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Global constraint on the jet transport coefficient from single-hadron, dihadron,
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Modifications of large transverse momentum single-hadron, dihadron, and y-hadron spectra in relativistic
heavy-ion collisions are direct consequences of parton-medium interactions in the quark-gluon plasma (QGP).
The interaction strength and underlying dynamics can be quantified by the jet transport coefficient §. We carry out
the first global constraint on § using a next-to-leading order pQCD parton model with higher-twist parton energy
loss and combining world experimental data on single-hadron, dihadron, and y-hadron suppression at both
RHIC and LHC energies with a wide range of centralities. The global Bayesian analysis using the information
field (IF) priors provides the most stringent constraint on §(7'). We demonstrate in particular the progressive
constraining power of the IF Bayesian analysis on the strong temperature dependence of § using data from
different centralities and colliding energies. We also discuss the advantage of using both inclusive and correlation
observables with different geometric biases. As a verification, the obtained ¢(7') is shown to describe data on
single-hadron anisotropy at high transverse momentum well. Predictions for future jet quenching measurements

in oxygen-oxygen collisions are also provided.

DOLI: 10.1103/PhysRevC.109.064917

I. INTRODUCTION

Relativistic heavy-ion collisions produce a high density of
partons with strong final-state interactions and lead to the for-
mation of the quark-gluon plasma (QGP) [1,2]. Experimental
evidence at the Relativistic Heavy-Ion Collider (RHIC) and
the Large Hadron Collider (LHC) indicates that QGP is a
strongly coupled system and can be described well by the rela-
tivistic hydrodynamics with a surprisingly small specific shear
viscosity [3—6]. In the early stage of these collisions, rare high
transverse momentum (pr) partons are produced through hard
scatterings of beam partons. These high-pr (hard) partons will
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traverse the QGP and interact with the hot and dense medium
along their propagation paths. Multiple scatterings between
hard partons and the medium then lead to parton energy loss
and the suppression of high-pr jet and hadron spectra [7-9].
Apart from the strong suppression of single inclusive hadrons
[10-17], medium modifications of dihadron and y /Z-hadron
spectra have also been observed in experiments at both RHIC
and LHC [18-23]. These experimental data will provide im-
portant information on the properties of QGP.

Phenomenological models that have successfully explained
the observed jet quenching phenomena are usually based on a
modified factorized parton model. In these models, the pro-
duction of initial hard jets is described using the perturbative
QCD parton model with nuclear-modified parton distributions
(nPDF), while the final-state interactions are treated either
in the energy loss or quenching weight approach [24-27],
transport models [28-33], and the modified fragmentation
approach [34-39]. In recent years, a multistage approach
that combines jet transport and modified DGLAP evolution
equations has also been developed within the JETSCAPE
Collaboration [40-42].

In all of these models, the jet transport coefficient §
can be used to quantify the interaction strength between jet
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partons and the medium [43-48]. Microscopically, § can
be related to the gluon field strength correlation or the lo-
cal gluon number density of the QCD medium along the
light-like trajectory of the hard parton [49,50] in the QGP
medium. Phenomenological values of § have been extracted
through model-to-data comparisons using hadron suppression
data [26,36,37,51-59]. See Ref. [60] for a compilation of
the extracted values of § from different phenomenological
studies. Among these studies, the JET Collaboration [53]
surveyed five different parton energy loss approaches with
a realistic hydrodynamic description of the bulk evolution
to determine § from single inclusive hadron suppression in
the most central nuclear collisions at both RHIC and LHC.
In the more advanced analysis recently performed by the
JETSCAPE Collaboration [42], not only the newly developed
multistage approach of in-medium parton shower evolution
was applied but the Bayesian inference technique was also
employed for uncertainty quantification. Meanwhile, analyses
that combine more than one type of observables have become
available, for example within a modified partonic transport
model, Ref. [33] used both inclusive hadron and jet sup-
pression to calibrate § in central nuclear collisions at RHIC
and LHC.

In this study, we use the next-to-leading order (NLO)
pQCD parton model with medium-modified fragmentation
functions obtained from the high-twist calculation to study the
quenching of inclusive hadron, dihadron, and y-hadron pro-
duction. We will carry out the first combined global analysis
using existing world experimental data on all three chan-
nels of nuclear modifications: single inclusive hadron spectra,
back-to-back dihadron yield, and y-hadron yield in heavy-
ion collisions at both RHIC and LHC energies with a wide
range of centralities. We will focus in particular on con-
straining the temperature dependence of §(7). Since the QGP
fireballs reach different initial temperatures in central and
noncentral collisions and in collisions at different beam en-
ergies, it is, therefore, important to include datasets from both
RHIC and LHC with a wide coverage of centrality classes
to maximize the sensitivity to the temperature dependence
of 4.

Simultaneous use of the modifications of inclusive hadron,
dihadron, and y-hadron also utilizes the different geo-
metric biases to probe the temperature dependence of
g. Inclusive hadron spectra has a steep power-law shape
in pr, dN" ~1/p) with N> 1, leading to an Rps ~
[ F(AE)e™NAE/PTd AE with f(AE) being the energy loss
distribution. This makes inclusive hadron R44 mostly sensitive
to the behavior of f(AE) at small energy loss. Because AE
strongly correlates with the path length of the hard parton
traveling inside the QGP, this leads to the so-called surface
bias that hadron yields at fixed pr are dominated by the
fragmentation of partons produced near the surface of the
QGP with a smaller path length and smaller energy loss,
limiting the sensitivity of the single inclusive hadron Rsx
(especially at intermediate pt) to the jet transport coefficient
in the high-temperature region at the center of the fireball.
In the case of dihadron spectra, trigger bias is different from
inclusive hadron. The initial parton production locations of
the high-pr trigger hadron are biased to the surface, while

the lower pr associated hadron on the away side will have to
come from partons that traverse the whole length of the QGP
and probe the hotter core of the QGP. Nevertheless, if both
the trigger and associate hadrons have large pr, the events are
biased to the “tangential” geometry where both partons are
produced at the surface and moves back-to-back parallel to
the QGP surface. Finally, in the y-hadron process, since the
trigger photon does not interact strongly with the medium, the
photon pr selection is free from any geometric bias and the
modifications of the associated hadron distribution carry more
information of the high-temperature inner region of the QGP
fireball. A quantitative study of the geometric bias in different
observables is discussed in Refs. [61,62]. In this work, we
will take advantage of these different biases to probe different
regions of the QGP to extract the temperature-dependent jet
transport coefficient.

We will not include data on full-jet suppression in this
work, since the mechanism of full-jet suppression is more
complicated and depends more directly on collective dynam-
ics of QGP. Single-hadron suppression is only controlled by
energy loss of hard-partons or their modified fragmentation
functions, while jet modifications depend not only on the in-
medium dynamics of hard shower partons but also jet-induced
medium response, which transport the energy-momentum lost
by jet shower partons to very large angles O(1). Both contri-
butions are needed to compute the full-jet energy loss, and
parton transport model that couples 3 + 1D hydrodynamic
evolution [63—66] has been developed. These simulations are
computationally intense and may cause additional model-
dependent uncertainty in modeling the jet-induced medium
response.

To propagate experimental constraints and uncertainties to
a functional object-the temperature-dependent jet transport
parameter §(7), we employ the newly developed informa-
tion field Bayesian inference method that does not require
an explicit parametrization of the functional form of §(7').
We have discussed its advantage in a companion short pa-
per [67]. The information field approach has been proposed
to infer probability distribution functions (e.g., the parton
distribution function) decades ago [68—70] and is actively ap-
plied in astrophysics [71,72]. The information field approach
treats the prior distribution of the unknown function [§(T)]
as a random field over the input variable (temperature 7),
which greatly generalizes the prior functional distribution to
reduce unnecessary bias when choosing an explicit functional
parametrization. Specifically to our application to extract
4(T), the random field prior strongly suppresses long-range
correlations between prior values of §(7') in different temper-
ature regions; therefore, the experimental data for collisions
with different centralities and at different colliding energies
can provide robust, independent, and progressive constraints
on the temperature dependence of §(7'). In principle, with the
inclusion of dihadron and y-hadron data, one would expect
improved constraining power on the jet transport coefficient
than past efforts with only single inclusive hadron spectra, if
the large experimental uncertainties in the correlation mea-
surements were under control.

The remainder of the paper is organized as follows. In
Sec. II, we will give a brief introduction to the NLO pQCD
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parton model for single inclusive hadron, dihadron, and y-
hadron spectra in both high-energy proton-proton (p + p)
and nucleus-nucleus (A 4+ A) collisions with medium mod-
ified fragmentation functions. In Sec. III, we will describe
the machine learning assisted Bayesian inference method
with the information field approach, the selection of prior
of an unknown function, and a discussion of the sensitivity
of the observables to the temperature dependence of §(7')
(Sec. IIID). Main results are presented in Sec. IV, where
we will discuss how §(T') are progressively constrained in
different regions of temperature by combining datasets from
different beam energies and centralities (Sec. IV B), the mo-
mentum dependence of § (Sec. IVC), and the impact of
dihadron and y-hadron measurements (Sec. IV D). In Sec. V,
we will validate the constrained §(7') by computing azimuthal
anisotropy of high-pr hadrons and also make predictions to jet
quenching observables for future measurements in oxygen-
oxygen collisions. Before summarizing in Sec. VII, we also
consider in Sec. VI the possibility of adding two more data
sets, including the modified fragmentation function of y-jet
events, into the main analysis.

II. NLO pQCD PARTON MODEL

In this section, we will briefly review the next-to-leading-
order (NLO) perturbative QCD (pQCD) calculations in the
collinear factorized parton model for single inclusive hadron,
y-hadron and dihadron production cross sections at large pr
in proton-proton (p + p) and nucleus-nucleus (A + A) colli-
sions.

A. pQCD parton model for p + p collisions

In high-energy p + p collisions, the invariant cross sec-
tion for single inclusive hadron production at large transverse
momentum pr within the parton model can be factorized
into the convolution of collinear parton distribution func-
tions (PDFs), short-distance partonic cross-sections and the
collinear fragmentation functions (FFs) [74,75]. The hadron
transverse-momentum p’{ and rapidity y;, differential cross-
section is

do? 1
_r dxadXp farpXas 112 fo)p(Xps 12)
thdZP}f z;/ P & TZe

daa —> C
X %Dh/c‘(zm Mz) + AU:p(as)’ (1)

where the tree-level 2 — 2 partonic scattering cross-sections
doap_cq/df depend on the partonic Mandelstam variables
§ = x,xp8, f = —plixg/se™ [z, 1 = —plxg/se’ /z.. The fi-
nal hadron momentum fraction z. is given by the identity
for massless two-body scattering, § + 7 + i = 0. The NLO
correction Ac’ at order O(af) contains 2 — 3 processes
at the tree level and virtual corrections to the 2 — 2 pro-
cesses. Finally, we take the CT14 parametrization [76] of the
parton distribution functions of a free nucleon f,/,(x4, u?)
and the Kniehl-Kramer-Potter parametrization [77] of par-
ton fragmentation functions Dy, (2, 1?) in the vacuum. The
renormalization scales are given by pu = 1.2p’} at the RHIC

energy and p = 2.0p/{ at the LHC energies to describe large
pr hadron production in p + p collisions.

