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We present the first full (3 + 1)D dynamical simulations of ultraperipheral Pb + Pb collisions at the
Large Hadron Collider. Extrapolating from p + Pb collisions, we explore whether a quasireal photon y*
interacting with the lead nucleus in an ultraperipheral collision can create a many-body system exhibiting
fluid behavior. Assuming strong final-state interactions, we provide model results for charged hadron
multiplicity, identified particle mean transverse momenta, and charged hadron anisotropic flow coef-
ficients, and compare them with experimental data from the ALICE and ATLAS Collaborations. The
elliptic flow hierarchy between p 4+ Pb and y* + Pb collisions is dominated by the difference in
longitudinal flow decorrelations and reproduces the experimental data well. We have demonstrated that
our theoretical framework provides a quantitative tool to study particle production and collectivity for all
system sizes, ranging from central heavy-ion collisions to small asymmetric collision systems at the
Relativistic Heavy-lon Collider and the Large Hadron Collider and even at the future Electron-lon Collider.
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Introduction.—Ultrarelativistic collisions of heavy ions
create and allow for the study of a novel state of matter, the
quark-gluon plasma (QGP), which exhibits the degrees of
freedom of the fundamental building blocks of visible
matter. Precise measurements of the emergent collectivity
of the produced matter were performed at the Relativistic
Heavy Ion Collider (RHIC) and the Large Hadron Collider
(LHC). Based on the success of hydrodynamic descrip-
tions, extensive phenomenological studies have revealed
that the created QGP fireball behaves like a nearly
perfect fluid with very small specific shear viscosity (see
Refs. [1-3]).

Rather strikingly, many features of collective expansion
have also been observed in very small collision systems,
such as p + Au, d + Au, *He + Au at RHIC [4,5], and p +
p and p + Pb collisions at the LHC [6-8]. The flowlike
signals in the small systems can be interpreted as a result of
the hydrodynamic response of the QGP medium to the
initial collision geometry [9-16]. Alternatively, the color
glass condensate effective theory has also predicted a
significant amount of correlations in the initial state of
these small collision systems, that can mimic collective
behavior to a certain degree [17-21]. Theoretical frame-
works including both initial-state correlations and final-
state interactions have been used to better understand the
origin of the observed collective behavior in these small
systems [22-24].

Recently, intriguing experimental results on two-particle
azimuthal correlations in ultraperipheral Pb + Pb collisions
(UPCs) at the LHC [25] have appeared. UPCs have
appreciable rates of photonuclear interactions [26,27],
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and the ATLAS measurements of such photonuclear
(y* + Pb) interactions in Pb+ Pb UPCs indicate the
persistence of collective phenomena with the strength of
correlations comparable to that observed in proton-
proton and proton-lead collisions in similar multiplicity
ranges [25].

Quantitative understanding of the many-body dynamics
in UPC events poses big challenges to the theory commu-
nity. First, it is known that in asymmetric systems boost
invariance is strongly broken [28-32]. Because of the
largely different incoming energies between the quasireal
photon y* and the Pb nucleus, the y* + Pb collision is
highly asymmetric and the violation of boost invariance is
expected to be even greater than that in p + Pb collisions.
The rapidity decorrelation of the collision geometry thus
plays an essential role when computing and measuring the
magnitudes of anisotropic flow coefficients in y* + Pb and
p + Pb collisions. Second, the small sizes of the collision
systems are pushing the limit of the applicability of
the causal relativistic viscous hydrodynamic description
[33-36]. Resolving these challenges would bring new
exciting opportunities to study collectivity in small systems
at the upcoming Electron-Ion Collider, where one has
experimental control on the virtuality of the colliding
photon and can use it as a dial to change the collision
system size.

In the present Letter, we explore the collective QGP
signatures in y* 4 Pb collisions at the LHC by employing a
full (3 + 1)D dynamical framework with hydrodynamics
and hadronic transport [37]. This framework was shown
to provide a unified and quantitative description of particle
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production in proton-proton, proton-nucleus, and nucleus-
nucleus collisions across center-of-mass energies of a few
GeV to several TeV [37]. We calibrate this model frame-
work with the p + Pb measurements at a center-of-mass
energy +/s =5.02 TeV and then make predictions for
y* + Pb collisions in the UPC Pb + Pb events.

