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Effect of the chromo-electromagnetic field fluctuations on heavy quark propagation
in a deconfined hadronic medium at energies available at the CERN Large Hadron Collider
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We consider the effect of the chromo-electromagnetic field fluctuations in addition to the collisional as well
as the radiative energy losses suffered by heavy quarks while propagating through the hot and dense deconfined
medium of quarks and gluons created in relativistic heavy ion collisions. The chromo-electromagnetic field
fluctuations play an important role as they lead to an energy gain of heavy quarks of all momenta and are
significant at low momentum. We include the effect of these fluctuations, for the first time, while computing
the nuclear modification factor (RAA) of heavy mesons, viz., D mesons and B mesons, and compare with
the experimental measurements in Pb-Pb collisions at

√
sNN = 2.76 and 5.02 TeV by the CMS and ALICE

experiments at the CERN Large Hadron Collider. Our results are found to be in very good agreement with the
measurements.
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I. INTRODUCTION

The main goal of high energy heavy-ion collisions at the
Relativistic Heavy Ion Collider (RHIC) at BNL and the Large
Hadron Collider (LHC) at CERN is to produce a hot and
dense deconfined state of QCD matter, called quark-gluon
plasma (QGP). Many experimental results indicate that this
new deconfined state of matter has been formed during high
energy heavy-ion collisions at RHIC [1] and LHC [2]. One
of the features of this deconfined state created in heavy ion
collisions is the suppression of high energy hadrons compare
to the case in p-p collisions, which is called jet quenching.
The jet quenching is caused by the energy loss of initial hard
partons via collisional and radiative energy loss inside the
deconfined medium. Jet quenching was first anticipated by
Bjorken [3] as a crucial probe of the deconfined medium.
The energy loss suffered by highly energetic partons, both
light and heavy quarks, in the deconfined QCD medium is of
immense interest because it unravels the dynamical properties
of the medium. The study of energy loss of heavy quarks in
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the deconfined medium has been an ever active and important
field of research [4–33].

Heavy quarks are mostly produced in the early stage of
heavy ion collisions from the initial fusion of partons. They
may also be produced in the QGP, if the initial temperature
of the QGP is high enough compared to the mass of the
heavy quark. However, the probability of production of heavy
quarks is usually small in the QGP phase and almost zero in
the hadronic phase. Hence, the total number of heavy quarks
becomes frozen at a very early stage in the history of the
collisions, which makes them a good probe of the QGP. The
heavy quarks, immediately after their production, propagate
through the hot and dense medium and start losing energy
during their path of travel. The energy loss suffered by the
heavy quarks is reflected in the transverse momentum spectra
and nuclear modification factor of heavy mesons. Heavy
quarks lose energy mainly by two different mechanisms in the
QGP: elastic collisions with the light partons inside the QGP
and by radiating gluons, as in the bremsstrahlung process.

The energy loss formalisms generally treat the medium
properties in an average manner by ignoring the fluctuations in
the QGP. The QGP is a statistical ensemble of mobile colored
charged particles, which can be characterized by omnipresent
stochastic fluctuations. These microscopic fluctuations gener-
ally couple to the external perturbations and would affect the
response of the medium. The effect of electromagnetic field
fluctuations during the passage of charged particles though a
nonrelativistic classical plasma has been calculated by several
authors [34–39]. When an energetic parton (either light or
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heavy) propagates in the QGP, a retarding force acts on the
parton in the plasma due to the chromo-electric field generated
by the parton itself while moving. The energy loss of the
parton is obtained through the work done by this retarding
force that acts on the parton and is determined within the
linear response theory in terms of the dielectric tensor of
the medium. Nevertheless this approach does not take into
account the chromo-electric field fluctuations and the particle
recoil in the plasma. To include these effects one needs to
perform two kind of averaging [30]: (a) an ensemble average
with respect to the equilibrium density matrix and (b) a
time average over random fluctuations in the plasma. This
averaging is applicable to high energy jets of both the light and
heavy quarks in the QGP. The effect of parton energy loss due
to stimulated gluon emission and thermal absorption has been
reported in Ref. [40]. On the other hand the effect of chromo-
electromagnetic fluctuations in the QGP leads to energy gain
of heavy quarks of all momenta but is more pronounced for
the lower momentum ones [30]. This is because the moving
parton in the QGP encounters a statistical change in the energy
due to the fluctuations of the chromo-electromagnetic fields
and the velocity of the particle under the influence of this field.
The effects of such fluctuations were not considered in earlier
literature studying the hadron spectra in heavy ion collisions.

