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Abstract: Jet quenching is studied in a background magnetic field and finite baryon chemical potential. The pro-
duction of energetic partons is calculated using the next-to-leading order (NLO) perturbative Quantum Chromody-
namics (pQCD) parton model, whereas the parton energy loss formula is obtained from the AdS/CFT correspond-

ence incorporating the magnetic field and baryon chemical potential effects. Using Bayesian inference, we systemic-

ally compare theoretical calculations with experimental data for the nuclear modification factor R4 of large trans-

verse momentum hadrons in different centralities of nucleus-nucleus collisions at 0.2, 2.76, and 5.02 TeV, respect-

ively. The holographic calculation leads to a strong negative correlation between the magnetic field and chemical po-

tential for a fixed amount of energy loss. This degeneracy can be observed after model calibration. Finally, we dis-

cussed the sensitivity of jet quenching phenomena to the external magnetic field and background baryon chemical

potential.
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I. INTRODUCTION

Ultrarelativistic heavy-ion collisions conducted at the
relativistic heavy ion collider (RHIC) and large hadron
collider (LHC) generate a novel state of matter referred to
as the quark gluon plasma (QGP) [1, 2]. Investigating
particles with high momentum is an essential method for
clarifying the characteristics of QGP. These high-energy
particles are produced by high-energy partons, which can
be accurately calculated from perturbative quantum chro-
modynamics (pQCD) [3—6], rendering these hard probes
highly effective for examining the properties of the medi-
um. An essential feature of the medium-parton interac-
tion is the phenomenon of energy loss in high energy
nucleus-nucleus collisions, resulting in a suppressed had-
ron cross-section at high transverse momentum (py) rel-
ative to what is anticipated by a direct scaling of the
cross-section in proton-proton collisions. This effect,
termed jet quenching [7—11],1is most effectively ana-
lyzed using the nuclear modification factor Ry. Ras 1S
defined as the ratio of the particle spectrum in heavy-ion
collisions to the product of proton-proton cross-section
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and nucleus-nucleus thickness overlapping function. This
deviation from unity indicates nuclear medium effects.

A commonly applied approach to calculate energy
loss in QGP relies on the premise of weakly coupled
scenarios between high-energy partons and the QGP.
Within this scenario, high-energy partons traverse the
medium along the light cone, losing energy via medium-
induced gluon emission as a consequence of multiple col-
lisions with the medium. This weakly coupled approach
has been remarkably effective in describing the suppres-
sion of R4, as observed in nuclear collisions. However, in
many of these models, elastic energy losses are perturbat-
ively calculated and receive large contributions from soft
momentum g ~ g,7 exchange with the medium, where g
represents the QCD coupling. This is difficult to recon-
cile with the experimental discovery that the QGP pro-
duced in heavy-ion collisions is strongly coupled [12,
13]. The phenomenological coupling is so large that g, T
is almost comparable to the thermal kinetic energy.
Therefore, this weak coupling approach may have certain
limitations when dealing with strongly coupled QGP.
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Consequently, it is unclear if jet quenching can be under-
stood from a non-perturbative or strongly coupled per-
spective. In this paper, we adopt a strongly coupled ap-
proach, assuming strong coupling between the medium
and the parton; meanwhile, we introduce dependence on
the background magnetic field and chemical potential and
investigate jet quenching phenomena using gauge/grav-
ity duality [14, 15].

Gauge/gravity dualities present a broad collection of
concepts asserting that gauge field theories in four-di-
mensional flat space are dual to gravity theories in curved
space with an additional dimension. The anti-de
sitter/conformal field theory (AdS/CFT) correspondence
[16—19] is a specific instance of gauge/gravity dualities.
Since its introduction in the late 1990s, it has emerged as
one of the most intensively researched areas in theoretic-
al high-energy physics. The AdS/CFT correspondence
confirms that there is a certain relationship between the
AdSs x S space-time type IIB string theory and N=4 su-
persymmetric Yang-Mills (SYM) gauge field theory in
the (3+1)-dimensional Minkowski space-time. While N=
4 SYM at zero temperature exhibits distinct differences
from QCD in various aspects, it can provide insights into
certain qualitative characteristics of QCD under the
strongly coupled regime at finite temperature. Within the
AdS/CFT correspondence, the features of the medium are
embedded in the background metric of the associated
string theory (e.g., the AdSs metric for N= 4 SYM),
while the traits of diverse dynamic processes occurring
within the medium are manifested through the behavior
of classical strings in this background. According to the
strong and weak correspondences in the AdS/CFT, the
strong coupling problem faced by four-dimensional CFT
can be solved by the corresponding weak coupling meth-
od of the superstring theory. Thus far, researchers ex-
ploited the AdS/CFT to explore various properties of
QGP. For example, jet quenching parameters [20—23], ra-
tio of shear viscosity to entropy density [24], phase trans-
ition [25—32], heavy quark potential [33—36], heavy
quark energy loss [37—40], and light quark energy loss
[41-46].

This paper focuses on the effects of the constant mag-
netic field and chemical potential on holographic jet en-
ergy loss in high-energy nucleus-nucleus collisions at the
RHIC/LHC. Recent studies have indicated that ex-
tremely high magnetic fields may be generated with mag-
nitudes on the order of eB ~ 70m?2 in the initial stages of
noncentral ultrarelativistic heavy ion collisions at LHC
energies [47—50]. The generated magnetic field de-
creases rapidly; however, it remains influential in the ini-
tial stage of QGP formation [47, 51]. This strong magnet-
ic field affects the QCD phase transition [52—54], plasma
evolution, and charge dynamics in strongly interacting
matter [55—57]. The effect of a finite baryon chemical po-
tential is small at LHC energy; however, it can be influ-
ential at various RHIC energies [58]. Both magnetic and

chemical potentials can alter the properties of the parton-
ic degrees of freedom of the QGP; therefore, it is interest-
ing to study the corresponding response of jet quenching.
Recent work has separately studied the effects of magnet-
ic fields and chemical potential on parton energy loss [59,
60]. In this paper, we simultaneously analyze the effects
of the magnetic field and chemical potential, revealing
their strong correlations in impacting parton energy loss.
Finally, using Bayesian inference, we discuss the phe-
nomenological sensitivity of jet quenching observables to
the magnetic field and chemical potential. In this study,
we calculate the energy loss dE/dx and subsequently em-
ploy a Bayesian analysis approach. This enables us to not
only investigate the effect of the magnetic field on jet
quenching effects but also infer the range distribution of
the magnetic field across different collision centralities at
both RHIC and LHC energies.

