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Multiscale evolution of charmed particles in a nuclear medium
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Parton energy-momentum exchange with the quark gluon plasma (QGP) is a multiscale problem. In this work,
we calculate the interaction of charm quarks with the QGP within the higher twist formalism at high virtuality and
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high energy using the Modular All Twist Transverse-scattering Elastic-drag and Radiation (MATTER) model,
while the low-virtuality and high-energy portion is treated via a linearized Boltzmann transport formalism.
Coherence effect that reduces the medium-induced emission rate in the MATTER model is also taken into
account through a virtuality-dependent g, leaving the simultaneous dependence of § on heavy quark mass and
virtuality for future studies. The interplay between these two formalisms is studied phenomenologically and used
to produce a first description of the D-meson and charged hadron nuclear modification factor R4 across multiple
centralities. All calculations were carried out utilizing the Jet Energy-loss Tomography with a Statistically and
Computationally Advanced Program Envelope framework.

DOI: 10.1103/PhysRevC.107.054901

I. INTRODUCTION

Understanding the properties of the quark gluon plasma
(QGP) at various energy scales is at the core of the ongoing
relativistic heavy-ion program at the Relativistic Heavy-Ion
Collider (RHIC) and the Large Hadron Collider (LHC) [1].
Soft hadronic observables (e.g., the multiplicity of various
hadronic species or their anisotropic flow) probe transport
properties of the QGP such as its shear and bulk viscosity
and can thus be used to constrain the latter [2]. On the other
hand, penetrating probes such as electromagnetic radiation
(see, e.g., Refs. [3-5] and references therein) or high-energy
phenomena, such as jets and heavy flavor production, give
access to properties of the medium at high temperatures (see,
e.g., Refs. [6-8] and reference therein). Jets and heavy flavor
production in the vacuum are well understood and calcula-
ble using perturbative QCD techniques [9] as well as Monte
Carlo generators of parton showers such as PYTHIA [10,11].
This provides a baseline against which the nuclear medium
modifications of these quantities give insight into the QGP
properties.

Medium-induced modifications of parton showers are en-
capsulated in QGP transport coefficients [12—14]. Transverse
momentum broadening () of parton showers in the QGP is a
notable example of such medium-induced interactions. More
formally,

q= ()
where (p%); corresponds to the squared transverse momen-
tum change of a parton as it traverses a distance L through
the QGP medium before splitting, and thus § is the average
transverse momentum change per unit length.

As parton interactions change at different energy and
virtuality scales, a framework that allows for a system-
atic investigation of their medium-induced interactions is
needed [15], such as that provided by the Jet Energy-loss
Tomography with a Statistically and Computationally Ad-
vanced Program Envelope (JETSCAPE) Collaboration. The
holistic approach taken by JETSCAPE has improved both, our
understanding of the bulk transport coefficients of the QGP,
such as the shear and bulk viscosity [16-18], as well as the
jet energy-loss transport coefficient ¢ [19,20]. Our goal in this
work is to describe the evolution of heavy quarks, specifically
charm quarks, within the QGP using the JETSCAPE frame-
work, and to explore how the multiscale physics included
in the JETSCAPE framework affect the leading D-meson as

well as the charged hadron nuclear modification factor Ry,.
While JETSCAPE version 3.1 is used in our simulation, the
current public version (i.e., v3.5) of JETSCAPE [21] con-
tains the same physics as explored herein and can be used
instead.

The multiscale problem of parton interactions with the
QGP, often called parton “energy loss” for brevity, can be
loosely separated into three regimes: One of high energy (E)
and high virtuality (¢), followed by a high-E and low-f regime
both described via perturbation theory, ultimately ending up
in the low-E and low-¢ phase space where nonperturbative
phenomena take place.! All three sectors are incorporated
inside the JETSCAPE framework, with the first two being the
focus of this study.

Starting in the high-E and high-¢ region of phase space,
any virtual particle will undergo multiple radiations and
thereby reduce its virtuality. Such processes are already
described in the vacuum using Monte Carlo shower genera-
tors, such as PYTHIA, which we here use solely to sample
the hard process giving rise to a parton shower. The sub-
sequent virtuality-ordered evolution of the shower profile,
both in position and momentum spaces, will be simulated
using medium-modified interactions between hard partons
and the QGP following the in-medium Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi (DGLAP) evolution [23,24] based on
the higher-twist formalism [25-27] valid when t2 > GE. The
medium-modified DGLAP evolution is typically stopped once
the virtuality reaches t ~ /gE.

When the virtuality scale is close to that of the medium,
rate equations [28-30] become an apt description of parton
evolution in the QGP. Formalisms based on Baier-Dokshitzer-
Mueller-Peigne-Schiff [31,32], including Zakharov’s [33]
contribution, or the Arnold-Moore-Yaffe [34—36] approach,
the Djordjevic-Gyulassy-Levai-Vitev [37,38] prescription, as
well as those inspired from higher twist [39—42] have all be
used in the past. In this work, we follow the higher twist-
inspired rate equations approach. Finally, once partons reach
the low-E low-t region, they will be handed off to PYTHIA
for hadronization.

