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Smallest drop of QGP: Thermodynamic properties of p-Pb collisions
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The extreme temperature and density conditions that arise in ultrarelativistic collisions of heavy nuclei enable
the formation of the most fundamental fluid in the universe, the deconfined phase of quantum chromodynamics
known as quark-gluon plasma. Despite the extensive experimental evidence gathered over the last decade for
the production of quark-gluon plasma in colliding systems such as Au-Au and Pb-Pb, the formation of quark-
gluon plasma in the collision of smaller systems such as p-Pb remains an open question. In this study, we
describe the evolution of matter formed in p-Pb collisions at 5.02 TeV using a state-of-the-art hybrid model
based on viscous relativistic hydrodynamics. We study the thermodynamic properties of the medium and the
final state observables. Our results are compared with experimental data and first-principles lattice quantum
chromodynamics calculations. The results support the formation of a collective phase of strongly interacting

matter in high-multiplicity p-Pb collisions.

DOLI: 10.1103/PhysRevC.109.014904

I. INTRODUCTION

The strong interaction of nature is described by quan-
tum chromodynamics (QCD), the theory of color-charged
particles: quarks and gluons. This theory predicts that un-
der extreme conditions, matter undergoes a transition from
a phase in which quarks and gluons are confined in hadrons
to a deconfined phase in which they are free to propagate.
This extreme phase of strongly interacting matter is called
the quark-gluon plasma (QGP) [1,2], and can be produced by
the collision of nuclei at ultrarelativistic velocities in large
particle accelerators [3—8].

The aftermath of a collisional event is described by the
so-called standard model of heavy-ion collisions [9]. Immedi-
ately after the collision, a lumpy and out-of-equilibrium state
of matter is initially created. After a short time, it reaches
near thermal equilibrium and becomes describable by rela-
tivistic viscous hydrodynamics [10-13]. As the fluid QGP
expands, its density and temperature decrease, and when it
finally reaches the QCD confinement transition, quarks and
gluons are hadronized. The resulting hadrons move toward
the detectors of the experiment, experiencing both elastic and
inelastic interactions. Numerical modeling of these various
processes reproduces each of the above stages in a component
of a hybrid model [14].

The main experimental evidence for the formation of QGP
in a liquid phase is the collective behavior observed in large
colliding systems such as those of Au-Au and Pb-Pb nuclei
both at the BNL Relativistic Heavy Ion Collider (RHIC) [3-6]
and at the CERN Large Hadron Collider (LHC) [7,8]. How-
ever, analyses in small systems such as proton-proton (p-p),
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p-Pb, and d-Au, which were used as control measurements,
showed similar behavior as in large nuclei, suggesting that
a hydrodynamic description of strongly interacting matter
formed in these systems may also be possible [15]. For ex-
ample, measurements of the elliptic flux v,{2} in p-p [16] and
p-Pb [17] showed that v,{2} is nonzero. Later measurements
of the elliptic flow fluctuations agreed with those expected for
a liquid [18] only for p-Pb and Pb-Pb collisions, while this
was not the case for p-p [16].

Another feature of a relativistic fluid is the correlation
between its initial shape and the anisotropic flow in the final
state [19,20]. It has been suggested that by manipulating the
initial geometry of small systems, such as p/d/>He -Au, one
can probe QGP formation by analyzing the flow patterns in
these systems [21]. Relativistic viscous hydrodynamic predic-
tions are consistent with experimental results of the PHENIX
collaboration [22] for these systems.

With the exception of jet quenching [23], all evidence
supporting the formation of QGP in large-system collisions
has been observed in p-Pb and d-Au collisions as well (for
a review, see [24]). Nevertheless, a physical mechanism can
explain this phenomenon. The smaller medium produced re-
sults in a shortened average path. This is due to the short
lifetimes of the medium, which prevents energy loss for par-
tons with high pr as they travel through it. At the same
time, hydrodynamization for short-lived systems remains un-
der discussion, even if hydrodynamics can be applied to small
systems [25,26]. In the course of this debate, hydrodynamic
simulations have been carried out for p-Pb systems [27,28]
that only partially agree with the experimental data, even
when a global Bayesian analysis is used to extract the max-
imum a posteriori model parameters [29,30].

The validity of the hydrodynamic picture for describing
collisions of small systems remains an open question, which
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FIG. 1. Cartoon of nuclear collisions at ultrarelativistic energies:
In nuclear collisions with very high energies, the matter produced can
be seen as a fluid at rest with dimensions billions of times smaller
than a drop of water and temperatures of about trillions of Kelvin.
What is new is that this also applies to systems even smaller than
Pb-Pb, as in the collision of protons with lead.

can be summarized in the daring question: “What is the
smallest possible size of the most fundamental fluid in na-
ture?” In this work, we investigate this question using an
approach to ultrarelativistic heavy ion collisions: We extract
the thermodynamic properties of the hot, strongly interacting
matter formed in p-Pb collisions simulated with a state-of-the-
art hybrid model, combine them with experimental data, and
test their consistency with first-principles calculations from
lattice QCD.

