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QCD monopoles are magnetically charged quasiparticles whose Bose-Einstein condensation (BEC)
at T < Tc creates electric confinement and flux tubes. The “magnetic scenario” of QCD proposes
that scattering on the non-condensed component of the monopole ensemble at T > Tc is responsible
for the unusual kinetic properties of QGP. In this paper, we study the contribution of the monopoles
to jet quenching phenomenon, using the BDMPS framework and hydrodynamic backgrounds. In
the lowest order for cross sections, we calculate the nuclear modification factor, RAA, and azimuthal
anisotropy, v2, of jets, as well as the dijet asymmetry, Aj , and compare those to the available data.
We find relatively good agreement with experiment when using realistic hydrodynamic backgrounds.
In addition, we find that event-by-event fluctuations are not necessary to reproduce RAA and v2
data, but play a role in Aj . Since the monopole-induced effects are maximal at T ≈ Tc, we predict
that their role should be significantly larger, relative to quarks and gluons, at lower RHIC energies.

I. INTRODUCTION

The Relativistic Heavy Ion Collider (RHIC) at BNL
and the Large Hadron Collider (LHC) at CERN provide
an abundance of data on a wide range of hadronic col-
lisions, ranging from proton-proton and proton-nucleus
collisions to nucleus-nucleus (heavy-ion) collisions. Cen-
tral and mid-central heavy-ion collisions at sufficiently
high beam energies produced a novel form of matter, the
quark-gluon plasma (QGP). The explosion of the mat-
ter produced in these collisions was found to follow the
predictions of relativistic hydrodynamics. Furthermore,
even “small systems” – central proton-ions and even high-
multiplicity pp collisions – possibly display collective ef-
fects in agreement with hydrodynamics.

Such unusual behavior follows from the unexpected ki-
netic properties of QGP, such as its extremely small vis-
cosity. Another kinetic parameter, to be studied in this
paper, is the mean squared momentum transfer per unit
length for high energy partons, denoted q̂. As we will
see, this transport coefficient also needs to be enhanced
as compared to näıve perturbative scattering on quarks
and gluons.

Jet energy loss is one of the classic signatures of QGP,
proposed by Bjorken [1]. Perturbatively produced high-
transverse-momentum partons subsequently traverse the
QGP medium created in the heavy-ion collisions. These
fast moving partons suffer collisional and radiative energy
loss, leading to the phenomenon of “jet quenching.” The
nuclear modification factor, denoted RAA(p⊥), describes
the difference between the spectrum of hard partons that
traverse a medium and those that do not. Its very strong
deviation from one, to about 0.3 or so, was among the
most dramatic RHIC discoveries. At the LHC, which
produces about twice larger entropy and particle number
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than RHIC, the nuclear modification was expected to be
further enhanced; this, however, has not happened.

Another important property of the in-medium jet en-
ergy loss is the azimuthal anisotropy, v2(p⊥), the sec-
ond Fourier component of the expansion of RAA(p⊥, φ)
in azimuthal angle φ. Since the fireball produced in non-
central collisions has an elliptical shape in the transverse
plane – the lengths of medium in the direction of the im-

pact parameter ~b and the orthogonal direction are differ-
ent –, v2 of jets characterizes the path-length dependence
of the energy loss [2].

Most early models predicted v2 to be approximately
twice smaller than what was observed, even when the
overall quenching rate was widely varied, and it was spec-
ulated that those models were missing some qualitative
phenomenon [3]. Liao and Shuryak [4] proposed a pos-
sible solution for this discrepancy: a strong dependence
of the jet quenching on the matter temperature, with a
near-Tc enhancement.

The possible existence of magnetic monopoles in elec-
trodynamics fascinated leading physicists – J.J. Thomp-
son, H. Poincaré, and especially P.A.M. Dirac [5] – for
more than a century, but these objects have yet to be
experimentally found. With the advent of non-Abelian
gauge theories, classical solitons with magnetic charge
have been found, by ’t Hooft [6] and Polyakov [7] in 1970s.

These solutions motivated the “dual superconduc-
tor” model of the confinement, proposed by Nambu [8],
’t Hooft [9], and Mandelstam [10]. In this scenario,
monopoles play the role of Cooper pairs and their Bose-
Einstein condensation (BEC) at T < Tc expels electric
field from the vacuum into confining flux tubes. The
detailed justification of this scenario has been obtained
by the lattice gauge theory community, who were able to
identified the gauge field monopoles and even follow their
correlations and motion [11, 12]. Studies of monopole
BEC and their contribution to QCD thermodynamics
have been recently performed by the authors [13].

