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We develop the dynamical core—corona initialization framework as a phenomenological description
of the quark gluon plasma (QGP) fluids formation in high-energy nuclear collisions. Using this
framework, we investigate the fraction of the fluidized energy to the total energy and strange hadron
yield ratios as functions of multiplicity and scrutinize the multiplicity scaling of hadron yield ratios
recently reported by ALICE Collaboration. Our results strongly indicate that the QGP fluids are
partly formed even at the averaged multiplicity for non-single diffractive p+p events.
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I. INTRODUCTION

Properties of the quark gluon plasma (QGP) have been
investigated through high-energy nuclear collision exper-
iments at the Relativistic Heavy Ion Collider (RHIC)
at Brookhaven National Laboratory and at the Large
Hadron Collider (LHC) at CERN. The experimental re-
sults have brought us a great deal of information about
properties of the QGP. The collective behavior of the
QGP is well described by relativistic hydrodynamics [1-
5] in which the system is postulated to keep local ther-
mal equilibrium during expansion. Since dissipative ef-
fects on expansion are quite small regardless of remark-
ably large expansion rate, the QGP exhibits near-perfect
fluidity, which has led to the concept of strongly cou-
pled/interacting QGP (sQGP) [2—4].

Comparisons of the experimental results from heavy-
ion collisions with those from small colliding systems,
such as proton-proton and proton-nucleus collisions, have
been made to see how small the QGP droplets can be.
Small colliding systems had been believed to provide us
with reference data for a long time since the size of the
matter is too small to reach local thermal equilibrium.
However, recent experimental data imply the QGP for-
mation even in small colliding systems (for reviews, see,
e.g., Refs. [6, 7]). One of those data shows sizable az-
imuthal anisotropy in final hadron distributions [8-14],
which can be interpreted as a result of the hydrodynamic
response of the QGP medium to the initial collision ge-
ometry [15-22]. Although this has been discussed ac-
tively from relativistic hydrodynamics, another interpre-
tation is brought about also by the color glass condensate
picture, which gives long-range correlation in rapidity in
small colliding systems without invoking the QGP for-
mation [23-36]. Thus the origin of collectivity observed
in small colliding system still remains to be understood.
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Besides the azimuthal anisotropy, the strangeness en-
hancement in small colliding systems is reported by AL-
ICE Collaboration [37]. Yield ratios of (multi-)strange
hadrons to charged pions are measured and exhibit mono-
tonic and continuous increase as functions of multiplicity.
Even in small colliding systems, the strange hadron yield
ratios in high-multiplicity events almost reach the values
in heavy-ion collisions.

Strangeness enhancement was proposed to be a signal
of the QGP formation in high-energy nuclear collisions a
long time ago [38, 39]. Since initial colliding nuclei do not
contain the strange quark as valence one, yields of strange
hadrons would be sensitive to details of reaction dynam-
ics. If the production rate of strange quarks becomes
sufficiently high in thermalized systems, chemical equi-
librium of strange quarks besides up and down quarks is
expected to be reached within the time scale of nuclear
collisions. In fact, most of the yield ratios of hadrons in-
cluding multi-strange baryons have been well reproduced
by statistical models [40], which is recognized to be one
of the strong signals of the QGP formation in heavy-
ion collisions at RHIC and the LHC energies. Therefore
the strangeness enhancement in high-multiplicity proton-
proton and proton-nucleus collisions reported by ALICE
Collaboration [37] strongly indicates the QGP formation
even in such a small colliding system.

This continuous increase of the strange hadron yield
ratio can be interpreted as follows. Final hadrons orig-
inate from two different sources having different hadron
production processes. The values of yield ratios in low-
multiplicity events are described by results from the
string fragmentation, in which the string tension (k =~ 1
GeV/fm) controls the yield ratios of hadrons. On the
other hand, the values of yield ratios in high-multiplicity
events are explained by the statistical hadronization ap-
proach where the matter is assumed to be in chemical
equilibrium. In this case, chemical freezeout tempera-
ture (Tcn, &~ 160 MeV) plays an essential role in describ-
ing yield ratios of hadrons. Thus, the dominant process
of final hadron production is supposed to change gradu-
ally from string fragmentation at low-multiplicity limit to
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statistical hadronization at high-multiplicity limit. In the
intermediate multiplicity, final hadron production would
be superposition of these two contributions.

The “core—corona” picture has been adopted to demon-
strate the above idea [41-46]. At the first contact of
two nuclei, the number of collisions per nucleon should
be different depending on where they are located in the
transverse plane being perpendicular to the collision axis.
High-density regions just after the initial collision in
which nucleons in colliding nuclei suffer a lot of colli-
sions are called “core” and assumed to be sources of the
QGP medium in local thermal and chemical equilibrium.
Low-density regions in which nucleons suffer only a few
collisions are referred to as “corona” and supposed to be
likely to create hadrons via string fragmentation with-
out formation of bulk medium. Since the “core” regions
become dominant production mechanism with increasing
multiplicity, the continuous change from string fragmen-
tation to statistical hadronization with increasing multi-
plicity could naturally be explained by the “core—corona”
picture.

