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Interplay between core and corona components in high-energy nuclear collisions
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We establish the updated version of dynamical core-corona initialization framework (DCCI2) as a unified
description from small to large colliding systems and from low- to high-transverse-momentum (p7) regions.
Using DCCI2, we investigate effects of interplay between locally equilibrated and nonequilibrated systems, in
other words, core and corona components in high-energy nuclear collisions. Given experimental multiplicity
distributions and yield ratios of 2 baryons to charged pions as inputs, we extract the fraction of core and
corona components in p + p collisions at /s = 7 TeV and Pb + Pb collisions at /syy = 2.76 TeV. We find core
contribution overtakes corona contribution as increasing multiplicity above (dN,/dn), <05 ~ 18 regardless of
the collision system or energy. We also see that the core contribution exceeds the corona contribution only in
0.0-0.95% multiplicity class in p + p collisions. Notably, there is a small enhancement of corona contribution
with &~ 20% below pr ~ 1 GeV even in minimum bias Pb + Pb collisions. We find that the corona contribution at
low pr gives &~ 15—30% correction on v,{2} at Ny, < 370. This raises a problem in conventional hydrodynamic
analyses in which low-py soft hadrons originate solely from core components. We finally scrutinize the roles of
string fragmentation and the longitudinal expansion in the transverse energy per unit rapidity, which is crucial in

initial conditions for hydrodynamics from event generators based on string models.
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I. INTRODUCTION

Quark-gluon plasma (QGP) is a state of thermalized and
chemically equilibrated matter consisting of quarks and glu-
ons deconfined from hadrons at extremely high temperature
and density. High-energy nuclear collision experiments in the
Relativistic Heavy Ion Collider (RHIC) at Brookhaven Na-
tional Laboratory and at the Large Hadron Collider (LHC)
in CERN provide opportunities to explore properties of the
extreme state.

Relativistic hydrodynamics is proven to successfully de-
scribe experimental data of relativistic heavy-ion collisions
since the first discovery of hydrodynamic behavior of the QGP
in the early 2000s [1-4]. Since final observables reflect all the
history of the reaction, it is of significant importance to model
each stage of the reaction and to integrate these modules as a
whole in a consistent way toward a further comprehensive un-
derstanding of the QGP [5]. In particular, modeling of initial
pre-equilibrium and final decoupling stages is needed in addi-
tion to a relativistic hydrodynamic model as a framework to
describe transient states. Notably, there are some attempts to
constrain transport coefficients of the QGP by using state-of-
the-art dynamical models based on relativistic hydrodynamics
[6-9]. As one sees from this, the QGP study is in the middle
of a transition to precision science.
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Despite the great success of dynamical models based on
relativistic hydrodynamics in describing a vast body of exper-
imental data, it poses some open issues for a comprehensive
description of the whole reaction in high-energy nuclear col-
lisions. One of the major issues is an initial condition of
relativistic hydrodynamic equations which does not respect
the total energy of the colliding systems. Initial conditions
have been parametrized and put to reproduce centrality de-
pendence of multiplicity or pseudorapidity distributions in a
conventional hydrodynamic approach. As a result, the total
energy of the initial hydrodynamic fields does not exactly
match the collision energy of the system. Even when some
outputs from event generators with a given collision system
and energy are utilized for initial conditions in hydrodynamic
models, an additional scale parameter is commonly intro-
duced to adjust the model outputs of multiplicity. One might
not think it is necessary for the energy of the initial hydrody-
namic fields to be the same as the total energy of the system.
This is exactly a starting point of our discussion in a series
of papers [10-12]: The relativistic hydrodynamics merely de-
scribes a part of system, namely matter in local equilibrium,
while other parts of the system such as propagating jets and
matter out of equilibrium are to be described at the same time.

First attempts of simultaneous description of both the QGP
fluids in equilibrium and the energetic partons out of equi-
librium had been made in Refs. [13—17].! Initial conditions

'Note that the very first study to utilize the hydrodynamic solutions
in quantitative analysis of parton energy loss was done in Ref. [18].
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in those studies were still either parametrized via an optical
Glauber model [19] or taken from a saturation model [20-23]
so as to reproduce yields of low-pr hadrons, while hard
partons which undergo energy loss during traversing QGP flu-
ids were supplemented to successfully reproduce the hadron
spectra from low- to high-pr regions [13,15,17]. It was found
that an intriguing interplay between soft and hard components
brought ones to interpretation of the proton yield anomaly in
pr spectra [15]. However, the model lacked back reactions
from quenching partons to the QGP fluids and a contribution
from fragmentation was cut in low-pr regions, both of which
obviously violate the energy-momentum conservation law.

Medium responses to propagating energetic partons have
been modeled within hydrodynamic equations with source
terms by assuming the instantaneous equilibration of the de-
posited energy and momentum from partons [24—38]. Within
this approach, the sum of the energy and momentum of fluids
and those of traversing partons is conserved as a whole. How-
ever, it is not clear how to divide the initial system just after
the collision into soft (fluids in equilibrium) and hard (partons
out of equilibrium) parts.

To remedy this issue, a dynamical initialization model [10]
was proposed to describe the dynamics of gradually forming
QGP fluids phenomenologically.? In contrast to the conven-
tional hydrodynamic models in which initial conditions are
put at a fixed initial time, the QGP fluids are generated locally
in time and space in the dynamical initialization framework.
Under this framework, all the input of energy and momentum
of QGP fluids is the one of partons produced just after the nu-
clear collisions. Starting with vacuum, energy and momentum
of the QGP fluids are dynamically generated by solving hy-
drodynamic equations with source terms. Consequently, fluids
in local equilibrium are generated from the initial partons by
depositing the energy and the momentum and surviving par-
tons are considered to remain out of equilibrium. When initial
partons are taken, e.g., from event generators, the total energy
keeps its value of the colliding two nuclei all the way through
the dynamical initialization. Although we successfully sep-
arated matter in local equilibrium from initially produced
partons in the dynamical initialization framework [10], the
fluidization scheme was too simple and phenomenological to
describe the transverse momentum spectra and the particle
ratios. Then we introduced the core-corona picture into the
dynamical initialization.

The conventional core-corona picture was proposed to ex-
plain centrality dependence of strange hadron yield ratios
[41]. As multiplicity increases, the high-density region, in
which the matter is mostly thermalized, is supposed to become
larger. As a result, the final hadron yields become dominated
by the hadrons from thermalized matter rather than nonther-
malized matter created in low-density regions. The former
component is referred to as core, while the latter one is re-
ferred to as corona.

’Dynamical initialization is essential in describing the formation
of fluids in lower collision energies in which secondary hadrons are
gradually produced in finite time duration due to insufficient Lorentz
contraction of colliding nuclei [39,40].

A Monte Carlo event generator, Energy conserving quan-
tum mechanical multiple scattering approach based on Partons
(parton ladders), Off-shell remnants, Splitting of parton
ladders (EPOS) [42-44], is widely accepted for its imple-
mentation of the core-corona picture. In the latest study in
Refs. [45,46], string segments produced in a collision are
separated sharply into the core and the corona components
depending on their density and transverse momentum at a
fixed time. Low-pr string segments in dense regions are fully
converted into the thermalized medium fluid, while string
segments with high momentum or dilute regions are directly
hadronized.

On the other hand, we model the dynamical aspects of the
core-corona separation introducing the particle density depen-
dence of the dynamical initialization scheme, which is called
the dynamical core-corona initialization (DCCI) [11,12].3
One of the key features of the DCCI is to deal with dynamics
of the core (equilibrium) and the corona (nonequilibrium) at
the same time. With the description of the dynamics, gradual
formation of core and corona in spatial and momentum space
is achieved. In the DCCI framework, the multiplicity depen-
dence of the hadron yield ratios of multistrange baryons to
pions from small to large colliding systems in a wide range
of collision energy is attributed to a continuous change of the
fractions of the core and the corona components as multiplic-
ity increases [11,12]. It should be noted here that the “corona”
is referred not only to an outer layer in the coordinate space
but also to the one in the momentum space: The lower pr
partons are more likely to deposit their energy and momentum
to form the fluids and the higher-p7 partons are less likely to
be equilibrated during the DCCI processes.

In this paper, we update the DCCI framework toward a
more comprehensive description of dynamics in full phase
space from small to large colliding systems in a unified
manner. Hereafter we call this updated DCCI the DCCI2. In
comparison with the previous work [11,12], several crucial
updates have been made in this new version, including a
more sophisticated formula for four-momentum deposition
of initial partons, particlization of the fluids on the switch-
ing hypersurface through a Monte Carlo sampler 1S3D [47],
hadronic rescatterings through a hadron cascade model JAM
[48], and modification of structure of color strings inside the
fluids. With these updates, the DCCI2 is capable of describing
high-energy nuclear collisions from low- to high-pr regions
with particle identification in various colliding systems.

We generate initial partons from a general-purpose event
generator PYTHIAS [49,50] switching off hadronization and
make all of them sources of both the core and the corona parts.
Here a special emphasis is put on to discriminate between the
two terms, “soft-hard” and “core-corona.” We call the core
when it composes the matter in equilibrium. In DCCI2, the
fluids generated through the dynamical initialization corre-
spond to the core part and hardons particlized on switching

3In fact, this idea was first implemented in Ref. [40] to describe
excitation functions of particle ratios at lower collision energies.
However, it was applied to the secondary produced hadrons rather
than partons.
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hypersurface are regarded as the core components. On the
other hand, we call the corona when it composes matter com-
pletely out of equilibrium. In DCCI2, partons in the dilute
regions and/or surviving even through the dynamical initial-
ization correspond to the corona part, and hadrons from string
decays are regarded as the corona components. Although the
core (corona) component is sometimes identified with the
soft (hard) component, it is not the case in the DCCI2: The
hadrons from string fragmentation are distributed all the way
down to the very low-py region, which one cannot consider
as “hard” components. To the best of our knowledge, it has
been believed so far without any strong justification that the
corona components would be negligible in the low-pr region
in heavy-ion collisions. In this paper, we scrutinize the size of
the contribution from the corona components in soft observ-
ables (“soft-from-corona’) and how the fraction of the corona
components evolves as multiplicity increases.

One of the main interests in this field is to constrain the
transport coefficients of the QGP through the hydrodynamic
analysis of anisotropic flow data in low-py regions. It is con-
ventionally assumed that the low-p; hadrons are completely
dominated by the core components. What if the corona com-
ponents, whose contribution is often considered to be very
small, affect the bulk observables in heavy-ion collisions? The
nonequilibrium contribution is at most taken through small
corrections to thermodynamic quantities such as shear stress
and bulk pressure. The corona partons obey nonequilibrium
distributions which are, in general, far from equilibrium dis-
tributions. While one deals with merely a small deviation
from equilibrium distributions through the dissipative cor-
rections from the point of view of the gradient expansion
in hydrodynamic framework. Thus the corona components
are more important than the dissipative corrections in hydro-
dynamic analysis when the amount of corona components
is non-negligible. Thus, dynamical modeling containing the
core-corona picture could become the next-generation model
inevitably needed for the precision study of the QGP proper-
ties.

The present paper is organized as follow: We explain de-
tails about the DCCI2 model in Sec. II. Staring from the
general idea of dynamical initialization and the dynamical
core-corona initialization, we discuss some new features in
the DCCI2 model. In Sec. III, we show the results from the
DCCI2 model in p 4+ p and Pb + Pb collisions at the LHC en-
ergies. We also discuss the effects of string fragmentation and
the longitudinal hydrodynamic expansion on the transverse
energy per unit rapidity which play a crucial role in modeling
hydrodynamic initial conditions. Section IV is devoted to the
summary of the present paper.