The remainder of this paper is organized as follows:
In Sec. II, we review the next-to-leading order (NLO)
pQCD parton model. A holographic model of the energy
loss incorporating magnetic fields and chemical poten-
tials is introduced in Sec. III. In Sec. IV, we determine
the coupling constant in the model. In Sec. V, we de-
scribe the holographic jet energy loss in the background
of a magnetic field and chemical potential. In Sec. VI, we
show details of the Bayesian analysis, and in Sec. VII, we
discuss the results. Finally, we present a summary and an
outlook in Sec. VIII.

II. NLO PQCD PARTON MODEL

We provide a brief overview of the pQCD computa-
tions related to the NLO cross-sections for producing
single inclusive hadrons at high transverse momentum pr
in p+p and A +A collisions, utilizing the concept of col-
linear factorization.

A. Factorized calculations in p + p collisions

The invariant cross-section for producing a single
hadron with high transverse momentum in high-energy
collisions can be factorized within the parton model. This
factorization involves the convolution of collinear parton
distribution functions (PDFs), hard scattering cross-sec-
tions, and fragmentation functions (FFs) [61]. The differ-
ential cross-section as a function of the hadron with trans-
verse momentum py and rapidity yj, is [62]

h
d0'pp

dyhdsz

= Z/dxadtha/p(xa’ﬂz)fb/p(xhs#z)

abed
% l do—ab—)cd D?(Zc,ﬂz)

3
e R O

where f,,(x,,p*) and fi,,(x,,u?) represent the parton dis-
tribution functions obtained from CT18 [63] parametriza-
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tion, while D!(z.,u*) represents the fragmentation func-
tion of the Kniehl-Kramer-Potter parametrization in vacu-
um from Ref. [64]. The LO partonic cross-section for the
2 — 2 process ab — cd is denoted by do,;,_.s. The NLO
correction at O(a’) contains virtual corrections to the
2 — 2 cross-sections and 2 — 3 tree-level cross-sections.
We consider the renormalization scale of u=1.2 ph at
RHIC and LHC to describe hadron production in vacuum.

Figure 1 shows the NLO pQCD result on the hadron
production cross-section in p+p collisions compared
with experimental data [65—67]. These numerical results
confirm that the NLO pQCD parton model present a good
description of the experimental data of single-hadron pro-
duction at large py in p+ p collision.

B. Factorized calculations in A + A collisions
In nucleus-nucleus collisions with a fixed impact
parameter b, the single-inclusive hadron production spec-
tra at high transverse momentum p; can be expressed as
(analogous to Eq. 1) [68—70]

dN} (D)
dydsz

=y / dx,dx,d’rt(r)ts(r+b)
abed
Xfu/A(xa,,Uz,")fb/B(Xb,,Uz,"+b)
% ldo—ub—nrd D?(an,uz’ AEC)

3
e - +0@). (2

where t,(r) and tz(r+ b) represent the projectile and tar-
get nuclear thickness functions normalized as
[ drta(r)= A, with A denoting the mass number of the
nucleus. We use the Woods-Saxon form for the nuclear
density distribution. f;x(x,, % r) represents the nuclear
modified PDF [71-74] given by

Z
f;J/A(xa’ﬂz’r) = Sa/A(xas,uz’ r) {Zfah?(xa’/lz)

(12 ). 3)

where Z represents the proton number of the nucleus.
S a/a(xq,p%,7) indicates the nuclear shadowing factor and
modification of the nuclear PDF as compared to the
simple isospin average using the PDF of a free proton
fusp(Xaspt?). The shadowing factor S ,4(x,, % r) takes the
form [75—77]

14(r) [S aa (Xa, 1) = 1}
J drita(n] ’

Su/A(xa»,uzar) =1+A (4)

and we use the EPPS21 parametrization for S ,,(x,,u*)
[78]. Finally, Dy.(z.,p*,AE.) represents the medium-
modified fragmentation function given by [70, 79—82]
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Fig. 1. (color online) Cross-sections of the single hadron

production in the p+p collision compared with experiment
data [65—67].

Z, ,
Dyye(ze i, AE,) = Z*Dh/c(Zc,,Uz), )

where AE. represents the energy loss of parton c. Vari-
able z.= pr/pr. represents the vacuum fragmentation
momentum fraction of a hadron from parton ¢, while
z. = pr/(pre—AE,) corresponds to the in-medium case,
where parton loses energy AE. prior to fragmentation.
The calculation of AE. will be given in the next section
from the holographic model.

C. Nuclear modification factors

Based on the calculations in both p+ p and A+A col-
lisions, the nuclear modification factor for single-inclus-
ive hadron production in heavy-ion collisions can be
computed following the approach in [83].

dNAA
dydsz (6)

Raa(pr) =

where Tuu(b) = [ d?rta(r)ta(r+b) defines the nuclear
overlap function, which quantifies the geometric overlap
of the two colliding nuclei at specific impact parameter b
for specific centrality.