Our study provides the first quantitative predictions of
the anisotropic flow hierarchy between y* + Pb and p + Pb
collisions from a final-state-dominated theoretical frame-
work. We also present results for the full rapidity depend-
ence of particle yields and predictions for the photon
virtuality dependence of midrapidity elliptic flow.

Methodology.—In photon-nucleus, y* + Pb, collisions,
the virtual photon state may be decomposed into a set of
vector meson (VM) states, like p, w, and ¢ in the vector
meson dominance picture [38]. Here, we treat the virtual
photon as a vector meson with a lifetime longer than
the time of interactions in the low virtuality regime, Q% ~
Adep — 1 GeV? [39]. Under these assumptions, the photon-
nucleus interaction in UPCs proceeds as a vector meson-
nucleus collision at an energy lower than that of the
associated nucleus-nucleus collisions. Following Ref. [27],
we consider fluctuating kinematics of the photon-nucleus
systems in ultraperipheral A + A collisions. The probability
distribution of the center-of-mass collision energy is
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where wit = 2kR,/y;, with k=s,y/(2\/5xn) and
YL = v/Snn/(2my). For the Pb nucleus, we use a Woods-
Saxon radius of R4, = 6.62 fm, and K,(w) and K, (w) are
the modified Bessel functions. In Pb+Pb UPCs at
VSN =5.02 TeV, the /s,y of the y* + Pb collisions
fluctuates from O up to ~894 GeV [25,27,40]. To make
theoretical predictions with fluctuating , /5,-y, we employ
the Monte Carlo 3D-GLAUBER initial-state model [37,41] to
provide dynamical source terms of energy, momentum, and
net baryon density for the subsequent relativistic viscous
hydrodynamics evolution. This model can quantitatively
reproduce particle production in heavy-ion and asymmetric
collisions at different collision energies [37].

We treat the virtual photon as a vector meson and sample
two “partonic participants” inside the vector meson to
capture its geometry shape fluctuations. Those partonic
participants are understood as hot spots composed of
valence quarks and their associated gluon cloud. Since
the constituent parton distribution functions (PDF) for
vector mesons are not well constrained by experiments,
we parametrize the vector meson constituent PDF as
xo"M = N, x%(1 — x)?, with @ = # = 2, and N, is subject
to the constraint [ v¥™(x)dx = 1. This parametrization is

consistent with the shape of the # meson’s valence PDF at
low Q7 [42]. The two partonic participants do not carry all
the energy and momentum of the vector meson. The
remaining energy and momentum carried by sea quarks
and soft gluons are attributed to a soft gluon cloud [37],
which is allowed to participate in collisions with the Pb
nucleus. We leave the exploration of UPC observables’
sensitivity to the vector meson PDF for future Letter. The
transverse positions of the constituent partons are sampled
from a 2D Gaussian, exp{—[(x? + y?)/2]Q%}. We use a
default Q% = 0.0625 GeV? in our model calculations,
which translates to a vector meson size of 0.8 fm, close
to the values for p mesons in Ref. [43]. Below, we will
explore the sensitivity of elliptic flow on the photon’s
virtuality in y* 4 Pb collisions.

The collective expansion of the produced dense nuclear
matter and the evolution of the conserved net baryon
current are simulated within a (3 4 1)D viscous hydro-
dynamic framework, Music [44-47]. As the QGP droplet
expands and transitions to the dilute hadronic phase, the
fluid dynamic description is switched to a microscopic
hadron transport model on a constant energy density
surface at ey, = 0.20 GeV/fm>. The hadronic transport
phase is simulated by URQMD [48,49] for the hadron
scatterings and resonance decays. The numerical simula-
tions of this hybrid 3D-GLAUBER + MUSIC + URQMD
model are carried out using the open-source IEBE-MUSIC
framework [50]. All model parameters were fixed in
Ref. [37] by calibrating minimum bias p + p collisions.
We adjust the specific shear viscosity to n7/(e + P) =
0.08 and the width of strings in the transverse plane
o, = 0.4 fm to describe the py-integrated elliptic flow in
p +Pb collisions at 5.02 TeV [51]. The (rapidity-
dependent) charged hadron multiplicity distributions stud-
ied in Ref. [37] are not changed by these adjustments.