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

II. MODEL

The DCCI2 framework as a multistage dynamical model
describes high-energy nuclear reactions from p+ pto A + A
collisions. Before going into the details of the modeling of
each stage, we briefly summarize the entire model flow of the
DCCI2 framework.
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Initial partons
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FIG. 1. Flowchart of the DCCI2 framework.

Figure 1 represents the flowchart of the DCCI2 framework.
First, we obtain event-by-event phase-space distributions of
initial partons produced just after the first contact of incoming
nuclei using PYTHIAS.244 or its heavy-ion mode, the Angan-
tyr model [49,50]. Hereafter, we call PYTHIA8 and PYTHIAS
Angantyr, respectively. Those initial partons are assumed to
be generated at a formation time, 9. Under the dynamical
initialization framework, the QGP fluids are generated via
energy-momentum deposition from those initial partons by
solving the relativistic hydrodynamic equations with source
terms from t = 7y to the end of the hydrodynamic evolu-
tion. The energy-momentum deposition rate of partons is
formulated based on the dynamical core-corona picture. Par-
tons which experience sufficient secondary interactions with
surrounding partons are likely to deposit their energy and
momentum and form QGP fluids. In contrast, partons that
do not experience such sufficient secondary interactions give
less contribution to the medium formation. Hydrodynamic
simulations are performed in the (3 + 1)-dimensional Milne
coordinates incorporating the s95p-v1.1 [S1] equation of state
(EoS). In the original s95p-v1, an EoS of the (2 4 1)-flavor
lattice QCD at high temperature from HotQCD Collaboration
[52] is smoothly connected to that from a hadron resonance
gas, whose list is taken from the Particle Data Group as of
2004 [53], at low temperature. The particular version of EoS,
s95p-v1.1, which we employ in the present calculations, is
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tuned to match the EoS of the hadron resonance gas with the
resonances implemented in a hadronic cascade model, JAM,
below a temperature of 184 MeV. The fluid elements below
the switching temperature Ty, can be regarded as hadron
gases whose evolution is described by the hadronic cascade
model to be mentioned later. Once the temperature of the fluid
element goes down to T'(x) = T, we switch the description
from hydrodynamics to hadronic transport. For the switch of
the description, we use a Monte Carlo sampler, 1S3D [47], to
convert hydrodynamic fields at the switching hypersurface to
particles, which we call direct hadrons, in the EoS by sam-
pling based on the Cooper-Frye formula [54]. Hadronization
of nonequilibrated partons is performed by the string fragmen-
tation in PYTHIAS. When a color string connecting partons
from PYTHIAS8 has a spatial overlap with the medium fluid,
we assume that the string is cut and reconnected to partons
sampled from the medium due to the screening effect of the
medium. The direct hadrons obtained from both PYTHIA8 and
IS3D are handed to the hadronic cascade model, JAM [48],
to perform hadronic rescatterings among them and resonance
decays. In the following subsections, we explain the details of
each stage.

A. Generating initial partons

The initially produced partons, i.e., all partons we use as an
input of dynamical initialization, are obtained with PYTHIAS
or PYTHIAS Angantyr. Here we summarize settings that we
use to generate initial partons:

PartonVertex:setVertex=on
HadronlLevel:all=off
MultipartonInteractions:pTORef
SpaceShower : pTORef

We basically use the default settings in PYTHIAS and PYTHIAS
Angantyr to obtain phase-space distributions of partons except
the two parameters, MultipartonInteractions:pTORef
and SpaceShower:pTORef. These parameters regularize
cross sections of multiparton interactions and infrared QCD
emissions [55]. The same value of prgrer is used for the both
parameters just for simplicity. Detailed discussion is given in
Sec. IIIE.

The information of color strings is given by PYTHIAS and
PYTHIAS Angantyr besides phase-space information. In order
to respect the configuration of initially produced color strings,
we keep this information for dynamical core-corona initializa-
tion. Technically speaking, color and anticolor tags are given
to each parton so that one is able to see the configuration of
the color strings by tracing the tags. Note that if there exist
junctions, which are Y-shaped objects that three string pieces
are converged, then we keep this information as well to trace
all strings generated in the event.

Eventually, we obtain a particle list for each event, in-
cluding particle IDs, phase-space information, and color and
anticolor tags. Junctions are added to the particle list if they
exist in the event. For heavy-ion collisions obtained with
PYTHIA8 Angantyr, weighted events are generated [56]: The
impact parameter is distributed in a way that more central
collisions and fewer peripheral collisions are generated than

in the minimum bias cases. The corresponding weights are
stored to be used in statistical analysis.

B. Dynamical initialization

We phenomenologically and dynamically describe the ini-
tial stage of high-energy nuclear collisions through dynamical
initialization. Just after the first contact of incoming nuclei
or nucleons, quarks and gluons are produced through hard
scatterings or initial or final state radiations. Subsequently,
some of those initially produced partons experience the sec-
ondary scatterings and contribute to forming the equilibrated
matter. On the other hand, partons that do not experience the
interactions and partons surviving even after the secondary
interactions contribute as the nonequilibrated matter.

To describe this stage, we start from the continuity equa-
tions of the entire system generated in a single collision event,

3, TN (x) = 0. (1)

If we assume that the entire system can be decomposed into
equilibrated matter (fluids) and nonequilibrated matter (par-
tons), then Eq. (1) can be written as

0, T4 () = 8 [Tt () + Tinons(0)] = 0, @)
where Tyit, and T & are energy-momentum tensors of
equilibrated matter (fluids) and nonequilibrated matter (par-
tons), respectively. Then the space-time evolution of fluids

can be expressed as a form of hydrodynamic equations with
source terms

B T (X) = J" (), 3
where the source terms are written as
J'= _aﬂ%lzrtons' “

Here we assume the energy and momentum deposited from
nonequilibrated partons instantly reach a state under local
thermal and chemical equilibrium.

The exact form of the source terms is obtained by defining
phase-space distributions and kinematics of initial partons
[12]. For the phase-space distributions, we assume

[ piydxd’p =) Glx—xi()18P[p — p(1)]d*d’p,

&)

where G[x—x;(¢)] is a three-dimensional Gaussian distribu-
tion centered at a position of the ith parton, x;(¢), generated in
one single event. We assume that each parton traverses along
a straight trajectory. Under this assumption, the position of a
parton at an arbitrary time is obtained as

xi) = 40
pi(t)

where fform ; and Xform,; are a formation time and a formation

position, respectively. The ith parton is assumed to be formed

at a common proper time, T = 1. With these assumptions,

the explicit form of the source terms in Eq. (4) is obtained

(t - tform,i) + Xform,i» (6)
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as [12]
J' =—-0,TH!

I~ partons
LV
—Z/d3pp D o pi)
- p

__Ndn@
= Z - Glx—x;(1)]. @)

As one reads from the last line of Eq. (7), the source terms of
fluids are described as a summation of deposited energy and
momentum of initial partons.

Space-time evolution of fluids is described by ideal hy-
drodynamics. This does not mean we do not describe
any nonequilibrium components within DCCI2: Dissipa-
tive hydrodynamics deals only with small nonequilibrium
corrections to equilibrium components, while the corona
components, which are far from equilibrium, are taken into
account in DCCI2. By neglecting dissipative terms for sim-
plicity, energy-momentum tensor of fluids is expressed as

Tivias = (¢ + Py’ — Pg”, ®)

where e, P, and u" are energy density, hydrostatic pres-
sure, and four-velocity of fluids, respectively. In this study,
we do not solve conserved charges such as baryon number,
strangeness, and electric charges. It would be interesting to
investigate them considering the initial distribution of the
charges [57,58] .

As we mentioned at the beginning of this section, we
perform actual hydrodynamic simulations in the (3 + 1)-
dimensional Milne coordinates, T = +/t2 — 22, x| = (x,y),
and n, = (1/2)In[(t + 2)/(t — 2)]. In this case, the Gaussian
distribution in Eq. (5) is replaced with

G(xj_ —X1,is Ns _ns,i)dlefdns

1 (x1 —x1,)?
= exp | ——————7
2no? P 207

1 s — s, 2
X exp |:— (1 5 Z i) i|d2xlrd17s, ©)]
[2r02 T2 T,

where o, and o, are transverse and longitudinal
widths of the Gaussian distribution, respectively. In
the longitudinal direction, a straight trajectory implies

Nsi = Ypi» Where 1n;=(1/2)In[(t+2z)/(—2z)] and
Ypi = (1/2)In[(E; + p.i)/(Ei — p-;)] ~ are  space-time
rapidity and momentum rapidity of the ith parton,

respectively. In the following, we show some formulas in the
Cartesian coordinates to avoid the complex representation
of them. In any case, all the hydrodynamic simulations are
performed in the Milne coordinates.

C. Dynamical core-corona initialization

We establish the dynamical aspect of core-corona pic-
ture by modeling the four-momentum deposition of partons
d pﬁ.‘ (t)/dt in Eq. (7) as an extension of the conventional
core-corona picture. The dynamical aspect of the core-corona
picture, which we are going to model, is as follows: Partons

which are to experience sufficient secondary scatterings with
others are likely to deposit their energy-momentum and form
equilibrated matter (QGP fluids), while partons which are to
rarely interact with others are likely to be free from deposit-
ing their energy and momentum. To model the dynamical
energy-momentum deposition under the core-corona picture,
we invoke the equation of motion with a drag force caused by
microscopic interactions with other particles.

We define the four-momentum deposition rate of the ith
parton generated initially at a comoving frame along 7;; =
¥p,i» Space-time rapidity of the ith parton, as

coll

ﬁ N T - 10
Gt]pl]|vrel,lj|pi ’ ( )
J

dt -

where 07 is a cross section of the collision between the ith and
jth partons, p;; is an effective density of the jth parton seen
from the ith parton which is normalized to be unity, |Dre ;;| is
relative velocity between the ith and the jth partons. Variables
with tilde are defined at each comoving frame along 7, ;. The
Lorentz transformation from laboratory frame to a comoving
frame along 7 ; is given as

coshns;, 0 O —sinhypy;
1
A (nsi) = 0 (1T)
0 0 1 0
—sinhn,; 0 0O  coshypy;

The summation in Eq. (10) is taken for all partons with
nonzero energy that the ith parton will collide. The candi-
date partons include not only initially produced ones but also
ones in the thermalized medium. We explain details on the
treatment to pick up the thermalized partons in Sec. IID. We
employ an algorithm [59] to evaluate the number of partonic
scatterings that a parton undergoes along its trajectory. Under
the geometrical interpretation of cross sections, two partons,
i and j, are supposed to collide when the closest distance of
them is smaller than ,/o0;;/m where o;; is the same variable
used in Eq. (10). The cross section o;; is defined as

0;j = min { nbgut}, (12)

0o
sij/GeVz ’

where o¢ is a parameter with a dimension of area, s;; is a
Mandelstam variable s;; = (ﬁf.‘ + ﬁ’; )2, and b, is a parameter
to avoid infrared divergence of the cross section when s;;
becomes too small. We neglect possible color Casimir factors
in the cross section, and this parametrization is applied for
all quarks, antiquarks, and gluons. It should be emphasized
that this energy dependence of the cross section captures the
core-corona picture in the momentum space: The rare and
the high-energy partons are not likely to deposit the four-
momentum during the dynamical initialization process.