III. HOLOGRAPHIC MODEL OF THE ENERGY
LOSS

A. General setup
We introduce a holographic model with a magnetic
field and chemical potential. Within the AdS/CFT corres-
pondence, introducing a magnetic field and chemical po-
tential into N=4 SYM can be achieved by endowing the
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black hole in the holographic dimension with charge. The
resulting spacetime geometry is described by an AdS-RN
black hole, whose dynamics are governed by [60, 84]
12 12 ,

1 5
1= dx\/—_g<7€+

In this context, 3 = 871G, where G represents the gravita-
tional constant and R represents the Ricci scalar. Para-
meter L indicates the radius of the AdS space, which, for
simplicity, is normalized to unity (L=1)in the sub-
sequent analysis. The effective dimensionless gauge
coupling constant is denoted by gr. The value of g is set
to 1 [84]. Field strength tensor F,, is expressed as
F,, =0,A,-0,A,, with A, being the U(1) gauge field.
The five-dimensional solution to the equations of motion
derived from Eq. (7) is given by

2_1 _ 2 2 dz?
ds _ZZ( f(@dt” +dx +7f(z)>’ ®)
with
Z 4 Z 6
1. NS 2 2
fo=1-a+(2) v2(2). @

where Q? = u3z; + B*z} [85—87] is the charge of the black
hole, and pp and B represent the baryon chemical poten-
tial and background magnetic field, respectively. Eq. (9)
is an approximate solution of Eq. (7). However, the spe-
cific form Q* = u3z; + B*z;, adopted in our computational
framework constitutes an assumption introduced for Q?
to incorporate both magnetic field and chemical potential
effects [85, 86]. This treatment in our work conducts a
preliminary exploration of the feasibility of introducing a
magnetic field and chemical potential through Q*. Based
on this assumption, setting both the magnetic field and
chemical potential to zero enables the energy loss formu-
lation to revert to the form presented in Ref. [41]; this
characterizes energy loss in the absence of magnetic and
chemical potential effects. As a pioneering study that ap-
plies holographic energy loss to investigate jet quenching
phenomena, Ref. [41] serves as an important benchmark
in this field. The chemical potential is associated with
charge density [87]. Both the charge density and magnet-
ic field originate from the same U(1) current, and there-
fore, the chemical potential and magnetic field can be
consequently described within the same U(1) symmetry
framework. ¢ represents the time coordinate, x represents
the CFT space coordinates on the boundary, and z repres-
ents the AdS space coordinate. In addition, z = z;, repres-
ents the horizon near the boundary of the black hole, as
shown in Fig. 2.
We use the Hawking formula of the black hole

1 2
TGapnB)= — (1 - %) (10)

For a given set of 7, ug, and B, Eq. (10) yields four roots
for z;,. However, the physically acceptable solution is the
only one of these roots that is real and positive. There-
fore, we only consider the branch with z;, > 0.

In our calculations, Q? is defined as Q° = yz2 + Bz},
which incorporates contributions from the magnetic field
and chemical potential. As shown in Eq. (10), Q? exhib-
its explicit temperature dependence. The energy loss cal-
culation is temperature dependent; therefore, the temper-
ature is provided by the CLVisc hydrodynamic frame-
work [88, 89]. Our model effectively introduces the ef-
fect of the magnetic field and chemical potential on en-
ergy loss through their temperature-dependent coupling
via Q2.

B. Energy loss in the magnetic field and chemical po-

tential background

We apply the methodology presented in Refs. [41, 42]
to investigate the effect of a magnetic field and chemical
potential on the energy loss of light quarks using finite
endpoint momentum shooting strings. In this approach, a
specific classical string motion is considered, wherein the
endpoint of the string starts near the horizon and moves
towards the boundary while carrying certain energy and
momentum. As the string rises, this energy and mo-
mentum gradually dissipate into the remaining part.
Hence, this motion is called a finite-endpoint-momentum
shooting string.

The AdS space-time metric Eq. (8) can be rewritten in
the form (here, dx represents dx in Eq. (8))

ds® = G,(2)dr* + G (2)dx* + G, (2)dZ%, (11)

where

1
72’

1 1
GZZ(Z) =TS A (12)

1
Gu(z) = —;f(z), G(2) = 27

Fig. 2.  (color online) Illustration of the AdS/CFT corres-
pondence. z represents the bulk coordinate.
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The following derivation can be extended to a wider class
of metrics beyond the present case; however, Eq. (11)
captures many interested scenarios. The metric does not
exhibit explicit dependence on ¢ or x, and the quantity
defined below remains conserved along geodesic paths
(adopting the notation convention from [42]).

_ G, (z)dt
" Gul(z)dx’ (13)
Then,
,  (RG.()dx)?
o= ( G.(2) ). (9

The finite momentum endpoints follow R-parametrized
null geodesics with ds* = 0.

Gu(2)d? + G (z)dx* + G..(z)dz* = 0. (15)

Substituting Eq. (14) into Eq. (15), we have

2 ( R*G .(2)

2 _
G, + Gm(z)) +G(7)dz" =0, (16)

G (2)G:(2)

which solves to
 6.@[Gu(2) +G(R]
Lj 1

(%) -
—Iz%zf(z) TN

_ 2 f(2)
- LZ( LZ

LZ
Z(-Frosie)

_ 1
CR-f@)

(17)

The geodesic cannot extend beyond (minimum) z=z,,
where the denominator of Eq. (17) vanishes; z. is a very
small value in the coordinates of the AdS space. This
value can be connected to R if the geometry indicated by
Eq. (11) permits null geodesics such that

Gtt(z*) = _Gxx(Z*)Rza (18)
which yields
2 _ Gu(z.) _
R = G f(z). (19)

According to Eq. (17), we obtain

dx 1 ~ 1
2 /R—f) V@) -f@

(20

Integrating from z to z,, we obtain the relationship
between x and z as

Zh dZ
xz/ - .Q@

6
z < 2.2 a_ L0 0 4
274(1 + gz, + B2zy) — ZT,(,UBZh +B%z,)

h h

Because the components of the metric in Eq. (11) are not
explicitly dependent on #, a straightforward formula in
Ref. [42] can be used to determine the flow of energy
from the terminus to the majority of the string.