IPast efforts [22] focused more on developing the theoretical for-
malisms and/or numerical approaches to describe these kinematic
regimes, and thus often a single formalism was used throughout
the entire evolution history of the parton shower. The JETSCAPE
framework provides the opportunity to investigate multiple regimes
in a consistent fashion.
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TABLE I. Transport coefficients in Eqs. (3) and (4).
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This work is organized as follows: In Sec. II we present
details about the hydrodynamical simulation of the QGP
through which partons will interact, Sec. III describes the
multistage energy-loss models used in this JETSCAPE cal-
culation, Sec. IV presents the results of this calculation, while
Sec. V is reserved for concluding remarks.

II. EVOLUTION OF THE QCD MEDIUM

The evolution of the QCD medium used throughout this
study is performed using a Bayesian tuned boost-invariant
241-dimensional hydrodynamic-inspired model which in-
volves three stages: a prehydrodynamic, hydrodynamic, and
a hadronic transport stage [2,43—45]. The prehydrodynamic
stage is composed of the TzkENTo (initial condition for
Pb-Pb collisions) [46], followed by free streaming for
a proper time of tgs = 1.2 fm/c. This generates a non-
trivial initial condition for the hydrodynamical simulation
to follow. We have generated in total 400 TgkENTo ini-
tial Pb-Pb configurations in the 0-10% centrality class at
A/Svv =5.02 TeV. The relevant parameters used for sim-
ulating the evolution of the QCD medium are extracted
from a Bayesian model-to-data comparison, explained in
Refs. [2,47].

The hydrodynamical simulation [43,48] is performed
until the the crossover temperature of 7. = 154 MeV is
reached [49], at which point fluid fields are converted into
particles [47,50] whose subsequent evolution is governed by
hadronic Boltzmann transport [44,45].

All parotns, including charm quarks, do not interact during
the prehydrodynamical evolution as it is given by free stream-
ing. Since we shall focus on charm quarks and D-mesons
at momenta above 7 GeV, hadronic final state interactions
are negligible as well. Thus, all parton (and charm quarks in
particular) only interact during the hydrodynamical portion of
the evolution, which is given by second-order Israel-Stewart
theory [51,52]. Other than conservation of energy and mo-
mentum, second-order hydrodynamical equations also include
relaxation-type equation for six independent viscous degrees
of freedom, namely five in the shear tensor 7#¥ and one for
bulk pressure IT. The energy-momentum conservation equa-
tion reads:

9T =0, T" =euu’ —(P+TDA" + 7, (2)

where € is the energy density, u" is the flow four-velocity,
P is the thermodynamic pressure related to € by the equa-
tion of state P(e) [47,49], A*’ = g"¥ — utu” projects on the
spatial directions in the local fluid rest frame, and g"' =
diag(1l, —1, —1, —1) is the metric tensor. The dissipative de-

grees of freedom satisfy:
il + 1 = =6 — dnnl16 + A tPoeg,  (3)
Tt ™) 4 T = 2no ™ — 8,2 "0 + Apn o™

— T oV + o e, “4)

where I1 = u®9,I1, 7+ = Ag;u’\a,\n“ﬁ, ALy = (ALAL +
AGAL/2 — (AgpAPY)/3, 6 = B,u”, o = %y, with
A) = AZ;A‘“‘*‘. Other than ¢ and 5, which will be discussed
in a moment, the various transport coefficients present in
Egs. (3) and (4) were computed assuming a single component
gas of constituent particles in the limit m/T < 1 [53,54],
where m is their mass and 7T the temperature, respectively.
These are summarized in Table I, where ¢? = 9P/de is the
speed of sound squared.

The specific shear viscosity (n/s)—where s is the
entropy density—and the specific bulk viscosity (¢/s)
are both taken from a recent Bayesian model-to-data
comparison [2].

III. PARTON INTERACTIONS WITH THE QGP

Following initial parton momentum production in
PYTHIA and transverse positions sampled from the binary
collision profile in TxENTo, the evolution of high-energy
and high-virtuality partons is calculated in Modular All
Twist Transverse-scattering FElastic-drag and Radiation
(MATTER) [55], which describes their interactions with
the QGP using the higher twist formalism [25-27]. The
latter develops a virtuality ordered shower, which this study
extends by including heavy quarks in MATTER according
to the soft collinear effective theory (SCET) devised by
Ref. [56]. Once partons in the shower reach the low-virtuality
(and high-energy) regime, further evolution proceeds via the
linearized Boltzmann transport (LBT) model [57]. In the LBT
formalism, the interactions between the partons and the QGP
preserve the virtuality of the partons, while modifying their
energy and three-momentum. Partons with virtuality ¢ > ¢,
t; being the switching virtuality, are evolved by MATTER,
while those with ¢ < f, are evolved using LBT.

Following the LBT evolution, the JETSCAPE framework
determines whether the partons undergo further evolution
in MATTER (this can happen if a parton quickly exits the
medium and continues to shower in the vacuum, for exam-
ple) or whether they hadronize (hadronization is handled via
fragmentation in PYTHIA).