The effective density of the jth parton that is seen from
the position of the ith one is defined as follows. The value of
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Gaussian distribution centered at X; is obtained at %;,

Z)ij = G(XL, My iJ_,j’ ﬁs,j)|gl:g%h;h:;h’i

_ 1 x C(FL -, ;)
2152 P 2672
1 ~si - ~s )2
x expl:—(n' 7sg) } (13)
207%‘_

(2752 12
UK

Note that 7, ; — fis,; = n5i — Ny,j» X1,i =X14, 6. =0, and
6y, = oy,. The relative velocity is calculated as

- b P;
[Vreijl = | 25 — =5 |- (14)
rel,ij p? p(])

As a consequence of the modeling for the four-momentum
deposition rate, initial partons traversing dense regions with
low energy and momentum tend to deposit their energy and
momentum and generate QGP fluids. On the other hand, initial
partons traversing dilute regions with high energy tend to
relatively keep their initial energy and momentum. Here the
factor ZEOH 01jPij|relijldT can be regarded as the number of
scattering that the ith parton experiences during dt.

During the DCCI processes, we monitor the change of the
invariant mass of a string which is composed of the color-
singlet combination of initial partons provided by PYTHIAS.
It should be noted that once the invariant mass of a string
becomes smaller than a threshold to be hadronized via string
fragmentation in PYTHIAS8, energy and momentum of all the
partons that compose the string are dumped into fluids. In this
model, we use my, = m; + my + 1.0 in units of GeV for the
threshold, where m; and m; are masses of each parton at both
ends of the string.

We emphasize here that the formulation of the four-
momentum deposition rate of a parton is largely sophisticated
from the one introduced in the previous work [12] although
the basic concept of the core-corona picture is the same in
both cases. Under the previous work, there was a problem
that high p7 partons suffer from unexpected large suppression
even in p + p collisions. The reason is that, since partons in
parton showers in a high py jet are collimated and close to
each other in both coordinate and momentum spaces, they had
to deposit large four-momentum in our previous prescription
in which only density and transverse momentum of the ith
parton are taken into account [12]. This problem is reconciled
in this sophisticated modeling by considering trajectories of
partons and relative velocities of parton pairs | ;;|. Since
trajectories of shower partons in a jet are supposed not to cross
each other, the four-momentum deposition due to collisions
among the shower partons is not likely to be counted in the
summation in Eq. (10). Even if one consider trajectories of
shower partons at the early time of dynamical core-corona
initialization, they are close in space-time coordinates and
would unreasonably deposit their four-momentum. The rel-
ative velocity avoids this issue because shower partons are
supposed to have small relative velocities. Thus, because of
the two factors, the dynamical core-corona initialization with
Eq. (10) does not cause the unreasonable four-momentum
deposition for partons in jets in DCCI2.

D. Sampling of thermalized partons

As we mentioned in the previous subsection, the summa-
tion in the right-hand side of Eq. (10) is taken for all partons
in the system, including not only initially produced partons
but also thermalized partons which are constituents of the
QGP fluids. This enables one to consider the four-momentum
deposition due to scatterings with thermalized partons while
traversing in the medium. In order to consider the scatterings
with thermalized partons, which are described by hydrody-
namics, we sample partons from all fluid elements and obtain
phase-space distributions of them at each time step.

Although we employ the lattice EoS, we make a massless
ideal gas approximation on fluid elements for simplicity. In
this approximation, the number density of partons in a fluid
element can be estimated as

90d'¢ (3)
n=-—— —
4mid
where sgos(7T) is the entropy density obtained from the EoS

via temperature 7" at the fluid element. The effective degen-
eracies of the QGP, d and d’, are defined as

d=dp x § +dg, (16)

SEos(T), (15)

d' = dp x ? + dp. (17)

The factors % in Eq. (16) and % in Eq. (17) originate from
differences between Fermi-Dirac and Bose-Einstein statistics
in the entropy density and the number density. The degrees of

freedom of fermion dr and boson dp are obtains as
dr =d. xdf X dy xdgg=3x3x2x2=36, (18)
dp=d. xd; =8x2=16, (19)

where d., dy, d,, and d; represent the degrees of freedom of
color, flavor, spin, and particle-antiparticle, respectively.

The number of partons in a fluid element is then ANy =
nAxAyt An,, where n is the number density of partons ob-
tained in Eq. (15) and Ax, Ay, and An; are the widths of one
fluid element in the Milne coordinates. One can interpret ANy
as a mean value of Poisson distribution and sample the number
of partons N with

AN}
N!

For sampled N partons, we stochastically assign species of
them. We pick up a quark or an antiquark with a probability,

_ (3/4)dr
Fajg = (3/4)dr +dp’ @b

which corresponds to a fraction of the degree of freedom of
Fermi particles, while a gluon is picked up with a probability,

Po=1-Py;. (22)

P(N) = exp (—=AN) (20)

The three-dimensional momentum k of (anti-)quarks or
gluons in the local rest frame of the fluid element is assigned
according to the normalized massless Fermi or Bose distribu-
tion,

1

dk, (23)
Nnom exp (k/T) q:B,F 1

Pk)dk =

024905-6



INTERPLAY BETWEEN CORE AND CORONA COMPONENTS ...

PHYSICAL REVIEW C 105, 024905 (2022)

where Nyom 1S @ normalization factor, T is temperature of the
fluid element, and Fp F is a sign for Bose (—) and Fermi (4)
statistics. Then the energy and momentum in the laboratory
frame is obtained by performing Lorentz transformation on
k" = (Jk|, k) with the velocity of the fluid element.

Space coordinates are assigned with a uniform distribution
within each fluid element. For partons sampled from a fluid
element centered at x = x; = (x;, yi, 15.;), Where the index i
stands for the numbering of fluid elements, we assign their
coordinates with

Puni(x)TAXAyAns
{O x <x;—Ax/2, x; + Ax/2 < Xx)
1 (x; —Ax/2 <x < x;i + Ax/2)

(24)

As discussed in this subsection, the four-momentum depo-
sition caused by collisions between a traversing parton as a
corona part and thermalized partons as core parts could be re-
garded as a toy model of jet quenching. We note that, although
the implementation of a more sophisticated jet-quenching
mechanism is the future work, the energy loss of traversing
partons in the medium is phenomenologically introduced via
the dynamical core-corona initialization in Eq. (10).

E. Modification of color strings

The Lund string model is based on a linear confinement
picture of color degree of freedom [49,60]. Energy stored
between a quark and an antiquark linearly increases with the
separation length of the quark and antiquark in the vacuum.
However, this picture should be modified if we put them into
the QGP at finite temperature. It is known that, at high tem-
perature, the string tension becomes so small that color strings
would disappear [61]. Since our input is initially produced
partons connected with color strings and we generate flu-
ids through their energy-momentum depositions, some color
strings should overlap with the fluids in the coordinate space.
We phenomenologically incorporate the modification of the
color string configuration due to the finite temperature effect
in DCCI2.

At T = 1,(>7)), we assume that the string fragmentation
happens when the entire color string is outside the fluids. Here
“a color string” means chained partons as a color singlet ob-
ject. When a color string is entirely inside the fluids at T = 7,
we discard the information of its color configuration and let
its constituent partons evolve as individual nonequilibrated
partons according to Eq. (6). If a color string is partly inside
and partly outside the fluids, then the color string is subject
to be cut off at the boundary of the fluids. The boundary here
is identified with a contour of T (x) = Tyy. The color string in
a vacuum cut off at the boundary is reattached to a thermal
parton picked up from the hypersurface and forms a color-
singlet object again to be hadronized via string fragmentation.
The thermal parton is sampled in the hypersurface of the
fluids. The details of the above treatment of color strings at
T = 7, are explained in Sec. Il E 1. As for the rest of the color
string left inside the fluids, we discard the information of its
color configuration and let its constituent partons evolve as
individual nonequililbrated partons likewise the above case.

During the evolution of the fluids, the individual nonequili-
brated partons come out from the hypersurface at some point.
We assume that such a parton forms parton pairs to become a
color-singlet object by picking up a thermalized parton from
the hypersurface of the fluids. This prescription is based on
exactly the concept of the coalescence models [62-70]. We
explain the parton-pairing treatment at T > 7, in Sec. I1 E 2.

We perform the modification only for color strings in
which the transverse momentum of all partons forming that
color string is less than a cutoff parameter, pr < prcu, at
T = 79. Notice that this is merely a criterion of whether the
modification of color string is performed and that all initially
produced partons, including very high-pr ones, nonetheless
experience the dynamical core-corona initialization regardless
of pr cu- This treatment avoids modification on pr spectra of
final hadrons generated from intermediate to high-p7 partons
which would less interact with fluids rather than low-py par-
tons. Since the modification on the structure of color strings
sensitively affect the final hadron distribution in momentum
space, we should make a more quantitative discussion on the
parameter pr ¢y as a future work.

It should also be noted that when we sample thermalized
partons, energy and momentum are not subtracted from fluids
just for simplicity.

1. String cutting at T = T,

We find a crossing point between a color string and the
hypersurface of the fluids by tracing partons chained as color
strings one by one. Since PYTHIA8 and PYTHIA8 Angantyr
give us information of structure of color strings, we respect
the initially produced color flow.

At T = 1y, all initial partons are classified into four types:
“hard” partons, dead partons inside fluids, surviving partons
inside fluids, and partons outside fluids. We regard partons
which is chained with at least one high pr(> pr cu) parton as
“hard” partons. We do not modify color strings composed of
these hard partons to keep the initial color flow and hadronize
them in a usual way discussed in Sec. II F. During dynami-
cal core-corona initialization, some partons lose their initial
energy completely inside fluids. We regard those partons as
dead ones and remove them from a list of partons. These dead
partons are no longer considered to be hadronized through
string fragmentation. For the other partons, we check whether
they are inside the fluids one by one and regard them as
surviving partons if it is the case. These surviving partons are
to be hadronized at t > t, if they have sufficient energy to
come out from the fluids. This be explained later in Sec. IL E 2.
The rest of the partons are considered to be partons outside flu-
ids. Since partons outside the fluids cannot form color-singlet
strings by themselves, we need to cut the original color strings
at crossing points between the hypersurfaces and the color
strings by sampling thermal partons.

In the following, we explain how to find crossing points
and how to sample thermal partons. We first assume that
two adjacent partons in a color string, regardless of their
status (dead, surviving, or outside fluids), are chained with
linearly stretched color strings between the ith and the
(i + D)th partons in coordinate space. As a simple case,

024905-7



KANAKUBO, TACHIBANA, AND HIRANO

PHYSICAL REVIEW C 105, 024905 (2022)

suppose that [T (x;) — Ty [T (xi+1) — Tsw] < O, where x; =
(i, yis Ms.i) and X1 = (Xig1, Yit1, s,i+1) are the positions of
the ith and the (i + 1)th partons, respectively, there exists
a hypersurface of fluids between the ith and the (i + 1)th
partons. We scan temperature at all fluid elements along the
linearly stretched color string from the ith to the (i 4 1)th
parton to find a crossing point.

Once the crossing point is found, a thermalized parton
is picked up to form a color-singlet string. The thermalized
partons are sampled by using the information of the crossing
point on the hypersurface such as velocity vy, tempera-
ture Tpyp, and coordinates xyyp, which are obtained by taking
an average of that of two adjacent fluid elements crossing
the hypersurface. For instance, if the two adjacent fluid ele-
ments (symbolically denoted as the jth and the (j 4 1)th fluid
element) have temperature 7; > Ty, and Tj4; < Ty, respec-
tively, then the temperature at the crossing point is obtained as
Thyp = (Tj+1 + T;)/2. When the hypersurface of the fluids and
the configuration of the color string are highly complicated,
there could exist more than one crossing point between two
adjacent partons. In such a case, we pick up a thermal parton
from the closest crossing point for each parton in the string.