. (22)
T

where o is related to the string tension. This equation
implies that the energy drain from a finite-momentum en-
dpoint is caused by string world-sheet currents, which
does not indicate its finite momentum besides its exist-
ence via the altered boundary conditions [42]. Substitut-
ing Eq. (13) into Eq. (22), we get

dE IR|
—=— 2
dx 2n0/'G(2) 23)
In the small z, limit for asymptotically AdS geometries, it
is common to consider z. =0 (|R|=1) [41, 42], where
7=z, =0 represents the boundary of the AdS space, and
it is simplified further to obtain

dE Va1
P @)

where VA =1?/a’ and A represents the 't Hooft coupling
constant.

Although methods for calculating energy loss in [41,
42] have been improved by subsequent research [90, 91],
we are the first to incorporate the chemical potential and
magnetic field into the energy loss based on the methods
described in Refs. [41, 42].

C. Basic properties of the energy loss rate

Before applying this formula to phenomenology, we
make general discussion on the 7, up, and B dependence
of the energy loss per unit path length. We can rescale all
variables using temperature as natural units and define

)NCZXT,ZZZT,Z;, :ZhT,

E=E/T, iy =us/T. B = B/T". (25)
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In terms of the rescaled variables, we can rewrite the
equation as

) 2-0?

2o RR Bz = 2 26
Q" =[pZ,+BZ, o (26)
PR 1+093 021 @7)

1+ Q? Z ’

1 dE 11
Lde 1 1 28
VA dx 21 22(%, 0%) %)

With the first two equations, one can solve for the physic-
al solution mentioned eariler Z, = Z,(fig, B) > 0. Next, we
remark that all information on the external energy scales
(B and up) only enters the energy loss rate via a unique
combination  Q* = i}z (iis, B) + B*Z;(jig, B). Figure 3
shows the iso-Q? lines as functions of jiz and B. For a
given Q?, jiz and B are anti-correlated. This implies that
there is degeneracy in the parameter space, i.e., knowing
only the energy loss rate cannot uniquely determine a set
of (jiz, B). This observation will be reflected in our final
results in Sec. VII. In Fig. 4, we plot the scaled energy
loss rate as functions of O and the scaled path length in
the upper and lower panels, respectively. The energy loss
rate increases slightly with Q2.

If all external scale vanish Q% =0, then the energy
loss rate goes back to the formula used in Refs. [41, 42]

m( 1+X )2
=—= . 29
fip=0,B=0 2 <Zh(0’ O) ( )

1 dE
Vi dx

with 7,(0,0) = 1/n.

10
0.60
8
0.48
6
N 0.36
= o
Q 4
0.24
2 0.12
0 0.00
0 1 2 3
us/T
Fig. 3. (color online) Squared effective charge Q2 as a func-

tion of the scaled baryon chemical potential and scaled mag-
netic field.

In Fig. 5, we add the energy scales using different
temperatures and perform unit conversion. Here, we
measure energy loss rates in GeV/fm, path length in fm,
temperature and chemical potential in GeV, and magnet-
ic fields in m? (setting the unit charge to one). In the up-
per panel of Fig. 5, we show the relationship between in-
stantaneous energy loss rate dE/dx and distance x at dif-
ferent temperatures under the zero magnetic field and
zero chemical potential. The results confirm that dE/dx
increases with the temperature and path length. From Eq.
(29), one can deduce that the limiting behavior at large
#=xT is dE/dx o« x*T*, which is very different from
those given by the perturbative calculations of collisional
energy loss dE.y/dx oc g¢T?. In the lower panel of Fig. 5,
we investigate the effects of the magnetic field and chem-
ical potential on energy loss at a fixed temperature
(T =0.2GeV). The calculations confirm that both the
magnetic field and chemical potential enhance dE/dx,
suggesting that they may be relevant for phenomenology
at lower beam energies.

IV. DETERMINE THE PHENOMENOLOGICAL
COUPLING A(T)

We first set the magnetic field and chemical potential
to zero, considering only the effect of 4 on energy loss.
The profile of temperature T is obtained from the ClVisc
simulation of viscous relativistic hydrodynamics [88, 89].
We assume that 4 is unchanged in a given center-of-mass
energy. Under this assumption, 4 can be considered an
average value, recorded as (1). Then, we calculated the
nuclear modification factor R4, for central collisions in
Au+tAu at 200 GeV and Pb+Pb at 2.76 TeV and 5.02
TeV. Further, we use the x?/d.o.f fitting of the calcu-
lated results against experimental data to extract the op-
timal value of {(1). The definition of y?/d.o.f is

500

Fig. 4. (color online) Rescaled energy loss as functions of
the rescaled path length % and external scale parameter Q2.
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20
— T=0.15 GeV
—— T=0.2GeV
159 — T=0.25 Gev
T=0.3 GeV

dE/dx [GeV/fm]

0 . : ‘
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3.0
@
5
+
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o S e ——
gls 1.0
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0.0 . : ,
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Fig. 5. (color online) Upper panel: Physical energy loss per
unit path length at different temperatures with the magnetic
field and baryon chemical potential set to zero and V1 =0.15,
respectively. Lower panel: Effects of the magnetic field and
baryon chemical potential on energy loss at a fixed temperat-
ure of T=0.2 GeV.