The dihadron cross-section in pQCD collinear factorized
parton model can be expressed as [74]

dUhh f
pp 2 2
= E dzedza faspXas ) foyp(Xp, 17)
71, I c@Zd Ja/p\Xa, /p(Xb,
dyn d*prdyn,d*py G

XaXp dOup_sca

772223 a7 h/c( e 17)

x Dyya(za, n)8* (55 + %)
+ Ao (). @)

where p$ = ﬁ}TL" /zc and ﬁif = ﬁ’{d /zq4 are the transverse mo-
menta of parton c and d from the hard processes that fragment

into hadron £, with transverse momentum ﬁ]}‘ and hadron hy

with transverse momentum ﬁ’%d, respectively. The renormal-

ization scales are given by u = 1.2M at the RHIC energy
and p = 2.0M at the LHC energies, where M is the invariant
mass of parton ¢ and d, M = /(p. + ps)* [61]. The NLO
correction Aaphg (af) also contains 2 — 3 real corrections and
virtual corrections to 2 — 2 processes.

To compute the per-trigger y-hadron yield, we will need
the cross-section for direct photon production in p + p colli-
sions [74,78],

doyp fl 2 2
—=§ dxafarp(Xas W) Jorp(xps £7)
dyydzp'}ll‘ abd ¥ Xamin alalpiia v

2 XaXb daah—)yd 2
X — —— + Ao (a.a7),
7w 2x, — xte¥r  df ”"( ¢ S)

3)

where xp = 2ph/\/s, xp = xox177 (24 — X1€7), Xamin =
xte” /(2 — xpe™r). The partonic cross sections doabeyd/df
in the LO 2 — 2 processes only include Compton scat-
tering gg — gy and annihilation g4 — gy subprocesses.
Fragmentation photons are ignored here due to their
small contribution to cross sections with isolation cuts
[59,62]. Similarly, the cross-section for y-hadron production
is [74]

yh
dopy,

——— = dza fuypXas W) foyp (s 17)
dyy d*prdy,d® p’ Zbd:/
XaXp do, b d
= Dyya(za, 1*)

nzr di
ﬁh
x 52(% + Z—T) + Aot (aee?), (4)
d

where z; = p’{ / p‘-’r and u = 1.2M at the RHIC energy.

In both dihadron and y-hadron production, the associated
hadron spectra per trigger are often called triggered fragmen-
tation functions Dy, (zr) with zp = p3¥°°/pr'® and the trigger

being either a high-pr hadron or a direct photon. It is defined
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FIG. 1. Cross sections of single-hadron production in p + p collisions compared with experimental data [10,13,16,17,73]. From left to

right corresponds to colliding energies /sy = 0.2, 2.76, and 5.02 TeV.

in p + p collisions as [79]

‘d(fpp
. s o dytigd p'le dyassoc g passoe
trig _ trig @) Py ay Pr
Dpp (ZT) - pT d(Tpp ’ (5)
dytrigdp[lf_‘g

where the numerator is the cross section of triggered-hadron
production, the denominator is the cross section of sin-
gle inclusive trigger particle cross section. The triggered
fragmentation functions are sometimes also expressed as a
function of the associated hadron momentum Dy (pisseey =
Dpy (z0)/pr*.

We have verified that the NLO pQCD parton model
provides a good description of the baseline cross-section mea-
sured in p + p collisions. Shown in Fig. 1 are the numerical
results for the single inclusive hadron cross-sections in p + p
collisions as compared to the experimental data at both RHIC
and LHC [10,13,16,17] with good agreement. From left to
right, each plot corresponds to the cross-section at colliding
energies /sy = 0.2 TeV, 2.76 TeV, and 5.02 TeV, respec-
tively.

The direct photon spectra from the above NLO pQCD
parton model have been compared to the experimental data
systematically in Ref. [59] at different colliding energies.
Contributions from the fragmentation photons were also
found to be less than 10% [62]. Therefore, direct photon-

10%F )
 02TeV,8<p/9<16GeV | 10'tr  02TeV, 12 <pi' <20 Gev
————— NLO pQCD N,
E 100 ;—EAVL 100; \R\
| e g,
: -
Q101 ’ ~d
10 F Sso \ 10—1 - T \\i
S - E \\\
A STAR 2010 v STAR 2016
-2 PR R T R S A R S R -2 N Ll P R N \‘\
107 =53 0.6 0.8 1.0 1075704 06 08 10

zZT

triggered fragmentation functions are sufficient to describe
the experimental data with the isolation cut [59]. The di-
rect photon-triggered fragmentation functions from the NLO
pQCD parton model are shown in Fig. 2 with the experimen-
tal data for two different ptTrlg ranges in p + p collisions at
/SN = 0.2 TeV.

Finally, the hadron-triggered fragmentation functions from
the NLO pQCD parton model are shown in Fig. 3 as compared
to the experimental data [19,22]. The left and middle plots are
for colliding energy ./sxw = 0.2 TeV with two different pr®
ranges, and the right plot is for \/sny = 2.76 TeV.

These comparisons between numerical results and exper-
imental data give us confidence that the NLO pQCD parton
model can give a good description of all the experimental data
of single-hadron, y-hadron, and dihadron production at large
pr in baseline p + p collisions.

B. pQCD parton model for A + A collisions

The pQCD parton model for particle production can be
extended to nucleus-nucleus collisions with the vacuum frag-
mentation functions replaced by medium-modified ones and
the proton’s PDF’s by the nuclear PDF’s. At a fixed impact
parameter b for A + B collisions, the single inclusive hadron
spectra at large pr, similar to Eq. (1), can be expressed

zr

FIG. 2. y-triggered fragmentation functions in p + p collisions at ,/syy = 0.2 TeV with (8 < p‘Trig <16 GeV/c, 3 < pP**° < 16 GeV/c)
(left plot) and (12 < pT® < 20 GeV/c, 1.2 < pi* < pi'®) (right plot) and compared with STAR data [19,22].
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FIG. 3. 7°-triggered fragmentation functions in p + p collisions at /syx = 0.2 TeV (8 < pii® < 16 GeV/e, 3 < p° < 16 GeV/c)
(left plot) and (12 < pi® < 20 GeV/c, 1.2 < p& < pli®) (middle plot) and at ,/sxy = 2.76 TeV with (8 < pii® < 16 GeV/c, 2 < pis* <
10 GeV/c) (right plot), as compared with STAR data [19,22] and ALICE preliminary data.

as [36,54]

dN"
—AZB Z / d*rdx dxpts(P)tg(F + b)fa/A(xa, 2 7) for8(Xp, w4 b)
dynd pT

abcd

Oab—cd

dr Dh/c(Zc’ /‘L AE.) + ANAB( ) (6)

Similarly, the diharon spectra in A + B collisions, according to Eq. (2), can be written as [61]

dNXg / XaXb daab%cd
d*rdzedzta(F)ip(F 4 B) faya (Xas 12, ) iy (s 12, F 4 b) ==
dyhcdzp}}‘dyhddzph L; nzg Zd S di
 Dpje(ze, 147, AE)Dyja(za, 1?, AEQ)S (B + P%) + ANJa(es)). )

For direct y spectrum in A + B collisions, one only needs to consider the cold nuclear matter effect in the nuclear PDF’s in

the initial state [78],
dNXB
dyyd2 j28

amin

=¥ [ @ f APV 7+ B fuga Ciar 12, P fo s 2, + B) >

XaXb dUab—> yd
7w 2x, —xre¥r  df

+ ANYp(ce0?).  (8)

Similar to Eq. (4), the spectrum for y-hadron production in A + B collisions can be given as [62]

dNXZ; / > XaXp daub—»yd
d?rdzats(Ptp(F + ) fuja Kas 142, ) fioy(xp, 02, 7+ D) —
dyydzpzfd)’hdzp-r ; Zd dt
-
~ o P
x Diya(za. 12, AEg)S (p¥ + Z—T> + AN (). ®)
d

Correspondingly, the triggered fragmentation functions in
A + B collisions are defined as
doap
mg dy‘"gdpmgd) 1ssocdpds~m

dUAB
- T
dy‘“Ede”g

DY%(zr) = p (10)

In the above equations for single-hadron, dihadron, direct
photon, and y-hadron spectra in A + B collisions, #4 and tp
are the nuclear thickness functions of the projectile and target
nucleus, shifted by the impact parameter b. They are given
by integrating the Woods-Saxon nuclear density distributions
along the beam direction and are normalized to the mass
number A of each nucleus, e.g., f d?rip(F) =

We take into account both the cold nuclear matter (CNM)
effects through the nuclear modification of the PDF’s in the
initial state and parton energy loss in hot QGP medium in the
final state. We do not consider initial-state parton energy loss

(

in the nucleus, which is shown to be a small effect for hadron
production in the central rapidity region [80-82]. The nu-
clear parton distribution functions (nPDFs) f;,/a (x4, w?, 7) are
factorized into iso-spin dependent nucleon PDF’s and spatial-
dependent nuclear modification factor S, /4 (x,, w2, 7) [83-86],

- | Z
Faja(ay W2, F) = Saja(Xa, 12, r)[zfa/p(xa, ©)

1 Z 2 11
+ ( - Z)fa/n(xa,ll« ):|a ( )

where Z is the charge number of the nucleus. The spatial
dependence of the nuclear modification factor S, (x4, TR
for nPDF’s is modeled as [78,87,88]

1A(F)[Saja(xas w*) — 11

SL!/A('x(l7 Mz’ ?) =1+A /’dzr[tA(;:)]z s

12)
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where the spatial-averaged nuclear modification factor
Sasa(xq, u?) is taken from the EPPS16 [89] parametrization.

The medium-modified fragmentation functions (mFFs)
Dyja(za, n*, AEy) as a result of medium-induced emissions
and parton energy loss inside the hot QGP medium are given
by [61,62,90]

Dija(za, 1*, AEy)
| Zd/ zg
=(1—e ™) [ZDh/d(Zd/s n?) + <N;)ZiDh/g(Zg/a Mz)}
d

+e ™MDy g (za, 1), (13)

where z;/ = pl/(p% — AE,) is the momentum fraction of a
hadron from the fragmentation of parton d with initial trans-
verse momentum p¢ after losing a total amount of energy AE,
in the medium, z; is the momentum fraction of a hadron from
a parton fragmentation in vacuum, z;' = (N¢)ph /AE, is the
momentum fraction of a hadron from the fragmentation of a
radiated gluon that carries an average energy AE;/ (Ng). The
number of radiated gluons is assumed to follow the Poisson
distribution with the average number (Ng ). In the above equa-

tion, the first weighting factor 1 — e~™i) is the probability
for a parton to radiate at least one gluon induced by multiple
scattering. The second factor e~ is the probability of no
induced gluon radiation. Considering that the elastic energy
loss of the jet is much smaller than the inelastic energy loss
[51,91], we only take the radiative parton energy loss into ac-
count in this work. Nevertheless, we should keep in mind that
collisional processes can be important at low and intermediate
pr-

The radiative parton energy loss AE, for a light quark d
with initial energy E can be calculated within the high-twist
approach [61,62,90],

AEd _ 2CAo¢v / / di2
B B+ up?)

x/ dz[1+ (1 —2)%]

I3t — 1)

4z(1 — 2)E } (14)

X §q(t, 7 + (T — 10)iit) sin’ [
which is integrated over the quark propagation path starting
from the initial transverse position 7 at an initial time 7y =
0.6fm/c along the direction 7. Here C4 = 3, « is the strong
coupling constant, It is the transverse momentum of the ra-
diated gluon, and z is its longitudinal (along the jet direction)

momentum fraction. up = /(1 + ny/6)gT is the plasma De-
bye screening mass with ny = 3 the number of active flavors.