The species of the picked-up parton, whether if it is a
quark, an antiquark, or a gluon, is fixed by the configuration
of color strings. For a color string that has a quark and an
antiquark at its ends, if string cutting removes the quark (an-
tiquark) side of the color string, then an antiquark (a quark)
is picked up from the crossing point to form a color-singlet
string in the vacuum. When there is a color string that consists
of two gluons while the only one of the gluons is inside of
fluids, we pick up a gluon to make a color-singlet object. On
the other hand, for color strings with more than two gluons
and no quarks or antiquarks as their components, the so-called
gluon loops, we cut the loop to open and pick up two gluons
from the crossing points to make this a color-singlet object
again.

A momentum of a picked-up parton is sampled with a
normalized Fermi or Bose distribution,

1 1
P(p;m)d’p = d’p.
Nnorm (1) exp [\/p2 + mz/Thyp] +prl
(25)
where
1
Noorm () = / . (26)
’ exp [y/p? + m2/Tiyp] £ 7 1

The energy of the (anti-)quarks is assigned so that they are
mass-on-shell, which we require to perform hadronization via
string fragmentation in PYTHIAS. Four-momentum of these
partons is Lorentz-boosted by using fluid velocity at the cross-
ing point, vpyp.

We stochastically assign flavors f = u, d, or s for each
quark or antiquark with the following probability:

Pf = Noorm (mf)/Nsumv 27
Nﬂum - norm (mu ) + Nﬂorm (md ) + Nﬂorm (ms)7 (28)

where the mass values of these quarks are taken from general
settings in PYTHIAS.

As we mentioned in Sec. IIC, there is a threshold of
invariant mass of a color string to be hadronized via string
fragmentation in PYTHIAS. If the invariant mass of a modified
color string is smaller than the threshold, then we remove
partons forming the color string from a list of partons.

2. Parton-pairing for surviving partons

At 7 > 7, we hadronize “surviving partons traversing in-
side of the fluids” when each of them comes out from fluids.
To make the parton color-singlet to hadronize via string frag-
mentation, the parton picks up a thermal parton around the
hypersurface.

Whether a parton comes out from medium or not is de-
termined by the temperature of a fluid element at which the
parton is currently located. A surviving parton traverses a fluid
according to Eq. (6).

At the kth proper time step T = 1, suppose that a parton is
atx = x(tx), where its temperature is T (x(tx), 7x) > Tgw, and
will move to x = x(7i4) at the next time step.

Simply assuming that the hypersurface does not change
between the kth and the (k + 1)th time step and see if the
temperature satisfies T (x(7x+1), Tx) < Tsw by checking hyper-
surface only at the kth time step. If the above condition is
satisfied, then the parton is regarded as coming out from the
fluids at xpyp = [x(7x) + x(7x41)1/2 at the kth time step. For a
quark (an antiquark) coming out from medium, an antiquark
(a quark) is picked up to form a color-singlet string. On the
other hand, for a gluon, a gluon is picked up to do so. A
momentum is again sampled by using Eq. (25), while its flavor
is sampled with Eq. (27).

Note that if a surviving parton fails to escape from the
fluids by losing its initial energy completely, that we regard
that parton as a dead one and remove it from a list of sur-
viving partons. Here again, if the invariant mass of the pair
of partons is smaller than the threshold to be hadronized via
string fragmentation in PYTHIAS, then we remove them from
the list of partons.

F. Direct hadrons from core-corona and hadronic afterburner

We switch the description of the hadrons in the core parts
from hydrodynamics to particle picture at the T (x) = Tyy
hypersurface. The particlization of fluids is performed with
IS3D [47], which is an open-source code to perform conver-
sion of hypersurface information of fluids into phase-space
distributions of hadrons based on Monte Carlo sampling of
the Cooper-Frye formula [54]. Since the original 1S3D [47]
is not intended for event-by-event particlization, we extend
the code so that this can be utilized for our event-by-event
analysis. We also change the list of hadrons in 1S3D to the
one from the hadronic cascade model, JAM [48], which is
employed for the hadronic afterburner in the DCCI2 frame-
work. The hypersurface information is stored from v = 7o, the
beginning of dynamical core-corona initialization, to the end
of hydrodynamic evolution at which temperature of all fluid
elements goes below Tg,. Fluid elements with p-do < 0,
which is known as the negative contribution in the Cooper-
Frye formula, and those with T < 0.1 GeV are ignored in
IS3D. Note that ignoring the negative contributions makes

024905-8



INTERPLAY BETWEEN CORE AND CORONA COMPONENTS ...

PHYSICAL REVIEW C 105, 024905 (2022)

it possible to count all flux generated via source terms in
dynamical initialization. In other words, if one integrates all
flux including negative ones and neglects deposition of energy
inside the fluids, then total flux becomes zero due to Gauss’s
theorem.* This is because, under the dynamical initialization
framework, our simulation starts from the vacuum, and the
deposited energy and momentum are regarded as incoming
flux into the hypersurface. We admit that energy-momentum
conservation should be improved in a better treatment while
we checked the conservation is satisfied within a reason-
able range. The space-time coordinates of sampled hadrons
(xi, yi, n5.;) are assigned stochastically in the same way as one
used for picking up thermalized partons explained in Sec. II D.

Regarding the corona parts, partons out of equilibrium un-
dergo hadronization through string fragmentation. Until t =
T;, we assume no hadronization occurs. At T = t,, partons
outside the fluids hadronize via string fragmentations. If a
part of the string is inside the fluids, then we modify the
color string by cutting it at the crossing point as explained
in Sec. IT E 1 and hadronize the modified color string. Once
surviving partons come out from the hypersurface of fluids
after T = 1y, those partons are hadronized by picking up a
thermal parton to form a string as discussed in Sec. II E 2.
The string composed of at least one high pr(>pr cut) parton
is hadronized when all the partons chained with this high pr
parton come out from the fluids.

The string fragmentation is performed by utilizing
PYTHIAS. The flag ProcessLevel:all=off is set to stop
generating events and forceHadronLevel () is called to per-
form hadronization against the partons manually added as an
input. The information of input partons handed to PYTHIAS is,
particle ID, four-momentum, coordinates, color, and anticolor.
As for coordinates, only transverse coordinates, x and y, of
partons are handed while ¢ and z are set to be zeros. This
is because assigning ¢t and z may cause violation of causal-
ity and should be treated carefully in PYTHIA8. We correct
the energy of the partons to be mass-on-shell using their
momenta and rest masses to perform string fragmentation
in PYTHIA8. This is the same procedure as we did in the
previous work [12] since quarks or antiquarks that lose their
energy in dynamical initialization are mass-off-shell due to
the four-momentum deposition of Eq. (10). Information of
vertices of generated hadrons are obtained with an option
Fragmentation:setVertices = on based on the model
proposed in Ref. [71]. We use this information for initial
conditions in JAM.

In both the particlization by 1S3D and the string fragmen-
tation by PYTHIA8, we turn off decays of unstable hadrons.
Instead, JAM handles decays of the unstable hadrons together

“In the conventional hydrodynamic models, initial conditions of
hydrodynamic fields are put at a fixed initial time, T = ty,;, which
can be regarded as a negative (in-coming) energy-momentum flux
from the hypersurface T'(x, T = Tiy) = Tiw. Thus, thanks to the
Gauss’s theorem, the sum of out-going energy-momentum fluxes
from the hypersurface T (x, T > 7)) = Ty is exactly the same as
that of in-coming fluxes at T = 7, when there are no source terms
in hydrodynamic equations.

with rescatterings while describing their space-time evolu-
tion in the late stage. The hadrons obtained from both 1IS3D
and PYTHIAS are put into JAM all together to perform the
hadronic cascade since both components should interact with
each other. In JAM, an option to switch on or off hadronic
rescatterings is used to see its effect on final hadrons. It should
be also noted that we turn off electroweak decays except
%% — A + y to directly compare our results with experimen-
tal observable.

G. Parameter set in DCCI2

Here we summarize all the parameters that we use through-
out this paper.

Note that we use the same parameters for both p+ p
and Pb + Pb collisions except prores- In the conventional hy-
drodynamic models, several parameters are used to directly
parametrize the initial profiles of hydrodynamic fields. In
contrast in DCCI2, how many initial partons are generated
is determined in PYTHIA8 or PYTHIA8 Angantyr and how
much the energy and momentum of these initial partons are
converted to the hydrodynamic fields is controlled through the
parameters, 0, by, 01, and o, , in Eq. (10). More details on
how to fix these parameters are discussed in Sec. III.

III. RESULTS AND DISCUSSIONS

In this paper, we simulate p + p collisions at /s = 7 TeV
and Pb+ Pb collisions at ./syy =2.76TeV with DCCI2.
The following results are obtained from full simulations of
300K and 12.5K events for p 4+ p and Pb 4 Pb collisions,
respectively. In Sec. III A, we start with fixing some major
parameters in DCCI2 to reproduce the experimental data of
the charged-particle multiplicity as functions of multiplicity
(p + p) or centrality (Pb + Pb) classes and the multiplicity de-
pendence in particle yield ratios of omega baryons to charged
pions. As a result of the parameter determination, fractions
of core and corona components to final hadronic productions
as a function of charged-particle multiplicity at midrapid-
ity are extracted. Next, we show the transverse momentum
spectrum in p + p and Pb 4 Pb collisions and its breakdown
into core and corona components in Sec. IIIB. In order to
see the interplay between core and corona components on
observable obtained from final hadrons, we analyze the mean
transverse momentum and the second-order anisotropic flow
coefficients as functions of the number of produced charged
particles in certain kinematic windows in Sec. III C. Finally,
we show multiplicity dependence of radial flow effects based
on violation of the mean transverse mass scaling and discuss
if the effect can be discriminated from the one originating
from pure string fragmentation with color reconnection [72]
in Sec. Il D. Due to the two competing particle production
mechanisms, it is not trivial to reproduce the multiplicity
within a two-component model like DCCI2. We discuss de-
tails of this issue in Sec. IIIE.

Let us note that the effects of string cutting explained in
Sec. ITE are not investigated throughout this paper because the
modification on color strings adds another complexity which
we want to avoid in this discussion.
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TABLE 1. Parameter set in DCCI2 used
throughout this paper.

Parameters Values
Proret (P + P) 1.8 GeV
Proret (Pb+Pb) 0.9 GeV
To 0.1 fm

Ts 0.3 fm
Tsw 0.165 GeV
0o 0.4 fm?
bcut 1 0 fm
PT.cut 3.0 GeV
oL 0.5 fm
s 0.5

Ax 0.3 fm
Ay 0.3 fm
Any 0.15

A. Parameter determination and fractions
of core and corona components

Here we focus on two main parameters in DCCI2, proget
used in the generation of initial partons in PYTHIA8 and
PYTHIAS Angantyr and op to scale the magnitude of cross
sections in Eq. (10). We determine these parameters to rea-
sonably describe both the charged-particle multiplicity as
a function of multiplicity (p + p) or centrality (Pb + Pb)
classes at midrapidity and particle yield ratios of omega
baryons to charged pions as functions of charged-particle
multiplicity.

The multistrange hadron yield ratios tell us fractions of
contributions from thermalized (core) and nonthermalized
(corona) matter to total final hadron yields [11,12]. On the
other hand, the charged-particle yields need to be used in
the parameter determination together with the particle yield
ratios. These two parameters are highly sensitive to both
charged-particle multiplicity and particle yield ratios and are
strongly correlated. Detailed discussion on this issue is made
in Sec. III E. The resultant parameter values are summarized
in Table I in Sec. I G. Here the switching temperature Ty,
which controls particle yield ratios as the parameters men-
tioned above do, is fixed to describe the ratios of omega
baryons to charged pions in central Pb + Pb collisions.