In this paper, we introduce the core—corona picture
into the dynamical initialization framework to obtain the
unified description of hadron yield ratios from small col-
liding systems to heavy-ion collisions. The dynamical ini-
tialization framework [47-50] describes the dynamics of
gradual forming of the QGP fluids phenomenologically.!
Under this framework, the initial condition of the QGP
fluids is obtained via energy-momentum deposition from
the partons/strings/fields generated just after the colli-
sion. As extension of the dynamical initialization descrip-
tion for QGP fluids generation from initially produced
partons [47-50], we introduced the dependence on ini-
tial parton densities in the dynamical initialization [50],
which we call the “dynamical core—corona initialization
(DCCI) model” in this paper. Given the various defini-
tions of the core and the corona in the literature [41-46],
we here define them explicitly as follows: The core repre-
sents the fluids under local thermal and chemical equilib-
rium, while the corona represents the system composed
of non-equilibrated partons traversing the fluids or the
vacuum. In the DCCI model, the continuous separation
between the core and the corona is attributed to the spa-
tial density of initially produced partons. Thus, it should
be emphasized that we do not introduce the threshold to
separate the core from the corona explicitly unlike the
model in Refs. [45, 46]. In the DCCI model, the non-
equilibrated partons can coexist with the fluids at some
space-time point.

This paper is organized as follows: In Sec. 11, we give an
overview of the dynamical initialization framework and
its extension to the DCCI model. In Sec. III, we first

1 The dynamical initialization framework is essential in descrip-
tion of nuclear collisions at lower energies since hadrons are grad-
ually generated due to insufficient Lorentz-contraction of the col-
liding nuclei [48, 49].

investigate how much the energy is fluidized at midra-
pidity when we reproduce the multiplicity dependence
of particle ratio from experimental data using the DCCI
model. Then we extract the fraction of fluidized energy
as a function of multiplicity from experimental data in
both small and large colliding systems at LHC energies.
After that we discuss a universal behavior of the hadron
yield ratios as functions of multiplicity. Finally Section
IV is devoted to summary of this paper.

Throughout this paper, we use the natural unit,
h = c¢ = kp = 1, and the Minkowski metric, g,, =
diag(1,-1,—1,-1).

II. MODEL

Before going into detailed explanations, we briefly give
an outline of the DCCI model employed in this paper.
Initial partons are obtained with the Monte Carlo event
generator PYTHIA [51] and start traveling in the vac-
uum at their formation time. QGP fluids are dynam-
ically generated via energy-momentum deposition from
these partons by solving the relativistic hydrodynamic
equation with source terms. Here the four-momentum
deposition per unit time is parametrized to be propor-
tional to the initially produced parton density so that
we take into account the core—corona picture: Partons
in regions with larger density of surrounding partons are
more likely to deposit their four-momentum and generate
QGP fluids, while those in dilute regions tend to traverse
keeping their four-momentum that they have just after
the collision of nuclei. In this way, separation of ini-
tially produced partons into the QGP fluids (the core)
and the non-equilibrated partons (the corona) is settled
as a consequence of dynamical four momentum deposi-
tion of each parton. After the dynamical initialization
with the core—corona picture, we continue hydrodynamic
evolution for fluids until their temperature drops to the
decoupling temperature. Fluids are particlized into the
hadrons at the decoupling hypersurface via the Cooper—
Frye formula [52]. On the other hand, surviving par-
tons are hadronized under the string fragmentation in
PyTHIA. Therefore, the final hadron yield in this model
is a summation of the contribution from particlization of
the medium under local thermal and chemical equilib-
rium and that from string fragmentation.

A. Hydrodynamic equations with source terms

In conventional hydrodynamic simulations, the equa-
tion of continuity for energy and momentum,

9, TH (z) = 0, (1)

is solved, where T"” is the energy-momentum tensor of
the fluid assuming that the energy-momentum conserva-
tion is satisfied within the fluid. However, during the



formation of the locally equilibrated medium in high-
energy nuclear collisions, there exist incoming energy
and momentum for the formation of the medium from
non-equilibrated subsystems. In our DCCI model, the
initially produced partons deposit their energy and mo-
mentum for the formation of the medium fluid and the
energy-momentum conservation is imposed for the total
system which is a composite one of the medium fluids
and the traversing partons,

0Tt () = Oy (Theia() + Tharion(®)) = 0. (2)

Here we assume that energy and momentum deposited
by partons are equilibrated instantaneously. Equation
(2) can be written in the form of the relativistic hydro-
dynamic equation with source term,

aﬂT#ﬁd(x) = J"(x), (3)
if the source term is defined as
8 parton (4)

The hydrodynamic equation with source term (3) is also
commonly used in the simulations to discuss the physics
of jet quenching and its effects on the medium responses
[63-58]. If we assume ideal fluids, the energy-momentum
tensor of QGP fluids is decomposed as

T4, = (e + Pyuru? — Pg™. 5)

Here, e, P, and u* are energy density, hydrostatic pres-
sure, and velocity of the fluid, respectively. In order to
close the equations of motion, we need the equation of
state (EoS) which has a form of hydrostatic pressure as
a function of energy density, P = P(e). In this study, we
adopt the EoS from (2+41) flavors lattice QCD calcula-
tions [59]. In other words, u, d, and s quarks (and their
anti-quarks) and gluons are under thermal and chemical
equilibrium in the QGP fluids.

In this study, we do not solve the equation for the con-
servation of charges, such as baryon number, strangeness
and electric charges, since matters generated at RHIC
and the LHC energies are supposed to be almost baryon-
free, strangeness-neutral, and charge-neutral around the
midrapidity.

We also note that, although Egs. (3) and (5) are de-
noted in Cartesian coordinates to avoid complex nota-
tions, the actual calculation is performed in Milne co-
ordinates. In Milne coordinates, the time axis is repre-
sented with proper time 7 = v/t2 — 22. The other spa-
tial coordinates are x and y which are the transverse co-
ordinates being perpendicular to the collision axis, and
ns = (1/2) In[(t+ z)/(t — z)] which is space-time rapidity.