A. The higher-twist formalism in MATTER

This section summarizes the physical mechanisms involv-
ing heavy flavor. In the higher twist approach, the radiation
of a gluon off a heavy quark was first theoretically devised

054901-3



W. FAN et al.

PHYSICAL REVIEW C 107, 054901 (2023)

using SCET in Ref. [56], while solely the light flavor higher-
twist calculations were explored in Refs. [25-27,55]. The

J

ANV deed _ o (l)

radiation process Q — Q + g, where Q is a heavy quark,
is [56]

dzdt dzdt ~— 27

where z is the momentum fraction of the daughter heavy
quark, M is the mass of the heavy quark, x = (1 — z)zMz/l2 ,
with 7 being the relative transverse momentum square be-
tween the outgoing daughter partons, determined via z(1 —
)t = li(l + x), while ¢ is the virtuality of the heavy quark
and Py o(z) = Crl{Z- 1+Z ] is the splitting function. The integral
over light-cone time 1:+ in Eq. (5) assumes the medium is
in its rest frame, with the upper bound rg = 2q"/t being
given by the ratio of forward light-cone momentum g =
(¢° + q - 7)/+/2 (with A = q/|q]), and the virtuality .

1. Transverse momentum broadening of partons in the QGP

The transverse momentum broadening (§) acquired by the
quark as it traverses the QGP is the only quantity that ex-
plicitly depends on t+ via its temperature dependence G(7T').
Following the the hard thermal loop (HTL) approximation as
presented in Ref. [58], G is

. 42{(3) cET
qHTL 2 3 In |: ] , (6)
b4 4m?,
where C, = N, = 3 the number of colors, ¢(3) &~ 1.20205

is Apéry’s constant, E is the incoming hard parton’s en-
ergy, while the Debye mass is m3 = 4”"‘JT (N.+ % 5-), with
the number of flavors Ny = 3, the temperature T, and c~
5.7 [59]. Using a calibration to light flavor experimental ob-
servables, an effective value of o, namely a*™ = 0.3 was
obtained [60]. This formulation of § will also be used to study
heavy flavor energy loss in this work. The R4 study done
in Ref. [60] also revealed that a constant effective o™ can
be improved by allowing the coupling to run with the scale
w? =2ET via

qAHTL — Ca42§(3) S ) (eff)T In CET , 7
b 4m2 D
where
4 (eff)TZ N
m%) _ 7'[%3 (N + 7f) _ 6na<e“7T2
Ch) w2 < M%
2 s
o = 4 1 2 2, 8
(1) 1172717vf/31n_2 K™= Mo ®)

with E being the energy of the incoming hard parton par-
ticipating in a scattering or radiation process and A being
chosen such that o, (1?) = ™ at 43 = 1 GeV? [61]. Thus,
in our simulation the incoming hard parton (with energy E)
has a different coupling [i.e., o;(1?)] than the QGP parton
li.e., aD].

Bl [P i 22 () [[(5) e (557
; [1+ ; dt z(l—z)t(1+x)2|:2 2cos(rér > X+ > X 1gzt.

Furthermore, Ref. [61] suggests that § changes with the
virtuality scale—beyond the running of a;(u?)—which offers
an alternative explanation of the puzzle where the extracted
4/T? is around 50% smaller at the LHC compared to the
RHIC [22]. As the virtuality of the partons increases with
energy, the transverse size of the dipole formed by the parton
and the emitted gluon decreases, and as a result, can only
sample gluons from the medium that have wavelengths com-
parable to this size. This causes a suppression of § with higher
parton virtuality. In Ref. [61] an integrated form of § was
adopted, whereas in this study an effective parametrization of
that virtuality dependence [60] is used

Co

~HTL
1= w0 + e i)
42¢(3)

:Ca

cET Co
X ln|: 5 i| 5 VA ©)]
4mg |14 c;In”(¢) + ¢ In"(¢)

where c¢; and ¢, are tunable parameters, ¢ is the virtuality of
the parton, and ¢y = 1 + ¢ In?(t,) + ¢, In*(%,) is an overall
normalization ensuring that the #-dependent contribution—
given by §(¢)/¢" ™ —is unitless and lies within 0 and 1 as ¢
does not go below #,. Also note that the virtuality dependence
of g is the same regardless of the mass of the quark. Other
transport coefficients, namely the longitudinal drag é, and the
longitudinal diffusion é,, though present in MATTER, are
not explored here, as their virtuality dependence is currently
unknown.

Given the importance of having a virtuality-dependent §(z)
for light flavor observables, the main aim of this study is to
investigate whether a virtuality-dependent (¢ ) can also affect
heavy flavors. As no calculations of § simultaneously include
its virtuality and heavy quark mass dependence—i.e., there is
no §(t, M) available in the literature—the light-flavor §(¢) is
used herein for both light and heavy flavor to estimate of the
magnitude of §. At very large virtualities ¢ > M?, we expect
the heavy quark mass to play less of a role, and the following
approximation

oy (u)a T

Q. M) "= 4o (10)

is taken throughout this study. To obtain §(z, M) in the future,
the SCET scheme [56] should be combined with the virtuality-
dependent approach [61].