Figure 2 shows particle yield ratios to charged pions
produced in |y| < 0.5 as functions of charged-particle multi-
plicity |n| < 0.5 in p+ p and Pb 4 Pb collisions compared
with the ALICE experimental data [73-78]. Note that the
charged-particle multiplicity at midrapidity (dNch/dn)y<0.5
in the horizontal axes is obtained by using VOM (—3.7 <
n < —1.7and 2.8 < n < 5.1) multiplicity (p + p) or central-
ity (Pb 4 Pb) class, which is the same procedure as used in
the ALICE data [79]. Determining these classes by using
the multiplicity in forward and backward rapidity regions is
essential even in theoretical analysis to avoid the effect of self-
correlation on observables at midrapidity [76]. Throughout
this paper, the “charged particles” mean the sum of charged
pions, charged kaons, protons, and antiprotons, which do not
contain contributions from weak decays. To obtain particle

ratios of primary strange hadrons, which are stable against
strong decays, we switch off their weak decays in JAM.
Note that we take into account a particular electromagnetic
decay, X — A + y, in the presented results of A yields
[80]. Results with switching off hadronic rescatterings are
shown to reveal the effect of hadronic rescatterings [81-83]
on both core and corona components in the late stage. Results
from PYTHIAS for p + p collisions and PYTHIA8 Angantyr for
Pb + Pb are also plotted as references.

Overall, smooth changes of the particle yield ratios are ob-
served along charged-particle multiplicity, which is consistent
with our previous studies [11,12]. Due to the implementa-
tion of the core-corona picture in the dynamical initialization
framework, particle productions from corona components
with string fragmentation are dominant in final hadron yields
in low-multiplicity events, while those from core compo-
nents produced from equilibrated matter are dominant in
high-multiplicity events. Thus the overall tendency is that the
particle yield ratio at low-multiplicity events almost reflects
its value obtained from string fragmentation, while the one at
high-multiplicity events reflects the value obtained only from
hadronic productions from hydrodynamics. Notice that the
particle yield ratios of all hadronic species are almost inde-
pendent of multiplicity from p + p to Pb 4 Pb collisions with
default PYTHIAS and PYTHIA8 Angantyr respectively, which
is one of the manifestations of “jet universality,” namely the
string fragmentation being independent of how the string is
formed from et + ¢~ to Pb + Pb collisions [84].]

We tune the parameters in the full simulations of DCCI2
to reasonably reproduce the particle yield ratios of omega
baryons to pions, 2/m, reported by the ALICE Collabora-
tion [73,74]. Although we have to admit that our results do
not perfectly describe the experimental data as one sees in
Fig. 2(a), fine-tuning of the parameters is beyond the scope
of this paper. In Figs. 2(b)-2(e), we also show results of
cascades, lambdas, protons, and phi mesons, respectively. For
the ratios of cascades to pions, E/m, in Fig. 2(b), our results
underestimate the experimental data except the lowest- and
the highest-multiplicity classes in p 4 p collisions. For the
ratios of lambdas to pions, A/, in Fig. 2(c), our results from
full simulations show smaller values than the experimental
data in p 4 p collisions for almost the entire charged-particle
multiplicity, while it shows good agreement with the data
in Pb 4+ Pb collisions. For the ratios of protons to pions,
p/m, in Fig. 2(d), our full results including hadronic rescat-
terings through JAM qualitatively describe the decreasing
behavior along the charged-particle multiplicity in the exper-
imental data in Pb + Pb collisions. This is consistent with
a perspective of proton-antiproton annihilations [44,77]. The
annihilation effect is seen even in p 4 p collisions, which
leads to a better agreement with the experimental data. For the
ratios of phi mesons to pions, ¢/, in Fig. 2(e), the tendency
in the experimental data above (dNh/dn) <05 ~ 7 is well
captured by our full result. In particular, the dissociation of

>Note that PYTHIA8 and PYTHIA8 Angantyr with rope hadroniza-
tion show enhancement of strange hadron yield ratios as a function
of multiplicity [50,85].
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FIG. 2. Particle yield ratios of (a) omegas (2~ and ), (b) cascades (2~ and E"), (c) lambdas (A and A), (d) protons (p and p), and
(e) phi mesons (¢) to charged pions (™ and 7 ™) as functions of charged-particle multiplicity at midrapidity in p 4+ p and Pb + Pb collisions.
Results from full simulations of DCCI2 in p + p collisions at /s = 7 TeV (closed red triangles) and Pb + Pb collisions at /syy = 2.76 TeV
(closed red diamonds) collisions are compared with the ALICE experimental data in p 4+ p (black pluses) and Pb + Pb (black crosses) collisions
[73-78]. The A/m ratio in Pb + Pb collisions at ,/syy = 2.76 TeV reported by the ALICE Collaboration in Ref. [78] is plotted as a function
of the number of participants Ny, rather than charged-particle multiplicity. The corresponding charged-particle multiplicity at midrapidity is
taken from Ref. [77]. Results without hadronic rescatterings are also plotted in p + p (open orange circles) and Pb + Pb (open orange squared)
collisions. Results from PYTHIAS8 in p + p collisions (gray pluses) and from PYTHIA8 Angantyr in Pb 4 Pb (gray crosses) collisions are plotted

as references.

phi mesons in hadronic rescatterings plays an important role
to describe the suppression at high multiplicity as observed in
the experimental data.

Notably, the increasing behavior along charged-particle
multiplicity in p 4 p collisions is achieved in our results with
the core-corona picture. It is also discussed that canonical
suppression models, which are commonly used in the discus-
sion on multiplicity dependence of particle yield ratios, do not
describe the increasing tendency of the phi meson yield ratios
along with multiplicity due to the hidden strangeness nature
of phi mesons. One needs to incorporate additionally incom-
pleteness of chemical equilibrium for strangeness, which is

also known as strangeness saturation factor yg, to describe
the data within this framework [86,87]. Thus, both the core-
corona and canonical suppression models suggest that the
matter formed in p + p collisions does not reach chemical
equilibrium for strangeness.

The upper panel of Fig. 3(a) shows charged-particle
multiplicity at midrapidity (dNeh/dn)pp<05 as a function
of multiplicity class o /omgL>0 in p+ p events. Here, we
take into account only INEL > O events in which at least
one charged particle is produced within a pseudorapid-
ity range |n| < 1.0 defined in the ALICE experimental
analysis [76].
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FIG. 3. Upper: (a) Charged particle multiplicity at midrapidity as a function of the fraction of the INEL > O cross sections in p+ p
collisions at /s = 7TeV. (b) Charged particle multiplicity at midrapidity as a function of centrality from Pb + Pb collisions at \/syy =
2.76 TeV. Results from full simulations (orange diamonds) and simulations without hadronic rescatterings (open orange circles) are compared
with the ALICE experimental data (black crosses) [76,88]. Core and corona contributions without hadronic rescatterings are shown in red
and blue stacked bars, respectively. Lower: Fractions of core (red) and corona (blue) components without hadronic rescatterings are plotted in

(a) p+ p and (b) Pb + Pb collisions.

The upper panel of Fig. 3(b) shows the same observable but
as a function of centrality class in Pb + Pb collisions. Here we
again note that each multiplicity or centrality class is obtained
with VOM multiplicity. In both figures, results from simula-
tions with and without hadronic rescatterings are compared
with the ALICE experimental data [76,88]. Each contribution
from core and corona components is separately shown as
stacked bars for the case without hadronic rescatterings. It
should be noted that the separation of core and corona com-
ponents in DCCI2 is attained only by switching off hadronic
rescatterings in JAM. This is because hadronic rescatterings
mix those two components up by causing parton exchange
between hadrons or formation of excited states. Both of our
results show the reasonable description of the ALICE ex-
perimental data in p 4 p and Pb 4 Pb collisions. From the
comparison between with and without hadronic rescatterings,
(quasi-)elastic scatterings would be dominant and, as a result,
the effect of hadronic rescatterings on multiplicity turns out
not to be significant.

The lower panels of Figs. 3(a) and 3(b) show the yield
fractions of core and corona components to the total from
results without hadronic rescatterings, Reore and Rcorona, re-
spectively, as functions of multiplicity (p 4+ p) and centrality
(Pb + Pb) classes. Smooth changes along multiplicity and
centrality classes are observed in both p+ p and Pb + Pb
collisions. In Fig. 3(a), the fraction of core components in
p + p collisions almost vanishes for 48—68% and 68—100%
multiplicity classes, in which (dNc,/dn)|; <05 is less than
~ 5. Then, it increases along multiplicity and reaches Rcqre X
0.53 in the highest multiplicity class 0.0-0.95% in which
(dNen/dn) <05 ~ 21. One also sees that the contribution
of core components overtakes that of corona components
only in 0.0-0.95% multiplicity class within our calculations
with the current parameter set. This supports a perspective
that recent observations of collectivity in high-multiplicity

small colliding systems at the LHC energies result from
the (partial) formation of the QGP fluids. It should also be
noted that the fraction of core components shows Rgoe &
0.12 at (dNen/dn)pi<05 ~ 7 which is minimum-bias mul-
tiplicity for INEL > 0 events [89].° The lower panel of
Fig. 3(b) shows results in Pb+ Pb collisions. The core
components highly dominate, R.ore = 0.90, from 0 to 10%
centrality classes where their corresponding multiplicities
are above (dNc/dn)y <05 ~ 103. The corona components
become dominant around at 80% centrality class toward
peripheral events. It should also be mentioned that the con-
tribution of corona components remains Rcorona =~ 0.17—0.22
at midrapidity in intermediate centrality classes (*~ 40—60%)
where the whole systems is often assumed to be described by
hydrodynamics.

Figure 4 shows the fractions of core and corona compo-
nents in p + p and Pb + Pb collisions simultaneously, which
are identical to the results in the lower panels in Fig. 3 but
as functions of charged-particle multiplicity at midrapidity.
Smooth crossover from corona dominance to core dominance
appears along multiplicity from p + p to Pb + Pb collisions.
The dominant contribution flips at (dNcw/dn) <05 ~ 18.
These results clearly demonstrate that the fractions of con-
tribution from core and corona components are scaled with
charged-particle multiplicity in DCCI2, regardless of differ-
ences in the system size or collision energy between p + p
and Pb + Pb collisions. Here we emphasize that, interestingly,
the fraction of corona still remains ~ 10% at the most cen-
tral events in Pb 4 Pb collisions. This also implies that both
core and corona components should be implemented even in

The result from EPOS 3.210 shows ~30% at the same multiplicity
[46].
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dynamical modeling of high-energy heavy-ion collisions to-
ward precision studies on properties of QCD matter.

B. Transverse momentum dependence
of core and corona contribution

It is also interesting to compare the sizes of core and corona
contributions in transverse momentum py spectra of the final
state particles. According to the implementation of the core-
corona picture by Eq. (10), initial low-momentum partons
are likely to generate QGP fluids and expected to contribute
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largely in the low-pr region. Meanwhile, high-momentum
particles are likely to traverse vacuum or fluids as mostly
keeping their initial momentum and supposed to dominate the
high-pr region.