General arguments based on the renormalization group
flow tell us that, moving from hard (UV) to soft (IR) mo-
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menta, one should see growth of electric coupling and,
due to the Dirac condition (gmge = 2πn, for some in-
teger n assumed to be 1), the decrease of the magnetic.
So, in a regime where both couplings are comparable,
one should expect a comparable density of electric and
magnetic quasiparticles.

It has been argued that such regime occurs above the
phase transition, at T = (1 − 2)Tc. This magnetic sce-
nario was further used for explaining unusual properties
of QGP by Liao and Shuryak [14–16]. In this scenario,
the uncondensed magnetic monopoles play a dominant
role near the QCD critical temperature, Tc, where their
density peaks. Scattering between electric and magnetic
quasiparticles dominate the transport cross section [17].

The magnetic monopoles were proposed to have a large
impact on partons traversing the medium [4]. The pio-
neering studies of their role in these processes have been
carried out by Xu, Liao, and Gyulassy [18, 19]. The
present paper follows in their steps: the main difference
is that, instead of fitting model parameters, we calculate
all scattering effects and their consequences directly from
first principles.

One more important observable is the dijet asymmetry.
While in pp collisions, parton scattering leads to (back-
to-back) dijets which are well-balanced in their transverse
momenta, in the presence of matter this balanced is lost,
due to differences in the path length and matter fluctua-
tions.

The amount of literature on jet quenching is signifi-
cant, and we do not attempt to summarize it; for recent
discussion of these difficulties in modeling jet quenching
and summaries of progress, see e.g., Refs. [18–21].

The purpose of this work is to attempt to comple-
ment multiple phenomenological models, including scat-
tering on quarks and gluons, as well as on monopoles
[18, 19], by a direct calculation of radiative energy loss
[23] from the same lowest-order cross section. We use the
Baier-Dokshitzer-Mueller-Peigne-Schiff (BDMPS) frame-
work [24, 25], which ascribe the energy loss to gluon radi-
ation caused by transverse “kicks” from the “scatterers”
in the medium.

We will study the changes in RAA and v2 caused
by monopoles, including the realistic temperature-
dependent monopole densities and monopole correla-
tions. In addition, we will study the effects due to
changes in the initial conditions of the medium and the
background medium evolution. From our simulations, we
will also calculate the dijet asymmetry, Aj . Finally, we
will make jet quenching predictions for lower energy col-
lisions to be probed in the upcoming Beam Energy Scan
II program at RHIC.

II. SUMMARY OF THE JET ENERGY LOSS
FORMALISM

To remind the reader of the formalism of Refs. [24, 25],
we briefly review the relevant results, and give expres-

sions for the transport coefficient and cross sections used
in the current work.

A. Derivation of the transport coefficient q̂ in the
BDMPS framework

The probability for a fast moving quark to have the
transverse momentum q⊥ at position z, f(q2⊥, z) is given
by,

λ(z)
∂f(q2⊥, z)

∂z

= −f(q2⊥, z) +

∫
1

σ

dσ

d2~q′⊥
(~q′⊥, z)f((~q⊥ − ~q′⊥)2, z)d2~q′⊥ ,

(1)

where λ(z) is the mean free path of the jet particle and
σ is the cross section. Taking the Fourier transforms of
f ,

f̃(b2, z) =

∫
d2~q⊥e

−i~b·~q⊥f(q2⊥, z) (2)

and of the potential V = 1
σ

dσ
d2~q⊥

,

Ṽ (b2, z) =

∫
d2~q⊥e

−i~b·~q⊥ 1

σ

dσ

d2~q⊥
(~q⊥, z) , (3)

we can diagonalize the master evolution equation by tak-
ing the Fourier transform of the RHS of Eq. 1,∫

d2~q′⊥

∫
d2b′ei(~q

′
⊥−~q⊥)·~b′ f̃(b2, z)

∫
d2bṼ (b2, z)e−i

~b·~q′⊥ ,

(4)
to get

λ(z)
∂f̃(b2, z)

∂z
= [1− Ṽ (b2, z)]f̃(b2, z) . (5)