¥ /do.f = Z {(sz ‘:;p)z} /N, (30)
p ;

where V" represents the results obtained from theoretical
calculations, VP represents the experimental results,

>-07 represents the sum of the squares of the different

errors in the experimental data, and N represents the de-
gree of freedom, which indicates the number of experi-
mental data points. A smaller value of y?/d.o.f indicates
better agreement between the theoretical calculations and
experimental data, while a larger value indicates worse
agreement. The results confirm that the temperature of
QGP rises with an increase in collision energy; thus, (1)
decreases accordingly, as shown in Fig. 6. In our study,
we incorporate a magnetic field and chemical potential
within the AdS/CFT duality framework as a model for in-
vestigating the jet quenching effect. Although the final
numerical value of 4 is very small, we focus on examin-
ing the dependence of jet quenching on the magnetic field
and chemical potential within the model framework. The
apparent inconsistency suggests that jet quenching may

12— : :
: — \/W:O.Uﬁ Au+Au 200 GeV @ 0-5% :
1.0 ———— /(3) =0.035 Pb+Pb 2.76 TeV @ 0-5% —
: \/W:0.0SZ Pb+Pb 5.02 TeV @ 0-5% { :
| PHENIX 2013 —
0.8 % CMS 2012 ¥I{ i
- & cCwms2017 I B
< - ]
QE( O.SjV:OB:O z { lf
04 -
02 -

0.0 10' 102
pr [GeV]
Fig. 6. (color online) Nuclear modification factor R4s for

the best-fitting energy loss parameter (1) in central 4+4 colli-
sions at 200 GeV, 2.76 or 5.02 TeV, respectively. The experi-
mental data are from [66, 67, 92].

not be entirely governed by strong-coupling dynamics but
could also involve perturbative processes such as radi-
ation. The primary objective of our study is to utilize this
model for exploring the dependence of energy loss on the
magnetic field and chemical potential.

In Ref. [93], the results showed that §/T3 decreases
with local temperature T for a jet propagating through the
QGP medium, as indicated in the upper panel of Fig. 7.
This result is consistent with the trend of the mass-center
energy dependence of (1) calculated above in Fig. 6, as
shown in the lower panel of Fig. 7, where (1) de-
creases with increasing center-of-mass energy. Consider-
ing the medium temperature increases with the collision
energy, we assume that the temperature dependence of
V(1) is proportional to the temperature dependence of
§/T?; therefore, in the later part of the paper, we adopt
the temperature-dependent 't Hooft coupling A(T).

In a hot N =4 SYM theory, a relationship between
§/T? and V2 is obtained [20] as

gsym ~ VAT €2))

Therefore, we will parametrize the temperature depend-
ence of the 't Hooft coupling by relating it to the temper-
ature dependence of §/T>.

AT)=(q/T)c, (32)

where §/T? as a function of T is given by Ref. [93], and ¢
represents a tunable constant to be fixed by experiments.
Therefore, Eq. (32) is the temperature-dependent A(T).
To determine ¢, we consider that, for central nucleus-nuc-
leus collisions at LHC energies such as central Pb+Pb
collisions at 2.76 or 5.02 TeV, the effect of the magnetic
field and chemical potential are both negligible, i.e.,
B — 0 and up — 0 [58]. With the jet energy loss obtained
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Fig. 7. (color online) Upper panel: Dependence of §/7> on

temperature [93]. Lower panel: Dependence of /(1) on the
center-of-mass energy.

by substituting Eq. (32) in Eq. (24), we calculate the nuc-
lear modification factor R4, for the central Pb+Pb colli-
sions at 2.76 TeV (according to Ref. [93]. The calcula-
tion results for Pb+Pb 2.76 TeV match the experimental
data best, and we utilize the result from the g, line in the
upper panel of Fig. 7. Then, we performed a x?/d.o.f fit-
ting of the calculated results against the experimental data
for extracting the best-fitting constant c. Figure 8 shows
the values of y?/d.o.f corresponding to the different val-
ues of constant c¢. Figure 8 shows that, when ¢ = 105, the
agreement with the experimental data is the best. There-
fore, in the following calculations, the value of constant ¢
in Eq. (32) is fixed at 105.

V. PARAMTRIZING THE TIME-EVOLUTION OF
BAND 5

Using this temperature-dependent coupling, we illus-
trate the effect of up and B in the total energy loss. We
calculate the energy loss as a function of 7 for a quark jet
that is initially produced at the center of the QGP
(x=y=2=0) and propagates in the transverse direction
(n=0) along direction ¢ =0 through the QGP. The en-
ergy loss at 7 is the integral of the energy loss rate from
70 to 7, AE(T) = f; dxdE/dx, Figure 9 shows the average
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(color online) Upper panel: x?/d.o.f fitting for the

Fig. 8.
proportionality coefficient ¢ with the nuclear modification in
0-5% Pb+Pb collisions at +/syy =2.76 TeV. Lower panel:
Comparison between the nuclear modification factor R4 cal-
culated with the best-fitting value ¢ = 105 and the data [66].

energy loss dependent on the magnetic field and the
chemical potential in 10%—20% Aut+Au collisions at
vVsyy =200 GeV and 10%—-30% Pb+Pb collisions at
\Vswy =2.76,5.02 TeV, respectively.

In principle, the time evolution of the magnetic field
and baryon chemical potential should be obtained from a
dynamical model, e.g., magneto-hydrodynamic equations
with conserved charge and the corresponding equation of
state. However, these tools are not yet sophisticated for
the jet quenching study. Therefore, in this study, we con-
sidered a very simplistic approach to treat B and up as
background fields and parametrized their time depend-
ence in two extreme cases.