The upper panels of Fig. 5 show the charged-particle pr
spectra at midrapidity || < 2.5 in [Fig. 5(a)] p+ p and
[Fig. 5(b)] Pb + Pb collisions. The kinematic cuts and event
selections are the same as the ones used in the ATLAS ex-
perimental results [90]. Event average is made with at least
one charged particle having py > 0.5 GeV and |5| < 2.5 in
both p 4+ p and Pb + Pb collisions, which can be regarded as
almost minimum-bias events. Again, a comparison between
results obtained from full simulations and ones from sim-
ulations without hadronic rescatterings is made here. Each
contribution from core and corona components to the final
hadrons from simulations without hadronic rescatterings is
shown as well. In both p+ p and Pb + Pb collisions, the
pr spectra of final hadrons without hadronic rescatterings
are represented as sums of contributions of core and corona
components over the whole pr regions. One also sees that the
effect of hadronic rescatterings on the py spectra of charged
particles is almost absent in both p + p and Pb + Pb colli-
sions. Since the charged particles are mainly composed of
charged pions, their pr spectra are relatively insensitive to
hadronic rescatterings.

The corresponding lower panels of Fig. 5 show the frac-
tions of core and corona components for final hadrons without
hadronic rescatterings as functions of pr. As an overall ten-
dency, the dominance of the corona components at high-pr
regions is seen in both p 4+ p and Pb + Pb collisions, which
is exactly what we expect from the core-corona picture in
the momentum space encoded in Eq. (10). In p+ p col-
lisions, the contribution from the core components reaches
Reore & 0.3 around pr =~ 1.0—1.5 GeV and the contribution
from the corona components is almost dominant over the
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FIG. 5. Upper: Transverse momentum spectra of charged particles at midrapidity from DCCI2 in (a) p + p collisions at /s = 7 TeV and
(b) Pb + Pb collisions at ,/syy = 2.76 TeV. An event average is taken with at least one charged particle having p; > 0.5 GeV and || < 2.5in
both cases. Results from full simulations (closed orange diamonds) and simulations without hadronic rescatterings (open orange triangles) are
plotted and compared with the ATLAS data (black pluses) [90] only in p + p collisions as a reference. Results from core (open red diamonds)
and from corona (open blue squares) are also plotted for simulations without hadronic rescatterings. Lower: Corresponding fractions of core
(red circles) and corona (blue squares) components in the final hadron without hadronic rescatterings are shown as functions of transverse

momentum.

024905-13



KANAKUBO, TACHIBANA, AND HIRANO

PHYSICAL REVIEW C 105, 024905 (2022)

10!

without scat.(corona)

ff‘\ ‘}' ¢ hard strings
% 1 i, % fragmentation at T= T
(6] 10 .'.. ) ¢ parton pairs
o= *
o
& 10-3
=10
=
L
3
= 10-° 'o,
S (@) MW i ey
10-7 T B
0 2 4 6 8 10
pr (GeV)

2
. 10 ¢ without scat.(corona)
h ¢ hard strings
% fragmentation at T= T
O 100° ¢ parton pairs
<
o
~
51072
[
8
3
=107
oN
~
)
10
0 2 4 6 8 10
pr (GeV)

FIG. 6. Breakdown of transverse momentum spectra of charged particles from corona components at midrapidity in (a) p + p collisions
at /s =7TeV and (b) Pb + Pb collisions at ,/syy = 2.76 TeV. An event average is taken with at least one charged particle having pr >
0.5 GeV and |n| < 2.5 in both cases. The breakdown is shown by categorizing the corona contributions into (i) strings consisting of “hard”
partons and coming out from fluids at T > 7, (green), (ii) strings outside the fluids at T = 7, including ones with “hard” partons outside the
fluids as a whole and ones partially outside the fluids being cut at T = 7, (sky blue), and (iii) parton pairs coming out at t > 7, (purple).

whole pr range. On the other hand, the contribution from
core components is dominant in low-py regions in Pb + Pb
collisions, while the dominant contribution is flipped to the
corona components at pr ~ 5.5 GeV toward high-pr re-
gions. Remarkably, only within 0.7 < pr < 3.6 GeV, the core
components highly dominate, Reore = 0.9. The existence of
corona components should be considered below =~ 0.7 GeV
and above ~ 3.6 GeV even in minimum-bias events.

In particular, there is a small peak in the fraction of corona
components with Reorona ~ 0.2 at most in pr < 1 GeV. This
contribution originates mainly from a feed-down from frag-
mentation of strings including surviving partons during the
dynamical initialization stage. This is a consequence of the
dynamical core-corona initialization against initially gener-
ated partons. Thus there should be a kind of “redshift” of the
pr spectrum due to energy loss of traversing partons which
contribute as corona components in the soft region. As we
emphasized in Introduction, in the core-corona picture, this
result exactly illustrates “soft-from-corona” that there exists a
non-negligible contribution of nonequilibrated corona compo-
nents in low-py region. Therefore, in order to properly extract
transport coefficients of the QGP fluids from, for example,
an analysis of flow observables, hydrodynamic results should
be corrected with corona components. We demonstrate this
correction within DCCI2 in the next subsection.

Figure 6 shows breakdowns of the corona contributions
obtained in Fig. 5 to reveal which types of partons contribute
to the production at the low p7. The kinematic cuts and event
selection are the same as used in Fig. 5. Here we catego-
rize the corona contribution into three types of contributions
based on the modification of color strings in Sec. Il E 1 and
IT E 2: (i) strings consisting of “hard” partons and coming out
from fluids at T > t, (ii) strings outside the fluids at t = 7
including ones with “hard” partons outside the fluids as a
whole and ones partially outside the fluids being cut at T =
and (iii) parton pairs coming out at T > 7,. The total corona
contributions, which are identical to the ones plotted in Fig. 5,
are also plotted for a comparison.

Figure 6(a) shows breakdowns in p + p collisions. One
sees that the contribution from the “hard” partons at 7 > T
[Category (i)] is dominant for the all-p; range while the
contribution from strings fragmented at T = 7, [Category (ii)]
becomes more comparable at the low pr compared to the
high pr. One notices that the contribution from parton pairs
[Category (iii)] is much smaller than the total corona contri-
butions. The “cliff” structure of (iii) at pr ~ 3 GeV originates
from the parameter pr ., (= 3.0) GeV since surviving partons
to pick up a thermal partons must have pr < prcu. Fig-
ure 6(b) shows breakdowns in Pb 4 Pb collisions. Similarly
to the results in p 4 p collisions, the contribution from “hard”
partons at T > 7, [Category (i)] is dominant for the all-pr
range. The remaining two contributions [Categories (ii) and
(>iii)] contribute much less to the total corona contributions.
Therefore, it can be concluded that the corona contribution at
low pr originates from the hadronic contribution from strings
consisting of “hard” partons and coming out from fluids at
T> T,

C. Correction from corona to flow observable

As we discussed in Secs. III A and III B, both core and
corona contributions appear over a wide range of multiplicity.
Moreover, each component contributes as a function of pr
in a nontrivial way. To investigate how the effects of the
interplay between core and corona components appear on
observable, we first analyze the mean transverse momentum
(pr) of charged particles at midrapidity as a function of the
number of charged hadrons generated at midrapidity N, in
p + p and Pb 4+ Pb collisions.

Figure 7 shows the mean transverse momentum (pr) of
charged particles as a function of charged-particle multiplicity
Nep in (@) p + p collisions at /s = 7 TeV and (b) Pb + Pb col-
lisions at ,/syy = 2.76 TeV. Charged particles with 0.15 <
pr < 10.0 GeV and |n| < 0.3 are used for evaluation of (pr),
while N, is obtained by counting charged particles with
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FIG. 7. Mean transverse momentum of charged particles as a function of the number of charged particles in (a) p + p collisions at /s =
7TeV and (b) Pb + Pb collisions at ,/syy = 2.76 TeV compared with the ALICE experimental data [91] (gray pluses). Results from full
simulations (closed orange squares), from simulations without hadronic rescatterings (closed yellow circles), from core components (open red
diamonds), and from corona components (open blue triangles) are shown for comparisons.

[n| < 0.3 (without pr cut), which is the same kinematic range
used in Ref. [91].

For p + p collisions in Fig. 7(a), our result from DCCI2
qualitatively describes the steep enhancement of (pr) along
N, observed in the ALICE experimental data [91]. Almost
no significant difference is seen between results from full
simulations and the ones without hadronic rescatterings. This
means that the effect of hadronic rescatterings on (pr) of
charged particles is almost negligible due to a small number
of final hadrons in p + p collisions. One also sees that the core
and corona components show small difference of (pr) below
Nen =~ 20. This is because, as seen in Fig. 5(a), there is no large
difference for the slopes of pr spectrum of the core and corona
components in low-pr regions while the particle productions
in the region would contribute to (pr) significantly.

For Pb + Pb collisions presented in Fig. 7(b), our results
from full simulations with DCCI2 reasonably describe the
experimental data within the range of experimental data. A
slight difference is seen between results from full simulations
and the ones from simulations without hadronic rescatter-
ings: Mean transverse momentum is slightly enhanced due to
hadronic rescatterings and the effect becomes relatively clear
as increasing Ng,. On the other hand, the large difference is
seen between the results from core and corona components.
The core components show larger (pr) while the corona com-
ponents show smaller values for almost the entire Ny,. The
larger (pr) from core components originates from the flatter
slope of pr spectrum, while the smaller (pr) from corona
components originates from the steeper slope of pr spectrum
in the low-pr region seen in Fig. 5(b). The difference be-
tween the results without hadronic rescatterings and the ones
from core components exactly exhibits there exists the sizable
correction from nonthermalized matter to the results obtained
purely from hydrodynamics. The correction is found to be

visible for the entire N, and to be ~ 5—11% in Ny, < 200.
Therefore the “soft-from-corona” components are the key to
precisely reproduce the multiplicity dependence of the mean
transverse momentum.’

Figure 8 shows the second-order anisotropic flow co-
efficient of charged particles obtained from two-particle
cumulants, v, {2}, as a function of N}, in (a) p + p collisions at
/s =7TeV and (b) Pb + Pb collisions at \/syy = 2.76 TeV.
Kinematic cuts for both v;{2} and N, are 0.2 < pr < 3.0
GeV and |n| < 0.8 as used in Ref. [95]. It should be men-
tioned that insufficient statistics with DCCI2 simulations do
not allow us to have a pseudorapidity gap of charged hadron
pairs |An| > 1.4 in the v,{2} analysis unlike in the ALICE
analysis. This is the reason why we do not compare our results
with the experimental data in this paper. We leave quantitative
discussion by comparing with experimental data for future
work.

For the results in p + p collisions, v,{2} obtained from
both core and corona components is larger than that from

It is discussed that the centrality dependence of (p7) is well
described by hydrodynamic simulations introducing the finite bulk
viscosity [92]. While a recent Bayesian analysis supports the zero-
consistent bulk viscosity by analyzing pr-differential observables
[7]. Both of them, however, still failed to reproduce pion pr spec-
tra below ~0.3GeV (see, e.g., Fig. 3 in Ref. [92] and Fig. 21 in
Ref. [93]. Another related discussion is in Ref. [94]), which would
result in overestimation of (pr). The discrepancy between hydrody-
namic results and experimental data in this low-p; region becomes
larger as going to peripheral collisions or small colliding systems
[93]. Therefore the deviation between the model and the data in the
low-p7 region could be filled with the corona components and would
improve the description of (pr).
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FIG. 8. Second order of anisotropic flow coefficient obtained from two-particle correlation for charged hadrons as a function of the number
of produced charged particles in (a) p+ p collisions at /s =7 TeV and (b) Pb + Pb collisions at /syy = 2.76 TeV. Results from full
simulations (orange squares) and simulations without hadronic rescatterings (yellow diamonds) are shown with closed symbols. While results
from core (red diamonds) and corona (blue triangles) components from simulations without hadronic rescatterings are plotted with open

symbols.

simulations without hadronic rescatterings in 10 < Ny, < 50.
This suggests that the event plane angle of core components
might be different from that of corona components, which
dilutes v,{2} of core and corona components with each other.