2. Kinematic limits of the Sudakov form factor integral

In order to determine the virtuality ¢ of the parent parti-
cle, as well as the momentum fraction of the z of its decay
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products, we use the kinematics of the reaction Q — Q + gto
first determine the minimum/maximum momentum fraction
allowed for this process. Up to linear order in #y/¢ the z limits
are as follows:

fo M? o 2
i = M +O[<7> }
2
o o
male__ @ — y 11
z s |:<t)i| (11)

where £y is the lowest scale below which MATTER evolu-
tion for light flavor partons is physically applicable and is
taken to be 7y = 1 GeV>. Requiring further that zZm. > Zmin
implies that ¢ has a lower bond #,;, which is tyi, = fo(1 +
V1 +2M?/ty). With these limits at hand, determination of
the virtuality ¢ is done by sampling the Sudakov form factor,
which gives a probability for no decay:

AQ%QJrg(t ’ tmin)

Zmax deac
=ex dr’ dz
p [ ‘/t:mn ‘[mm <dzdt,
Once the virtuality of the parent parton is determined
the momentum fraction z can be determined by sampling

]::fh (zjz\/(;:t dzdz’ ) between Ziow = Zmin and Zhlgh < Zmax-
Heavy quarks can be produced in the medium viag — Q +
0, though such a production is kinematically suppressed com-
pared to light quark production via gluon decay. Unlike the
case of Q — Q + g, the medium modifications to the process
of g — Q + O have not yet been derived using SCET. Thus,

this production process is approximated as follows [55,62]:

me o+ A
dN™ a.;(r)PQ:g(z){l . / 44
0

deed
)} 02

deac
dzdt

dzdt ~ zZ(1 —2)t

L@l o

where Py ,(z) = Tr[z> + (1 — z)*], while heavy quark mass
corrections are neglected. Using Eq. (13), the probability for
the gluon not to split into Q + O can be determined. However,
there are other channels contributing to the decay of the gluon
and hence the total probability for gluon not to split is the
product of the probabilities of gluon not splitting into pairs of
gluons as well as heavy and light flavor quarks. Though not
explicitly presented here, those channels are all accounted for
in MATTER.

The kinematics of the g — Q + O decay limit the available
phase space of this process. Indeed, assuming M?/t < 1 and
to/ K 1:

to + M? M*\?
t t
M*\?
+O[<t°+t )] (14)

to +M2

Zmax = 1 —

Requiring again that zpmax > Zmin as well as ¢ > i, implies a
fmin = 2(M? + ). The determination of ¢ and z proceeds in
the same way as for Q — Q0 + g.

Once MATTER determines that a splitting has happened,
additional contributions, stemming from further 2 — 2 scat-
terings, are calculated using LBT scattering rates, whose
principles are described in Sec. III B. Though these medium-
induced 2 — 2 scatterings are not energetic enough to
significantly alter the ¢ and z of the parent/daughter partons
in the shower, they may involve enough energy/momentum
exchange to promote medium partons to become part of
the jet shower, thus leaving dynamical sinks affecting the
hydrodynamical equations of motion. Partons leaving the hy-
drodynamical descriptions are called “recoil” partons, whose
back-reaction onto the hydrodynamical fields is currently
being studied within the JETSCAPE Collaboration, but not
herein.

B. The linearized Boltzmann transport formalism

The LBT simulation assumes that a small virtuality (see,
e.g., [6] and references therein) has been reached before fur-
ther interaction between partons and the QGP occurs. In that
limit, LBT neglects the virtuality of the parton, using on-shell
energy and momentum while calculating parton interactions
with the medium, and restores it once a parton exits the LBT
evolution. The main focus of this study is to inspect how
energy-momentum exchange with the QGP affects the charm
quark evolution. The description of light-flavor parton interac-
tions with the QGP is found in Ref. [60]. The LBT formalism
relies on solving the Boltzmann equation taking into account
2 — 2 and 2 — 3 processes. Specifically, the evolution of the
momentum and position distribution of a hard quark Q with
momentum p; is given by [40,41,63]:

Poufixr, p1) = Calfi] + Cinall f1] (15)

Calhi] = % / ap, f ap, / dPy(27) 5@

X (p1+ p2 — p3 — p)IMi 234 ha(s, t, u)
x{f3(p3) fa(po)I1 £ fi(pD][1 £ f2(p2)]
= feD) 21 + f3(p)][1 £ fa(ps)]}  (16)

where C, is the 2 — 2 collision rate of the leading-order

(LO) perturbative QCD (pQCD) 1+ 2 — 3 + 4 process, d,

is the spin-color degeneracy of the incoming parton ‘2.’
3p. . . .

[dP = [ (2:)—52';,9 with i = 2,3, 4; while Ay(s,t, u) = 0(s —

Zm%) )O(s+t — m% )O(—t — m%). Finally, the procedure to cal-
culate LO pQCD matrix element can be found in Chapter
17.4 of Ref. [64], for instance, with matrix elements given in
Ref. [65].