ScenarioI: up=const, B =const. (33)

B
T2 = const. (34)

. . HB _
Scenario II : T = const, 5=

The up/T trajectories of the two cases are illustrated in
the phase diagram shown in Fig. 10. Although these are
clearly not the physical case, we hope by tuning the con-
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Fig. 9. (color online) Average energy loss dependent on the magnetic field and chemical potential in 10%—20% Au+Au collisions at

Vsnn =200 GeV and 10%—-30% Pb+Pb collisions at /syy =2.76,5.02 TeV, respectively. Upper panels: Effect of the chemical potential
on the average energy loss of jet. Lower panels: Effect of the magnetic field on the average energy loss of the jet.

stants in each scenario that it can mimic the physical tra-
jectory from hydrodynamic simulations with a finite ba-
ryon chemical potential. For the magnetic field, scenario
II parametrizes a field that decays over time. In Fig. 9, we
plot the energy loss with fields turned on in the first scen-
ario. In the upper panel, we set B to 0, and up takes the
values from 0 to 0.4 GeV. Similarly, we set g to 0 in the
bottom panel, and B takes the values from 0 to 10 m?.
The energy loss increases monotonically with pp and B,
which is consistent with Refs. [44, 59, 60].

VI. BAYESIAN INFERENCE OF u; AND B

The method of Bayesian inference for the model para-
meters has achieved significant success in the field of re-
lativistic heavy-ion collisions [94—96]. For example, the
shear viscosity n/s of the QGP medium [97, 98], jet
transport coefficient ¢ [62, 93, 99], and analysis of the jet
energy loss [100, 101]. In this study, we utilize the
Bayesian inference method to constrain the magnetic
field and chemical potential in the energy loss functions
of partons traversing the QGP medium, obtaining the
variation in the magnetic field and chemical potential in
heavy-ion collisions. The Bayesian analysis process is il-
lustrated in Fig. 11.

The set of parameters is denoted by 6. Based on
Bayes' theorem,

P(datal0)P(0)

P(6|data) = P(data)

(35)

P(f|data) represents the posterior distribution, which is
the conditional probability of parameters given the ob-

240
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\
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80

Hadron Gas 1

N e
~

N
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(color online) Trajectory of a jet in the phase dia-

o

1500

Fig. 10.
gram under the conditions of constant up and constant ug/T.

served data. P(0) represents the prior distribution, which
reflects our initial assumptions or knowledge about the
parameters. P(data|d) refers to the likelihood or probabil-
ity of observing the data based on specific assumed para-
meter values. In our work, 6 = (ug, B) is a two-dimension-
al vector and P(data|d) is assumed to follow a Gaussian
distribution.

~3y@-y 1= Iy 0)-y"]

P(datalg) = (36)

1
QryN2|g|2 e

Here, y*** represents the vectorized R,, experimental
data. Further, y(9) represents the theoretical R4, values
computed across various centralities at both RHIC and
LHC, including AutAu collisions at +/syy =200 GeV
(10%—20%, 20%—30%, and 40%—50% centralities) and
Pb+Pb collisions at +/syy =2.76TeV and 5.02 TeV
(10%—30%, 30%—50%, and 50%—70% centralities). This
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Fig. 11. (color online) Flowchart of the Bayesian analysis.

model evaluation is surrogated by a Gaussian emulator
[102, 103] trained using 300 sets of input parameters with
full-model calculations. X represents the covariance mat-
rix that have included both experimental uncertainty and
Gaussian emulator uncertainty. The experimental uncer-
tainties include both systematic and statistical errors.

In our following calculations, we set two cases of
constant magnetic field and chemical potential, as shown
in Fig. 10. We assume that both the magnetic field and
chemical potential remain constant throughout the entire
heavy-ion collision process. We also assume that dimen-
sionless observables remain constant during the collision
process, which are the ratio of the magnetic field over
temperature 7 squared and ratio of the chemical potential
over temperature 7. Given the complexity of the jet beha-
vior as it moves through the medium in heavy-ion colli-
sions. Further, a self-consistent theoretical framework
that can describe the coupled evolution of magnetic
fields, chemical potential, and QGP medium remains un-
derdeveloped. Conducting such comprehensive dynamic
coupling simulations would be computationally prohibit-
ive. Therefore, our approach employs two simplified
scenario assumptions to preliminarily investigate the ef-
fects of magnetic fields and chemical potential on jet
quenching, as well as their behaviors across different col-
lision energies and centrality classes. Starting from the
prior, we set a uniform prior distribution uz e (0, 0.3)
GeV and Be (0, 15) m2 in the first assumption, and
ug/T € (0, 3) and B/T? € (0, 10) in the second assump-
tion. Within this prior range, we use Latin hypercube
sampling to obtain 300 design points. These 300 sets of
parameters were input into the NLO pQCD parton model
for calculating the nuclear modification factor R,, for
hadrons in different-centrality Au+Au collisions at 200
GeV and in different-centrality Pb+Pb collisions at 2.76
or 5.02 TeV. Subsequently, we trained these 300 design
points and their corresponding model outputs into a
Gaussian emulator for use in subsequent Bayesian infer-
ence.

We use Markov chain Monte Carlo (MCMC) [104,

105] for Bayesian calibration. MCMC is based on the
Metropolis-Hastings (M-H) algorithm for sampling pos-
terior probabilities. This algorithm generates samples by
performing a random walk in the parameter space and ac-
cepting or rejecting each step based on posterior probabil-
ity to extract the probability distribution of parameter
space 6. In our MCMC sampling, we utilized 60 walkers
and performed a total of 20000 sampling steps. The first
10000 steps were discarded as burn-in, while the remain-
ing 10000 steps were used to obtain a well-converged
posterior distribution.

VII. EXTRACTING MAGNETIC FIELD AND
CHEMICAL POTENTIAL

Based on the Bayesian inference framework, we ex-
tract the distributions of magnetic field and chemical po-
tential from the nuclear modification factor R,4 of the
data [66, 67, 92] for hadron production across different-
centrality collision systems and different collision ener-
gies. These data are for 10%—20%, 20%—30%, and
40%—-50% AutAu collisions at +/syy =200 GeV, and
10%—30%, 30%—50%, and 50%—70% Pb+Pb collisions
at /syy =2.76 or 5.02 TeV, respectively. We begin with
the constant magnetic field and chemical potential, and
then with the scaled magnetic field and chemical poten-
tial.