II. THERMODYNAMICS FROM RELATIVISTIC
HYDRODYNAMICS

Thermodynamic properties of matter produced in ultrarel-
ativistic heavy ion collisions, such as its effective temperature
and entropy, can be obtained from the final observables if the
matter is described by relativistic hydrodynamics. Remark-
ably, it was shown in [31] that the thermodynamic properties
obtained from the experimental data agree with the first-
principles lattice QCD [32] calculations.

The main idea developed in [31] is the following: The
strongly interacting matter produced in heavy-ion collisions
expands hydrodynamically in vacuum and cools when di-
luted. Its temperature is not uniform throughout the QGP
and evolves according to the space-time history of the fluid.
However, from the total energy E and total entropy S of the
fluid at freeze out, it is possible to capture the entire space-
time evolution at an effective temperature T, and an effective
volume Vi (see the illustration in Fig. 1), analogous to a
uniform fluid at rest having the same E and S:

S = / doysu" = s(Tefp Ve,
f.o.

E =/ do, T = e(Togp)Verr, M
f.o.

where TH"" is the stress-energy tensor of the fluid, u* is the
fluid four-velocity, the integrals are computed over the freeze-
out hypersurface [33], and s and € are the entropy and energy
density, respectively. Taking the ratio E /S, one eliminates Vg
and can solve the resulting equation for 7o, with the aid of
the equation of state.

According to hydrodynamic simulations of Pb-Pb nuclei
collisions at center-of-mass energies ,/syy = 5.02 TeV, it
was found that the mean transverse momentum of charged
particles (p,) and T are related by (p,) ~ 3T [31,34].
Moreover, this relationship has been shown to be independent
of the transport coefficients and system centrality. This result
is consistent with expectations, since for an ideal massless gas
at very high energies the transverse momentum coincides with
the energy per patrticle, i.e., ¢ = 37. Combining these results
with the experimentally measured value of (p,), one obtains
the effective temperature of Toyr = 222 + 9 MeV, which con-
firms the production of the QGP in heavy-ion collisions.

To access the equation of state of the fluid, another thermo-
dynamic quantity is required. It is known that for a relativistic
fluid the entropy density is directly proportional to the particle
density [31,33], even if the hydrodynamic expansion is vis-
cous [35]. It is thus possible to determine the effective entropy
density of a system by considering into account

Ty = o D,
Vett Nen  dy
where the multiplicity per unit rapidity dN.,/dy is measured
experimentally and the entropy per particle S/Ng, can be
obtained from experimental data [36]. The quantity s/T°
taken from Pb-Pb data is also in agreement with lattice QCD
results [37].

)

III. HYDRODYNAMIC DESCRIPTION
OF p-Pb COLLISIONS

To investigate which is the smallest drop QGP that can be-
have hydrodynamically, we adapt the strategy described above
to the study of small colliding systems. Namely, we study p-
Pb collisions at the center-of-mass energy /syy = 5.02 TeV,
since this is the smallest system for which experimental results
suggest the formation of QGP.

The thermodynamics of ultrarelativistic collisions is ex-
tracted from event-by-event minimum-bias hybrid simula-
tions. This is the state-of-the-art simulation of heavy ion
collisions. As an extension of the framework proposed in
[31], we simulate the evolution of the matter formed in
the collisions with a hybrid model that also accounts for
the pre-equilibrium dynamics and hadronic interactions after
the thermal freeze out. This model provides a better descrip-
tion of the experimental data and is now the state-of-the-art
simulation technique for heavy-ion collisions.

Two-dimensional initial conditions at time t = 0% were
generated using the parametric model TRENTo [38]. These
were free-streamed [39,40] up to a hydrodynamic time 7.
to model the pre-equilibrium dynamics of the system. The
resulting initial hydrodynamic conditions were evolved us-
ing relativistic viscous hydrodynamics with MUSIC [41]
assuming boost invariance. The hydrodynamic evolution
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FIG. 2. Mean transverse momentum (p,) of final charged par-
ticles produced in p-Pb collisions at /s = 5.02 TeV from hybrid
hydrodynamic simulations (black circle), and experimental measure-
ments from the ALICE Collaboration (blue crosses) [45]. In both
cases, pr > 0.15 GeV and |n| < 0.3. Effective temperature results
are presented in the red band. These data can be used to establish a
relation between transversal momentum and effective temperature.

terminates at a freeze-out temperature Tgich. The freeze-out
hypersurface is stored for the calculation of the effec-
tive thermodynamic quantities. It is also sampled using
the Cooper-Frye framework [42], including corrections for
shear and bulk viscosity. The sampled hadrons are then
evolved using the ultrarelativistic quantum molecular dy-
namics (UrQMD) [43] hadronic cascade model, taking into
account the possible scatterings and decays. The final particles
are used to calculate observables such as the final multiplicity
and the mean transverse momentum, which are used in the
analysis.