The medium-induced gluon radiation responsible for de-
scribing 2 — 3 processes in Cine[f1] uses the same higher
twist formulation as that employed in MATTER presented
in Eq. (5). Using the latter, the average number of gluons
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FIG. 1. Nuclear modification factor for D-mesons (a) and charged hadrons (b) at the /syy = 5.02 TeV Pb-Pb collisions at the LHC in the

0-10% centrality. We set c; = 10, ¢; =

100 within the §(¢) parametrization [see in Eq. (9)] for the MATTER alone and the MATTER+LBT

curve. The other parameters for the MATTER+LBT curve is t, = 4 GeV? found to best describe the R4, data. The p-p baseline for the LBT
curve is calculated using PYTHIA, whereas the p-p baseline for the MATTER and MATTER+LBT cases are calculated using MATTER

vacuum [11]. Data taken from Refs. [67-69].

emitted from a hard heavy quark, between time ¢ and r + At,
is [25,26,660]

med

Ldzdk? dr
dN™d  20.P(z) . k2 Yo t—t

— = =4 5 | sin’ . (18)
dzdk? dt mkt k? +22M 21y

As different successive emissions are independent, a Poisson
distribution probability is employed, whereby the probability
of emitting n gluons is

N™( — t + Ar) ~ At/dzdk (17)

P(n) = exp[—N™], (19)

(Nmed)"
—
while the probability of a total inelastic process iS Pipel. =
1 — exp[—N™]. The procedure to determine whether (and
how many) elastic vs inelastic scatterings inside the QGP
have occurred is explored in detail in Ref. [60]. The only
undetermined coefficient in LBT is the strong coupling o,
which can be fixed to «*®) = 0.3 as mentioned before, or
implemented as running coupling o, (14%). Both of cases are
explored below. The LBT framework also generates recoil
partons in the same way as in MATTER described above.

IV. RESULTS

This work focuses on studying the interplay between the
higher twist and the Boltzmann transport energy-loss mecha-
nisms of charm quarks in the QGP, with an emphasis on higher
twist contribution since it is included for the first time for open
heavy flavor in a multistage calculation. Since the current
JETSCAPE computational setup does not have multiple jets
propagating through the same medium simultaneously, the
calculation of the nuclear modification factor R44 simplifies

to:
d(rl,& AA ‘A
RD. _ dvr Zz 2t "ap %t 20
AA T ggD — nD ( )
pp Z ppf A
dpr ¢ dpr
dNA/\ pﬁ
where Doy and are the multiplicity of D-mesons orig-

inating from A A and p-p collisions in the experimentally

dN D
given pr bin, respectively. The spectrum NMic is calculated

utilizing our multistage model with PYTHIA generating the
original hard scattering, MATTER accounting for virtuality
ordered vacuum and in-medium splitting (see Sec. III A), and
LBT providing the medium-induced shower modification at
low virtuality and high energy (see Sec. IIIB). The cross
section for producing the hard scattering process of the given
range ¢ in transverse momentum pr is &, (pr is the transverse
momentum of the exchanged parton in the hard scattering
sampled by PYTHIA). Many 6, are sampled, spanning a large
kinematic range of the collision. The connection between the
PYTHIA shower and the energy-loss models is chosen to be
0.6 fm/c but the dependence of R4, on this quantity is found
to be weak [60]. Roughly 10 million events are generated for
one simulation and are evenly distributed among 400 fluid
dynamical events giving rise to about 25 000 events per fluid
dynamical event. Hadronization is handled by the Colorless
string hadronization routine [11]. Note that bottom quark en-
ergy loss is not accounted for in this study.

Combining all the features of our calculation presented
in Sec. III, namely a multistage simulation, a virtuality (¢)-
dependent 4, i.e., §(¢), and a running o;(u?), results in the
behavior seen in Fig. 1. On the left is the D-meson R44, while
charged hadron R4, is on the right. Given the experimental un-
certainties, an in-medium LBT or MATTER calculation alone
has difficulty describing simultaneously charged hadrons and
D-meson R4 over a wide pr range. A multistage calculation
significantly improves the agreement to data, due to multi-
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FIG. 2. Nuclear modification factor for D-mesons (a) and charged hadrons (b) in /syxy = 5.02 TeV Pb-Pb collisions at the LHC at 0-10%

centrality. The p-p baseline is calculated using PYTHIA.

ple contributing factors. In the following sections, MATTER
and LBT simulations will first be studied in isolation. This
allows a deeper understanding of how each physical simu-
lations affects R44, thus leading to an appreciation of how
the improvement in Fig. 1 is achieved within the combined
simulation.

A. R4y from LBT

To obtain Rsq4 using LBT as the sole energy-loss mech-
anism, an initial parton distribution needs to be provided.
One way to obtain this distribution is by using the PYTHIA
vacuum shower. The latter is also used to provide the proton-
proton baseline needed to calculate R44. Combining PYTHIA
and LBT, two simulations were performed: One &* = 0.3
serves as reference Ry4 calculation, while the other, using
a(11?), studies the effects of a running oy on Ryy.

The results of these calculations are found in Fig. 2. Since
these calculations rely on perturbation theory, solely results
above pr ~ 7 GeV/c are shown. The calculations with con-
stant o™ = 0.3 (dashed lines) generate significant energy
loss at high pr, producing an R44 slope that is inconsistent
with data, for both charged hadrons and D-mesons. Including
the effects of a running coupling «;(u?) (dotted lines) reduces
the amount of parton interactions at high py, which improves
the overall R44 slope to better mimic what is seen in experi-
mental data.