B. Dynamical initialization of QGP fluids

In this study, the phase space distribution of initially
produced partons is assumed to be

fparton(w P§ )d3.’L'd3

= Z Gz — zi(t))0® (p — pi(t))d>zdp, (6)
G(x — x; d3x:¥e wdm 7
( ®) CeoE (7)

Here o is a width of Gaussian function in coordinate
space. The Gaussian is introduced to give the scale of
the region which is supposed to be involved in the in-
teraction by a parton in the model. The trajectory of a
parton is assumed to be eikonal and rapidity of a par-
ton is constant during the dynamical initialization, i.e.,
Yi = 1s,; = constant where index 4 represents the i-th
parton. Under this assumption, the position of the i-th
parton is defined as

wi(t) = Bt —

tform,i) + wini,ia (8)

where (p?,p;) is the four-momentum of the i-th parton.
Here, xin;; is the position at the formation time of the
i-th parton, tgorm,;- Under these assumptions, we derive
the explicit form of Eq. (4). By putting the phase space
distribution in Eq. (6) into the kinetic definition of the
energy-momentum tensor, the source term (4) becomes

JH (fﬂ) =0 Tarton
= —Z/d:;p%aufparton(a:ap; t)

:_dez

For the detail of this derivation, see Appendix A.

We call dp!'/dt in Eq. (9) the “fluidization rate” which
is the rate of four-momentum deposition for the i-th par-
ton. Since the index i represents each parton produced
in each event, the summation is taken for all the initial
partons in an event.

We assume that QGP fluids are generated by the initial
partons during the proper time period from the formation
time 7 = 79o(= 0.1 fm) to initial time of fluids 7 = 7p(=
0.6 fm). In this paper, the common constant value of 7qg

2 2 —
tform i Aform,i —

— (1)) - (9)

is assumed for all partons, Tiorm,; =

Too. We start with the vanishing energy-momentum ten-
sor of QGP fluids, Th.:, (T = 790) = 0, and solve Eq. (3)
from 7 = 7199 to 7 = 79. Here we note that the energy-
momentum conservation is satisfied among the QGP flu-
ids and the traversing partons through the dynamical
initialization.

As we mentioned in the previous subsection, our ac-
tual simulations are performed in the (3+1)-dimensional



Milne coordinates. Thus the explicit form of the Gaus-
sian distribution function in Eq. (9) is replaced as

G(x—xi(t) d*x

1 (@1 — @1 ,(7))
2mo3 P l_ - 20%_ ]
. l (s = m:4(7))

2
A/ 27‘(7‘20%5 203,

where x| ;(7) and 7,,;(7) is the transverse coordinates
and the space-time rapidity of the i-th parton. In this
study, we adopt 0, = 0.5 fm and o,, = 0.5 for trans-
verse and longitudinal widths of Gaussian function, re-
spectively.

X ] Tdnsd?z, (10)

C. Energy-momentum deposition rate with the
core—corona picture

We introduce the core—corona picture as an extension
of the dynamical initialization framework [50]. To in-
troduce the core—corona picture, we parametrize the flu-
idization rate as

dpi

D)= a2 ey,

pT,i2

where pr; and p!' are the transverse momentum and the
four-momentum of the i-th parton, respectively. Here,
p; is the spatial density of partons surrounding the i-th
parton. It is defined as

pi(ei(t))d*x = pi(x = xi(t))d’x

=Y G-z 1) d|,_, - (12)
J#i
The dimensionless factor ag is a free parameter to con-
trol the intensity of energy-momentum deposition. The
Gaussian function G has the same form as the one in-
troduced in Eq. (6) with the form of Eq. (10) in Milne
coordinates.

The parton density p; introduced in Eq. (11) is the key
factor to capture the feature of the core—corona picture.
In high parton density regions, a large fraction of the en-
ergy and momentum of the parton is deposited to create
the QGP fluids through the source term in Eq. (3). On
the other hand, fluids are not likely to be generated in
low parton density regions. It should be emphasized here
that the criteria for the formation of the medium fluid is
not governed by a certain threshold for the parton den-
sity but by the configuration of initial partons and their
dynamics. In this framework, medium fluids and non-
equilibrated partons can even coexist at the same space-
time point.

The factor p,? in the fluidization rate accounts for
the tendency that lower pr partons are more likely to
deposit their energy and momentum to form the fluids.

We should note that the power of —2 comes from con-
sideration of dimension in Eq. (11). Although one may
use more complicated forms of the fluidization rate to
capture the equilibration processes, we leave this consid-
eration for our future work.

As we discuss in the next subsection, the event gener-
ator PYTHIA, which we employ for generation of initial
partons, provides us with the color flows of partons to
form strings. During the dynamical core—corona initial-
ization, we trace color flows of the partons in every time
step and calculate the invariant mass of each string. As
the partons lose their energy and momentum, the invari-
ant mass of strings becomes smaller and, eventually, some
strings cannot be performed string fragmentation due to
the lack of their invariant masses. To avoid such a situ-
ation, we assign the threshold of invariant mass for each
string. If the invariant mass becomes below the threshold
to undergo the string fragmentation in PYTHIA, we put
all the energy and momentum of partons in that string
into fluids. In this paper, we use the threshold of in-
variant mass as my, = mi1 + mso + 1.0 in the unit of
GeV for strings which have quark/anti-diquark and anti-
quark/diquark at the each end point. Here mj and msq
are the constituent masses of leading quark/anti-diquark
and anti-quark/diquark.