= 11— /1 - (2}/Ew)]and I} <

imposed on the integral limit of z and /3, where E is the energy
of the hard parton and w is the average medium parton energy.
Two kinematic constraints l%/E2 < 72 and l% JE? < (1 —2)?
are also imposed in the calculations. The parton energy loss
for a propagating gluon is assumed to be the same, except
that the jet transport coefficient of a gluon g, differs from that
of quark §r by a color factor C4 /Cr. Therefore, the radiative

2FE w are the constraints

energy loss of a gluon is 9/4 times that of a quark [35]. The
average number of radiated gluons (Ng ) from the propagating
parton d is [92]

i) = ZCAaff /Ez di2
IF 12 + up )

€ dz
x/ —[1+(1—Z)]

It — 1)

4z(1 — z)E]' (13

X §a(t, ¥+ (T — 10)ii) sin’ |:

Note that the Debye screening mass is necessary to regulate
the average number of gluon emissions (N¢).

The jet transport coefficient in the hydrodynamic QGP
fluid § = g(T)p" - u,/ p° depends both on the fluid veloc-
ity u* and the temperature 7" in the local co-moving frame,
where p"* = (po, p) is the four-momentum of the parton. In
this work, we only consider parton energy loss in the QGP
phase with a pseduocritical temperature 7, = 0.165 GeV. Ef-
fectively, we assume the jet transport coefficient §(7") in the
local co-moving frame vanishes below T < T,. The dynami-
cal evolution of the QGP medium created in A + A collisions
is provided by the CLVisc 3 4 1D hydrodynamics model sim-
ulations [93-95]. The initial conditions for the hydrodynamic
simulations are given by averaging over 200 events from the
TRENTo initial-condition model [96] for each range of cen-
trality of collisions. An overall envelop function in the spatial
rapidity is used to generalize the 2D TRENTo initial condition
at middle rapidity to a 3D distribution. The parameters of
the envelop function are fitted to the final charged hadron
rapidity distribution [95]. The overall normalization factors in
the TRENTOo initial conditions are also adjusted to fit the final
total charged hadron multiplicity at each colliding energy.

C. Nuclear modification factors

With the calculations of hadron spectrain p + pand A + A
collisions explained above, we compute the nuclear modifica-
tion factors for the single inclusive hadron spectra in nuclear
collisions,

Dimax dNAB
fbmm dyd’pr bdb

Dy Tan @5t badb

(16)

Rap =

where TAB(E) = f d?rta (Pt (F + 5) is the nuclear overlap-
ping function of two colliding nuclei A and B at a given
impact parameter b and [Dmin»> Pmax] 1s the range of the impact-
parameter corresponding to the given range of centrality
selections in the experimental data.

For hadron-triggered and y-triggered hadron spectra at
large transverse momentum in A + B collisions, nuclear mod-
ification factors are defined as the ratios of the hadron spectra
per trigger or the triggered fragmentation functions in A 4+ B
and p + p collisions,

Dap(zr)
D pp (ZT ) .

Inp(z7) = a7
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Note that in the calculations of the triggered fragmentation
functions according to Eq. (10), both the cross sections of
the trigger (denominator) and trigger-hadron (numerator) are
integrated over the range of the impact-parameter [byin, Pmax]
for each given selection of centrality of A + A collisions. The
above nuclear modification factors are often also expressed
as a function of the associated hadron momentum I4g(p3°)
with D(p&¥°°) = D(zy)/pr for a given value of p7*. These
are the observables that we will rely on for the Bayesian
inference of the temperature dependence of the jet transport
coefficient g(7') in this paper.

III. BAYESIAN INFERENCE OF ¢(T) WITH
INFORMATION FIELD METHOD

The NLO parton model with medium-induced parton en-
ergy loss, as outlined in the last section, has been successfully
used to describe the experimental data on suppression of
high-pr single inclusive and triggered hadron spectra in high-
energy heavy-ion collisions [37,61,62]. Using this method, the
extracted effective jet transport coefficient (averaged over the
range of initial temperatures in the corresponding collision
systems), the only input of the model, is consistent with the
values extracted by the JET collaboration [53]. In this work,
we will generalize the previous studies and perform a global
Bayesian inference of the temperature dependence of §(7") us-
ing single-hadron, dihadron, and y-hadron correlations. Since
dihadron and y-hadron correlations are known to be more sen-
sitive to the parton energy loss, such a global analysis should
produce a much more stringent constraint on the temperature
dependence of the jet transport coefficient.

Furthermore, unlike earlier Bayesian analyses [33,42]
where §(T) is parametrized explicitly, we will introduce the
method of inferring unknown functions [§(7") in this case]
from a nonparametric approaching using the information field
method. This method is extremely flexible and avoids some
unnecessary complications of using an explicit parametriza-
tion as explained below. It also greatly simplifies the analysis
of temperature-dependence sensitivity of §(7) on different
observables.

A. Prior distribution of an unknown function as a random field

Bayesian inference of the jet transport coefficient has been
performed in the past for heavy quarks [97-99], for inclu-
sive hadron and jet spectra [33], and recently within the
JETSCAPE Collaboration [42]. However, in all existing sta-
tistical inferences in the literature of both the jet transport
coefficient and the bulk transport coefficients [100—102], one
normally first parametrizes the temperature dependence of
these transport coefficients as unknown functions with several
parameters and then applies the Bayesian statistical method to
infer these parameters. One then marginalizes over the pos-
terior of these parameters to define the posterior distribution
of the temperature-dependent §(7") and the bulk transport co-
efficients. Such an approach to extracting unknown functions
is intuitive, and yet brings several problems to the statistical
inference:

(i) First, a parametrization of §(7) is a strong (and often
biased) form of prior assumption. Often, an explicit
parametrization introduces long-range correlations
among values of §(7T') at different temperatures. The
consequence is that data that should only probe the
low-temperature region (for example, measurements
in peripheral collisions or at lower beam energy)
will also constrain § in the high-temperature re-
gion through correlations in the prior distributions.
Such a parametrization method not only restricts
the generality of the final results but also brings
the risk of introducing tension when fitting to low-
temperature-sensitive and high-temperature-sensitive
data sets simultaneously.

(ii) Second, modern Bayesian inference of the parameters
of computationally intensive models heavily relies on
machine learning acceleration, where “model emu-
lators” are trained on a finite set of training data
to fast infer the full-model predictions. Although an
explicit parametric form is intuitive and meaningful
to humans, it is unnecessarily complicated for ma-
chine learning as it often contains strong nonlinear
correlations. For example, in the parametrization of
a previous study [103] §/T3 = [1 + (aT/T,)"]"', a
linear variation in a or p causes a strong nonlinear
change in the effective value of 4. Even though the
physical model maps values of § to observables in
a rather well-behaved fashion, the performance of
the emulator can still be impaired by the nonlinear
response to those individual input parameters.

(iii) Third, generalization to higher-dimensional func-
tions becomes increasingly complicated with explicit
parametrization. For example, in Ref. [42], the en-
ergy, temperature, and virtuality (Q) dependence of
g are considered. Unless one has a very clear physical
guidance, the number of parameters and complexity
increases exponentially with the number of control
variables (e.g., T, E, and Q).

In an attempt to overcome these issues, we switch to de-
scribe the prior of an unknown function using methods from
the information field theory (IFT) [68,70,71], which provides
a nonparametric way of representing an unknown function
and propagates constraints and uncertainties from model-to-
data comparison. We will first show the construction of the
functional prior g(7) and then discuss how it avoids the
above-mentioned problems.

We describe the unconstrained functional F(x) by an un-
conditioned Gaussian random field that is specified by the
one-point (mean) and two-point (correlation) functions,

(F(x)) = pn(x), (18)
([F (x) = pOIF () = u(xH]) = Clx, x).  (19)

To relate §(T') to F (x), we make the following transformation:

F =1n(§/T?), (20)
x = In(T/GeV). 1)
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FIG. 4. Left panel: the horizontal blue line indicates the median
value of the prior distribution of §/7>. The darker and lighter bands
show the 60% and 95% percentile region of the prior distribution.
Red lines are the 100 random realizations of §/T> pulled from the
information field to train, which will be used to train the model em-
ulator. Right panel: a conditional information field with 8 < §/T3 <
10 at T = 0.176 GeV. The lines and bands show the median and
percentile region of the conditional distribution.

The first logarithmic transformation is used to guarantee § >
0. The second transform comes from a physical consideration
that there are no other relevant scales above the transition
temperature. So it is reasonable to assume In 7 is the natural
measure of the variation of §(7).

We take the mean of the function to be a constant u(x) =
w since we do not expect the dimensionless quantity §/T°
to change by orders of magnitude in the QGP phase within
T. < T < 4T,. The correlation function C(x, x") is assumed to
be Gaussian with variance o' and correlation length L,

c—x/)2

Clx,x') =02 5, (22)
With the above assumptions, w, o, and L control what type of
functions are favored in the prior distribution, and in principle,
they should have a certain degree of arbitrariness. However, as
a first application of this approach to a problem in heavy-ion
collisions, we fix the prior values i = (Ing/T?3) = 1.36, 0 =
0.7, and L = In(2) with the following considerations,

(1) With u = 1.36 and o = 0.7, the resulting range of
high-probability variation already covers most of the
past analysis ranges 0.8 < §/T> < 15 as can be seen
in left panel [104] of Fig. 4.

(ii) The choice of L is much more subtle. From the dis-
cussion in Ref. [68], we argue that an optimal length
scale should match the “temperature resolution” of
the observables. Because the model always involves
a temperature integration of §(7"), we choose L to be
the smallest In(Tyax/Tmin) in the hydrodynamic sim-
ulations of all colliding systems and centralities. In
our analysis, this is the 40-50% centrality class of
Au + Au collisions at /s = 200 GeV with T, = 165
MeV and Tyax ~ 2Tmin, i.€., L = 1n 2.

Despite these considerations, we acknowledge that fixing
the values of u, o, and especially L can be subjective. In the
future, one may consider relaxing this assumption and treat

W, o and L as hyper-parameters that can also vary in the sta-
tistical inference. In Appendix B, we have studied the impact
of using different correlation lengths in a toy jet quenching
model.

With this Gaussian random field approach, the prior distri-
bution of F = In § can be expressed as

Py[F(x)] = 67% fdxdx’,SF(x)C—l(x,x’)SF(x’)’ (23)

N
JEC)

with 8F (x) = F(x) — u(x) and V' a normalization factor in-
dependent of C(x,x"). In principle, it does not exclude any
possible F'(x), but the prior probability of a particular realiza-
tion will be suppressed if its typical variation length scale is
very different from L.