The set of hydrodynamic equations is closed using the
HotQCD equation of state for the QGP [37], matched [44]
at low temperatures to a hadronic resonance gas (HRG). The
particle content of the HRG is the same as for UrQMD. All
parameters used in the simulation were the maximum a poste-
riori values obtained in the global Bayesian analysis presented
in [30].

IV. RESULTS

A. Effective quantities and final states observables
from hybrid modeling

The mean transverse momentum in the final state calcu-
lated from the simulated events is shown in Fig. 2 as a function
of the number of charged particles. The results are compared
with experimental data from the ALICE Collaboration [45].
In the same figure, we also plot the effective temperature
calculated from Eq. (1) over the simulated freeze-out hyper-
surfaces. We have considered the same kinematic cuts used in
the experimental analysis, namely p, > 0.15 GeV and || <
0.3. The results show good agreement with the experimental
data. Regardless of the final-state multiplicity, we obtain the
relation

(pr) = 3.05 Ter. 3
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FIG. 3. Effective volume as a function of centrality. The black
triangles represent the effective volume calculated from Eq. (1), the
blue circles are the experimental data of multiplicity [45] and the red
squares represent the geometric idea for the effective volume based
on the initial size, Ry. The effective volume is decreasing in the same
proportion as the multiplicity, but the geometric volume is basically
independent of the centrality.

This result is in remarkable agreement with Pb-Pb collisions
[31,34], despite the different system sizes and numerical chain
components. Ignoring the kinematic cuts and considering all
charged particles, the proportionality coefficient in Eq. (4)
changes to 2.97.

Knowing the effective temperature, we can also compute
the effective volume as a function of the number of charged
particles, which is shown in Fig. 3. Similar to the Pb-Pb
collisions, the effective volume decreases together with the
final-state multiplicity, for more peripheral events.

The initial state size can be inferred from its radius
defined as

Ry = v2(r?), “

where the above average is weighted by the entropy of the
initial state. As can be seen in Fig. 3, the size of the initial
state is roughly independent of the centrality for p-Pb systems,
unlike what has been observed for Pb-Pb collisions. Since the
initial size of the system remains the same for p-Pb events,
regardless of how many particles are produced, the initial
entropy density is smaller for peripheral events. This implies a
decrease in the (p,), which has been observed experimentally
[45]. For Pb-Pb collisions, on the other hand, (p;) is almost
constant from central to peripheral collisions [45]. This is un-
derstandable since both the system size and the total entropy
decrease when fewer particles are produced, i.e., the entropy
density is roughly constant.

B. Extracting thermodynamics from experimental data

The results described in the previous subsection show that,
assuming the validity of the hydrodynamic picture in ultra-
relativistic collisions of small systems, it is possible to obtain
the thermodynamic properties of this system from the obser-
vations of the final state. We will now use this fact to extract
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further thermodynamic quantities of the strongly interacting
matter produced in p-Pb collisions at ./syy = 5.02 TeV.

First, we use Eq. (4) together with the (p,) results from
the ALICE Collaboration to obtain the effective temperature
of the experimentally generated system. We use a factor of
3.05 due to the kinematic cuts used in the experiment. The re-
sulting temperature range reached by the system for different
multiplicities is

179 < Teff < 257 MeV.

We note that this result differs from the Pb-Pb case, for which
the effective temperature is approximately independent of the
multiplicity and has the approximate value Toi =~ 222 MeV.

Another interesting result emerges when Vi and To are
combined. Although the effective volume of both p-Pb and
Pb-Pb systems decreases with event multiplicity, only in the
case of p-Pb is there a decrease in the system temperature,
suggesting that we may not be accessing the same state at
different sizes.

We now use Eq. (3) to obtain the entropy density of the p-
Pb system in this temperature range and compare it with first-
principles lattice QCD calculations. We can calculate s/T3 as

s(Ter) _ 1.19 S dNg, 3.05°
T3 Vett Nen dn (pr)3’

where we use (dNg/dy)/(dNan/dn) =~ 1.19 [36], since
dNs/dy is not a direct observable. The multiplicity results
dNeh/dn are taken from the ALICE Collaboration [45], and
the effective volume Vg is taken from our hybrid modeling
results shown in Fig. 3. The entropy per particle S/N,, was
obtained from [36], where the three-dimensional Hanbury
Brown—Twiss radii improved results for large and small sys-
tems are similar, and we use S/Ny = 6.3 +0.8. We adopt
a conservative scenario for estimating the uncertainties. On
[31], the influence of the transport coefficients and the dif-
ferent models of initial conditions is estimated to be 19%.
Combining this with the error for S/Ny, gives an error of 23%
for our estimate of s(Tusr )/ Toi;-