D. Generation of initial partons

In our DCCI framework, the event generator PYTHIA
8.230 [51] is used to simulate the initial parton produc-
tion. In PYTHIA, we switch on the option to obtain
partonic vertices (PartonVertex:setVertex=on) and
switch off the hadronization (HadronLevel:all=off) to
obtain the phase space distribution of partons at 7 = 7.
PyTHIA provides us with the vertices for parton produc-
tion through multi parton interactions, final state radia-
tions, and initial state radiations [60] which can be used
in Eq. (8). Since the Milne coordinates are employed
in the actual simulations, we take the transverse coordi-
nates of the i-th parton, @« in;,, directly from PyYTHIA
and assume Nsinii = Yiniyiy where yini; is rapidity of a
parton generated with PYTHIA. Here, it should be noted
that this version of PYTHIA handles heavy-ion reactions
at high-energies using the Angantyr model [61, 62].

E. Particlization of QGP fluids

The dynamics of medium after 7 = 7y is treated in
the same way as that in conventional hydrodynamic sim-
ulations. In this paper, we do not consider the energy
and momentum loss of traversing partons due to the
parton-medium interaction after 7 = 7y for simplicity
and solve Eq. (3) without the source term until the max-
imum temperature of fluids becomes lower than the fixed
decoupling temperature Tyo. = 160 MeV. The effects of



medium response on anisotropic flow in the dynamical
initialization can be found in Ref. [47].

We use the Cooper—Frye formula [52] to obtain spectra
of hadrons emitted directly from the decoupling hyper-
surface. The yields from the medium fluids are obtained
by integrating the spectra of each hadron species ¢

gi / a’p / p'do ()
(2m)3 ) p° Js exp [ptuy (@) /Taec] FBr 1

where g; is the degeneracy, Fpr corresponds to Bose or
Fermi distributions, ¥ is the decoupling hypersurface at
T = Tyec, and do,, is the normal vector of its hypersur-
face. Since we assume baryon-free matter in this paper,
the chemical potential of baryon number does not ap-
pear in Eq. (13). Here we should note that some fluid
elements are already lower than the decoupling temper-
ature at 7 = 7g. For such fluid elements, we assume that
the particlization is performed at the initial time of fluid
T = 79 with the corresponding temperature.

For the consideration of feed down from resonance de-
cays, we correct the direct yields based on statistical
model calculations [40]. We estimate the ratio of the
total yields to the contribution from directly produced
hadrons ¢; from Fig. 2 of Ref. [40], and multiply the ra-
tio ¢; with the direct yield obtained from Eq. (13). Here
we use the ratio factors, ¢, = 3.2, ¢, = 3.0, cp = 4.7,
cz = 1.7, and ¢4 = 1.0, to obtain the total yields of these
hadrons.

N; = (13)

F. String fragmentation of traversing partons

We assume that the partons surviving after the dynam-
ical core—corona initialization form color singlet strings
and are hadronized under the string fragmentation. We
push back the surviving partons into PYTHIA with their
energy and momentum at 7 = 7y (note that no parton en-
ergy loss happens after 7 = 79 in this paper) and perform
hadronization with the option forceHadronLevel() to
get the final hadronic spectra. Here we correct the en-
ergy of parton to be mass-on-shell using the momen-
tum at 7 = 79 and rest-mass for the execution of the
string fragmentation, since most partons are mass-off-
shell due to the four-momentum deposition of Eq. (11).
We checked that the violation of energy conservation due
to this correction is small enough to be ignored. It should
also be noted that we switch off weak decays of strange
baryons which are stable against strong decays (except
¥0 — A +~) in PYTHIA .

III. RESULTS

The parton density distribution p; in the fluidization
rate per parton (11) governs the separation of the core
and the corona. In the dynamical core—corona initial-
ization, partons traversing high-density region tend to
deposit their four-momentum and to generate the fluids

(the core). In contrast, partons traversing low-density re-
gion tend to stay as surviving partons (the corona). As
a result of the dynamical core—corona initialization, the
final hadron yields contain the contributions from those
two components. The fraction of each contribution is
sensitive to distribution of the parton density from event
to event.

In the following, the multiplicity (dN.,/dn) describes
the number of charged particles per unit pseudorapidity
in |n| < 0.5 calculated with default settings in PyTHIATO
obtain the hadron yield ratios, we first calculate final
hadron yields from the core and the corona separately
and the final hadron yield in each multiplicity class is
the sum of them,

= . 14
< dy > < dy >COI‘6 + < dy >cor0na ( )

The angle bracket means the event average in a multi-
plicity class. Although the final yield should be obtained
as a sum of two contributions from the core and the
corona on an event-by-event basis, the number of events
for hydrodynamic simulations is smaller than that for
parton generation and hadronization in PYTHIA in order
to reduce the computational cost. In the results of the
hadron yield ratios, error bars represent statistical ones
of yields from string fragmentation in PYTHIA, while the
shaded band represents statistical errors from the number
of events in hydrodynamic simulations. Since central col-
lisions are more weighted and the corresponding weight
factor is provided for each event in the heavy-ion mode
in PYTHIA, we consider it in our statistical analysis. We
also note that the hadron yields from the core are cal-
culated via the Eq. (13) at y = 0 assuming approximate
boost invariance. On the other hand, the hadron yields
from the corona are obtained by counting the hadrons in
ly| < 2.0 to gain sufficient statistics.

A. Parameter ap dependence on particle ratio

The free parameter ag in Eq. (11) controls intensity of
the fluidization of partons besides the p;. First we check
the ag dependence on the particle ratio. We perform
simulations of Pb+Pb collisions at /syy = 2.76 TeV
with ag = 10,20, and 100 in the DCCI model.

