+Pb (open
symbols) and p+Pb collisions (filled symbols) from the IP-
Glasma+music model (connected triangles) compared to ex-
perimental data by the CMS collaboration [40].

above, modifications of the (fluctuating) proton shape
are necessary to account for the larger observed v2 and
v3 in p+Pb collisions. If the hydrodynamic paradigm
is valid, the results of the high-multiplicity p+Pb and
p+p collisions could then in principle be used to extract
detailed information on the spatial gluon distribution in
the proton.

There are hydrodynamical models that describe as-
pects of the p+Pb data. These models should also de-
scribe key features of Pb+Pb collisions where hydrody-
namics is more robust. A model where the spatial geome-
try of p+Pb collisions is different from ours is that of [13–
16, 19], where the interaction region is determined from
the geometric positions of participant nucleons. How-
ever, as noted, this model falls into the class of models

that are claimed [28] not to be able to reproduce the
data on event-by-event vn distributions in A+A colli-
sions. Whether this particular model can do so needs
to be examined. We also note that the v2 centrality de-
pendence in the model differs from the CMS data for
p+Pb collisions [16].

Another model which claims large v2 and v3 in p+Pb
collisions determines the system size from the position of
“cut pomerons” and strings [20, 41]. The multiplicity
dependence of the vn in this model has not yet been
shown. The vn distributions in A+A collisions should
also provide a stringent test of this model.

In addition to the important quantitative tests im-
posed on different hydrodynamical models by the exper-
imental data, there are conceptual issues that arise due
to the possible breakdown of the hydrodynamic paradigm
when extended to very small systems. As shown in re-
cent quantitative studies, viscous corrections can be very
significant in p+Pb collisions but play a much smaller
role in Pb+Pb collisions [38, 42]. In particular, an anal-
ysis of Knudsen numbers reached during the evolution in
A+A and p+A collisions finds that viscous hydrodynam-
ics breaks down for η/s ≥ 0.08 in p+A collisions [42].

An alternative to the hydrodynamic picture and its
sensitivity to the proton shape is provided within the
Glasma framework itself by initial state correlations of
gluons that show a distinct elliptic modulation in relative
azimuthal angle [23–27]. If these are not overwhelmed
in p+Pb collisions by final state effects, as they are in
A+A collisions, they can contribute significantly to the
observed v2, and possibly v3. The initial state correla-
tions are those of gluons and do not address features of
the data such as the mass ordering in particle spectra.
While natural in hydrodynamical models, mass ordering
may also emerge due to universal hadronization effects,
as demonstrated in a string model [43].

In summary, we have shown that the IP-Glasma model
in combination with fluid dynamics describes very well
the Fourier coefficients of the azimuthal particle distri-
butions in Pb+Pb collisions out to fairly peripheral colli-
sions. Both the experimental mean values and event-by-
event distributions are well reproduced. The computed
system size in p+p, p+A, and A+A collisions has features
similar to those of the measured HBT radii. The discrep-
ancy of our results with the experimental v2 and v3 data
in p+Pb collisions therefore poses a challenge to apply-
ing the hydrodynamic paradigm to such small systems.
A possible solution within the hydrodynamic framework
could result from the inclusion of additional shape fluc-
tuations of gluon distributions in both p+p and p+Pb
collisions. We note that recent hydrodynamic compu-
tations with MC-Glauber initial conditions [17] find re-
sults complementary to those presented here. While good
agreement is found for p+Pb collisions for a given set of
parameters, heavy-ion collisions are not well described
for the same set of parameters.
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Initial state effects that are also present in the Glasma
framework may provide an alternative explanation of the
noted discrepancy between experimental data and theory.
These conclusions point to the importance of a deeper
understanding of spatial shapes, sizes and correlations of
gluon distributions in high energy QCD.
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