In this article, we investigate for the first time the effect
of the chromo-electromagnetic field fluctuations leading to
energy gain of heavy quarks in addition to the collisional and
the radiative energy loss on the nuclear modification factors
for D and B mesons, and we compare with the measurements
of both ALICE and CMS experiments in Pb-Pb collisions
at

√
sNN = 2.76 TeV and CMS measurements at

√
sNN =

5.02 TeV.
The paper is organized as follows: In Sec. II, we briefly

outline the basic formalism containing heavy quark produc-
tion and fragmentation, models for both collisional and ra-
diative energy loss, and energy gain due to field fluctuations,
medium evolution, and initial conditions. We consider the
collisional energy loss of heavy quarks by the Peigne and
Pashier (PP) formalism [19] and the radiative energy loss by
the Abir, Jamil, Mustafa, and Srivastava (AJMS) formalism
[31] along with the energy gained due to the chromo-electric
field fluctuations prescription by Chakraborty, Mustafa, and
Thoma (CMT) in Ref. [30]. In Sec. III we discuss our results,
and the conclusion is given in Sec. IV.

II. METHODOLOGY

A. Heavy quark production and fragmentation

The heavy quarks in p-p collisions are mainly produced by
fusion of gluons or light quarks [41]. Their production cross
sections in p-p collisions are obtained using factorization
with elementary cross sections calculated up to leading order
(LO) and next-to-leading order (NLO) C10 parton density
functions [42]. For heavy ion collisions, the shadowing effect
is taken into account by using the spatially dependent EPS09
[43] sets. The differential cross section, including the nuclear
shadowing effect corresponding to a given centrality class
between impact parameters b1 and b2, is calculated. Now

the spectrum in Pb-Pb collisions can be obtained by shifting
the calculated differential cross section by the momentum
loss �pT . For fragmentation of c quarks into D mesons
and b quarks into B mesons, the Peterson fragmentation
function [44], with parameters εc = 0.016 for c quarks and
εb = 0.0012 for b quarks, is used. For other details of the
production and fragmentation of heavy quarks we refer the
readers to Ref. [33].

Finally, the nuclear modification factor RAA is computed
as

RAA(pT , b1, b2) =
d2σPbPb (pT ,b1,b2 )

dp2
T dy∫ b2

b1 d2b TAA
d2σpp (pT )

dp2
T dy

, (1)

where b1 and b2 are the impact parameters corresponding to
a given centrality of collision and TAA is the nuclear overlap
function.

B. Medium evolution and initial condition

As a heavy quark loses energy during its passage through
the QGP medium, one needs to estimate the path length it
is traversing inside the medium. We consider a heavy quark
that is produced at a point (r, φ) in a heavy ion collision and
propagates at an angle φ with respect to r̂ in the transverse
plane. So the path length L covered by the heavy quark inside
the medium is given by [45]

L(r, φ) =
√

R2 − r2 sin2 φ − r cos φ, (2)

where R is the radius of the colliding nuclei. The average
distance traveled by the heavy quark inside the plasma is

〈L〉 =
∫ R

0 r dr
∫ 2π

0 L(r, φ)TAA(r, b)dφ∫ R

0 r dr
∫ 2π

0 TAA(r, b)dφ
, (3)

where the nuclear overlap function, TAA(r, b), at an impact
parameter b is averaged over given centrality class. The
effective path length of a heavy quark having transverse mass
mT and transverse momentum pT in the QGP of life time τf

is obtained as

Leff = min

[
〈L〉, pT

mT

× τf

]
. (4)

The evolution of the system for each centrality bin is assumed
to be governed by an isentropic cylindrical expansion as
described in Ref. [46,47]. The entropy conservation condition
s(T )V (τ ) = s(T0)V (τ0) is used to obtain the temperature as
a function of proper time. The equation of state obtained
by lattice QCD and the hadronic resonance gas formulation
has been used. The initial volume corresponding to a given
centrality is obtained by V (τ0) = π [Rtr (Npart )]2τ0. The trans-
verse size Rtr (Npart ) for a given centrality with number of
participants (Npart) is obtained as Rtr (Npart ) = R

√
2A/Npart,

where A is the mass number of the colliding nucleus [47].
The energy loss as a function of proper time is calculated,

which is then averaged over the temperature evolution for each
centrality bin. The initial and freeze-out times are taken as
τ0 = 0.3 fm and τf = 6 fm, respectively, as used in Ref. [33].
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TABLE I. Parameters for medium evolution.