Figure 1 shows the hadron yield ratio of cascades
(2= + =%) to charged pions (77 + 7~) as a function
of multiplicity, i.e., the event-averaged charged hadron
pseudo-rapidity density (dNg,/dn) at mid-rapidity |n| <
0.5. 2 The hadron yield ratios in Pb+Pb collisions at

2 It should be noted that it is better to see the increasing be-
haviour of the yield ratio of omega baryons since it shows more
rapid enhancement. However, we do not calculate them since it
is statistically difficult to obtain enough yield of omega baryons
within our framework.
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FIG. 1. (Color Online) Parameter ag dependence on hadron
yield ratios of cascades to charged pions as functions of mul-
tiplicity in Pb+Pb collisions at \/syy = 2.76 TeV. Results of
ao = 10 (squares), 20 (circles), and 100 (triangles) are shown
for comparison. The error bars of the hadron yield ratio are
originated from the statistical errors of hadron yields from
string fragmentations with PyTHiA, while the shaded band
comes from the statistical errors of yields from hydrodynamic
simulations. The hadron yield ratios only from the medium
or string fragmentation are also shown as references.

VsNn = 2.76 TeV with three different ay parameters
are shown as closed symbols. We also show results with
two limited cases: One with the case that all partons are
fluidized and the other with default setting in heavy-ion
mode in PYTHIA, which are referred as “medium” and
“string frag.” in Fig. 1.

As an overall tendency, the hadron yield ratio mono-
tonically increases with multiplicity and saturates in
high-multiplicity events. More specifically, results with
ap = 10 and 20 reflect the value from the corona
Nz/N, =~ 0.002 at low-multiplicity and saturates to-
wards the one from the core Ng/N, = 0.005 at high-
multiplicity. This is because the dominant contribution
for the final yields changes from the corona to the core
as multiplicity increases. In addition to this, the hadron
yield ratio with larger ag tends to saturate at smaller mul-
tiplicity. It can be naturally expected from a fact that

the parameter ag controls the amount of four-momentum
deposition from initial partons from Eq. (11). The results
shown in Fig. 1 demonstrate this expectation.

We also note that the hadron yield ratios from both
the fluids and the string fragmentation do not seem to
depend much on the multiplicity since the hadron yield
ratios from the core are determined from the decoupling
temperature Tyo. while the ones from the corona are de-
termined from the string tension k.

To make a more quantitative discussion on how the
parameter ag affects the hadron yield ratio as a function
of multiplicity, we fit the results shown in Fig. 1 by the
function

xn

flz)=(F S)x” e + 5, (15)
where the valuable x denotes multiplicity. Here we use
F = 0.0055 and S = 0.0018 for the hadron yield ratio
of cascades to charged pions purely from fluids and that
from string fragmentation, respectively, assuming that
the ratio from those components is constant as a function
of multiplicity.® The function in Eq. (15) captures the
behavior of the multiplicity dependence of hadron yield
ratios,

lim f(z) = F,

Tr—r00

IlgglJrf(x) =GS. (16)
This fitting function has two fitting parameters, k and
n. Using this function, we quantify the multiplicity, zgat,
at which the hadron yield ratio reaches 90 % of the dif-
ference between the values obtained from the fluids and
the one from string fragmentation, namely, f(zgat) =
S+0.9(F —S). Once the results are fitted, zs.; = k /9.0,
which is referred as saturation multiplicity, is obtained.
For details of the fittings, see Appendix B.

Figure 2 shows the ag dependence of saturation mul-
tiplicity. As it can be expected from results shown in
Fig. 1, the saturation multiplicity exhibits a clear mono-
tonic decrease as a function of ag. We also simulate
p+p collisions at /s = 7 TeV and p+Pb collisions at
Vsnn = 5.02 TeV in addition to Pb+Pb collisions with
ap = 100 in the DCCI model and perform the function
fittings of these results simultaneously. Even if we include
results from p+p and p+Pb collisions in the fitting, the
resultant saturation multiplicity is almost identical with
the one only from Pb+Pb collisions with the same ag
value. We also apply the global fitting for the ALICE
experimental data in p+p, p+Pb, and Pb+Pb collisions
[37, 64, 65] and estimate its saturation multiplicity as
(dNp/dn) = 31 shown as a solid line.

The value of the parameter ag which is most likely to
reproduce the experimental data can be extracted by fit-
ting the results obtained in the DCCI model in Fig. 2.

3 This function is motivated by Hill equation which characterizes
ligand bindings in biochemical reaction [63].
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FIG. 2. (Color Online) Parameter ao dependence of satura-
tion multiplicity in Pb+Pb collisions (circles) are compared
with the result from simultaneous fitting for p+p, p+Pb and
Pb+PDb collisions (cross) and that from fitting for the exper-
imental data (horizontal line). Dashed line shows the fitting
function for the saturation multiplicities (circles) fitted by us-
ing a power function.

Regarding the a¢ dependence of saturation multiplicity
as a power function, we obtain the optimized function,
flag) = ag'® x 10°, with reduced chi-square x? =~ 1.2.
This optimized function is shown as a dashed line in
Fig. 2. The value of ay at the intersection point of the
solid and dashed lines in Fig. 2 brings us to reproduce
the experimental data most reasonably within the DCCI
model. We estimate this value to be ag ~ 368. Here,
to obtain the optimized value for ag, we use the central
value of the plots from fitting for the experimental data
in Fig. 2.