Taking as a model for the potential,

V (q2⊥) =
1

σ

dσ

d2~q⊥
(~q⊥) =

µ2

π(q2⊥ + µ2(z))2
, (6)

we find that, at small b, the evolution equation for the
jet has the form,

∂f̃(b2, z)

∂z
= −b

2

4
q̂(z)f̃(b2, z) , (7)

The parameter q̂(z) ≡ µ2(z)/λ(z) is the main property of
the matter – a kind of kinetic coefficient – that determines
all features of the jet quenching. To get the explicit form
for this, we take the Fourier transform of the potential,

Ṽ (b2, z) =

∫
d2~q⊥e

−i~b·~q⊥
(
µ2(z)

π

)
1

(q2⊥ + µ2(z))2

= 2µ2(z)

(
1

9
b3 1F2

(
2;

5

2
,

5

2
;
b2µ(z)2

4

)
(8)

+
π(I0(bµ(z))− µ(z)bI1(bµ(z)))

4µ3(z)

)
.
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Expanding around b = 0,

Ṽ (b2, z) =
π

2µ(z)
− 1

8
πµ(z)b2 +O

(
b3
)
, (9)

Then,

[1− Ṽ (b2, z)]

λ(z)
f̃(b2, z)

≈
1
8

(
πb2µ(z)− 4π

µ(z) + 8
)

λ(z)
f̃(b2, z)

= −b
2

4

(
−πb2µ(z) + 4π

µ(z) − 8

2b2λ(z)

)
f̃(b2, z) (10)

= −b
2

4
q̂(z)f̃(b2, z) , (11)

where the transport coefficient q̂,

q̂(z) ≡ 1

λ(z)

[
4

b2
(1− Ṽ (b2, z))

]
=
〈∆p2⊥(z)〉
λ(z)

. (12)

is defined to be the average squared transverse momen-
tum acquired per unit length. This expression is not
convergent at b→ 0 (see the expression in parentheses in
Eq. 10), but in logarithmic approximation,

q̂(z) ≈ 1

λ(z)

∫ 1/b2

0

d2~q⊥~q
2
⊥V (~q2⊥, z)

= ρ(z)

∫ 1/b2

0

d2~q⊥~q
2
⊥

dσ

d~q2⊥
(~q2⊥, z) , (13)

where ρ(z) is the density of scatterers. This shows that
this formalism is equivalent to the transport cross section
method of finding the transverse kick; e.g. for a non-
relativistic particle traveling in the z direction through
the field of a single scatterer, we have that,

∆p⊥ =

∫ ∞
−∞

b dz

(b2 + z2)3/2
=

2

b
→ ∆p2⊥ =

4

b2
. (14)

B. Scattering on electric and magnetic
quasiparticles

The generic form of dσ/dq2⊥ in QCD is

dσ

dq2⊥
=

C

(q2⊥ + µ2)2
, (15)

For quarks CF = 4/3 and for gluons CA = 3, so, as it is
well known [23, 24], we have that

dσqq
dq2⊥

=
(4/3)2πα2

s(q
2
⊥)

(q2⊥ + µ2
E)2

, (16)

dσqg
dq2⊥

=
4πα2

s(q
2
⊥)

(q2⊥ + µ2
E)2

, (17)

and

dσgg
dq2⊥

=
9πα2

s(q
2)

(q2 + µ2
E)2

. (18)

Our task at this point is to add scattering on monopoles.
Since, for a parton moving ultra-relativistically, the kick
from electric and magnetic fields are similar, one expect
the same form of the cross section dσ/dq2, albeit with
different factors in the numerator and denominator

dσqm
dq2⊥

=
(4/3)πF 2(q2⊥)

(q2⊥ + µ2
M )2

, (19)

dσgm
dq2⊥

=
3πF 2(q2⊥)

(q2⊥ + µ2
M )2

, (20)

with F (q2⊥) the monopole form factor. For point-like
monopoles, we have that F (q⊥) = 1; for finite-size, we
can use the standard treatment of Rutherford scattering
in the Born approximation, from which we know that the
form factor F (q⊥) = exp{−q2⊥a2/6} where a is the radius
of the scatterer. We only consider long-range Abelian
part of the monopole field, and do not take into account
a more complicated non-Abelian fields in the monopole
core.