√
sNN (TeV) 2.76 2.76 5.02

Centrality class (%) 0–10 0–100 0–100
〈b〉 (fm) 3.44 9.68 9.65
Npart 356 113 114
〈L〉 (fm) 5.73 4.16 4.18
T0 (GeV) 0.467 0.436 0.469

Various parameters used in our calculations for different cen-
trality classes such as impact parameter 〈b〉, Npart, 〈L〉, and
initial temperature T0 are given in Table I.

C. Collisional energy loss: Peigne and Peshier (PP) formalism

One of the important mechanisms in which heavy quarks
may lose energy inside the QGP is through elastic collisions.
The calculation of collisional energy loss per unit length
dE/dx has been reported in the past by several authors
[4,5,48]. The most detailed calculation of dE/dx was made
by Brateen and Thoma [5], and was based on their previous
QED calculation of dE/dx for muons [49]. This calculation
of Brateen and Thoma for dE/dx is based on an assumption
that the momentum exchange q in elastic collisions is much
smaller than the energy of the heavy quark, E, i.e., q � E.
But this is not an appropriate assumption in the domain E �
M2/T , where M is the mass of the heavy quark and T is the
temperature of the medium. The improved differential energy
loss expression, valid for E � M2/T , has been obtained
using Peigne and Pashier [19] as

dE

dx
= 4πα2

s T
2

3

[(
1 + nf

6

)
ln

(
ET

μ2
g

)
+ 2

9
ln

(
ET

M2

)]

+ 4πα2
s T

2

3
c(nf ), (5)

where μ2
g = 4παsT

2(1 + nf /6) is the square of Debye
screening mass, nf is the number of active quark flavors,
c(nf ) ≈ 0.146nf + 0.05, and αs = 0.3 is the strong coupling
constant.

D. Radiative energy loss: Abir, Jamil, Mustafa, and Srivastava
(AJMS) formalism

The most important and dominant way of energy loss from
a fast parton inside the QGP is due to gluon radiation. The
first attempt to estimate the radiative energy loss was made in
Ref. [6]. Later many authors [8,9,12,15–18,22,24,25,31] also
estimated the energy loss with various ingredients and kine-
matical conditions. In Refs. [8,9] the soft gluon emission from
heavy quarks was estimated and was found to be suppressed
as compared to the case of the light quarks due to the mass
effect, known as the dead cone effect. The radiative energy
loss induced by the medium due to the dead cone effect was
limited only to the forward direction. In Ref. [12], some of
the constraints imposed in the work of Refs. [8,9] (e.g., the
gluon emission angle and the scaled mass of the heavy quark
with its energy) were relaxed and a generalized dead cone

was obtained which led to a very compact expression for the
gluon emission probability off a heavy quark. Based on the
generalized dead cone approach and the gluon emission prob-
ability [12], AJMS [31] computed the heavy quark radiative
energy loss1 as

dE

dx
= 24α3

s ρQGP

1

μg

(1 − β1)

×
(√

1

(1 − β1)
ln

(
1

β1

)
− 1

)
F (δ), (6)

with

F (δ) = 2δ − 1

2
ln

(
1 + M2

s
e2δ

1 + M2

s
e−2δ

)

−
(

M2

s
sinh (2δ)

1 + 2 M2

s
cosh (2δ) + M4

s2

)
, (7)

where

δ = 1

2
ln

⎡
⎣ 1

(1 − β1)
ln

(
1

β1

)(
1 +

√
1 − (1 − β1)

ln 1
β1

)2
⎤
⎦,

(8)

and ρQGP is the density of the QGP medium which acts as
a background containing the target partons. If ρq and ρg are
the densities of quarks and gluons respectively in the medium,
then ρQGP is given by

ρQGP = ρq + 9

4
ρg, (9)

β1 = μ2
g

CET
, (10)

C = 3

2
− M2

4ET
+ M4

48E2T 2β0
ln

(
M2+6ET (1+β0)

M2+6ET (1−β0)

)
,

(11)

β0 =
√

1 − M2

E2
. (12)

E. Energy gain by chromo-electromagnetic field fluctuations:
Chakraborty, Mustafa, and Thoma (CMT) Formalism

The energy loss calculations, both collisional and radiativ,e
of heavy quarks in the QGP were obtained by treating the
QGP medium without considering microscopic fluctuations.
However, QGP, being a statistical system, is characterized
by stochastic chromo-electromagnetic field fluctuations. A
quantitative estimate of the effect of the microscopic electro-
magnetic fluctuations on the propagation of a heavy quark was
done using the semiclassical approximation. This led to an
energy gain of the heavy quark caused by the statistical change
in the energy of the moving parton in the QGP due to the