For the results in Pb + Pb collisions, the v,{2} from full
simulations reaches a maximum value at N, ~ 400, which is
similar to the tendency observed in experimental data [95].
From a comparison between the results with and without
hadronic rescatterings, one can tell that a slight enhancement
of v2{2} comes from generation of elliptic flow in the late
hadronic rescattering stage [81-83]. Here again, one can see
the correction from corona components in the comparison
between the core result and the inclusive result in the case
without hadronic rescatterings. The correction from corona
components is found to be ~ 15—30% below Ny, =~ 370,
which originates from the small peak seen at the very low
pr region in the pr spectra in Fig. 5(b).® This suggests that
one would need to incorporate corona components in hy-
drodynamic frameworks to extract transport coefficients from
comparisons with experimental data.

In both p + p and Pb + Pb results, there are two factors
that would give a finite anisotropy in corona components,
which are color reconnection and feed-down from surviving
partons. The color reconnection effect implemented in de-
fault PYTHIAS and PYTHIA8 Angantyr can arise collectivity

8The leftmost point of the contribution from core components is
slightly shifted to large N, since there are some events in which one
cannot calculate two-particle cumulants due to less than two charged
particles from the core parts are measured in a given kinematic
window in this N, bin. Therefore the event average of N, for core
components is biased to larger N,.

[96]. With the color reconnection, dense color strings formed
due to multiparton interactions interact with each other and
eventually induce flowlike behavior of final hadrons. Its ef-
fect can be enhanced due to more multiparton interactions
in initial parton generation with DCCI2 compared to default
PYTHIAS and PYTHIAS Angantyr. The detailed discussion on
multiparton interactions in initial parton generation is made
in Sec. III E. Under the dynamical core-corona initialization,
partons originating from hard scatterings and emitted in the
back-to-back directions tend to survive. In contrast, soft par-
tons, which originate from multiparton interactions and are
randomly directed, tend to be converted into fluids. Since the
low-py charged hadrons come from such surviving partons
through string fragmentation, v,{2} of corona components
could reflect that of their parents. As a result, the corona
components show larger anisotropy compared to results from
the default PYTHIAS8 [96] and PYTHIAS Angantyr.

D. Multiplicity dependence of mean transverse mass

The fraction of core components to total hadronic produc-
tions increases along charged-particle multiplicity as shown
in Fig. 4. Since the effects of radial flow are expected to be
more pronounced as increasing fraction of core components,
we analyze the mean transverse mass for various hadrons in
high- and low-multiplicity p + p and Pb + Pb events and see
its mass dependence. It has been empirically known that myp
spectra in small colliding systems exhibit the my scaling, i.e.,
the slope of my spectra being independent of the rest mass of

hadrons [97,98]. Here my =

and m is the rest mass of the hadron. In contrast, in heavy-ion
collisions, the slope parameter increases with m and, as a

/m? + p is the transverse mass
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result, the my scaling is violated, which is regarded as a sign of
the existence of radial flow generated [99,100]. Thus whether
radial expansion exists in small colliding systems due possibly
to the QGP formation can be explored through the empirical
scaling behavior and its violation in the mean transverse mass.

We take two event classes, high-multiplicity (0—10%) and
low-multiplicity (50—100%) events, in p 4+ p and in Pb + Pb
collisions.” The multiplicity or centrality classification is per-
formed in the same way as the one used in Fig. 3. In the
following, we analyze the mean transverse mass of charged
pions (w* and 7 ™), charged kaons (K* and K ™), protons (p
and p), phi mesons (¢), lambdas (A and A), cascade baryons
(2~ and 1), and omega baryons (2~ and Q*), in || < 0.5
without pr cut.

Figure 9(a) shows the mean transverse mass, (my) — m, as
a function of the rest mass of hadrons, m, in high-multiplicity
(0—10%) and low-multiplicity (50—100%) p + p collisions
at /s = 7TeV. To pin down the effect of hadronic rescatter-
ings, the results from full simulations and simulations without
hadronic rescatterings are compared with each other. The re-
sult from PYTHIA8 with the default settings including color
reconnection is also plotted as a reference. Overall, (my) —m
in high-multiplicity events (0—10%) tends to exhibit an al-
most linear increase with increasing m except for phi mesons.
On the other hand, such a clear mass dependence is not seen
in low-multiplicity events (50—100%), which is consistent
with the my scaling. It should also be mentioned that the
violation of linear increase of phi mesons in core components
appears after resonance decays against direct hadrons (not
shown). An apparent flowlike linear mass dependence is seen
in results from PYTHIA8 in high-multiplicity events as well,
which is due to the color reconnection [101]. The almost linear
increasing behavior in DCCI2 is caused by both radial flow
for core components from hydrodynamic expansion and color
reconnection for corona components obtained with PYTHIAS.
As a result, the results from both DCCI2 and PYTHIAS8 have
similar tendencies. Therefore, it is difficult to discriminate
each effect by merely seeing the mean transverse mass. The
effect of hadronic rescatterings is almost absent for pions. This
comes from an interplay between small pdV work in the late
hadronic rescattering stage and approximate conservation of
pion number [4]. The small effects of hadronic rescatterings
are seen for phi mesons and omega baryons because they
do not form resonances in scattering with pions unlike other
hadrons [82,83].

Figure 9(b) shows the mean transverse mass as a function
of hadron rest mass for 0—10% and 50—100% centrality
classes in Pb + Pb collisions at ,/syy = 2.76 TeV. The al-
most linear increasing behavior of (m7y) — m appears even
in 50—100% centrality class as one can expect from the
centrality dependence of the fraction of core components in
Fig. 3(b). The larger enhancement of the mean transverse
mass due to hadronic rescatterings, in particular, for protons
is seen in high-multiplicity events in comparison with the

°Due to the lack of statistics, we simply divide events into these
classes regardless of collision system.

low-multiplicity events. This is a manifestation of the famous
“pion wind” in the late rescattering stage [102—-105].

Figure 9(c) shows each contribution of core and corona
components to the final result without hadronic rescatterings
in the 0-10% multiplicity class in p 4 p collisions. The in-
clusive result here is identical to the one shown as the result
without hadronic rescatterings in Fig. 9(a). The difference
between results of core and corona components is seen in
protons, lambdas, and omega baryons. The linear mass order-
ing of (my) — m from core components is slightly diluted for
protons and lambdas in the inclusive result due to the sizable
contribution of corona components. In contrast, the core result
and the inclusive result are almost on top of each other since
the contribution of corona components for omega baryons is
smaller in 0—10% multiplicity class compared to other particle
species.

Figure 9(d) shows each contribution of core and corona
components to the final result without hadronic rescatterings
in 0-10% centrality class in Pb + Pb collisions. The linear
increase except phi meson is seen very clearly for the core
component, and the increase rate is more than the one from
p + p results shown in Fig. 9(c).

Figure 9(e) shows the same variable with Fig. 9(c) but in
the 50-100% multiplicity class in p 4 p collisions. Since the
fraction of the core components is less than 10% in this range
of multiplicity class as shown in Fig. 3(a), the final result and
the result from corona components are almost top of each
other showing no significant dependence on hadron rest mass.

Figure 9(f) shows the same variables with Fig. 9(d) but
in the 50-100% centrality class in Pb 4 Pb collisions. Ac-
cording to Fig. 3(b), the fraction of core components shows
Reore & 0.8 to =~ 0.9 in this centrality range. Eventually the
result of core components is found to be slightly diluted by
corona components.

E. Evolution of transverse energy

As shown in Fig. 3 in Sec. IIT A, we reproduced cen-
trality dependence of charged-particle multiplicity in p 4 p
and Pb + Pb collisions within DCCI2. Although the default
PYTHIAS (or Angantyr model in heavy-ion modes) works
reasonably well, reproduction of multiplicity within DCCI2
can be attained only after the considerable change of a param-
eter prorer from its default value as mentioned in Sec. I1G.
A nontriviality in DCCI2 stems from different competing
mechanisms of how the transverse energy changes during the
evolution of the system. In this subsection, we discuss the ef-
fects of string formation/fragmentation and longitudinal pdV
work on the transverse energy and explain why we needed to
change this parameter in DCCI2.

The transverse energy per unit rapidity dE7/dn is a ba-
sic observable in high-energy nuclear collisions and contains
rich information on the dynamics of an entire stage of the
reactions. The transverse energy changes mainly in the initial
and the expansion stages of the reactions. In the initial stage,
the two energetic hadrons and/or nuclei form color flux tubes
between them as they pass through each other. The chromo-
electric and magnetic fields in the color flux tubes possess
the energy originating from the kinetic energy of colliding
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FIG. 9. Mean transverse mass, {mz) — m, as a function of rest mass of hadrons, m, from DCCI2 in (a) p + p collisions at /s = 7 TeV and
(b) Pb + Pb collisions at ,/syy = 2.76 TeV. A comparison of the results from full simulations (closed symbols connected with solid lines) and
the ones from simulations without hadronic rescatterings (open symbols connected with dashed lines) is made. Results of high-multiplicity
events (0—10%, red) and of low-multiplicity events (50—100%, blue) are shown to see the effects of the fraction of core components. The result
from PYTHIAS and PYTHIA8 Angantyr (black symbols) with default parameters including color reconnection is plotted in p 4+ p and Pb + Pb
collisions, respectively, as references. Corresponding contributions of core and corona components in 0—10% multiplicity and centrality classes
in (c) p+ p and in (d) Pb + Pb collisions, respectively. Corresponding contribution of core and corona components in 50—100% multiplicity
and centrality classes in (e) p + p and in (f) Pb + Pb collisions, respectively.

024905-18



INTERPLAY BETWEEN CORE AND CORONA COMPONENTS

PHYSICAL REVIEW C 105, 024905 (2022)

4 PYTHIA, parton

8 (a) PYTHIA, hadron
; % DCCI, parton
(O ><><><><>< SO0 X DCCI, hadron

X g X

"g 4 Xt g¥ ", " X
<= < ,‘;1- +++. X
w X% ®
B 2 X X|.+ ‘lqﬁ X

O'j "%ﬁ

-10 -5 0 5 10
n

dE7/dn (GeV)

1000 o + PYTHIA, parton
(b) ® 3 PYTHIA, hadron
3 ® % DCCI, parton
750 ' % X DCCI, hadron
t 3 ®
500 2 000NN
X X
xXX X
250 i e, Xg
>§"‘+‘ *a.
-10 -5 0 5 10
n

FIG. 10. Pseudorapidity distribution of transverse energy in (a) minimum-bias p + p collisions at /s = 7 TeV and (b) minimum-bias
Pb + Pb collisions at \/syy = 2.76 TeV from DCCI2 and PYTHIA8. A comparison of transverse energy distribution between parton and hadron
levels is made for results from DCCI2 and PYTHIAS. Results from the parton level in DCCI2 (green crosses) and PYTHIAS (blue pluses) and the
ones from the hadron level (red crosses) in DCCI2 and PYTHIAS (orange pluses) are shown for comparison. For Pb + Pb collisions, PYTHIA8

Angantyr is used to obtain the results.

hadrons or nuclei. The decays of color flux tubes into partons
and subsequent rescatterings among them are supposed to lead
to the QGP formation [106—108]. Thus, how much energy
is deposited in the reaction region is a fundamental problem
of the QGP formation and depends on the initial dynamics
of high-energy nuclear collisions. On the other hand, in the
expansion stage, the pdV work associated with the longitu-
dinal expansion after the QGP formation reduces the energy
produced in the initial reaction region [109,110]. The amount
of reduced energy is sensitive to viscosity and other transport
properties of the QGP [111]. Therefore dE7 /dn can be a good
measure to scrutinize modeling in the initial and the expansion
stages of the reactions.