There are no factors of αs in the monopole cross sec-
tions, due to the Dirac condition, which makes their mag-
nitude larger relative to the electric-scatterer cross sec-
tions. Another aspect of the parton-monopole cross sec-
tions is that the screening mass in denominator, µM , is
the magnetic screening mass, which, according to lattice
measurements, is in QGP about twice smaller than the
electric mass, µE [26].

Let us, as an exercise, integrate the relevant expres-
sions,
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∫ 1/b2

0

dq2q2
1

(q2 + µ2)2
= − 1

b2µ2 + 1
+ log

(
1

b2
+ µ2

)
− 2 log(µ) , (21)

∫ 1/b2

0

dq2q2
exp{−q2a2/3}

(q2 + µ2)2
=

1

3

−e a2µ23

(
a2µ2 + 3

)(
Ei

(
−1

3
a2µ2

)
− Ei

(
−1

3
a2
(
µ2 +

1

b2

)))
+

3µ2e−
a2

3b2

1
b2 + µ2

− 3

 ,

(22)

∫ ∞
0

dq2q2
exp{−q2a2/3}

(q2 + µ2)2
= −1

3
e
a2µ2

3

(
a2µ2 + 3

)
Ei

(
−1

3
a2µ2

)
− 1 . (23)

The important thing to note is that the 1/b2 cutoff
has varying effect on the q̂ of the monopoles depending
on the size of the monopole: for a larger monopole, the
energy of the jet does not affect q̂m as much as q̂q,g, which
diverge logarithmically with the energy. The lack of loga-
rithmic divergence means that larger monopoles have far
less relative effect on high energy quark and gluon jets.
Point-like monopoles, on the other hand, behave just as
quark and gluon scatterers across all jet energies.

Including α2
s(q

2) mitigates the logarithmic divergence
for the quarks and gluons at high q2, which increases
the role of monopoles when scattering high energy jets.
In this work, we will only study point-like monopoles,
similar to the treatment of [18].

While there remains a spread of values of the electric
and magnetic screening masses in lattice literature, the
general ballpark of those seems to have stabilized over
the years. We will follow Ref. [26], who carried out
large scale simulations with dynamical quarks with re-
alistic masses. Their results for the magnetic screening
mass is µM/T = 4.48, and for the electric screening mass
µE/T = 7.31.

Note that these values, coming from modern lattice
works, are significantly larger than the ones used before,
and particularly in Ref. [18]. These values lead to a much
smaller q̂, especially for electric quasiparticle scatterers.
This will certainly result in a smaller impact of quarks
and gluons in comparison to models that use pQCD –
or even older lattice – values for the electric screening
mass, as there is a factor of µ4

E in the denominator of the
transport cross section.

C. Parton energy loss in the BDMPS framework

The BDMPS-like energy loss of a parton as it traverses
the medium is given by,

− dE/dz ∝ q̂z . (24)

Then, for our system, we have,

−dE = zdz
αsNc

12
q̂(z, E)

= zdz
αsNcπCp

12

(
ρq(z)

∫ q2max

0

dq2
(4/3)α2

s(q
2)

(q2 + µ2
E(z))2

+ρg(z)

∫ q2max

0

dq2
3α2

s(q
2)

(q2 + µ2
E(z))2

(25)

+ρm(z)Ccorr

∫ q2max

0

dq2
1

(q2 + µ2
M (z))2

)
,

where z is the coordinate parameterizing the line in the
transverse plane along which the parton travels, Cp is the
color factor of the jet parton, and Ccorr is a correction
factor due to monopole correlations, to be determined in
Sec. IV.

III. DENSITIES OF ELECTRIC AND
MAGNETIC QUASIPARTICLES

For definiteness, in Fig. 1 we show the densities of
gluons, quarks, and monopoles to be used in the calcu-
lations below. The details of the analytic fits used are
in the Appendix A 2. One should keep in mind that the
plotted density is normalized to T 3. Such a normaliza-
tion is appropriate at high T , dominated by quarks and
gluons, but not necessarily at small T .

In this work, we will use two versions of the monopole
density, both obtained from lattice data, but in different
ways. The spread of the results is expected to represent
the uncertainty existing at the moment. The (blue) solid
curve, with a peak at Tc, in Fig. 1 shows the “directly
observed” monopole density, from Eq. A3, which was
measured on the lattice [12].