Collectivity in p + Pb and y* + Pb collisions.—The
3D-GLAUBER + MUSIC + URQMD model can success-
fully predict the rapidity distributions of particle production
in relativistic nuclear collisions of different collision energy
and nuclear species [37]. Using this predictive power, we
compute the collectivity observables in y* 4+ Pb and p + Pb
collisions. We perform numerical simulations for these
collisions in their center-of-mass frames. Because of the
unequal energies of projectile and target in the laboratory
frame, we need to apply a global rapidity shift to all final-
state hadrons before comparing the results with experimental
measurements. For p + Pb collisions at /sy = 5.02 TeV,
the rapidity shiftis Ay = 0.465 in the proton-going direction
[52-54]. For y*-Pb collisions, the rapidity shift is signifi-
cantly larger because of the smaller energy of the y*.
The Ay = Ybeam. /57y~ Ybeam5.02 TeV> and is in the Pb-
going direction. For example, the Ay = ypeum. oo

Ybeam,5.02 TeV — 1.725 in
/S,y = 894 GeV.

the Pb-going direction for
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FIG. 1. The charged hadron pseudorapidity distributions

dNg,/dn in 0%-90% p + Pb and y* + Pb collisions from the
3D-GLAUBER + MUSIC + URQMD simulations. The theoreti-
cal calculations are compared with experimental data from the
ATLAS Collaboration in the laboratory frame [25,54].

Figure 1 shows our model results for the charged hadron
pseudorapidity distributions dN,/dn in 0%-90% p + Pb
collisions and in y* + Pb collisions for the event class with
Ne > 10 and 0.4 < pr < 5.0 GeV in the || < 2.5 range.
Following the ATLAS analysis [54], centrality classes in
p + Pb collisions are determined using the total transverse
energy measured in the Pb-going direction of the forward
calorimeter at —4.9 < 5 < —3.1. Our model reproduces the
shape and magnitude of the p + Pb dN,/dn very well.

The predicted dN,/dn in y* + Pb collisions shows a
strong asymmetry in the # direction, which clearly dem-
onstrates the strong violation of longitudinal boost invari-
ance. Implementing fluctuations of /s,y according to
Eq. (1) leads to a good description of the shape of the
dNy,/dn distribution in Pb + Pb UPCs measured by the
ATLAS Collaboration. Overall, it is remarkable that a final-
state-dominated framework can predict the experimental
charged hadron rapidity distribution in photonuclear events
within 10%. We note that the ATLAS data on dN,/dn in
UPCs have been normalized to the value computed by
DPMIJET-III y + Pb at # = 0 [25]. We divide the ATLAS
data of dN,/dn in UPCs by 1.2 to normalize to our result
atn = 0.

The good description of the charged hadron rapidity
distributions provides a solid basis for us to quantitatively
study flow observables with the same kinematic cuts as
done in the experimental analysis. Figure 2 shows the
identified particles’ mean transverse momenta (pr) as
functions of charged hadron multiplicity in p + Pb and
y* 4+ Pb collisions. Compared with the ALICE p + Pb
measurements [52], the 3D-GLAUBER + MUSIC +
URQMD framework reproduces the mass hierarchy of
the (py) of pions, kaons, and protons as a result of the
system’s collective radial expansion. The mean p of pions
and protons are overestimated by 10%, which can be
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FIG. 2. [Identified particle mean transverse momenta (pr) as
functions of charged hadron multiplicity in p + Pb (dashed lines)
and y* + Pb (solid lines) collisions from the 3D-GLAUBER +
MUSIC + URQMD framework. The p + Pb results are compared
to the experimental data from the ALICE Collaboration [52].

improved by including bulk viscous effects in the hydro-
dynamic evolution. Our model predicts that the identified
particles’ mean py in y* + Pb collisions are very similar to
those in p + Pb collisions at the same charged hadron
multiplicity. This is a consequence of using the same hot
spot size in both systems, which leads to a similar amount
of radial flow. Our mean py result provides a quantitative
prediction, and experimental confirmation will be a strong
indication that the system produced in y* + Pb collisions
experiences strong final-state effects.