In PYTHIAS, partons are first generated through hard scat-
terings and then, together with partons from initial and final
state radiations, form hadron strings which eventually frag-
ment into hadrons. The transverse energy per unit rapidity of
final hadrons is always larger than that of initially generated
partons around midrapidity. To understand this enhancement
around midrapidity, suppose a hadronic string formed from
a diquark in the forward beam rapidity region and a quark
in the backward beam rapidity region as an extreme case.
Although the partons lie only around beam rapidity regions
and the transverse energy of them vanishes around midrapid-
ity, that string fragments into hadrons almost uniformly in
rapidity space. Thus, the emergence of the transverse energy at
midrapidity is a consequence of the formation of a color string
between such partons around beam rapidity. Since parameters
in PYTHIAS are so tuned to reproduce the final hadron spectra,
the initial parameters are highly correlated with parameters in
the fragmentation as a whole. Therefore the default parameter
set should not be used if the subsequent hydrodynamic evolu-
tion, which reduces the transverse energy from its initial value
of generated partons, is incorporated in DCCI2.

Figure 10 shows dEr /dn of the initial partons before the
string hadronization or the dynamical initialization and that of
the hadrons in the final state from both PYTHIA8 and DCCI2
in minimum-bias (a) p + p collisions at /s = 7 TeV and (b)
Pb + Pb collisions at /syy = 2.76 TeV. For the results from
PYTHIAS in Fig. 10(a), the transverse energy per unit pseudo-
rapidity, dE7 /dn, of the final hadrons is always larger than
that of the initial partons in the whole rapidity region except

around the beam rapidity. Since the final hadron yield is
dominated by the corona components in minimum-bias p + p
collisions in DCCI2, the above behavior is qualitatively the
same as the ones from PYTHIAS8. The difference of the results
between DCCI2 and PYTHIAS8 appears in the absolute value
of Er/dn in parton level, which is a consequence of partial
formation of QGP fluids. To obtain the same amount of the
transverse energy in the final state in DCCI2, the transverse
energy must be deposited initially &~ 1.5 times as large as
that in PYTHIAS8 at midrapidity to reconcile the reduction of
transverse energy due to pdV work. This is exactly possible
by considerably decreasing the parameter proret.-

For the results from PYTHIA8 Angantyr in Fig. 10(b), the
behavior of the transverse energy in Pb + Pb collisions is
again the same as in p + p collisions. In contrast, the trans-
verse energy in initial state from DCCI2 shows &3 times as
large as that in PYTHIA8 Angantyr. The reason is the same as
mentioned on the results of DCCI2 in p + p collisions. The
decrease of the transverse energy due to pdV work is clearly
seen in Pb + Pb collisions.

The parameter prorer regulates infrared divergence of the
QCD cross section, can be interpreted as a parameter pmin
to separate soft from hard scales,!® and controls the num-
ber of multiparton interactions in PYTHIA [112,113]. The
smaller the separation scale p, i, i, the larger the number
of multiparton interaction (nmp1(P1min)) = 02-52(PLmin)/Ond
is. Here 07—, and 0,4 are the perturbative QCD 2 — 2
cross section and the inelastic nondiffractive cross section, re-
spectively. By increasing (nypr(pimin)) as decreasing progef,
initial partons are generated more and bring the sufficient
amount of transverse energy in the final hadron state as
shown in Fig. 10(b). In this work, we use prorer = 1.8
and 0.9 for p+p and Pb+4 Pb collisions as mentioned
in Sec. IIT A, which are smaller than the default values,
2.28 and 2.0 for MultipartonInteractions:pTORef and
SpaceShower : pTORef in PYTHIA.

10T actual simulations in PYTHIA, a parameter proger provides a
scale to make a smooth turnoff of hard scattering rather than the sharp
separation [112].
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So far, we have found that hydrodynamics and string frag-
mentation have different evolution of transverse energy. Thus,
the multiplicity of final hadrons from such a two-component
model is sensitive to a fraction of each component in a system.
To, at least, reproduce multiplicity in DCCI2, we need to
change the parameter proger from its default value. However,
as we mentioned at the beginning of this section, the other
parameter oy in Eq. (10) has a nontrivial correlation with
PT1oref, Which means that we need to tune both the parameters
at the same time. Suppose that one first tries to reproduce
multiplicity by tuning prores. Since a small prorer gives a rise
to the number of multiparton interactions and deposited trans-
verse energy is enhanced, it affects to enhance final hadron
multiplicity. On the other hand, since the number of initial
partons produced in midrapidity increases, this causes more
fluidization in dynamical core-corona initialization. Once a
fraction of the core is enhanced, the multiplicity of final
hadrons can also decrease since the initial transverse energy
deposited in midrapidity region is used for pdV work. As a
result of competition between these effects, multiplicity can-
not linearly enhance or decrease by decreasing or increasing
Proref- Second, suppose that one tries to reproduce particle
yield ratios as functions of multiplicity by tuning oy. Since
changing oy means changing a fraction of core and corona,
final multiplicity is easily altered, too. This is the reason
why we need to fix both parameters by taking into account
multiplicity and particle yield ratios at the same time.

Note that if we made viscous corrections in the hydrody-
namic evolution, then the resultant change of proger from its
default value could have been modest due to the less reduction
of transverse energy [111], which is beyond the scope of the
present paper, but which should be investigated in the future
work.

A string melting version of A Multi Phase Transport model
[114,115] and the hydrodynamic models using it for gen-
erating initial conditions [116,117] avoid this issue of the
transverse energy in an “ad hoc” way: The hadrons decaying
from a string are re-decomposed into their constitutive quarks
and antiquarks and then form high-energy density partonic
matter. Although it is possible to count the energy stored
along the string contrary to considering the generated partons
directly, this prescription lacks gluons from melting strings.
Therefore, we do not pursue this idea in the present paper.

IV. SUMMARY

We studied the interplay between core and corona compo-
nents establishing the DCCI2, which describes the dynamical
aspects of core-corona picture under the dynamical initializa-
tion scheme. To develop the DCCI2, we put an emphasis on
reconciliation of open issues of dynamical models, mainly
relativistic hydrodynamic models, toward a comprehensive
description of a whole reaction of high-energy nuclear col-
lisions. One of the important achievements is to generate
the initial profiles of hydrodynamics by preserving initial to-
tal energy and momentum of the collision systems. This is
achieved by adopting hydrodynamic equations with source
terms on initial partons obtained from PYTHIAS, one of the
widely accepted general-purpose Monte Carlo event gener-

ators. Consequently, in addition to the equilibrated matter
(core) described by relativistic hydrodynamics, we also con-
sider the existence of nonequilibrated matter (corona) through
dynamical initialization with the core-corona picture.

We have updated our model from the previous work. The
updates include sophistication of four-momentum deposition
of initial partons in dynamical core-corona initialization, sam-
plings of hadrons from hypersurface of core parts (fluids)
with IS3D, hadronic afterburner for final hadrons from core
and corona parts with a hadronic transport model JAM, and
modification on color string structures in corona parts due to
coexistence with core parts (fluids) in coordinate space.

Discussion on the interplay between core and corona com-
ponents is made once fixing major parameters so that our
model reasonably describes multiplicity as a function of mul-
tiplicity or centrality class and omega baryon yield ratios
to charged pions as functions of multiplicity. First we ex-
tracted the fractions of core and corona components to the
final hadron yields as functions of multiplicity and central-
ity classes. We found that, as increasing multiplicity, the
core components become dominant at (dNp/dn) <05 ~ 18,
which corresponds to about 0.95-4.7% multiplicity class in
p + p collisions at /s = 7 TeV and ~80% centrality class in
Pb + Pb collisions at \/syy = 2.76 TeV. Next, we showed the
fractions of core and corona components in charged-particle
pr spectra. In minimum-bias Pb + Pb collisions, the fraction
of core components is dominant below pr =~ 5.5 GeV, while
that of corona components is dominant above that. Interest-
ingly, we found that there was an enhancement in the fraction
of corona contribution with Reorona &~ 0.2 at most in pr < 1
GeV even in minimum-bias Pb + Pb collisions. From this,
the fraction of the corona contribution is anticipated to in-
crease in peripheral collisions. This brings up a problem in
all conventional hydrodynamic calculations in which low-pr
soft hadrons are regarded purely as core components. Since
the fraction of each component would exist finite for a wide
range of multiplicity and, as a result, there should be interplay
between them, we suggest that both small colliding systems
and heavy-ion collisions should be investigated in a unified
theoretical framework by incorporating both core and corona
components.

To investigate the effects of coexistence of core and corona
components on observables, we showed (pr) and v,{2} as
functions of Ny, In particular, in Pb + Pb collisions, we found
that the finite contribution of corona components at midrapid-
ity gives a certain correction on the results obtained purely
from core components, which is described by hydrodynam-
ics. The correction is ~ 5—11% for (pr) below Ny, = 200,
while it is &~ 15—30% for v,{2} below N, &~ 370. The former
correction leads to the reasonable agreement of (pr) with
the experimental data. This suggests that one might need to
incorporate corona components in hydrodynamic frameworks
to extract transport coefficients from comparisons with exper-
imental data. Finally, we explored effects of radial flow based
on violation of my scaling with hadron rest mass by classify-
ing events into high- and low-multiplicity ones. Noteworthy,
we found that it is difficult to discriminate the radial flow
originated from hydrodynamics from collectivity arisen from
color reconnection in PYTHIA8. We also discussed evolution
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of transverse energy in the DCCI2. In string fragmentation,
final transverse energy is larger than initial transverse energy
as producing hadrons around midrapidity. While in hydrody-
namics, transverse energy just decreases from its initial value
during the evolution due to the longitudinal pdV work. To
obtain the same amount of transverse energy in the final state
in DCCI2 with default PYTHIA8 Angantyr in minimum-bias
Pb + Pb collisions, it is necessary to have three times larger
initial transverse energy than the one of default PYTHIA8 An-
gantyr.

For more quantitative discussion on transport properties of
the QGP fluids, we admit an absence of viscous corrections
to fully equilibrium distribution in our analysis. We leave
this as one of our future works. Nevertheless, we emphasize
that the corrections from corona components mean the ones
from “far from” equilibrium components which should ex-
ist nonetheless and would more significantly affect the final
hadron distributions than the viscous corrections.

It is known that transverse momentum spectra solely
from hydrodynamics or hybrid (hydrodynamics followed by
hadronic cascade) models do not perfectly reproduce the
experimental data below py ~ 0.5 GeV [77], although hy-
drodynamics is believed to provide a better description in the
low-p7r region in general. The deviation between pure hydro-
dynamic results and the data in the low-py region could be

filled with the corona components. Detailed analyses of cen-
trality dependent particle identified pr spectra from DCCI2,
which require high statistics, and its comparison with the
experimental data will be made in a future publication.

With this model, we anticipate that it would be interest-
ing to explore planned O + O collisions at LHC [118] since
the collision system can provide data around “sweet spot”
in which the core components are to be dominant and yet
corrections from corona components cannot be ignored at all
[119]. In addition, investigation on strangeness enhancement
in forward or backward regions might give some insights
into ultra-high-energy cosmic ray measurements [120,121].
Incorporation of a dynamical description of kinematic and
chemical pre-equilibrium stage [122,123] and investigation of
medium modification of jets [124,125] are in our interests as
well. We leave the discussion on those topics as a future work.
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