Figure 4 shows the entropy density obtained from exper-
imental data using Eq. (5), and compares it with the results
from ab initio calculations in QCD. The essential point in
this comparison is that T+ and s(Ti) are related through
the equation of state of the fluid by construction, see Eq. (1),
i.e., assuming the matter created in p-Pb collisions can be de-
scribed by the standard model of relativistic nuclear collisions.
The thermodynamics obtained from experimental data are in
agreement with the lattice QCD results, when Ny, > 11 for
the kinematic cuts used, corresponding to the 30% of events
with the highest multiplicity. These results support the forma-
tion of the QGP in collisions of small systems and suggest that
it has the same collective properties observed in collisions of
large systems.

It is also possible to estimate the number of active de-
grees of freedom within the system by modeling the QGP
as a massless ideal gas with Boltzmann statistics. The par-
ticle density is then given by n = vT?/m2, where v is the
number of degrees of freedom (color, flavor, spin). If the
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FIG. 4. Entropy density scaled by 73 as a function of tempera-
ture. The yellow band represents the lattice QCD calculation [32],
where the width of the band is determined by its uncertainty. The
blue and gray bands are the results of the calculation of Eq. (5),
and the width of the bands is the uncertainty from the experimental
data used in the calculation. The blue band agrees with the lattice
QCD calculations, note the agreement occurs for the 30% of events
with the highest multiplicity. As a consistency check, we also show
the curve s(Tee)/ Tc?f obtained when using, in Eq. (5), the results for
dN,,/dn obtained from the hybrid simulations.

number of hadrons produced is equal to the number of
quarks and gluons and one considers that only two-thirds of
the hadrons are charged, the particle density in the effec-
tive volume is n = 1.5(dN.n/dn)/Vess. For the collisions with
high multiplicity, in agreement with the lattice QCD results,
Ter > 220 GeV, dNgy/dn > 20 [46], and Vg > 10.9 fm?,
leading ton > 2.7fm~> and v > 19. This large number shows
that the color degrees of freedom are active, or, in other words,
that a deconfined state should be produced.

V. CONCLUSION

This was the first time that state-of-the-art hybrid modeling
of ultrarelativistic collisions was used to obtain thermody-
namic quantities of strongly interacting matter. It is possible
to extract the effective temperature and entropy density of
the system from the number of charged particles in the final
state and the mean transverse momentum measured in large
ultrarelativistic colliders for p-Pb collisions. The results show
that the thermodynamic quantities agree with the lattice QCD
calculations only for the 30% of p-Pb events with the high-
est multiplicities. Events with smaller multiplicities do not
show the properties expected for QGP. The temperature that
delimits the region where p-Pb behaves like a QGP droplet
is approximately the same as previously found for Pb-Pb
collisions, namely Tei = 220 MeV. However, for p-Pb events,
the volume of the system is 45 times smaller than for central
Pb-Pb events.

One may argue that the differences between the hybrid
model and the experimental data for p-Pb might be able
to be fixed by making the chain parameters more accurate.
Given the robustness of our findings about the correlation
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between (p;) and T., our conclusion regarding the validity
of the hydrodynamic framework for these systems is more
robust than a simple comparison of usual final observables to
experimental data.

Another quantity of thermodynamic interest is the speed
of sound c,, which can be obtained by momentum variations
with respect to multiplicity, ¢> = d In{p,)/d In(dN/dn), with
fixed centrality, i.e., same effective volume [31]. In this cal-
culation, the proportionality coefficients between observables
and thermodynamics, which are the largest sources of errors,
cancel each other out. Extracting this quantity would de-
pend on measurements of the average transverse momentum
of p-Pb systems at different energies. Recently, the ALICE
Collaboration has presented preliminary results for p-Pb on
the dependence of the transverse momentum as a function of
the number of charged particles for two different energies,
5.02 TeV and 8.16 TeV [47], however, it is not possible to
obtain a ¢, at this point as no dependence on centrality was
shown.

These results should be taken as an important caveat when
extracting QGP transport coefficients from Bayesian studies:
if small systems are included in the study, only a centrality

range consistent with QGP formation should be considered in
the analysis.

Although there is already experimental data for p-p indi-
cating the absence of collective behavior, we can qualitatively
infer from this study that in the case of fluid behavior for
p-p, the value of the effective temperature would be higher
than in the case of p-Pb. This would imply a decrease in the
ratio s/7> and bring it under lattice QCD, confirming the
experimental results. However, a rigorous comparison with
the standard model of relativistic collisions is still needed
before we can rule it out completely. This is deferred for future
study.
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