In Fig. 3, we show the multiplicity dependence of
the py-integrated anisotropic flow coefficients v,{2}
and v3{2} computed with the scalar-product method,
which uses two subevents with the kinematic cuts
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FIG.3. Charged hadron anisotropic flow coefficients v,{2} and

v3{2} as functions of charged hadron multiplicity N, in p + Pb
(dashed lines) and y* + Pb (solid lines) collisions at LHC
energies from the 3D-GLAUBER + MUSIC + URQMD simu-
lations. To compare with the ATLAS data [25,51], we compute
the v,{2} coefficients using the appropriate kinematic cuts.

252302-3



PHYSICAL REVIEW LETTERS 129, 252302 (2022)

—25<np<-1.0 and 1.0<np <25 and 04 < pyr <
2 GeV (0.5 < pr < 5.0 GeV) for y* + Pb (p + Pb) colli-
sions. With the specific shear viscosity #7/(e + P) = 0.08
in hydrodynamic simulations, we fit the ATLAS v,, data for
p + Pb collisions [51]. The 3D-GLAUBER + MUSIC +
URQMD framework can nicely reproduce the multiplicity
dependence of the experimentally measured v,{2} in
p + Pb collisions. For N, < 20, the v,{2} drops because
of the decreasing lifetime of the hydrodynamic phase.
Extrapolating from p+Pb to y*+Pb collisions,
our hydrodynamic calculations reproduce the hierarchy
observed for the elliptic flow coefficient v, in Ny, €
[20, 60] in the ATLAS data using the template fit method.

We have checked that the second-order eccentricity &, in
y* + Pb initial states is very close to that in p + Pb systems.
However, we find that the longitudinal flow decorrelation is
stronger in y* 4 Pb collisions, which results in smaller
v,{2} with |Ay| > 2. The reasons for the stronger longi-
tudinal flow decorrelation in y* 4 Pb collisions are (1) the
smaller center-of-mass collision energy, which results in a
narrower rapidity coverage of particle production, and
(2) the larger rapidity shift between the center-of-mass
and the lab frames, which increases the decorrelation
effects for |#| < 2.5 in the lab frame. In other words, the
initial transverse geometry is less important than the
longitudinal structure in these two small systems.

This result underlines the importance of performing full
(3 + 1)D simulations when quantitatively studying collec-
tivity in small collision systems, and demonstrates that the
elliptic flow hierarchy between y* + Pb and p + Pb colli-
sions is compatible with a picture where final-state effects
dominate the generation of momentum anisotropies.

Our model predicts that triangular flow in y* 4+ Pb
collisions is smaller than that in p 4 Pb collisions at the
same charged hadron multiplicity, again because of the
larger longitudinal decorrelation. Consequently, the order-
ing of v3{2} between y* + Pb and p + Pb collisions in our
model is opposite to the ATLAS data, which show a larger
v3{2} in y* + Pb collisions. The magnitude of v;{2} in
y* 4+ Pb collisions may be sensitive to vector meson’s
detailed substructure fluctuations.

Figure 4 shows our model comparison for the charged
hadron p;-differential elliptic flow v, (p7) with the ATLAS
measurements in 20 < Ny, < 60 and Ny, > 60 y* + Pb
and p + Pb collisions [25,51]. Our v,(py) result for the
N, > 60 events in p + Pb collisions shows excellent
agreement with the ALTAS data, marking a good baseline
to study the v,(py) in y* + Pb collisions. Comparing this
result with the one from the 20 < N, < 60 multiplicity bin
of p + Pb collisions, we see a sizable suppression of
vy(pr) for pr > 1 GeV in the lower multiplicity bin
because of a shorter fireball lifetime.