Using the transformations as mentioned above between
F(x) and §(T), we have plotted N = 100 realizations of the
g(T) from the information field prior in the left panel of
Fig. 4 (thin red lines). The horizontal blue line is the mean
median of § at each temperature, and the blue bands are the
60% and 95% prior credible intervals. One may notice that
some realizations are moderately nonmonotonic above T, this
is unavoidable due to the probabilistic nature of the random
field prior. In the right panel of Fig. 4, we illustrate why the
information field prior can resolve the first problem of explicit
parametrizations mentioned above. Here, we condition the
random functions to satisfy the constraint 8 < §/T3 < 10 at
T = 0.176 GeV and plot the 60% and 95% credible intervals
of the conditioned prior. Note that the prior conditioned tightly
at low temperatures recovers the unconditioned prior in the
high-temperature region because values of the random field
with input separation greater than the correlation length effec-
tively decorrelates. Therefore, even if data from peripheral or
low-beam-energy collisions already constrained § near T, it
would not impair the flexibility of an extended analysis that
also incorporate data from central or high-energy collisions to
probe ¢ at high temperatures.

B. Training model emulators with random function realizations

An emulator is often used to speed up the model simula-
tions of the experimental observables. The emulator-assisted
Bayesian analyses have already been applied to the extrac-
tion of jet transport coefficient [42,97]. We will modify such
a workflow to adapt to the use of the information field
prior.

For a practical application, we only take values of each
random realization at 20 equally spaced temperature points
between T = 0.15 GeV and T = 0.75 GeV and construct §
from a piece-wise linear interpolation,

[C?(T)}
|,

20
> 0T —T)0(Tjs1 —T)
j=1

g9 g4
" (HA ! [F]i,,“ } A”)’

r-1
A= (24)
T —1T;
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The index i labels the 100 realizations that will be fed into
the medium-modified NLO calculations. These 100 by 20
grid of values [§/T>];; will become the input parameter
matrix.

With these inputs, we compute the training observables,
including the suppression of single inclusive hadron spec-
tra Raa(pr), y-hadron IX:, and dihadron correlation Ijjﬁ in
Au + Au collisions at ,/syy = 0.2 TeV and Pb + Pb col-
lisions at ,/syny =2.76 TeV and 5.02 TeV with different

centralities:

(i) KT, in 0-5%, 0-10%, 10-20%, 20-30%, 30—
40%, 40-50% Au + Au collisions at /s = 0.2 TeV
[10,12];

(i) Rl in 0-5%, 5-10%, 10-20%, 20-30%, 30—
40%, 40-50% Pb + Pb collisions at /s = 2.76 TeV
[13-15];

(iii) RY, in 0-5%, 5-10%, 10-20%, 10-30%, 20—
30%, 30-50% Pb + Pb collisions at /s = 5.02 TeV
[16,17];

(iv) 171" in 0-10% Au + Au collisions at /s = 0.2 TeV
[19,22];

(v) IZ" in 0-10% Au + Au collisions at /s = 0.2 TeV
[19,22];

(vi) I in 0-5%, 0-10% Pb + Pb collisions at /s =
2.76 TeV [20,21,23].

The detailed NLO pQCD parton model calculations of
these observables with the 100 training realizations of §/7°
are shown in Appendix D together with the above experimen-
tal data.

The procedures of training a model emulator are:

(i) Obtain the observable matrix y; with index i = 1 to
100 labeling the set of observables that are computed
using the i realization [751i- The k index represents
each observable point including Rs4 and 44 in each
system, centrality and at each pr (zr) point. The pair
([4/T3],~j, vir) forms the training data.

(i) Transform the high-dimensional observables into the
“feature” space using the Principal Component Anal-
ysis (PCA). This orthogonal transformation matrix is
denoted as O. The idea is that in the PCA basis, one
can reconstruct the full observable vector with suffi-
cient accuracy using only a few features (Neeature K
Nobs)'

(iii) Training the mapping from § to each one of the Neearyre
principal components with Gaussian emulators [105].

(iv) To predict observables at new input g, one transforms
the corresponding principal components predicted by
the Gaussian emulators, and then performs the inverse
PCA transformation (O7) back to the observables
space.

We refer readers to Ref. [106] for the details of PCA and
Gaussian Processes.

C. Posterior distribution

According to the Bayes theorem, the posterior distribution
is the product of the prior distribution and the likelihood

function. In the information field formulation, the posterior
is also a functional distribution. If we denote the NLO pQCD
parton model calculation as y = M[§(T )] = M'[F (x)], with y
being the collection of observables, and assume a multivariate
Gaussian form of the likelihood function, then, the posterior
distribution of F' is

P[F (x)]
o Py[F (x)] x Likelihood

__ N ollL L
= \/F(C)CXP{ Z/ddeSF(x)C (x, X )SF (x)

1
— 5 M'IF] - Yexp) Zror M'[F] — yexp>}, (25)

where yeyp is the collection of the experimental observables
and X 1S the uncertainty covariance matrix. To marginalize
the values of F'* at a fixed input x*, one has to perform a path
integral

p(F*) = /[DF]S(F(X*) — F*)P[F ()] (26)

But for our practical application, they are performed on the 20
equally spacing temperature grids.

The uncertainty covariance matrix X, combines experi-
mental and model uncertainties, and the model uncertainty is
further divided into the model emulator uncertainty Xgp and
an extra covariance to account for systematic discrepancies
due to model imperfection [33,1006]

Eerror = Zexp + Zmodelv (27)
Tmodel = Zap + 02,07 0. (28)

sys

This approach is proposed in Ref. [106], where oy is under-
stood as a minimum theory uncertainty in the PCA feature
space. Its contribution to the covaraince matrix in the physical

space is UszysOTO. Here oyy; is treated as an unknown variable

in a prior distribution,

Ogvys
S g0/ (29)
0'2

0

P(Gsys) =

with oy = 0.015. Finally, in analyzing the posterior, we al-
ways integrate (marginalize) over the value of oy so that the
model uncertainty can be approximately accounted for.

D. Sensitivity of the observables to the temperature
dependence of §(T')

One advantage of the information field formalism is that
it is straightforward to analyze the sensitivity of the observ-
ables to the jet transport coefficient in different ranges of the
temperature. To demonstrate this point, we create two sets of
conditioned random functions of § as illustrated in Fig. 5. In
“Case-A,” the random functions are required to take values
between §/T3 =44 0.1 for 0.15 < T < 0.2 GeV. In “Case-
B,” the condition §/T* =44 0.1 is imposed to a different
temperature region 0.3 < T < 0.4 GeV. Case-A effectively
allows ¢ to vary only in the high-temperature region, while
“Case-B” can test the sensitivity of the observables to g in the
low-temperature region.
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FIG. 5. Two sets of random functions that vary §/T? in different
temperature regions.

Using the emulator trained on the model calculations, we
can make ensemble predictions using random functions from
the two cases. The 95% range of variations in the resulting
observables is plotted in Fig. 6. If a wider band of variation
in observables is found for case-A (case-B), then the dataset is
more sensitive to high(low)-temperature §.

Examining the data at the RHIC energy (the first two
rows), one can see that both single-hadron and trigger-hadron
correlation data show a strong sensitivity to /T3 at low
temperature and become rather insensitive to its values at
high temperature. Because the highest temperature reached
is about 2.57; at the RHIC energy, so the data should not
constrain the jet transport coefficient at high temperatures,
and this is exactly the purpose of this information-field
construction.

For observables at the LHC energies (from the third to
the last row) in Fig. 6, we find a similar level of sensitiv-
ity to the § variation in both Case-A and Case-B, except
for the more peripheral collisions where the highest tem-
perature reached is lower than in central collisions. Because
of the centrality dependence of the temperature range, the
sensitivity to high-temperature § gradually decreases from
central to peripheral collisions as seen from the narrowing
of the case-A bands in R%, at /s =2.76 TeV. These are
consistent with our construction: central collisions at higher
beam energy are more sensitive to ¢ in the high-temperature
region.

In terms of percentage variation as we see in Fig. 6, the di-
hadron and y-hadron correlation data are more sensitive to the
temperature dependence of § at both RHIC and LHC. This is
consistent with early studies [61,62] and shows the advantage
of including trigger-hadron correlation data that have a dif-
ferent geometric bias effect than single-hadron suppression.
However, we cannot fully exploit this advantage yet in this
study, because the current uncertainties of the experimental on
trigger-hadron correlation suppression are much larger than
that of single inclusive hadron suppression. This will become
clear later when we discuss the numerical results, and the
theoretical calculations of dihadron suppression show some
tension with data for high pr trigger at the LHC. This implies
that an improved theory calculation combined with preci-

sion measurements of dihadron and y-hadron correlations
can provide more stringent constraints on the jet transport
coefficient in the high-temperature phase of the quark-gluon
plasma.

IV. CONSTRAINING THE TEMPERATURE
DEPENDENCE OF ¢(T)

In this section, we will perform the Bayesian analysis of
the temperature dependence of the jet transport coefficient
while neglecting a possible momentum dependence of §/T>.
We will estimate the momentum dependence in Sec. IV C
and leave a full p and T dependent extraction using a two-
dimensional information field in future works.

A. Combined analysis using both R4 and I,4

In Fig. 7, we show the global descriptive power of the
analysis after calibrating emulators of the NLO pQCD parton
model calculations to experimental data on both the Rss of
single inclusive hadron and Iy4 of dihadron and y-hadron
spectra. For Ry, the centrality classes from 0 to 50% are
included, and we only include Rqs data points with pi >

8GeV/c and Iy, data with p&°° > 5GeV/c (or zr{prt) >
5GeV/c). Overall, the data are well reproduced by the 95%
credible interval around the median of the ensemble pre-
diction of the model emulator. Some tensions are found
between theory and experiments in I44 of dihadron in Pb + Pb
collisions at /s = 2.76 TeV when p7* > 19.2GeV/c. This
problem is already present in the prior calculations shown in
Fig. 32, where I,4 increases with p3¥*°° for all ptT”g intervals.
However, the CMS data suggests I44 increases with p§*°° at

low pr® and decreases with pi®°° at high pr®. Finally, we
note that the model uncertainty bands seem larger than the
experimental uncertainty. We have checked that it is caused
by the oy term in Eq. (28) that dominates the model un-
certainty due to the tension between theory and experimental
data, particularly the Iﬂ for Pb 4 Pb collisions at 2.76 TeV.
The calibration results in a fairly large oy, of about 20%.
The presence of oy avoids over-fitting in the presence of
tensions by increasing the prediction uncertainty in the global
fitting.

The tensions between theory and experimental data in
Ina of dihadron at large pT® as shown in Fig. 7 might be
caused by several effects that have not been taken into ac-
count in our current model for jet quenching. In this study,
we have not considered the energy dependence of the jet
transport coefficient § which could enhance the energy loss
for high pr partons [42,107-109]. At intermediate pr, ef-
fects of elastic energy loss [9,51,110-113] and jet-induced
medium responses [31,114] should also affect the hadron
yields. Furthermore, parton recombination between jet shower
and medium also contributes to hadron yield in the small
and intermediate pr region [114]. Gradient corrections to
the parton energy loss in small systems [115,116], next-to-
leading-order (NLO), or radiative corrections to parton energy
loss and the jet transport coefficient § [117-121] will also
influence the energy and centrality dependence of the final
hadron spectra. Inclusion of energy and scale dependence of
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FIG. 6. 95% variation around the median of the ensemble predictions using §/7> sampled from Case-A (Red boxes) and B (blue shaded
bands) of priors in Fig. 5, corresponding to changes of /7 in low and high-temperature regions, respectively.

g, the elastic energy loss, the jet-induced medium responses
and parton recombination in the hadronization in our model
should improve the model description of the pr dependence
of single and dihadron suppression. Inclusion of gradient cor-
rections to the parton energy loss might also improve the
centrality dependence of hadron suppression. These effects
should be included in the future studies.