The (red) dashed curve for the density of monopoles,
which peaks at about T ≈ 1.5Tc rather than at Tc, was
derived thermodynamically. It is the monopole density
needed to reproduce the correct pressure (entropy, en-
ergy) of QCD as measured on the lattice [22]; in the
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ρm (lattice)
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ρq (pressure)

FIG. 1. (Color online.) Electric and magnetic quasiparti-
cle densities used. The (blue) solid line shows the magnetic
monopole density as directly observed on the lattice. The
(red) long dashed line is the monopole density extracted from
the thermodynamics (pressure), along with the densities of
quarks (purple, short dashed) and gluons (green, dot dashed).

window of temperatures from 1 − 2Tc, the energy den-
sity, pressure, and entropy density produced by electric
quasiparticle degrees of freedom is insufficient.

We have discussed this thermodynamic estimate in our
previous work [13]. As we will show below, a monopole
density with a peak around Tc seems to be crucial for
reproduction of the jet quenching data.

IV. CORRECTION DUE TO CORRELATIONS
OF MONOPOLES

Since the magnetic and electric couplings are compa-
rable, the ensemble of magnetic monopoles constitute a
strongly coupled plasma in the region of temperatures
above Tc. In such plasmas, there exist strong correlations
between positive and negative charges, which cancel out
their fields in some parts of space, reducing their impact
on jet quenching.

As expected by the renormalization group flow and
Dirac condition, it was directly shown on the lattice (c.f.
Refs. [12, 27]) that monopoles become more correlated as
temperature is increased [16]. We have evaluated correc-
tions to the monopole contribution to jet quenching us-
ing configurations from our previous path-integral Monte
Carlo simulations [13]. In that work, we reproduced the
lattice correlation functions and the critical condensation
of the monopoles, in a two-component Coulomb Bose gas
with varying coupling. In the process of doing these stud-
ies, we created quantum ensembles of monopole paths,
which we can now use to test what effect these correla-

1.0 1.5 2.0 2.5 3.0 3.5 4.0

T/Tc

0.4

0.5

0.6

0.7

0.8

0.9

1.0

〈p
2 ⊥
〉 co

rr
./
〈p

2 ⊥
〉 un

co
rr
.

FIG. 2. (Color online.) Ratio of correlated to uncorrelated
average momentum transfer square per mean free path as a
function of the temperature.

tions have on the transverse momentum acquired by a
jet.

In order to determine the magnitude of this effect,
we calculate the net force along a line going through
an uncorrelated configuration (random distribution of
monopoles and antimonopoles), and then through a ran-
dom sample of the configurations created in the study of
Ref. [13].

The correlations in the plasma are not extremely
strong (there is no crystal like structure, etc.) but are
indeed present – the maximal deviation from 1 of the ra-
dial distribution function is 0.2 at 1.1Tc and 0.4 at 3.8Tc;
see Refs. [12, 13, 27] for detailed plots of the radial dis-
tribution functions.

−5 0 5

−5

0

5

(a)

−5 0 5

(b)
T/Tc

1.0

1.4

1.8

2.2

2.6

3.0

3.4

3.8

x [fm]

y
[f

m
]

FIG. 3. (Color online.) Temperature profile of 20-30% cen-
trality (a) 2.76 TeV Pb-Pb and (b) 200 GeV Au-Au collisions
calculated using the energy density profile at τ = 0.2 fm/c
from Ref. [28] and equation of state from Ref. [22].



6

−5

0

5

τ = 0.4 fm/c τ = 1.9 fm/c τ = 3.4 fm/c

−5 0 5

−5

0
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−5 0 5

τ = 6.4 fm/c

−5 0 5

τ = 7.9 fm/c

T/Tc

1.0

1.4

1.8

2.2

2.6

3.0

3.4

3.8

x [fm]

y
[f

m
]

FIG. 4. (Color online.) Temperature profile of a 20-30% centrality 2.76 TeV Pb-Pb collision, shown at various times of the
hydrodynamic evolution. This evolution was done using IP-Glasma initial conditions and (2+1)D hydrodynamics with bulk
viscosity.

Fig. 2 shows the ratio of the average momentum trans-
fer squared per unit length for the correlated and uncor-
related cases. From Tc to 4Tc, the ratio is approximately
0.85, meaning that the correlations reduce the q̂ by 15%.
Intuitively, the reduction of transferred momentum was
expected, since the force on a jet from + and − charges
will increasingly cancel the more correlated they are.