The v,(py) in y* + Pb collisions in the same 20 <
N, < 60 multiplicity bin is 10%—15% smaller than the
p + Pb v,(pr) across all py values because of the larger
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FIG. 4. The py-differential elliptic flow coefficient v,(pz) of
charged hadrons in p +Pb and y* 4+ Pb collisions from the
3D-GLAUBER + MUSIC + URQMD simulations are compared
to ATLAS data [25,51]. The v,(py) are calculated using the
scalar-product method by imposing |Az| > 2 between the particle
of interest and the reference charged hadrons in —2.5 < < 2.5
and 0.5 < py <5.0GeV (04 < pr <2.0GeV) for p+Pb
(y* + Pb) collisions.

longitudinal decorrelation with the reference flow angle in
y* 4 Pb collisions. Our model prediction agrees reasonably
well with the ATLAS data for py < 2.0 GeV. The ATLAS
UPC w,(py) decreases quickly as p; increases above
1.6 GeV. This behavior is not seen in our calculations.
For pr above 2 GeV, other physics processes, such as quark
recombination, which are not included here, start to be
important for anisotropic flow coefficients [16,55].
Finally, we explore the sensitivity of v, (py) to the vector
meson transverse size in y* 4 Pb collisions. Because in the
experiment the incoming y*’s virtuality Q? fluctuates from
event to event, the projectile vector meson’s average size
also fluctuates as it is inversely proportional to Q2. This
adds to the geometric fluctuations resulting from the
random positions of the two hot spots (at fixed average
size). We estimate the uncertainty on the final v,(py) from
such Q7 fluctuations by running simulations at different
values of Q%. We perform this exercise at fixed center-of-
mass energy, which requires less statistics. As the v,{2}
depends only weakly on the collision energy (see
Supplemental Material [56]) results for fluctuating energies
are expected to be similar. Figure 5 shows that vector
mesons with large virtuality result in smaller elliptic flow
coefficients because there is less transverse space for the
geometry to fluctuate and the average ellipticities are
smaller. Increasing the virtuality from 0.04 to
0.25 GeV?2, the v,(pr) in y* + Pb decreases monotonically
(we remind the reader that the default value is
0? = 0.0625 GeV?). The overall relative variation is about
30%. Future experiments at an Electron-Ion Collider will
provide direct access to the photon’s virtuality. Therefore,
one will be able to systematically test the predictions from
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FIG. 5. The py-differential elliptic flow coefficient v,(py) of

charged hadrons in y* + Pb collisions from the 3D-GLAUBER +
MUSIC + URQMD simulations with different photon virtualities
are compared to the ATLAS data [25].

the hydrodynamic framework by measuring elliptic anisot-
ropies for different photon virtualities.

Summary.—In this Letter, we have carried out the first
dynamical (3 + 1)D simulations that quantitatively study
the collectivity in p + Pb and ultraperipheral Pb + Pb
collisions at LHC energies within the relativistic hydro-
dynamic approach. Because these asymmetric collision
systems do not have any reasonably wide rapidity window
with uniform particle production, it is necessary to go
beyond the high-energy Bjorken paradigm and simulate
these collisions in full 3D.

The 3D-GLAUBER + MUSIC + URQMD model suc-
cessfully describes the charged hadron pseudorapidity
distributions in 0%-90% p + Pb and y* + Pb collisions
in ultraperipheral Pb + Pb events. This good agreement
provides a baseline for studying momentum anisotropies
and their correlations in rapidity.

Although y* +Pb events have slightly larger initial
eccentricities compared to those in p + Pb collisions, they
also exhibit a stronger longitudinal flow decorrelation,
which results in a smaller elliptic momentum anisotropy
in y* 4 Pb collisions in a given multiplicity bin. This result
highlights the crucial role of nontrivial longitudinal dynam-
ics in describing the hierarchy of the elliptic flow in p + Pb
and Pb + Pb UPC events.

The simultaneous description of elliptic flow coefficients
in p + Pb and y* + Pb collisions in our model supports the
hypothesis that strong final-state interactions can be the
dominant source of collectivity in these small systems.
Meanwhile, the fact that the model predicts the opposite
trend in v3{2} compared to the experimental data suggests
that one needs more careful studies of the vector meson’s
geometry and the interplay with initial-state correlations.

Our study provides a theoretical framework that can
bridge the phenomenological studies of collectivity in

relativistic heavy-ion collisions with electron + nucleus
collisions at the future Electron-Ion Collider, which will
be able to test the picture we have established, namely the
dominance of hydrodynamic response to initial spatial
geometry in generating azimuthal anisotropies in virtual
photon-nucleus collisions, with much more precision.
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