Note that past stand-alone LBT calculations can describe
well experimental data on R44 and v, for both light and
heavy quark hadrons, see Refs. [6,41,70,71] for example.
These LBT calculations have a different treatment of initial
spectra, bulk evolution, and hadronization procedures, com-
pared the one shown here. Furthermore, different values of
ay for the interaction vertex connecting to thermal partons
and jet partons were employed. However, Refs. [41,71] have
not considered how a medium-modified DGLAP showering
mechanism (such as MATTER) can affect the subsequent
Boltzmann transport evolution. The JETSCAPE framework
is designed to connect different energy-loss schemes, such

the medium-modified DGLAP evolution in MATTER and on-
shell transport in LBT, thus going beyond studying them in
isolation. Results from the stand-alone LBT as implemented
in the JETSCAPE framework are shown here to illustrate the
importance of a multistage in-medium jet shower evolution.

Except for D°-meson Ry, at high pr, assuming that no
energy loss occurs during the high-virtuality showering of par-
tons in a jet is an approximation that does not provide a good
description of the data. Thus, the goal of the next section is to
investigate how energy loss affects the high-virtuality portion
of the shower simulated via the higher twist formalism in
MATTER.

B. R44 from MATTER

As MATTER is being used throughout the entire virtu-
ality evolution herein, the higher twist formalism on which
it is based is employed until 7, = 1 GeV2. MATTER sim-
ulates the energy-momentum exchange between the partons
of the medium and jet partons via two types of interac-
tions. The first type of interaction is medium-induced inelastic
radiation encapsulated in §, a nonstochastic transport co-
efficient accounting for deviations from vacuum splittings.
Elastic 2 — 2 scatterings between jet and medium partons
are treated stochastically. For each parton in the shower, the
2 — 2 scattering rate is sampled. If a scattering occurs, the
thermal parton involved can become part of the jet, leaving
a negative contribution in the fluid, or become a source of
energy-momentum to be deposited in the QGP. In Fig. 3, the
elastic and inelastic processes are studied in turn assuming a
running o (u?).

Focusing on the result without 2 — 2 scatterings, labeled
as no recoil in Fig. 3, one sees that including elastic scat-
terings leads to additional energy loss compared to that
incurred via radiative processes alone. Unlike the LBT sim-
ulation where partons are long-lived and thus recoils are ever
present, for a virtuality ordered shower in MATTER the im-
portance of these elastic scatterings needs to be highlighted
due to the highly variable lifetime of partons in the shower.
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FIG. 3. Nuclear modification factor for D-mesons (a) and charged hadrons (b) in /syxy = 5.02 TeV Pb-Pb collisions at the LHC at 0-10%

centrality. HTL denotes a hard thermal loop calculation using g™

Furthermore, the comparison between light and heavy flavor
allows to appreciate how much these recoils affect partons
of different masses. Our calculations show that heavy and
light quarks are similarly affected, which can be an artifact
of not using (¢, M), thus motivating its calculation by com-
bining SCET of Ref. [56] with Ref. [61]. Outside of Fig. 3,
2 — 2 scattering is always included in calculations containing
MATTER.

As the virtuality-dependent §(¢) is smaller compared to the
HTL result, the Ra4 tends to be much closer to 1 for §(z)
(dotted lines) compared to the one for §'™ (dashed lines) as
depicted in Fig. 4. This effect is seen in both light and heavy
flavor results at high pr, as expected.

The MATTER alone result is not to be compared with data,
instead it gives a sense how different physics ingredients in
MATTER affect its results, which are present in the overall
comparison of MATTER+LBT R4, againts data.

1.4
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, while no recoil refers to scattering processes being deactivated in MATTER.

C. R4, from the combined MATTER and LBT simulation

The combination of MATTER and LBT simulations is
done by separating, in virtuality, the parton evolution in MAT-
TER from that in LBT. The virtuality at which the switch is
performed is a parameter, which for light flavor was tuned to
t; =4 GeV?.

A multistage Rsq calculation using a virtuality-
independent "™ alone shows an over suppression of
Rss compared to data for both light and heavy flavors.
Additionally, the slope seen in the experimental data in
the region pr 2 10 GeV is steeper than what is obtained
in our multistage Ra4 calculation using ¢"™. A simple
re-scaling of the overall normalization of g"™ would not
be enough to explain the slope seen in the data. In fact, a
virtuality-dependent § whose value is suppressed as virtuality
increases, such as that found Ref. [60], helps in this regard.
Employing a virtuality-dependent § shows a significant
effect on parton evolution not only in MATTER, but more

1.4
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- MATTER, ¢, =10, ¢, =100 M