B. Fraction of the fluidized energy

We simulate p+p, p+Pb, and Pb+Pb collisions with
ap = 368 in the DCCI model to demonstrate how much
energy and momentum just after the collisions are turned
into the fluids. We define the fraction of fluidized energy
as

R dEquia/dns . (17)
dEtot/dns 7s=0

which is the ratio of the energy density turned into the
fluids to the total energy density at midrapidity (ns = 0).
The fluidized energy can be obtained by integrating the
time component of source terms from 7 = 79 (forma-
tion time) to 7 = 79 (hydrodynamic initial time) in the

transverse plane as

dFayid
dns

To
:/ dT/d2$L7JT(T7xLa773:O)~ (18)
T0O0

ns=0 0

The total energy density dFE}q/dns is calculated by tak-
ing the sum of all the initial partons’ energy at 7 = 7.
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FIG. 3. (Color online) Fraction of the fluidized energy to the
total energy at s = 0 as a function of multiplicity at mid-
rapidity, (dNcn/dn) (In] < 0.5), in p+p (diamonds) collisions
at /s = 7 TeV, p+PDb (triangles) collisions at \/syn = 5.02
TeV, and Pb+Pb (squares) collisions at /syn = 2.76 TeV.

In Fig. 3, the fraction of fluidized energy R in
p+p, p+Pb, and Pb+Pb collisions is shown as a func-
tion of multiplicity. The results exhibit the multiplic-
ity scaling regardless of system sizes or collision ener-
gies. R increases monotonically and saturates around
(dNen/dn) <05 =~ 20. It is noted that hydrody-
namic simulations are performed in the center-of-mass
frame while multiplicities are calculated in the labora-
tory frame. Therefore there is a rapidity shift Ans = 0.47
in p+Pb collisions at /syn = 5.02 TeV between those
frames. The most remarkable thing is that the frac-
tion of fluidized energy R is finite even at the aver-
aged multiplicity for non-single diffractive p+p events,
(dNgn/dn) = 5.74 £ 0.15 [66], which is generally consid-
ered to be too small to generate the QGP. This means



that, within our model calculations, the contribution
from the fluids to final hadron yields is crucial to re-
produce the yield ratio of cascades to pions in those mul-
tiplicity events. Therefore this would be the strong indi-
cation of the partial QGP generation even in non-single
diffractive p+p collisions at /s = 7 TeV.

We should note that the fraction of fluidized energy
R could be over-estimated quantitatively in the DCCI
model. Suppose some hadronic strings are stretched
between two surviving partons (possibly between a
quark/anti-quark and a di-quark/anti-di-quark) each of
which is in the projectile and in the target regions. Al-
though these strings do not contain partons near midra-
pidity, they can decay into hadrons in the midrapidity
region. We find =10% of the yield at midrapidity is orig-
inated from these strings even when all partons are flu-
idized in midrapidity region, i.e., R ~ 1. It is expected
that such strings would melt when they penetrate the de-
confined matter and do not contribute to the final hadron
yield at midrapidity. This issue is to be resolved as future
work.

C. Hadron yield ratios

We show the various hadron yield ratios in p+p, p+Pb,
and Pb+Pb collisions as functions of multiplicity and
compare them with ALICE data. In Fig. 4, the yield ra-
tios as functions of multiplicity are shown for (a) cascades
with |S| = 2, (b) lambdas with |S| = 1, (¢) phi mesons
with |S| = 0, and (d) protons and anti-protons. In the
DCCI model, we use ag = 368 extracted in Sec. IITA.
Since the parameter ag is fitted for experimental data
of cascades, we reproduce the behavior of them well as
shown in Fig. 4(a). In addition, we also reproduce ex-
perimental data for lambdas and phi mesons reasonably
well. From Fig. 3, it is clear that the continuous change
of hadron yield ratios results from competition between
contribution between the core and the corona. Thus, con-
tinuous change of dominant particle production mecha-
nism from the corona to the core enables the model to de-
scribe the experimental data. These results also indicate
that the DCCI model describes the different tendency of
strangeness enhancement among strange baryons which
have different strangeness quantum numbers.

It is noted that the increasing behavior of the phi me-
son yield ratios would not be described by the canonical
suppression model [69] since phi mesons are the hadrons
with hidden strangeness. According to the fact that the
models based on the core-corona picture including our
model show good agreement with the experimental data
[46, 50, 72], the core—corona picture turns out to be more
essential description of the multiplicity dependence of
hadron yield ratios rather than the canonical suppression
model.

Regarding proton and anti-proton yield ratios, our re-
sults show continuous increase with multiplicity which is
the same behavior as the other hadron yield ratios from

the DCCI model. However, the experimental data ex-
hibit the opposite tendency: The data decrease with the
multiplicity and deviate gradually from our results. The
value of the ratio of protons and anti-protons to charged
pions from the DCCI model is =z 0.05-0.06 in a few lowest-
multiplicity bins, which is almost the same value as the
one that the corona gives. On the other hand, the ratio
is =~ 0.07 in the highest-multiplicity bin in this model,
which is almost consistent with the value obtained from
the core. Thus the difference between our results and
the experimental data in high-multiplicity events indi-
cate a mechanism missing in the present model. Since
this deviation can be explained from baryon anti-baryon
annihilation during hadronic evolution [46, 70], we might
resolve this issue combining our model with hadronic cas-
cade models in the late stage.

Motivated by a fact that hadron yield ratios scale with
multiplicity regardless of system size or collision energy
in the ALICE data [37], we study whether the DCCI
model gives the same tendency or not. To see the sys-
tem size independence at the LHC energies, the hadron
yield ratios in Xe+Xe collisions at /syny = 5.44 TeV are
compared with the ones in p+p, p+Pb, and Pb+PDb col-
lisions in Fig. 5. The results in Xe+Xe collisions trace
the ones from the other collision systems, which exhibits
the same behavior as ones reported in Ref. [73].