V. THE EVOLUTION OF THE AMBIENT
MATTER AT RHIC AND LHC ENERGIES

Before we embark on the evaluation of the jet quench-
ing parameters, we need to define the fireball tempera-
ture, energy density, and entropy density profiles. For
this study, we will focus on one specific bin, 20-30%, of
centrality, both for LHC and RHIC collisions. Assum-
ing very rapid equilibration, the relation between these
profiles are given by equilibrium equation of state (EoS),
which has been well studied on the lattice.

For definiteness, we use parameterization of the energy
density from the lattice data of Ref. [22], given in Eq.
A2. The initial energy density distribution correspond-
ing to standard Glauber-type analysis, as in Ref. [28].
We also calculated all quantities with IP-Glasma initial
conditions, which include fluctuating color fields.

The temperature profiles of the fireballs at τ = 0.2

fm/c are shown in Fig. 3 for both RHIC and LHC ener-
gies. One can see that the absolute size and the ellipticity
of the near-Tc peripheral regions (blue-purple) are in fact
slightly different.

As a first step, we start with simple Bjorken (1+1)D
expansion, with the temperature decreasing with time
as T (τ, x, y) = T (τ0, x, y)(τ/τ0)−1/3. In a Bjorken-
expanding background, the temperature in all regions
decrease with time in the same way, and the matter does
not expand in the transverse direction.

We then apply a more realistic (2+1)D hydrodynamic
evolution, with both smooth and fluctuating initial con-
ditions. An example of a realistic medium evolution we
will use is shown in Fig. 4. One can see that, as time pro-
gresses, the (purple) near-Tc region rather quickly takes
over the whole fireball, but that the overall size of the fire-
ball region at and above Tc remains approximately the
same, unlike what would happen in the (1+1)D Bjorken
expansion scenario. Another observation, most clear
from two last plots, is that eventually the system splits
into two “nut shells,” making the azimuthal asymmetry
stronger.

As we will see, the hydrodynamic background has an
important influence on the results of our jet quenching
calculations. As such, it is important that we also re-
produce the soft physics of these heavy-ion collisions.
The IP-Glasma with hydrodynamics given by MUSIC
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100 200 300 400 500 600 700

10−2

10−1

(a) IP-Glasma+(2+1)D hydro., ζ 6= 0

Glauber+(2+1)D hydro., ζ 6= 0

Glauber+(2+1)D hydro., ζ = 0

Glauber+(1+1)D hydro.

20 40 60 80 100 120 140

(c)

100 200 300 400 500 600 700

10−2

10−1

(b)

20 40 60 80 100 120 140

(d)

E [GeV]

∆
E
/E

FIG. 5. (Color online.) Ratio of energy loss to initial parton jet energy in 2.76 Pb-Pb collisions (a),(b), and 200 GeV Au-
Au collisions (c),(d). The first row (a),(c) is the results for monopole density from the lattice, while the second row (b),(d)
is results for monopole density from the equation of state. The (red) solid curve is for IP-Glasma initial conditions and
(2+1)D hydrodynamics with bulk viscosity (ζ 6= 0), the (blue) dash-dot curve is for Glauber initial conditions and (2+1)D
hydrodynamics with bulk viscosity (ζ 6= 0), the (green) dash-dot-dot curve is for Glauber initial conditions and (2+1)D
hydrodynamics without bulk viscosity (ζ = 0), and the (purple) dashed curve is for the smooth Glauber initial condition with
(1+1)D Bjorken evolution.

are studied in Refs. [29, 30], and in general give good
agreement with hadronic observables. For our hydrody-
namics with optical Glauber initial conditions [31], the
simulated and experimental hadronic observables are de-
tailed in Appendix B.

VI. JET QUENCHING AT RHIC AND LHC
ENERGIES: ENERGY LOSS, AZIMUTHAL
ANISOTROPY, AND DIJET ASYMMETRY

The probability distributions of quark and gluon jets in
their transverse momenta and the location of production
were generated by Monte Carlo algorithm in a standard
perturbative way, based on Refs. [32, 33]. The essen-
tial point is that the probability of jet production at a
particular location is proportional to the product of two
nuclear thickness functions, and that the jet energy spec-
trum is given by a power law. The produced jets traverse
the medium, from the origination point, with an isotropic
distribution.