As shown in Fig. 12, the Bayesian inference of the
magnetic field and chemical potential (diagonal panels)
and their correlations (off-diagonal panels) in different-
centrality A+A collisions at 0.2, 2.76, and 5.02 TeV.
These figures present the posterior probability distribu-
tions of the magnetic field and chemical potential ob-
tained by fitting experimental data for nuclear modifica-
tion factors. The diagonal panels show marginal distribu-
tions of the magnetic field and chemical potential (Red
dashed line indicates the position of the median) with
95% confidence levels (CL), whereas the off-diagonal
panels display their joint distributions. The left column
corresponds to +/syy = 200 GeV with centralities of
10%—-20%, 20%—30%, and 40%—50% in Au-Au colli-
sions; the middle column corresponds to +/syy = 2.76
TeV with centralities of 10%—30%, 30%—50%, and
50%—70% in Pb-Pb collisions; and the right column cor-
responds to +/syy = 5.02 TeV with the same centralities
in the Pb-Pb collisions.

The results indicate good alignment between the para-
meters of the magnetic field and chemical potential with
experimental data. A distinct negative correlation is ob-
servable between the magnetic field and chemical poten-
tial. This correlation stems from the fact that both para-
meters augment jet energy loss in the same direction,
which indicates that an increase in one can be counterbal-
anced by a decrease in the other to uphold consistency.
Further investigation shows that, at a constant collision
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Fig. 12. (color online) Bayesian inference of the magnetic field and chemical potential (diagonal panels) and their correlations (off-

diagonal panels). Left column: For 10%—20%, 20%—30%, and 40%—50% Au+Au collisions at /syy = 200 GeV. Center column: For
10%—-30%, 30%—50%, and 50%—70% Pb-+Pb collisions at +/syy =2.76 TeV. Right column: For 10%—30%, 30%—50%, and 50%—70%
Pb+Pb collisions at +/syy = 5.02 TeV. The data are from PHENIX and CMS on the charged-hadron Ra4 [66, 67, 92].

centrality, the chemical potential diminishes as the colli-
sion energy escalates, which is in accordance with the
findings in Ref. [58]. Given the negative correlation
between the chemical potential and magnetic field, the
magnetic field diminishes with an increase in collision
energy, aligning with the conclusion of Ref. [47]. At a
fixed collision energy, both the magnetic field and chem-
ical potential intensify as the collision geometry becomes
more eccentric (i.e., centrality rises).

up and B obtained under the constant assumption rep-
resent an overall effect. However, the magnetic field
strength decays rapidly at the early stage, and then, it de-
cays inversely proportional to the time once the QGP is
formed and responds to the electromagnetic field [47].
Thus, one can assume that uz and B follow the same pat-
tern of time evolution as 7. Figure 13 shows the scaled

magnetic fields (B/T?) and scaled chemical potentials
(us/T). The calculation methodology is similar to that in
Fig. 12. The results indicate that, at the same collision
centrality, the scaled magnetic field and scaled chemical
potential decrease with an increase in the collision en-
ergy. Conversely, at the same collision energy, both the
scaled magnetic field and scaled chemical potential ex-
hibit a rising trend as the degree of collision eccentricity
rises (i.e., as centrality increases). These findings provide
further insights into the systematic behavior of the mag-
netic field and chemical potential in high-energy nuclear
collisions. In Au+Au collisions, the experimental ranges
of the ratio of chemical freeze-out temperature to baryon
chemical potential are provided for the centralities of
10%—-20%, 20%—30% and 40%—60%. The red rectangu-
lar shaded region represents results obtained using the
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Fig. 13.

(color online) The posterior distributions of the scaled magnetic field and scaled chemical potential (diagonal panels) and

their correlations (off-diagonal panels). Left column: 10%—20%, 20%—30%, and 40%—50% Au+Au collisions at +/syy = 200 GeV.
Center column: 10%—-30%, 30%—50%, and 50%—70% Pb+Pb collisions at /syy = 2.76 TeV. Right column: 10%—30%, 30%—50%,
and 50%—70% Pb+Pb collisions at syy = 5.02 TeV. Wth experimental data sourced from PHENIX and CMS on the Rq4 of charged
light hadrons [66, 67, 92]. In AutAu collisions, the red and blue rectangular shaded regions correspond to the experimental ranges of
the chemical freeze-out temperature to baryon chemical potential ratio for the 10%—20%, 20%—30%, and 40%—60% centrality, respect-
ively [106]. Since experimental data are not available for the 40%—50% centrality, we compare our 40%—50% centrality results with
the experimental results from the 40-60% centrality in our calculations. In Pb+Pb collisions at LHC, the ratio of chemical freeze-out
temperature to baryon chemical potential approaches nearly zero [107], as indicated by the red rectangular shaded region.

GCEY method, while the blue rectangular shaded region
represents results obtained using the GCER method. Both
methods are sourced from Ref. [106]. Since the experi-
mental literature does not provide data for 40%—50%
centrality, we use the experimental results for 40%—60%
centrality as an approximation and compare them with
our calculated results for 40%—50% centrality. However,
in Pb+Pb collisions at LHC, the ratio of chemical freeze-
out temperature to baryon chemical potential approaches
zero [107], as indicated by the red rectangular shaded re-
gion.

Using the above extraction values for the magnetic
field, chemical potential, scaled magnetic field, and
scaled chemical potential, we present the prior and pos-
terior nuclear modification factors Ry, in the Appendix,
compared with data in different-centrality A+A colli-
sions at 0.2, 2.76, and 5.02 TeV, respectively. Our pos-
terior results fit the data well.