Figure 6 (a) and (b) show collision energy
(in)dependence of hadron yield ratios as functions
of multiplicity in nuclear and p+p collisions, respec-
tively. The results in Au+Au collisions at \/syn = 200
GeV are compared with the ones in Pb+Pb collisions
at \/syny = 2.76 TeV in Fig. 6 (a). On the other hand,
a comparison in p+p collisions between /s = 7 TeV
and 100 TeV is made in Fig. 6 (b). It is noted that
this extremely large collision energy of /s = 100 TeV
is the same as the one planned at the Future Circular
Collider (FCC) experiment. Tendency is the same as
that of the other results again: The hadron yield ratios
exhibit scaling behavior as functions of multiplicity and
there is almost no collision energy dependence regardless
of a gap of collision energy with one or two order of
maegnitude for each comparison.

These results demonstrate absence of size and energy
dependence for hadron yield ratios as functions of multi-
plicity. Therefore it can be said that the multiplicity is
one of the keys to control the fraction of energy converted
into the QGP fluids in high-energy nuclear collisions.

IV. SUMMARY

In this study, we analyzed multiplicity dependence of
the hadron yield ratios in various collision systems and in
a wide range of collision energy, based on the dynamical
core—corona initialization framework, and studied how
much in fraction the equilibrated matter is formed in
p+p, p+Pb, and Pb+Pb collisions.

Assuming that fluids are generated via four-
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and =1), (b) lambdas (A and A), (c) phi mesons (¢), and (d)
and 71) as functions of multiplicity at mid-rapidity, (dNen/dn), in p+p (diamonds),

p+Pb (triangles) and Pb+Pb (squares) collisions at the LHC energies. The center-of-mass collision energy per nucleon pair is,
VSNN =7 TeV (p+p), 5.02 TeV (p+Pb) and 2.76 TeV (Pb+Pb). Results from the DCCI model (closed symbols) are compared
with the ALICE data (open symbols) [37, 65, 67-71].
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multiplicity in Xe+Xe collisions at /syy = 5.44 TeV (closed
circles) are compared with the ones in p+p (open diamonds),
p+Pb (open triangles), and Pb+Pb (open squares) collisions
at LHC energies.

momentum deposition of the initially produced partons,
we described the initial stage to form the QGP fluids with
hydrodynamic equations with source terms. We formu-
lated the source term considering the spatial geometry of
the initial partons under the concept of the core—corona
picture. In this picture, partons in high-density region
are likely to be components of the QGP fluids, while those
in low-density region tend to survive as partons travers-
ing the QGP fluids or vacuum. Using the dynamical
core—corona initialization framework, we performed nu-
merical simulations of nucleon—nucleon, nucleon—nucleus,
and nucleus—nucleus collisions at RHIC, LHC, and FCC
energies. First we generated initial partons with PYTHIA
8.230 switching off the hadronization. Next we perform
the dynamical core—corona initialization from the forma-
tion time to the initial time of fluids. QGP fluids are gen-
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erated through the source term which is expressed as the
sum of four-momentum deposition of each parton gener-
ated initially. The core and the corona are separated in
accordance with density of initial partons based on the
core—corona picture. The space-time evolution of QGP
fluids (the core) is described by (3+1)-dimensional ideal
hydrodynamics. The surviving partons (the corona) keep
traversing in the QGP fluids or vacuum. Each system un-
dergoes different hadronization processes. As in a con-
ventional way, we converted the QGP fluids to hadrons
via the Cooper—Frye formula at the decoupling temper-
ature. On the other hand, the traversing partons form
color singlet strings and are hadronized via string frag-
mentation with PYTHIA. Final hadron yields are com-
posed of production of both the core and the corona.
Since each hadronization mechanism gives proper value
of particle ratios, the ratios in final hadron production
reflect the competition between two contributions. As
a result of the dynamical core—corona initialization, the
fraction of the core increases monotonically with multi-
plicity, and hadron yield ratios eventually change from
the value of the string fragmentation to the one of sta-
tistical models.

We analyzed the multiplicity dependence of yield ra-
tios of cascades to charged pions with various values of
ao which is a parameter to control the fraction of the
core in the fluidization rate. Performing chi-square fit-
ting for the yield ratios of our results and the experimen-
tal data, we found that ag = 368 would be the best value
to describe the experimental data within our model. Us-
ing the extracted ag, we performed simulations of p+p,
p+Pb, and Pb+Pb collisions at LHC energies and quan-
tified the fraction of the fluidized energy at midrapidity.
Our result showed that the fraction of fluidized energy
increases monotonically with the multiplicity. We con-
cluded that even at the multiplicity in non-single diffrac-
tive p+p events there exists hadron production from the
chemically equilibrated matter to reproduce monotoni-
cally increasing behavior of multiplicity dependence of
hadron yield ratios reported by ALICE Collaboration.
We also analyzed the multiplicity dependence of yield ra-
tios of cascades, lambdas, phi mesons, and protons with
the extracted ap in various colliding systems and in a
wide range of collision energy. Except for protons, our
model calculations showed reasonable agreement with the
ALICE experimental data. In the low-multiplicity events
(dNen/dn) = 2-3, hadron yield ratios are almost identi-
cal with those from string fragmentation, while in high-
multiplicity events with above (dNg,/dn) = 300, hadron
yield ratios are almost the same as those of statistical
models. We described the continuous increase of hadron
yield ratios observed in the experimental data as a result
of competition between the core and the corona. Al-
though our results describe the experimental data rea-
sonably, we admit that their detailed characteristic is
not reproduced. Nevertheless there is still room to in-
troduce additional dynamics such as hadronic rescatter-
ings and viscosity. We leave implementation of them as
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FIG. 6. (Color Online) (a) Hadron yield ratio as a function of multiplicity in heavy-ion collisions at RHIC and LHC energies.
Results in Pb+-Pb collisions at y/syy = 2.76 TeV (open symbols) are compared with the ones in Au+Au collisions at /Sy =
200 GeV (closed symbols). (b) Hadron yield ratio as a function of multiplicity in p+p collisions at LHC and FCC energies.
Results at /s =7 TeV (open symbols) are compared with the ones at /s = 100 TeV (closed symbols).