1Later a kinematical correction was made in Ref. [32].
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FIG. 1. The energy loss of a charm quark inside the QGP
medium as a function of its momentum, obtained using PP [19],
AJMS [31], and fluctuation [30] methods.

fluctuations of the chromo-electromagnetic fields as well as
the velocity of the particle under the influence of this field. The
leading-log (LL) contribution of the energy gain was obtained
[30] as

(
dE

dx

)LL

fl
= 2πCF α2

s

(
1 + nf

6

) T 3

Ev2
ln

1 + v

1 − v

× ln
kmax
kmin

, (13)

where kmin = μg is the Debye mass and kmax =
min[E, 2q(E + p)/

√
M2 + 2q(E + p)], with q ∼ T , is

the typical momentum of the thermal partons. One can
physically interpret the energy gain of a heavy quark as being
due to the absorption of gluons during its propagation.

In Figs. 1 and 2, we display the various contributions
to the differential energy loss of charm and bottom quarks,
respectively. Also the differential contribution due to the effect
of field fluctuations is included in both figures. Our choices
of parameters are nf = 2, αs = 0.3, charm quark mass Mc =
1.25 GeV, and bottom quark mass Mb = 4.2 GeV. It is ob-
served that the energy loss increases as momentum of quarks
increases, but the rate of increment is higher in the lower
momentum region. It is also seen that the AJMS differential
radiative energy loss always dominates over PP collisional
energy loss for charm quarks, whereas for bottom quarks
the differential PP collisional energy loss dominates over the
AJMS differential radiative energy loss up to a momentum
of 10 GeV, beyond which the AJMS radiative energy loss
takes over for charm quarks as compared to bottom quarks.
The differential energy loss (−dE/dx) is negative due to
the field fluctuations, which implies energy gain due to the
absorption of gluons by heavy quarks. This energy gain due
to the field fluctuations is found to be significant in the
momentum range 4–20 GeV. This energy gain is relatively
more for charm quarks compared to bottom quarks.
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FIG. 2. The energy loss of a bottom quark inside the QGP
medium as a function of its momentum, obtained using PP [19],
AJMS [31], and fluctuation [30] methods.

Figures 3 and 4 display the fractional energy loss from
collisional and radiative processes, and also the energy gain
due to the field fluctuations for charm and bottom quarks,
respectively. It is clear from both the figures that the energy
gain for heavy quarks is relatively more in the lower momen-
tum region (4–40 MeV) than in the higher momentum (>40
MeV) region. This means that the field fluctuations and thus
the energy gain become substantial only in the low velocity
limit of heavy quarks. The effect of these field fluctuations
is to reduce the total energy loss of heavy quarks up to a
certain value of momentum, beyond which their contributions
gradually diminish.
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FIG. 3. Fractional energy loss of a charm quark inside the QGP
due to fluctuations, collisions (PP), and radiation (AJMS) as a func-
tion of its momentum. The path length considered here is L = 5 fm.
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FIG. 4. Fractional energy loss of a bottom quark inside the
QGP due to fluctuations, collisions (PP), and radiation (AJMS) as
a function of its momentum. The path length considered here is
L = 5 fm.

III. RESULTS AND DISCUSSIONS

Figures 5 and 6 display the nuclear modification factor RAA

as a function of pT for a D0 meson in Pb-Pb collisions for
(0–10)% and (0–100)% centralities, respectively, considering
both collisional and radiative energy loss along with the
energy gain due to the field fluctuations. The results are also
compared with ALICE [50] and CMS data [51].

We observe that only radiative energy loss (AJMS) or the
collisional energy loss (PP) along with the radiative energy
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FIG. 5. The nuclear modification factor RAA of D0 mesons with
collisional (PP) and radiative (AJMS) energy loss along with the
effect of fluctuations as a function of transverse momentum pT for
(0–10)% centrality in Pb-Pb collisions at

√
sNN = 2.76 TeV. The

experimental data are taken from measurements by the ALICE [50]
and CMS experiments [51].
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FIG. 6. The nuclear modification factor RAA of D0 mesons with
collisional (PP) and radiative (AJMS) energy loss along with the
effect of fluctuations as a function of transverse momentum pT

for (0–100)% centrality in Pb-Pb collisions at
√

sNN = 2.76 TeV.
The experimental data are taken from measurements by the CMS
experiment [51].

loss cannot explain the data properly. As can be seen, the
radiative loss along with the collisional energy loss overes-
timates the data in entire pT range whereas only the radiative
one alone can describe the data for the transverse momentum
pT > 10 GeV. This is because the radiative energy loss has a
dominant contribution compared to the collisional one. When
the energy gain due to the chromo-electromagnetic field fluc-
tuations are included in addition to both the collisional and the
radiative losses the measured data are well described in the en-
tire pT range. We emphasize that the chromo-electromagnetic
field fluctuations are found to play an important role in the
propagation of the heavy quark jets in a QGP vis-à-vis the
nuclear modification factor of heavy flavored hadrons.