VIII. SUMMARY AND OUTLOOK

In relativistic heavy-ion collisions, the jet quenching
effect is an important phenomenon that provides a unique
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experimental window for studying the microscopic prop-
erties and dynamical behavior of the QGP. Jet quenching
describes the energy loss of high energy jets as they tra-
verse the QGP, which can be attributed to strong interac-
tions with the medium. This effect can be indirectly ob-
served through the experimentally measured transverse
momentum nuclear modification factor R,,. However,
the specific effect of the magnetic field and chemical po-
tential in the QGP medium on the jet energy loss has not
yet been thoroughly investigated. Inspired by this sci-
entific question, we derived a jet energy loss formula in-
corporating the effects of the magnetic field and chemic-
al potential based on the AdS/CFT correspondence,
which describes the energy attenuation of partons mov-
ing through the QGP medium. We employed Bayesian in-
ference to systematically compare the theoretical predic-
tions with the experimentally measured R4, data to valid-
ate the applicability of the theoretical model and reveal
the effect of the magnetic field and chemical potential on
jet quenching. Using this approach, we simultaneously
extracted, for the first time, the distributions of the mag-
netic field and chemical potential in the QGP under dif-
ferent collision energies and centrality.

Our findings reveal the following key patterns:
(i) Enhancement of jet energy loss by the magnetic field
and chemical potential: The presence of the magnetic
field and chemical potential significantly enhances the jet
energy loss effect, which indicates that these properties of
the QGP medium play a crucial role in the strong interac-
tions between partons and the medium.
(i1) Impact of collision centrality: As the collisions tend to
become more eccentric, the strengths of the magnetic
field and chemical potential increase significantly. This
reflects the more pronounced local charge asymmetry
generated in the collisions.
(ii1) Impact of collision energy: With increasing collision
energy, both the magnetic field and chemical potential
exhibit a decreasing trend. This phenomenon may be re-
lated to the expansiveness of the QGP and changes in ini-
tial conditions at higher energies.
(iv) Theoretical calculations show that magnetic field and
chemical potential affects the energy loss in a highly cor-
related manner: Extracting only the energy loss rate can-
not provide a unique sensitivy to only one of the two ef-
fects.
Within the current theoretical framework, the physical
mechanism by which magnetic fields enhance energy loss
can be attributed to two aspects. Magnetic fields reduce
the viscosity of the QGP medium [59], intensifying
strong interactions among partons and leading to greater
energy loss. Magnetic fields may lower the critical tem-
perature of the QCD phase transition [57], extending the
temperature range over which the medium remains in a

strongly coupled state, further amplifying energy dissipa-
tion.

These research findings not only enrich our theoretic-
al understanding of the effects of the magnetic field and
chemical potential on jet energy loss but also provide a
new direction for experimentally exploring the physical
properties of the QGP using R4, data.

ACKNOWLEDGMENTS

We extend our gratitude to Prof. Defu Hou and Dr.
Zhou-Run Zhu for the assistance and valuable sugges-
tions provided.

APPENDIX: CALIBRATION OF THE NLO pQCD
MODEL CALCULATIONS

The calculation procedure for the nuclear modifica-
tion factor Ry, is as follows: We employ the CLVisc hy-
drodynamic framework [88, 89] to provide the temperat-
ure parameter 7 for the holographic energy loss model,
which fully describes the thermodynamic evolution of the
medium in heavy-ion collisions. By integrating the holo-
graphic energy loss model with CLVisc, we construct a
systematic energy loss table that records the total energy
loss accumulated by partons as they traverse the QGP
medium from various initial positions and directions.
This energy loss table is then incorporated into Eq. (2) of
the main text to compute the final-state inclusive hadron
yield in nucleus-nucleus collisions. For the inclusive had-
ron production cross-section in proton-proton collisions,
we calculated it using Eq. (1) of the main text, with the
results shown in Fig. 1. Finally, following the definition
of R4 in Eq. (6), we divide the nucleus-nucleus collision
yield by the proton-proton collision cross-section to ob-
tain the numerical value of R4y .

Figure Al (based on the first assumption) and Fig. A2
(based on the second assumption) present the calculated
nuclear modification factor R4, in comparison with the
experimental data. These two figures illustrate the com-
putational results of the model under different assump-
tions. In these figures, the top panels show the prior res-
ults, reflecting the initial predictive capability of the mod-
el without fully utilizing experimental information. The
bottom panels display the posterior results obtained
through Bayesian inference. The posterior results achieve
significantly better agreement with the experimental data,
demonstrating the optimization of the model after incor-
porating experimental inputs. This not only validates the
feasibility of the modeling method but also enhances its
capability and reliability in describing the actual physical
processes. These findings are of great significance for
gaining deeper insights into related phenomena.
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Fig. Al. (color online) Calibration of the NLO pQCD model calculations against the R4s data of charged light hadrons from
PHENIX and CMS [66, 67, 92]. Upper line: 10%—20%, 20%—30%, and 40%—50% Au+Au collisions at +/syy =200 GeV. Center line:
10%—-30%, 30%—50%, and 50%—70% Pb+Pb collisions at +/syy = 2.76 TeV. Lower line: 10%—30%, 30%—50%, and 50%—70%
Pb+Pb collisions at /syy = 5.02 TeV. The upper panel shows the calculations performed using the prior distributions of the magnetic
field and chemical potential, while the lower panel displays the posterior distributions after calibration.
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Fig. A2.  (color online) Calibration of the NLO pQCD model calculations against the R44 data of charged light hadrons from
PHENIX and CMS [66, 67, 92]. Upper line : 10%—20%, 20%—30%, and 40%—50% Au+Au collisions at /syy =200 GeV. Center line:
10%—30%, 30%—50%, and 50%—70% Pb+Pb collisions at +/syy = 2.76 TeV. Lower line: 10%—-30%, 30%—50%, and 50%—70%
Pb+Pb collisions at +/syy = 5.02 TeV. The upper panel shows the calculations performed using the prior distributions of the scaled
magnetic field and scaled chemical potential, while the lower panel displays the posterior distributions after Bayes inference.
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