our future work. In the dynamical core—corona initializa-
tion model, system size and collision energy dependences
of the hadron yield ratio were analyzed by performing
simulations of p+p, Xe+Xe, and Au+Au collisions at
Vsnn =100 TeV, 5.44 TeV, and 200 GeV, respectively.
We studied whether there is the system size dependence
of the hadron yield ratio as a function of multiplicity
by comparing the results of Xe+Xe collisions with the
ones of other collision systems at LHC energies. We also
checked whether the collision energy dependence appears
comparing results at RHIC energy with the ones at LHC
energy, and results in p+p collisions at FCC energy with
the ones at LHC energy. Since both results show clear
scaling with multiplicity, there are no system size and
collision energy dependence within the dynamical core—
corona initialization model.

In this work, we focused on the bulk property of the
system created in high-energy nuclear collisions and saw
that the dynamical core—corona initialization model rea-
sonably describes the multiplicity dependence of strange
hadron yield ratios from small to large colliding systems.

On the other hand, it is still not revealed to what extent
collectivity observed in small colliding systems is origi-
nated from the collective hydrodynamic flow of the QGP
fluids. Flow observables in small colliding systems have
been discussed frequently in the context of QGP forma-
tion theoretically and experimentally. We point out here
that the bulk properties such as hadron yield ratios also
should be explained as well as the flow observables within
the same framework. Conventionally viscous hydrody-
namic models, which were successful in description of
flow observables in high-energy heavy-ion collisions, have
been applied also to small colliding systems. However,
even if these hydrodynamic models reproduce flow data
in small colliding systems, they might not reproduce the
bulk properties, in particular, hadron yield ratios. In the
light of our analysis and interpretation of hadron yield
ratios data, there should exist certain contribution from
non-equilibrated systems in the final hadron production
which would dilute collective flow signals to some ex-
tent. Therefore in our future work we plan to study what
extent hydrodynamic flow signals generated by the core



would be affected by the corona as a non-equilibrated
system within the dynamical core—corona initialization
model. In order to perform sophisticated analysis, we will
introduce viscosities in fluids and hadronic re-scatterings
in the late stage in the dynamical core—corona initializa-
tion model.

It is also worth studying the effect of dynamical core—
corona initialization on transverse dynamics in high-
energy nuclear collisions. We anticipate high pr par-
tons behave as the corona and traverse the core after the
dynamical core—corona initialization. Thus we separate
hard from soft components naturally and dynamically.
This would be a starting point to investigate the modifi-
cation of jet structure in a hydro-based full event gener-
ator. These will be discussed in our future publications.
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Appendix A: Derivation of fluidization rate

The fluidization rate is obtained by substituting
Eq. (6) into the kinetic definition of energy-momentum
tensor in Eq. (4). The right hand side of Eq. (4) without
minus sign becomes

0, Th

parton

- Z / d3pp;§V 0,G(x — ()5 (p — pi(1))
_ z:/d?’pppé9 [(

+G(@ — (1) (0,5 (b — pi(1)))]

9,G(x — :r,i(t)))5(3)(P —pi(t))

(A1)
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The first term in Eq. (A1) vanishes as
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Here we use p)dz;/dt = p;. On the other hand, the

second term in Eq. (Al) is
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Finally Eq. (A1) becomes
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Thus the source term (4) is derived as

JH () = — Z dpgt(t>G (z

P —Di)

(p—pi)
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i
by assuming the phase space distribution as Eq. (6).

Appendix B: Reduced chi-square values of function
fitting

Table I shows the reduced chi-square values of function
fitting for yield ratios of cascades to pions as functions of



multiplicity with various ag parameters shown in Fig. 1.
Since the statistical errors from hydrodynamic simula-
tions are relatively small, only the statistical errors due
to string fragmentation are considered in the chi-square
fitting. We also show the reduced chi-square value from
function fitting for the yield ratio of cascades to pions in
ALICE experimental data [37].

ao collision systems k n  reduced 2
10 Pb+Pb 577.785 0.656  35.8272
20 Pb+Pb 43.195 0.461 3.61187
50 Pb+Pb 3.03 0.324 2.87592
100 Pb+Pb 4.985 0.459 2.37556
100 p+p, p+Pb, and Pb+Pb 8595 0.529 11.2227
125 Pb+Pb 6.745 0.68  4.92507
150 Pb+Pb 1.16 0.445 21.4127
1000 Pb+Pb 0.095 0.267 4.87633
N/A p+p, p+Pb, and Pb+Pb 6.685 1.434 0.971169

TABLE I. Reduced chi-square values in function fittings for
yield ratios of cascades to pions as functions of multiplicity
for various ap parameters in Fig. 1 and for ALICE data [37]
at the bottom line.
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