In Fig. 8, we plot the posterior bands of §/T as a function
of temperature, with darker and lighter bands corresponding
to 60% and 95% credible intervals around the median, re-
spectively. This result is compared to the extractions from
the JET Collaboration [53] and the more recent Bayesian
analysis from the JETSCAPE Collaboration (95% credible
interval, the dot-hatched band) that calibrates a temperature,
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FIG. 7. The posterior distributions of observables predicted by the emulator associated with the calibration as shown in Fig. 8. From top
to bottom are /44 of y-hadron and dihadron correlations in Au + Au collisions at 0.2 TeV, single-hadron R4, in Au + Au collisions at 0.2
TeV, dihadron correlations in Pb + Pb collisions at 2.76 TeV, and the single-hadron R4, for Pb + Pb collisions at 2.76 and 5.02 TeV. Different

columns for I44 data correspond to different ranges of trigger particle pr,

momentum, and virtuality dependent parametrization of § to
single-hadron data at both RHIC and LHC [42].

In addition to the uncertainty bands at given credible
interval from the Bayesian inference, one should in princi-
ple include numerous other uncertainties in the extracted 4.
Though the parameters in the hydrodynamic model used for
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while different columns for R4 are for different centrality classes.

the bulk medium evolution in our calculations are adjusted
to reproduce the bulk soft hadron spectra (the rapidity and
pr distributions, and v;, v3), a degree of uncertainty remains
in these parameters [93-95,122—125] that can lead to the
variation of the extracted 4. The hydro profiles produced by
different hydrodynamic models with various initial conditions

-12



GLOBAL CONSTRAINT ON THE JET TRANSPORT ...

PHYSICAL REVIEW C 109, 064917 (2024)

8
7 f==27] JETSCAPE
¢ JET, p=10 GeV
6
5
m
& 44
& B, L0
31
2 RS
e
0 . . ’ |
0.2 0.3 0.4 0.5
T [GeV]

FIG. 8. The final results of §/T> using both single-hadron R4,
and of [;4 of hadron-hadron and y-hadron correlation, assuming a
momentum-independent §. The 60% and 95% posterior probability
density regions are shown in red. Symbols are §/T extracted by
the JET Collaboration [53], and the shaded region is the result of
JETSCAPE calibration using a multistage jet evolution model [42].

could also contribute to the uncertainty of § [56,126-129].
Furthermore, effects of uncertainties in the parton distribution
function (PDF) for initial parton production and fragmenta-
tion functions [130] on § [131] should also be investigated.
Our result with the momentum-independent assumption
is consistent with the JETSCAPE result at 95% credible in-
terval except for values at temperatures very close to 7.
Furthermore, this analysis exhibits a very strong temperature
dependence of §/T3, decreasing with the temperature. In
Sec. IV B, we will discuss how such a strong 7 dependence
results from the combination of central and peripheral data
and measurements at different beam energies. In Appendix A
one can find correlations of §/T? in different regions of tem-
perature which illustrate the power of combined constraints
by data from different centralities and at different colliding
energies. These correlations also show the relative indepen-
dence of § in different regions of temperature as constrained
by different set of data. In Sec. IVC, we will relax the
momentum-independence assumption in the analysis, which
will lead to larger uncertainty in the high-temperature region.

B. Progressive constraints from collisions with different
centrality and colliding energy

As stated in the previous section, one of the advantages
of using the information field method is that data sensitive to
4 in the low-temperature region does not constrain § at high
temperatures. This allows us to include data progressively
from peripheral and lower energy collisions to the central and
high-energy collisions to demonstrate how different datasets
contribute to the determination of the strong temperature de-
pendence of g in Fig. 8.

In the upper panel of Fig. 9, we show the constrained §
using Rys of ¥ in Au + Au collisions at /s = 0.2 TeV, the

15.0
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- (o]
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™ 0-50%
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2.5 I
0.0 y T : .
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FIG. 9. The 90% credible intervals of ¢/T> as a function of
temperature constrained by R4, of single inclusive hadron suppres-
sion in different centrality class (indicated by the legend) of (upper)
Au + Au collisions at /s = 0.2 TeV, (middle) Pb + Pb collisions at
/s = 2.76 TeV, and (lower) /s = 5.02 TeV. The upper limit of the

temperature range is given by the highest temperature reached in the
hydrodynamics simulations within each centrality class.

middle and lower panels show results using charged hadron
Raa in Pb + Pb collisions at /s = 2.76 TeV and 5.02 TeV.
Different bands in each panel are the 90% credible region
of §/T? using data from different combinations of centrality
classes. From top to bottom legends, we start from calibrating
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to only the R44 in 40-50% collisions and progressively includ-
ing Rss from more central collisions. Eventually, the band
labeled by the bottom legend contains all data from O to
50% centrality in each colliding system. For each centrality
combination, we only show the posterior of G(7") up to the
highest temperature reached in the hydrodynamic simulation
of the bulk matter in the corresponding centrality class.

In the case of Au + Au collisions, Rs4 in peripheral col-
lisions cannot constrain § very well. With the inclusion of
data in more central collisions, the §/T> posterior develops
a “neck” around 7 = 0.2 GeV. Both the value of §/T3 below
or above this temperature are less constrained.

The experimental uncertainty in Pb + Pb is smaller than
those in Au + Au collisions. The data in 40-50% peripheral
Pb + Pb collisions can already constrain §/T> around T =
0.2 GeV pretty well with §/7°3 = 3-4.5. As expected, data
for 40-50% collisions cannot constrain § at higher tempera-
tures, so the uncertainty band becomes large at 7 > 0.3 GeV.
Including data from central collisions, the uncertainty band at
high temperatures becomes smaller significantly. This clearly
demonstrates that the centrality dependence of R44 contains
the needed information to infer the temperature-dependent jet
transport coefficient. However, it should be noted that calibra-
tion using exclusive RHIC data in Au + Au collisions prefers
higher values of §/T? than that extracted from the LHC data.
This problem was already noted in the pioneering work of the
JET Collaboration [53].

To look at this beam-energy dependence more systemat-
ically, we compare in the upper panel of Fig. 10 the 95%
credible interval of § calibrated independently to Au + Au
collisions at 0.2 TeV (red), Pb + Pb collisions at 2.76 TeV
(green), and Pb + Pb collisions at 5.02 TeV (blue), with each
analysis including single inclusive R4 from 0-50% centrality
classes. In the lower panel of Fig. 10, we also compute the
information gain (with the same color coding as in the upper
panel) quantified by the Kullback—Leibler (KL) divergence
between the prior and posterior distribution of § at each tem-
perature,

DgL[Py, P»] =/P1(x)ln P
Py (x)

The KL divergence is a “distance” measuring the difference
between two probability distributions (here, we take P; as
the prior distribution and P, as the posterior distribution). A
larger KL divergence indicates more information extracted
from the data, and this method has already been used in
Ref. [102]. Looking at either the credible interval or the
peak of the KL divergence as a function of temperature,
we conclude that RHIC data strongly prefer §/T3 =5 —17
around 7 = 0.2 GeV. Results using the LHC data show a
rather uniform KL divergence, demonstrating their power to
constrain §/T? at both high and low 7. Once RHIC and
LHC data are combined, the information gain increases at
high temperatures while decreasing at low temperatures. Such
a decrease is the result of the tension between the posterior
distributions obtained from RHIC and LHC data around 7' =
0.2 GeV. One may argue that this is due to RHIC and LHC
data having very different transverse momentum coverage and
our analyses have neglected the momentum dependence of §.

dx. (30)
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FIG. 10. Upper panel: colliding system dependence of 95% cred-
ible interval of §/T? using single inclusive hadron suppression data.
The red, green, and blue bands correspond to calibration using data
from Au + Au collisions at /s = 0.2 TeV, Pb + Pb collisions at
/s = 2.76 and 5.02 TeV, respectively. Each calibration includes data
from zero to 50% centrality classes. The gray hatched band is the
credible interval combing the data from all three colliding systems.
Lower panel: the K-L divergence for each scenario with the same
color coding as the upper panel.

However, we did not find a strong momentum dependence
in Sec. IV C, where we calibrated the model independently
to high-p, and low-p Rss. This beam-energy dependence
of the extraction may therefore reflect systematic problems
that need to be improved in the theoretical framework, such
as considering other factors that may systematically change
with beam energy, e.g., thermalization time of the QGP and
the quenching in the hadronic phase, etc.

Combining data from collisions at all three colliding en-
ergies into a single analysis (the shaded band), the Bayesian
analysis will have to compromise the § accuracy to account for
the tension between posterior distributions from data at RHIC
and LHC colliding energies, resulting in a larger uncertainty
in § in the low-temperature region.

C. Momentum dependence of §

As a first proof-of-principle application of the information
field approach to Bayesian analyses in heavy-ion collisions,
we have only applied it to parametrize the temperature depen-
dence of §/T?. In the future, it is straightforward to extend
this method to parametrize multivariate functions, including,
for example, the momentum dependence of §. Nevertheless,
even within this work, it is possible to relax the momentum-
independent assumption of § by calibrating the model to data
with different ranges of the hadron transverse momentum. To
equate approximately the dependence on hadron and parton
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FIG. 11. Dependence of §/T* on hadron momentum range from calibration using both single-hadron Ry, and I4 of hadron-hadron and
y-hadron correlation. The gray dotted band is the 95% interval employing data from all three observables within 8 < p < 100 GeV/c,
assuming there is no momentum dependence on §. Red and blue bands are results separately calibrated to data within 8 < p. < 20GeV/c and
20 < pt < 100GeV/c. The left panel compares the temperature dependence of §/T3 in these three-momentum intervals, while the middle
and right panels compare the hadron momentum dependence at two separate temperatures 7 = 0.2 GeV and T = 0.35 GeV, respectively.

transverse momentum dependence of §, we need to make two
assumptions:

(i) ¢ changes slowly with parton momentum.

(ii) The transverse momentum of hadron is of the same
order as the parton momentum. This is true for inclu-
sive hadron production since R44 is dominated by the
modified fragmentation function at large z due to the
steep falling parton spectra. As for I44, this argument
also applies to the trigger particles and we will exclude
the region of small zt for associated hadrons.

We divide the data into different groups based on the final
hadron’s momentum in R44 and the trigger momentum in I44

(I) The low-momentum  group: 8 < p’{, plTrig <
20GeV/e. |
(I) The high-momentum group 20 < ph, pr® <

100 GeV /. |
(Il) The full region group: 8 < pk, pT* < 100 GeV/c.

The 95% credible interval of §(T') calibrated separately to
data groups (I), (II), and (IIT) are shown as red, blue, and gray
dotted bands in Fig. 11. The left panel shows the tempera-
ture dependence, and the middle and right panels show § as
a function of the momentum region for 7 = 0.2 GeV and
0.35 GeV, respectively. Note that the results extracted from
high-pr data (group II) with larger errors are comparable to
those using low-pr data (group 1) at both 7 = 0.2 GeV and
T = 0.35 GeV. The median values from large pr (group II)
are, however, larger than low pr (group I).