1.2 JETSCAPE

1.0F FEEEEEE: 3
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(b)
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FIG. 4. Nuclear modification factor for D-mesons (a) and charged hadrons (b) in /syxy = 5.02 TeV Pb-Pb collisions at the LHC at 0-10%
centrality. The difference between §'T" and §(¢) is significant especially at high py-.
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FIG. 5. Nuclear modification factor for D-mesons (a) and charged hadrons (b) in \/syy = 5.02 TeV Pb-Pb collisions at the LHC at 0-10%
centrality. Here we are varying the parametrization of §(#) which is monotonically decreasing when ¢ and ¢, increase. The ratio in the bottom
plots are taken with respect to the ¢; = 10, ¢, = 100 case with §(¢) parametrization [see Eq. (9)]. A running e, (1) is used in all calculations
involving LBT.
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FIG. 6. Nuclear modification factor for D-mesons (a) and charged hadrons (b) in /syxy = 5.02 TeV Pb-Pb collisions at the LHC at 0-10%
centrality. A bigger value of 7, increases the effective length of LBT-based energy loss. The ratio in the bottom plots are taken with respect to
the ¢; = 10, ¢, = 100 case of the §(¢) parametrization. A running o(u?) is used in all calculations involving LBT.
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FIG. 7. Nuclear modification factor for D-mesons (a) and charged hadrons (b) in ,/syy = 5.02 TeV Pb-Pb collisions at the LHC at 0-10%
centrality. ¢; = 10, ¢, = 100 parameters values are employed in Eq. (9). Ignoring the g — Q + Q process in MATTER impacts the D meson
Ru4, while it has a smaller effect on the charged hadron R44. A running o,(u?) is used in all calculations involving LBT. The dashed line in
the ratio subplots divides MATTER+LBT no g — Q + Q to MATTER+LBT, while the dotted-dashed line divides MATTER+LBT HTL no

g — O+ 0 to MATTER+LBT HTL.

importantly in the multistage MATTER+LBT evolution,
affecting simultaneously light flavor and D-meson Rs4 seen
in Fig. 5. It is the combination of a multistage simulation
together with a virtuality-dependent § that is responsible for
the agreement between the theoretical calculation and the
data, in line with findings from the previous two sections.
Figure 5 explores how different parameter values of §(¢) in
Eq. (9) affect the Ry4, especially at high py.

1. Effects of g and t; on Ry,

Figure 6 studies the effect of varying the switching scale ¢,
with a larger ¢, implying a longer parton evolution in the LBT
regime. The LBT mechanism generates significantly larger
energy loss compared to the MATTER evolution, especially
at low pr, and thus the t, = 9 GeV? curve is close to a purely
LBT simulation. Combining results from Figs. 5 and 6, we see
that a parameter choice of ¢; = 10, ¢; = 100, 7, = 4GeV?
provides the best simultaneous description of the charged
hadron and D° meson Ry4 data. To improve the description of
Ry across all pr, a Bayesian analysis of the §(¢) parameter
space is planned.

2. Effects of gluon splitting to heavy quark pair on R4,

The novel physics ingredient that the present study allows
to explore is the creation of heavy flavor through g — Q + Q
in MATTER, as presented in Sec. III A 2. This process is best
studied in a multiscale simulation where the in-medium heavy
quark creation and their subsequent evolution probes different

virtuality regimes. Charmed quarks are the ideal candidate
for this study, as their lighter mass (compared to bottom/top
quarks) opens up the phase space for their in-medium dynam-
ics, best highlighting the benefits of a multistage approach.
To explore charm production from g — Q + O, both the D
meson R44 and the charged hadron R4, are investigated using
the combined MATTER and LBT simulation. As depicted in
Fig. 7, ignoring this process has a roughly 20% impact on D
meson R4, while less than 10% is seen for the charged hadron
Raa. Since we are only turning off the g — Q + Q channel in
MATTER, this has a smaller effect on the total charged hadron
spectra, as D meson contribution is subdominant. However,
the contribution from gluon splitting to the total charm cross-
section contribution is non-negligible, as a previous study
using PYTHIA [72] also reports. The novel contribution the
present simulation investigates is how different forms of §
affect the g — Q + O heavy-flavor production. A larger g™
compared to §(¢) reduces the parton virtuality, thus shrinking
the phase space for g — Q + O, which ultimately generates
fewer charmed quarks and reduces the R44, for all curves but
the solid one, as seen in Fig. 7(a). Overall, Fig. 7(a) provides
the phenomenological importance to extend the SCET calcu-
lation of Ref. [56] on the process g — Q + O in the future.

3. Rua for 10-30% and 30-50% centrality

The Ras results for the 10-30% and 30-50% centrality
are studied in Figs. 8 and 9. Here the “best” fit parame-
ters used in the §(¢) parametrization (i.e., c; = 10, ¢, =
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FIG. 8. Nuclear modification factor for D-mesons (a) and charged hadrons (b) in \/syy = 5.02 TeV Pb-Pb collisions at the LHC at 10-30%
centrality. The parameters ¢; = 10, ¢, = 100 for the §(¢) in Eq. (9) are chosen. A running «(1+?) is used in all calculations involving LBT.

100) are employed. One interesting phenomenon to notice
is the reversal in order between MATTER+LBT and LBT
calculation at high py for the D meson R44 from the most
central collisions to more peripheral collisions. Two impor-
tant effects contribute to this observation. First, heavy quarks
are more suppressed in the MATTER phase compared to
light flavor partons at high pr. This can be seen from both
the MATTER only simulations in Fig. 10(a) as well as in
MATTER+LBT simulations, see Fig. 10(b). Second, going
from central to more peripheral collisions, LBT simulations
seem to be more affected by the amount of time partons
spend interacting with the QGP, compared to MATTER+LBT
simulations. Figure 11 shows that at higher pr, the ratio of
R4, between LBT and MATTER-+LBT simulations increases
as the centrality increases for both D meson and charged
hadrons. The virtuality-dependent § reduces the in-medium
contribution to MATTER evolution, making it closer to a
vacuum-like (DGLAP) evolution at high pr, and thus the
partons spend less time in the LBT phase for MATTER+LBT
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simulations compared to LBT-only simulations. It is impor-
tant to recall that the same §(¢) is used for both light and
heavy quarks throughout this work, and thus the observa-
tion that parton evolution is more vacuum-like given our
parametrization for § may not necessarily hold for heavy
flavors. In fact, a mass- and virtuality-dependent (¢, M) is
needed to enhance future multiscale heavy flavor evolution
studies, as was mentioned when discussing Eq. (10). In the
present work, however, as centrality increases, simulations
based solely on LBT evolution are more sensitive to the reduc-
tion in QGP space-time volume compared to MATTER+LBT
simulations.