Figure 7 displays the nuclear modification factor RAA of
D0 mesons as a function of pT , for (0–100)% centrality in Pb-
Pb collisions at

√
sNN = 5.02 TeV, obtained using collisional

(PP) energy loss, radiative (AJMS) energy loss, and the effect
of field fluctuations in Pb-Pb collisions at

√
sNN = 5.02 TeV.

The experimental data are taken from the CMS Collabora-
tion [52]. Again the radiative energy loss (AJMS) alone can
describe the data above transverse momentum 10 GeV but the
RAA spectra in the full pT range can be described when the
effect of fluctuations is taken into consideration.

In Fig. 8 the nuclear modification factor RAA for B+
mesons in Pb-Pb collisions at

√
sNN = 5.02 TeV is displayed

considering both collisional and radiative energy loss along
with the effect of the field fluctuations, and is compared with
CMS data [53]. The radiative energy loss itself produces a
small suppression, but when the collisional one is added it
gives more suppression than the suppression measured by the
CMS experiment. Importantly, with the inclusion of the en-
ergy gain due to the chromo-electromagnetic field fluctuations
in addition to both the radiative and collisional losses, the
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FIG. 7. The nuclear modification factor RAA of D0 mesons with
collisional (PP) and radiative (AJMS) energy loss along with the
effect of field fluctuations as a function of transverse momentum pT

for (0–100)% centrality in Pb-Pb collisions at
√

sNN = 5.02 TeV.
The experimental data are taken from measurements by the CMS
experiment [52].

suppression is found to be very close to the measured data
within their uncertainties.

We would like to mention that theoretical uncertainties
may appear due to following reasons:

(i) The thermalization of hot and dense matter is an un-
settled issue which causes an uncertainty in the initial
conditions. The initial time, τ0, may vary between
0.1 and 0.5 fm/c, which effectively causes variation
in the initial temperature T0 and thus in the effective
temperature of the medium.

(ii) The semiclassical approximation has been used to
calculate the mean energy loss, and has been shown to
be equivalent to the hard thermal loop approximation
based on the weak coupling limit [4,5,19,31]. It also
corresponds to neglecting the non-Abelian terms in
the QCD equations of motion.

(iii) We assume a constant momentum and temperature-
independent coupling constant instead of running
coupling.

(iv) The parton distribution and fragmentation function
involve uncertainties which in turn would affect the
RAA.

IV. CONCLUSION

The energy loss encountered by an energetic parton in a
QGP medium reveals the dynamical properties of that medium

 (GeV) 
T

p
10 20 30 40 50

A
A

R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

 (CMS)+B

 AJMS 

 AJMS + PP 

 AJMS + PP + Fluctuations 

 |y| < 2.4 

 = 5.02 TeVNNs0-100%, Pb-Pb, 

FIG. 8. The nuclear modification factor RAA of B+ mesons with
collisional (PP) and radiative (AJMS) energy loss along with the
effect of field fluctuations as a function of transverse momentum pT

for (0–100)% centrality in Pb-Pb collisions at
√

sNN = 5.02 TeV.
The experimental data are taken from measurements by the CMS
experiment [53].

in view of jet quenching of high energy partons. This is usu-
ally reflected in the transverse momentum spectra and nuclear
modification factor of mesons which are measured in heavy
ion experiments. For the phenomenology of heavy quark jet
quenching, the field fluctuations in the QGP medium were
not considered in the literature before. In this article, for the
first time, we have considered during the propagation of high
energy heavy quarks the energy gain due to field fluctuations
along with the energy loss caused by the collisions and gluon
radiations inside the QGP medium. The nuclear modification
factors RAA for D mesons and B mesons in Pb-Pb collisions
at

√
sNN = 2.76 and 5.02 TeV are calculated by including

both the types of energy losses and the field fluctuation effect.
We note that the radiative energy loss alone can describe
the D-meson suppressions at higher transverse momentum.
Nevertheless, the nuclear modification factors for both D and
B mesons are found to agree quite well with those data in the
entire pT range measured by CMS and ALICE experiments at
LHC energies, if the energy gain due to the field fluctuations is
taken into account in addition to the collisional and radiative
loss in the medium. The effect of field fluctuations in hot
and dense QGP medium is found to play an important role
in the propagation of heavy quarks also in describing the
experimental data for heavy quark quenching.
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