We observe that data in low py range can give a smaller
and more precise §/T at high temperatures. This is primarily
because there are more experimental data points with smaller
errors in this temperature and pr range. For temperature 7' ~
0.35 GeV (right panel in Fig. 11) and hadron momentum
8 < pr < 20 GeV/c, the experimental data include most of
the single-hadron data and all the dihadron and y-hadron data

from RHIC, as well as all low pr single-hadron and dihadron
data points from the LHC. Furthermore, within this transverse
momentum range, the §/T3 values obtained from the three
types of observables are consistent, thereby resulting in a
small uncertainty for the extracted §/7T°.

In the momentum range 20 < pr < 100 GeV/c, the ex-
perimental data only include part of the single-hadron and
dihadron data from the LHC energy, and the errors associated
with the data are especially larger for dihadrons. More im-
portantly, the limitation of an energy-independent § is more
apparent in a wide 20 < pr < 100 GeV/c range, leading to
some tension between the theoretical model and the data as
seen in the dihadron spectra in Fig. 7, and consequently large
uncertainties in the extracted §/T3. We will further study
this tension in Sec. IV D. Experimental data in group II also
suggest that the suppression of both high pr dihadrons and
single hadrons requires a larger §/7* value, as these hadrons
mainly originate from surface and tangential emissions where
the temperature is lower. This is consistent with the extracted
temperature dependence of §/T°. For the analysis in the com-
bined pr region (group III), the large amount of data with
small errors in the 8 < pr < 20 GeV//c region (group I) dom-
inate, resulting in smaller values of §/T at high temperature
as seen in the left panel of Fig. 11.

D. Calibrations with exclusively R4, or 1,4 data

We have seen in Fig. 11 that using high-pr data (group II)
results in a fairly large uncertainty. To better understand the
cause, we perform two more analyses, with one calibrated ex-
clusively to single inclusive hadron R4 and another exclusive
to y-hadron and dihadron I44.

In the upper panel of Fig. 12, we show the 95% credible
intervals of §/T? using exclusively Ry4 data, which have also
been organized into different momentum regions. The out-
come suggests negligible momentum dependence, with results
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FIG. 12. Hadron momentum dependence of §/T> from calibration using exclusively R44 (upper) or Iy, (lower). Red and blue bands
are results calibrated separately to data within 8 < p/. < 20GeV/c and 20 < p% < 100 GeV/c. The gray dotted bands are the 95% interval
employing data from data within 8 < p. < 100 GeV/c, assuming no momentum dependence on §. The left panel compares the temperature
dependence of §/T? calibrated to three different momentum intervals, while the middle and right panels compare the hadron momentum
dependence at two separate temperatures 7 = 0.2 GeV and T = 0.35 GeV, respectively.

from data groups (I) and (II) consistent with the uncertainty
band of the momentum-independent analysis.

The situation is different when we calibrate exclusively
to Ixa data, shown in the lower panel of Fig. 12. Iy4 data
with p1® < 20GeV/c (dominated by RHIC data) result in a
surprisingly good constraint on low-temperature /T3 around
T = 0.2 GeV. However, the uncertainty from calibration us-
ing pr® > 20GeV/c data is extremely large. The behavior
is rooted in tension between the current model calculations
and experimental data on p3*° dependence of Iy, for p}* >
19.2GeV/c in Pb + Pb collisions at 2.76 TeV. It causes the
same problem (larger uncertainty) that we have seen in the
combined analysis of both Ry4 and Iy in Fig. 11 due to the
tension in describing high-p1® 44 at the LHC.

Therefore, despite the expectation that [44 in central Pb +
Pb collisions at the LHC energies are more sensitive to § in
the high-temperature region, we do not gain much additional
constrain power at LHC energy from the combined R44 and
I44 analysis. This is caused by (1) relatively large experi-
mental uncertainty of Iy4 compared to Ras and (2) tension

between model and data on I44 at large pr® at LHC. Nev-
ertheless, in regions where the model provides a reasonable
description (RHIC energy and low ptT"g data at the LHC), we
see that the I44 analysis works as expected. Future progress
in resolving the theory-experiment tension and more precise
measurements of y-hadron and dihadron correlation should
lead to a more precise extraction of g, based on our sensitivity
analysis in Sec. III D.

V. VALIDATIONS AND PREDICTIONS

All the analyses presented in the previous sections are
performed with model emulators. As a final step of this study,
we will validate the Bayesian inference by comparing the
NLO pQCD parton model calculations using the extracted
jet transport coefficient § (combined analysis as described in
Sec. IVA) to the experimental data on the suppression of
single inclusive hadron spectra Raq, their elliptic anisotropy
v, and the trigger-hadron correlations I4.
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FIG. 13. Nuclear modification factor Ry4 as a function of pr with §/T?3 from Bayesian extraction for Au + Au collisions at v/s = 0.2 TeV
(upper panel) and Pb + Pb collisions at /s = 2.76 (middle panel) and 5.02 TeV (lower panel) within several centrality classes, as compared
with experimental data [10,12,13,15,16]. Steel blue curves are the NLO pQCD parton model results with the median value of §/ T3, and the

light blue bands are the estimated uncertainty.

To go beyond emulator predictions as shown in Fig. 7,
one should in principle randomly sample §(7") from the func-
tional posterior distribution and make ensemble predictions,
which is highly computationally intensive. Instead, we define
a few representative parameter sets from the full posterior as
originally proposed in Ref. [33]. First, one transforms to the
principal component space of the multidimensional posterior
(in this case, a 20-dimensional space of the values of § at
each of the 20 temperature points). Then, one takes the first
N, principal direction that explains a large fraction of the
total variance of the posterior. Along each principal direction
i = 1 to N, one defines the marginalized median value V™
and 5%, 95% quantile number ViS% and Vi%% of this princi-
pal component. The “central” prediction §(7) is obtained by
applying the inverse PCA transformation to

[Vlmed’ Vzmed’ . V[\r]:ed]

Inverse PCA . ~med (T20 )] = q/«med (T)

€1y

[G™N(T), ™D, . ..

The §(T') samples for error estimation are obtained in a similar
way by varying each V; to the 5% and 95% quantile numbers,

[Vlmed’ B .Vj%%, L V}\r/:ed] Inverse PCA éH T,  (32)
[Vimed, v vped] PR Gim ey, (33)

for j =1 to N,. These constitute a total of 1+ 2N, repre-
sentative parameters sets ¢™4(T), §'*(T), to ¢™*(T), and
the envelope of the 1 + 2N,calculations represents the cali-
bration uncertainty of the theoretical model. In this study, we
use N, = 4 and perform the full NLO pQCD parton model
calculations of R", and I44 at RHIC and LHC to verify the
performance of the calibrated §(7'). In Sec. V B, these repre-
sentative parameter sets are also applied to predict R44 and v,
of the upcoming oxygen-oxygen collisions at the LHC.

A. Model validations

Plotted in Fig. 13 from top to bottom panels are the medium
modification factors Ry of the single inclusive hadron spectra
in A + A collisions at /s = 0.2, 2.76, and 5.02 TeV, respec-
tively, with several centrality classes. Steel blue solid lines
are results with the median value of §/7> and the hatched
bands are the uncertainty from 90% credible region of §/T3.
One can see that the NLO parton model with parton energy
loss and the jet transport coefficient §/7> from the Bayesian
extraction can describe the R44 of single inclusive hadrons
well within the uncertainty of the experimental data in almost
all centralities.

The suppression of y-hadron correlation IX: and m°-
hadron correlation IX:” in 0-10% central Au + Au collisions
at /s = 0.2 TeV are shown in Figs. 14 and 15, respectively, as
compared to the experimental data. The left and right panels
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FIG. 14. y-hadron suppression factor 44 as a function of zr with g/ T3 from Bayesian extraction for (8 < p‘Trig <16 GeV/c, 3 < pF**° <
16 GeV/c) (left) and (12 < pi® < 20 GeV/c, 1.2 < pa < pT®) (right) in 0-10% central Au + Au collisions at /s = 0.2 TeV, as compared
with STAR data [19,22]. Steel blue curves are the NLO pQCD parton model results with the median value of §/T?, and light blue bands are

the estimated uncertainty.

have different ranges of pr.® for the trigger as in the different
data sets from the STAR collaboration [19,22] that we com-
pare to. It is worthwhile to point out that the model with the
median values of §/T> can describe the data on Iy4 well for
both y and 7° triggers in central Au + Au collisions at the
RHIC energy. It somewhat under-predicts the suppression of
single inclusive hadron R4 at the RHIC energy, though the
data points are still within the uncertainty bands from 90%
credible region of §/T3.

Shown in Fig. 16 are the posterior distributions of I/ with
six different pr® intervals in 0-~10% central Pb + Pb collisions
at /s = 2.76 TeV. The posterior predictions for I4 with lower
ptTrlg ranges can fit the experimental data well. The model
with the median values of §/ T3, hpwever, under-estimates the
dihadron suppression at higher py®.

As another test of the NLO pQCD model with the Bayesian
extracted temperature-dependent jet transport coefficient, we
calculate and compare to experimental data on the momentum
anisotropy v; of high pr hadrons. Results, as shown in Fig. 17,
from left to right, for different collision systems: Au + Au

collisions at /s = 0.2 TeV, Pb + Pb collisions at /s = 2.76
TeV and /s = 5.02 TeV, respectively, all in a typical 20-30%
centrality class, can describe the experimental data [132-135]
well. We note again that the jet transport coefficient §/7T°
extracted from our combined Bayesian analysis of the sup-
pression of single inclusive spectra, dihadron, and y-hadron
correlations has a strong temperature dependence. This is part
of the reason for the good description of the experimental
data at different colliding energies. However, our extracted
temperature dependence is far less dramatic near the critical
temperature than some of the early models [57,136,137]. The
NLO pQCD model will not be able to describe the experimen-
tal data on v, at lower and intermediate pr where coalescence
between jet and thermal partons becomes important [114].

B. Prediction for O + O collisions at /s = 7 TeV

Finally, we use the Bayesian extracted jet transport coeffi-
cient §/T? to predict the single inclusive hadron suppression
Raa and elliptic anisotropy v, in O + O collisions at /s = 7
TeV. Such collisions are proposed as an intermediate colliding

Au+Au, 0.2 TeV, 0-10%

1.0[ 8 < pi¥ <16 Gev
%8 NLO pQCD
s STAR 2010

- 12 <pl9 <20 Gev

v STAR 2016

FIG. 15. 7°-hadron suppression factor Iy4 as a function of zp with §/ T3 from Bayesian extraction for (8 < ptT'ig <16GeV/c,3 < pP**° <
16 GeV/c) (left) and (12 < pif® < 20 GeV/c, 1.2 < pi™* < pi'®) (right) in 0-10% central Au + Au collisions at /s = 0.2 TeV, as compared
with STAR data [19,22]. Steel blue curves are the NLO pQCD parton model results with the median value of §/T3, and light blue bands are

the estimated uncertainty.
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FIG. 16. Dihadron suppression factor I44 as a function of p&**° with §/7 from Bayesian extraction for six different ptrig ranges in 0-10%

T

central Pb + Pb collisions at /s = 2.76 TeV, as compared with ALICE [20,23] and CMS [21] experimental data. Steel blue curves are the
NLO pQCD parton model results with the median value of §/72, and light blue bands are the estimated uncertainty.

system between heavy-ion and proton-nucleus collisions to
investigate the properties of dense matter in small systems
[138,139]. Under the assumption that the QGP matter is also
formed in O + O collisions at /s = 7 TeV, we use the CLVisc
hydrodynamic model to describe the evolution of the bulk
matter. The overall normalization factor for the initial bulk
medium entropy density distribution from the Trento model
[96] is fitted to reproduce the final total charged hadron multi-
plicity, which is estimated by extrapolation from an empirical
parametrization of the beam energy dependence of the total
charged hadrons multiplicity per participant pair [140]. The
scale factor for the TRENTO initial condition at /s = 7 TeV
is 205.