Finally, note that in all our Rs4 calculations involving
MATTER, the p-p baseline is using the MATTER vacuum
results. The differences between PYTHIA and MATTER vac-
uum in p-p for charged hadrons and D mesons are found
in Refs. [11,73]. This is essentially a comparison between
PYTHIA, which generates an angular ordered shower, and
MATTER which generates a virtuality ordered shower. If

Aot
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FIG. 9. Nuclear modification factor for D-mesons (a) and charged hadrons (b) in \/syy = 5.02 TeV Pb-Pb collisions at the LHC at 30-50%
centrality. Here we choose ¢; = 10, ¢, = 100 for the § parametrization. A running «,(14?) is used in all calculations involving LBT.
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FIG. 10. Nuclear modification factor for MATTER only simulations (a) and for MATTER+LBT simulations (b) in /syy = 5.02 TeV
Pb-Pb collisions at the LHC at 0-10% centrality. ¢; = 10, ¢, = 100 parameters values are employed in Eq. (9). A running o, (1?) is used in

all calculations involving LBT.

PYTHIA was used as the p-p baseline calculation, then the
R4 may be further improved in some pr ranges, at the ex-
pense of calculation consistency. We choose to err on the side
of a consistent calculation.

V. CONCLUSION

This study explored how different physics entering a mul-
tistage description of jet partons interaction with the QGP
affect both the D meson and the charged hadron Rs4. For
the LBT regime, the effects of a running o (11?) was stud-
ied. For the MATTER regime, we highlighted the effects
of including scattering as well as considering a virtuality-
dependent ¢ and found that both make a large contribution
to the value of R44. The virtuality-dependent § offers a possi-
ble explanation for the diminishing value of the interaction
strength ¢/T3 at the LHC from previous extractions [22].
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However, neither of these two models alone is sufficient
for describing the Ry44 at the pr range we are interested
in.

We find that the best simultaneous description of the D
meson and charged hadron R44 requires the explicit inclu-
sion of both the high-energy and high-virtuality regime as
well as the high-energy and low-virtuality regime of parton
energy loss. In this work, these have been modeled using
the MATTER and the LBT schemes within the JETSCAPE
framework. The specific form of the §(¢) parametrization is
still under investigation, yet we can already state that the
suppression of § at higher virtuality mostly increases Ry
at high py. We have also explored where, in virtuality, the
transition point lies between these two regimes and how
changing it affects the resulting R44. A higher switching scale
t; implies that partons will evolve longer in the LBT regime
and lose more energy. While we have found that our simple

2.0
== [BT/(MATTER + LBT),0 — 10% \b
1ab LBT/(MATTER + LBT), 10 — 30% )
L [BT/(MATTER + LBT), 30 — 50% JETICAFE
1.6r

=
iN
T

*] .
R73 ratio

=

N

v

1.0
0.8
0.6
. : A . \
10 20 50 100 200
pr [GeV]

FIG. 11. Ratio of nuclear modification factor between LBT and MATTER+LBT for D-mesons (a) and charged hadrons (b) in \/syy = 5.02
TeV Pb-Pb collisions at the LHC at 0-10%, 10-30%, 30-50% centrality. ¢; = 10, ¢, = 100 parameters values are employed in Eq. (9). A

running o (14?) is used in all calculations involving LBT.
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exploration of the parameter space already provides a de-
cent simultaneous description of both light and heavy flavor
Rua, a Bayesian analysis could improve the description even
further. This work also shows where improved theoretical
calculations are needed to better phenomenological simula-
tions. Though a virtuality-dependent §(¢) does help to obtain
a closer comparison between simulations to data, using solely
a virtuality-dependent §(¢) is not enough, both in terms of un-
derlying physics understanding and phenomenology. Indeed,
4(t, M) may explain the results found in Figs. 8§ and 9. A
similar argument holds for longitudinal drag é and diffusion
&, which are know to play a part in heavy flavors physics (e.g.,
Ref. [62]). Furthermore, the g — Q + Q process needs to be
studied using SCET that was developed in Ref. [56], given
how phenomenologically important our study shows it to be
(on the order of 20%). Thus, our first phenomenological study
highlights which physics of the multiscale evolution should be
improved next to better explain heavy flavor interaction in the
QGP.

In the future, we plan to extend our simulation to bottom
flavor and further investigate heavy flavor jet and jet sub-
structure observables. A detailed comparison with inclusive
jet observables is also of interest. The extension of our frame-
work to such observables should provide a better constraint
on g.
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