The predictions for the nuclear modification factor Raa
(upper panel) and the elliptic flow coefficient v, (lower
panel) for single inclusive hadrons are shown in Fig. 18
in 0-10%, 10-20%, and 20-30% centralities (from left to

right). The steel blue solid lines correspond to the central
results and the blue bands denote the uncertainty estimation.
In the most 0-10% central O 4+ O collisions, the suppres-
sion of single inclusive hadron spectra is about 30%-40%
at pr = 7.5-10 GeV/c. The suppression mostly disappears
when hadron’s pr reaches 60 GeV/c. In semicentral 20-30%
collisions, the single-hadron spectra are suppressed by about
20% at pr ~ 10 GeV /c. As shown in lower panels, the elliptic
anisotropy v, is only about 0.03 at py ~ 7.5 GeV/c in 0-10%
O + O collisions. It quickly disappears at high-p7 and in more
peripheral collisions.

VI. IMPACT OF ADDITIONAL DATA SETS

Besides the main results in Sec. IV A, we found two addi-
tional data sets that can be included in the analysis. One is the
2006 STAR measurements of dihadron correlations in 0-5%

0.3 AUtAU, 02TV T | Pb+Pb, 2.76 TeV | Pb+Pb, 5.02 TeV
_ I m2 NLO pQCD - o CMS 2012 L o CMS 2017
X | o PHENIX 2010 |« ALICE 2013 I
o
@ 0.2f & - s
o
o
0.1
0.0,

pr [GeV/c]

pr [GeV/c]

pr [GeV/c]

FIG. 17. The elliptic anisotropy v, for single inclusive hadrons with §/T3 from Bayesian extraction in 20-30% Au + Au collisions at
/s = 0.2 TeV, Pb + Pb collisions at /s = 2.76 TeV and 5.02 TeV, respectively. Steel blue curves are the NLO pQCD parton model results
with the median value of §/T3, and light blue bands are the estimated uncertainty.
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FIG. 18. Predictions for R4 (upper) and v, (lower) of single inclusive hadrons as functions of pp with §/7> from Bayesian extraction in
O + O collisions at /s = 7 TeV within 0-10%, 10-20%, and 20-30% centralities, respectively. Steel blue curves are the NLO pQCD parton
model results with the median value of §/T, and light blue bands are the estimated uncertainty.

central and 20-40% semicentral Au + Au collisions [18]. The
other is the modification to the jet fragmentation functions in
y-jet events in Pb + Pb collisions at 5.02 TeV in 0—-10%, 10—
30%, and 30-50% centrality classes as measured by the CMS
experiment [141]. Because there are no inclusive y-hadron
correlation measurements at LHC energy, these data on y-jet
fragmentation functions can partially serve the purpose. The
details of these additional calculations are explained in Ap-
pendix C. In Fig. 19, we compare the posterior distributions of
¢/T? from the main and new analyses with the two additional
data sets. The 95% credible interval is consistent, while the
new analyses slightly prefer a higher value of §/T?3.

121 1 Main analysis, 95% ClI
101 [ With new datasets, 95% ClI
8 4
=
S 6
41
2.
0 . . .
0.1 0.2 0.3 0.4 0.5
T [GeV]

FIG. 19. A comparison of the 95% credible interval of § obtained
in the main analysis (red open band) and that obtained by includ-
ing y-jet fragmentation functions in Pb 4 Pb collisions [141] and
hadron-hadron correlations in Au + Au collisions [18].

VII. SUMMARY AND OUTLOOK

In this work, we have carried out a first global Bayesian
inference of the jet transport coefficient § using combined
experimental data on suppression of single inclusive hadrons
Rua, dihadron and y-hadron correlations I44 in heavy-ion
collisions at both RHIC and LHC energies with all available
range of centralities. The analyses use the NLO pQCD par-
ton model with a medium-modified fragmentation functions
and parton energy given by the higher-twist approach. This
model provides a consistent description of single inclusive
hadron, dihadron, and y-hadron cross-sections in both p + p
and A + A collisions.

To take full advantage of the large amount of data at dif-
ferent colliding energies and centrality classes that probe the
jet transport coefficient §/73 in different temperature ranges,
and to unambiguously test the constraining power of R44 of
single inclusive hadrons and ;4 of dihadron and y-hadron
correlations to §(T)/T?>, we developed the Bayesian anal-
ysis with information field approach. Compared to the use
of an explicit parametrization of §/T?, the information field
approach is shown to be free of complicated correlations in
different temperature regions in the prior distributions. Using
the information-field approach, data that constrain §/7> at
low temperatures do not affect the prior distributions of §/7>
at high temperatures. This makes the extraction of the tem-
perature dependence of §/7> more robust when combining
RHIC and LHC data in a wide range of centralities that probe
the quark-gluon plasma with different reach in temperature.

With this new Bayesian analysis framework, we demon-
strate that the temperature dependence of §/T3 is progres-
sively constrained by experimental data from peripheral to
central collisions and from lower to higher beam energies.
The combined analysis of R44 and I44 from all three collid-
ing systems: Au + Au at 0.2 TeV, and Pb 4 Pb at 2.76 TeV
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and 5.02 TeV, including 0-50% centrality classes, suggests
4/T? decreases with temperature from 5 4 1 near 7, to 1.1 &
0.3 at 37,. The uncertainty bands become larger if one re-
laxes the momentum-independent assumption and calibrates
4/T? to experimental data in lower and higher pr region
separately.

In the sensitivity analysis, we found that y-hadron and
dihadron correlations are slightly more sensitive to the tem-
perature variation of §/73. However, restricted by the current
level of experimental accuracy and tension between theory
and data at the LHC energy, the inclusion of 44 data does not
significantly improve the accuracy of the extracted §/T> in
the high-temperature region. We hope this will improve when
more accurate data comes from future runs at LHC and RHIC.

As a validation check, we show the NLO pQCD parton
model with parton energy loss and extracted temperature-
dependent /T3 can describe within the error bands the
existing data on the suppression of single inclusive hadron
spectra Ra4, dihadron, and y-hadron correlations I44. It is also
shown to describe well the measured elliptic anisotropy v, of
large pr hadrons. We also give predictions for Rq4 and v, in
O + O collisions at /s = 7 TeV.

In the future, it is straightforward to apply the information
field approach to parametrize higher dimensional unknown
functions, such as the temperature 7, momentum p, and the
virtuality Q dependence of g as postulated by the JETSCAPE
Collaboration [42]. Compared to explicit parametrizations,
the random field approach allows fully uncorrelated prior val-
ues separated by a large gap in input variables. These features
should be very useful for other inverse problems of parameter
extractions in addition to the jet transport coefficient.

The code for this Information Field Bayesian analysis can
be found at Ref. [142].
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FIG. 20. Correlation structures of the posterior of §(T)/T? af-
ter calibration using R4 data from Au+ Au collisions at /s =
200 GeV.
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APPENDIX A: CORRELATIONS OF THE POSTERIOR §(T')

In this Appendix, we analyze the posterior of §(7) more
closely by looking at the correlations of § at four different
temperatures. These are shown in Figs. 20 and 21 for results
calibrated to Ra4 in Au+ Au collisions at /s = 200 GeV
and to both Ry4 and I44 in all colliding systems, respectively.
Diagonal plots, from top to bottom, show the prior (gray
regions) and posterior (blue lines) distributions of § at T =
0.15,0.25, 0.35, and 0.45 GeV. Off-diagonal plots reflect the
correlations among them.

In Fig. 20, with information only from Au + Au collisions
at 4/s = 200 GeV, values of § at high temperature (T3, T3, T,)
are not well constrained and adjacent values are positively
correlated as parameterized in the prior distribution. Values at
the lowest temperature (77), however, are anticorrelated with
high-temperature values. This is because data from a single
colliding system can only constrain an effective temperature-
averaged value of g, with a high degree of flexibility in
changing § at high and low temperatures in an anticorrelated
manner.

When data from all colliding systems are included, as
shown in Fig. 21, not only the uncertainty marginalized at
each temperature decreases, but the correlation structures also
change. Especially, the low-temperature values of §(7}) are
almost uncorrelated with values at higher temperatures. This
is the benefit of including more colliding systems that are
sensitive to ¢ in different temperature regions.
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FIG. 21. Correlation structures of the posterior of §(7) after
calibration using both Ry, and I, data from Au + Au collisions at
/s =200 GeV, Pb + Pb collisions at /s = 2.76 TeV, and Pb + Pb
collisions at /s = 5.02 TeV.

APPENDIX B: IMPACT OF VARYING THE CORRELATION
LENGTH IN A SIMPLE JET-QUENCHING MODEL

In this Appendix, we discuss the impact of changing the
correlation length parameter in the information field prior on
the posterior. Ideally, one should perform this test with the
full model calculation. However, this will at least quadruple
the amount of computation. Given that the model is already
computationally intensive, we demonstrate it with a simple
jet-quenching model.

L=1In(2) L=1In(1.3)

qIT?

0.50 0.75

T[GeV]

0.50 0.750.25

T [GeV]

0.25

FIG. 22. Random field priors (bands) with long (left) and short
correlation lengths (right). From each distribution, a particular real-
ization of §(7T') is chosen as the “truth” (solid lines) for the validation
test.
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FIG. 23. Calculations from the toy jet-quenching model cali-
brated to the pseudodata, which are generated for three different
initial temperatures according to the corresponding “true” § in each
case. The four cases correspond to analyses using L-set or S-set prior
and if the truth is generated from the L-set or S-set random function.
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FIG. 24. The 60% (dark red bands) and 95% (light red bands)
credible interval of the posterior distribution as compared to the
“truth” (black lines). The four cases correspond to analyses using
L-set or S-set prior with the truth generated from the L-set or S-set
random function.
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FIG. 25. Charged-hadron-triggered FF’s in p + p collisions (left) and the dihadron suppression factors Iy4 in 0-5% and 20-40% Au + Au
collisions (middle and right) at ./sxy = 0.2 TeV as a function of zr, for 8 < p* < 15 GeV/c, 2.5 GeV/c < p¥** < pT* as compared to

STAR experimental data [18].

The energy loss (AE) in Eq. (14) is the only quantity in the
current model that depends on (7). In the soft gluon limit, it
approximately follows

3wy [T 2E
AE =~ g)ln| — Jrdr+---, (BD)
2 70 II’LD

where the ellipsis denotes terms that do not contribute to the
In E enhancement. We take oy = 0.3, 19 = 0.6fm/c, T1 =
constant for 1D expansion, and T,.x = min{6.6 fm/c, (T =
0.16 GeV)}. Taking a hadron spectrum do /dpr p;g, the
nuclear modification factor in this simple model is Rqq =

10!

(1 + AE/E)~8. Then, we can compute Ry4 for three dif-
ferent “beam energies” using different initial temperatures
Tp = 0.3,0.4,0.5 GeV.

This is certainly an extremely simplified toy model com-
pared to the full calculation. However, it captures the main
features of the § extraction using the information field prior:

(1) Calculations are only sensitive to a temperature/time-
integrated value of §(7') as shown in Egs. (B1) and
(14).

10—2 PRI R

5.02TeV, p+p-y+h

P9 > 60 GeV
NLO pQCD
o CMS 2018

| IR

05 1.0

15 2.0 25 3.0
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FIG. 26. y-triggered FF’s in p + p collisions (upper) and the modification factor Iy4 in 0-10%, 10-30%, and 30-50% Pb + Pb collisions
at \/Snn = 5.02 TeV (lower) as a function of & = In[—|ph[*/p} - pa], for pi® > 60 GeV/c, 3 GeV/c < pi™ < pT® as compared to CMS

experimental data [141].
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FIG. 27. Nuclear modification factor Ry, as a function of pr in Au + Au collisions at 4/s = 0.2 TeV in 0-5%, 0-10%, 10-20%, 20-30%,
30—-40%, 40-50%, 50-60%, 60—80%, and 80-90% centrality bins, as compared to PHENIX [10,12,17] experimental data. Each plot contains
100 sets of Ra4 with §;/T>(i = 1, 100) priors provided by the Bayesian inference.

(2) Experimental measurements provide access to differ-
ent temperature regions, with 0.3 < Ty < 0.5 GeV.

Now, we design the following test to illustrate the impact
of changing the correlation length in the prior.

(1) Prepare two random field priors for §(T)/T> with
the same mean and variance as in the main anal-
ysis, but with different correlation length: L =
In(2) &~ 0.69 and In(1.3) &~ 0.26. We will refer to
these two cases as L (long)-set and S (short)-set
hereafter.

(2) Assume two truth distributions from the L-set and
S-set, as shown in Fig. 22, such that the L-set and
S-set prior samples are very different functions, with
the latter containing more detailed, short-length-scale
information.

(3) Compute pseudodata, 1i.e., Raa(To = 0.3GeV),
RAA(T() =04 GeV), and RAA(TO =0.5 GCV)
according to each of the “truth” §(T) in the L-set
and S-set. Five percent of uncorrelated uncertainty is
added to each set of pseudodata on Ru4.

(4) Perform four independent Bayesian analyses

LL: Use the L-set prior to infer the “truth” generated
from the L-set.

SL: Use the S-set prior to infer the “truth” generated
from the L-set.

LS: Use the L-set prior to infer the “truth” generated
from the S-set.

SS: Use the S-set prior to infer the “truth” generated
from the S-set.

The purpose of the above procedures is to investigate
the possibility that the truth function §(7') is not a high-
probability realization of the prior. We expect that even though
the truth may contain short-length-scale information, this in-
formation cannot be recovered in the analysis using neither
L-set nor S-set prior due to the temperature-averaging nature
of the observable Ry4.

In Fig. 23, we show the power of the calibrated toy models
to describe the pseudodata generated for three different initial
temperatures with the corresponding “true” 4. Each panel cor-
responds to one of the four scenarios (LL, SL, LS, SS) listed
above. Models with either type of prior can fit the pseudodata
calculated with the “true” § sampled from the same or differ-
ent type of the random fields. In particular, inference with the
random field prior with a fairly large correlation length is able
to describe the data calculated with a short correlation length.
This is due to the information loss in the R44 observable that
is not sensitive to the fast variation of ¢ as a function of
temperature as one would have expected.

Looking at the posterior of G(7) as compared to the truth
in Fig. 24, results from the LL scenario work as expected: the

064917-24



GLOBAL CONSTRAINT ON THE JET TRANSPORT ...

PHYSICAL REVIEW C 109, 064917 (2024)

0-5% 5-10% 10-20%
Pb+Pb, 2.76 TeV [G/T31(i = 100) 0 ATLAS 2015
1.0f - -
::(( §
[ £}
: $3 0| 533 Y $ &0
0.5 s &2 580 a0
e 55% s5F
%e%ﬁéﬁ 2066608%7 4466457
0.0 [ | | I Ll R N |
20-30% 30-40% 40-50%
1.0f - -
<3 32 [)
=& g7’ 382 R
0.5F o8& z Fopoi KIZZ[z;,gzlz
: 4087 o foRoRoR R
sos500% Soped
OO M | [ | L1 |
50-60% 60-80% 70-90%
1.0f i % -
<3 §§§§§§ H§H§§§ [) H
" prRtii bess st dor|
0.5 2% & ¥ 5
0.0b e B T T
pr [GeV/c] pr [GeV/c] pr [GeV/c]

FIG. 28. Nuclear modification factor R4 as a function of pr in Pb + Pb collisions at 4/s = 2.76 TeV in 0-5%, 5-10%, 10-20%, 20-30%,
30-40%, 40-50%, 50-60%, 60-80%, and 70-90% centrality bins, as compared to experimental data [13—15].

truth distribution is reasonably captured in the high-likelihood
region of the posterior. In the SL scenario, the truth is well
captured in the high-likelihood region, but the uncertainty
bands get wider as compared to the LL scenario. This is
because those short-range variations in the short-correlation
length prior can never be constrained using the data provided.

The LS scenario is potentially problematic. The prior with
a larger correlation length strongly disfavors a “truth” with
an “oscillating” behavior. Nevertheless, the averaged trend of
the truth is correctly reflected by the posterior while underes-
timating the uncertainty band. Interestingly, the SS scenario
also cannot recover the “oscillating” feature in the “true” §.
Again, this is due to the limitation of the observable that does
not contain the short-length-scale information.

We summarize two key observations from this practice
regarding the correlation length scale in the prior, which also
led to the use of L = In2 in our main analysis:

(i) Features at the shortest length scale that can be ex-
tracted are limited by the differential power of the ob-
servable. For example, Au+ Au collisions in the
most peripheral centrality at /s = 200 GeV probes
the effective ¢ from 7. to 2T., which limits the
temperature-differential power of the analysis.

(i) Using a prior with a correlation length much shorter
than the resolution of the observable leads to highly

oscillating modes that cannot be constrained by data.
Though the median of the extraction is not affected
much, these modes increase the uncertainty bands of
the posterior. Moreover, one of the main prior beliefs
of §(T) is that it is monotonic above 7. as there is no
other scale in QCD at higher temperatures.

APPENDIX C: TWO ADDITIONAL OBSERVABLES
ADDED TO THE ANALYSIS

After completing our main analysis, we found two addi-
tional data sets that can be included in our analysis,

(i) 17" in 0-5% and 20-40% Au + Au collisions at
A5 =0.2TeV [18];

Gi) 1 X:t from y-triggered charged hadron fragmentation
functions in 0-10%, 10-30%, 30-50% Pb + Pb colli-
sions at /s = 5.02 TeV [141].

In this Appendix, we show the p 4 p baselines of these two
observables and the nuclear modification factors with the 100
sets of the prior random §;/T>(i = 1, 100) functions obtained
by the Bayesian analysis.

Shown in Fig. 25 are triggered FF’s from charged di-
hadron correlations with 8 < pr® < 15GeV/c, 2.5 GeV/c <

assoC

P < ptTrig in p+ p collisions (left) and the dihadron
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FIG. 29. Nuclear modification factor R4 as a function of py in Pb + Pb collisions at /s = 5.02 TeV in 0-5%, 5-10%, 10-20%, 10-30%,
20-30%, 30-50%, and 50-70% centrality bins, as compared to ALICE [17] and CMS [16] experimental data.

suppression factors I4 in 0-5% and 20-40% Au + Au col-
lisions (middle and right) at /sy = 0.2 TeV as a function of
zr. These are similar to Figs. 3 and 31 except for the trigger
pr¥ range.

Shown in Fig. 26 are y-triggered FF’s in p 4 p collisions
(upper) and the modification factor Iy4 in Pb + Pb colli-
sions at ./sny = 5.02 TeV (lower). The experimental data are
converted from measurements of y-jet fragmentation func-

tions [141] as a function of & = In[—|FL|?/p} - pi°¢] with
a jet cone-size R = 0.3, p;u > 1 GeV/c, pf > 60 GeV/c,

5> 30GeV/e, Apier, > 7/87, |l < 1.6, In,| < 1.44.
The selected charged-particle tracks are normalized by the
total number of y-jet pairs. In our NLO pQCD model cal-
culation of y-hadron correlation per triggered photon, we
consider |A¢y;| > 7/87 —R and 3 GeV/c < p¥™° < pk
which corresponds to the zry;, = 0.05. The NLO pQCD

Au+Au, 0.2 TeV, 0-10% [G/T3],(i = 100)
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FIG. 30. y-hadron suppression factor /4 as a function of zr with (8 < p‘Trig < 16 GeV/c, 3 < p** < 16 GeV/c) (left) and (12 < p;° <
20 GeV/e, 1.2 < p¥* < p[T”g) (right) in Au + Au collisions at /s = 0.2 TeV within 0-10% centrality, as compared to STAR experimental

data [19,22].
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FIG. 31. n°-hadron suppression factor 44 as a function of zp with (8 < p‘Trig <16 GeV/c, 3 < pi** < 16 GeV/c) (left) and (12 < prrig <
20 GeV/e, 1.2 < pi* < p[T“g) (right) in Au + Au collisions at /s = 0.2 TeV within 0-10% centrality, as compared to STAR experimental

data [19,22].

result for p + p collisions is consistent with the experimental
data.

APPENDIX D: TRAINING OBSERVABLES
OF THE MAIN ANALYSIS

In this Appendix, we present the numerical results for
suppression factors of single inclusive hadrons R44, y-hadron,
and dihadron correlations I4 in Au + Au collisions at /s =
0.2 TeV, Pb + Pb collisions at /s = 2.76 and 5.2 TeV with
different centralities. These observables are each evaluated
within the NLO parton model with parton energy loss and
100 sets of the temperature-dependent jet transport coefficient
4;/T>( = 1, 100) as prior random functions in the Bayesian
inference analysis. These results, together with an emulator
for interpolation, are used for the Bayesian inference of the
jet transport coefficient.

Figures 27-29 are the suppression factors R4s of single
inclusive hadrons in Au + Au collisions at /s = 0.2 TeV in
nine different centrality bins, in Pb + Pb collisions at /s =
2.76 TeV in nine centrality bins, and 5.02 TeV in seven cen-
trality bins, respectively, as compared with the experimental
data [10,12-17]. Figure 30 shows the suppression factors Ij\’/f'
for y-triggered hadron spectra as a function of zr in 0-10%
central Au + Au collisions at /s = 0.2 TeV. The difference
between the left and right panels are the ranges of trigger
and hadron transverse momentum, (8 < p[Trlg < 16 GeV/c,
3 < i < 16 GeV/c) in the left panel and (12 < pp® <
20 GeV/c, 1.2 < p&°° < pT#) in the right panel. Figures 31
and 32 show the medium modification factors Ij(jh for di-
hadron correlations as a function of zr in Au + Au collisions
at y/s = 0.2 TeV with two p7® ranges and I as a function

of pa¥°¢ in Pb + Pb collisions at /s = 2.76 TeV with six p[Trig
ranges, respectively.
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* 18<pi¥<16GeV » ALICE 2016 [q/T31,(i=100) o CMS 2013
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FIG. 32. Dihadron suppression factor I, as a function of p§**°

with six different p‘Trig ranges in Pb + Pb collisions at /s = 2.76 TeV

within 0-10% centrality, as compared to ALICE [20,23] and CMS [21] experimental data.
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