To calculate hadronic observables from jets, we must
apply fragmentation functions to the outgoing quarks

and gluons. In this work, we will use the fragmenta-
tion functions from Ref. [34] for light quark and gluon
jets, going into unidentified charged hadrons and also to
neutral pions.

The obtained hadronic spectra are compared to those
before traversing the medium, yielding two main observ-
ables, the nuclear modification factor,

RAA(p⊥, φ) =
dNAA/dp⊥

〈Ncoll〉dNpp/dp⊥
, (26)

and the azimuthal anisotropy, v2, from

dN

dp⊥dφ
=

1

2π

dN

dp⊥

(
1 + 2

∑
n

vn cos(n(φ−Ψn))

)
.

(27)
The results for ∆E/E of the jet (prior to fragmenta-

tion), RAA, and v2 of fragmented jets are seen in Figs. 5,
6, and 7, respectively. The collider data are from Refs.
[35, 36] for LHC 2.76 Pb-Pb TeV RAA and Refs. [37, 38]
for RHIC 200 GeV Au-Au RAA; Refs. [39, 40] for the
LHC 2.76 TeV Pb-Pb v2 and Ref. [41] for RHIC 200
GeV Au-Au v2.
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FIG. 6. (Color online.) Nuclear modification factor of charged hadrons in 2.76 Pb-Pb collisions (a),(b), and neutral pions
in 200 GeV Au-Au collisions (c),(d). The first row (a),(c) is the results for monopole density from the lattice, while the
second row (b),(d) is results for monopole density from the equation of state. The (red) solid curve is for IP-Glasma initial
conditions and (2+1)D hydrodynamics with bulk viscosity (ζ 6= 0), the (blue) dash-dot curve is for Glauber initial conditions
and (2+1)D hydrodynamics with bulk viscosity (ζ 6= 0), the (green) dash-dot-dot curve is for Glauber initial conditions and
(2+1)D hydrodynamics without bulk viscosity (ζ = 0), and the (purple) dashed curve is for the smooth Glauber initial condition
with (1+1)D Bjorken evolution. Collider data from Refs. [35, 36] for LHC and Refs. [37, 38] for RHIC.

All of the plots are laid out as follows: the first column,
comprising subplots (a) and (b), is for LHC 2.76 TeV
Pb-Pb collisions, and the second column – subplots (c)
and (d) – is for RHIC 200 GeV Au-Au. The first row
is for the monopole density measured on the lattice, and
the second row is for monopole density derived from the
equation of state.

All curves shown are for correlated monopoles; the ef-
fects of correlations on the results are explored in Ap-
pendix C. The calculations shown are for IP-Glasma ini-
tial conditions and (2+1)D hydrodynamics with bulk vis-
cosity, ζ 6= 0 (red, solid curves); optical Glauber initial
conditions and (2+1)D hydrodynamics with bulk viscos-
ity, ζ 6= 0 (blue, dash-dot curves); optical Glauber initial
conditions and (2+1)D hydrodynamics without bulk vis-
cosity, ζ = 0 (green, dash-dot-dot curves); and optical
Glauber initial conditions and (1+1)D Bjorken expan-
sion (purple, dashed curves).

As shown in Fig. 5, the Bjorken-evolving background
(purple, dashed curve) causes far less energy loss than the
scenarios with realistic hydrodynamic backgrounds. This
is due to the fact that this is a one-dimensional expansion,
and the matter does not expand in the transverse plane;

the ellipse of above-Tc medium shrinks inwards to the
center of the fireball with time. This is unlike the (2+1)D
hydrodynamic case (c.f. Fig. 4), where the size of the
above-Tc medium remains approximately constant with
time, and all of the medium cools to approximately Tc
by τ ∼ 6 fm/c.

Therefore, in the Bjorken-evolving case, the parton jet
“sees” far less medium during its traversal of the fire-
ball, causing less energy loss. On the other hand, the
Glauber and IP-Glasma initial condition models lead to
a larger energy loss. This loss is very similar with all
initial conditions, provided that the hydrodynamic evo-
lution is realistic.

Since RAA is another measure of medium-induced en-
ergy loss, the results are very similar to that of ∆E/E.
Shown in Fig. 6, the Glauber and IP-Glasma initial
conditions coupled to realistic hydrodynamic models all
agree with each other, while the Bjorken evolution gives
a much larger result that is incompatible with the ex-
perimental data. The LHC 2.76 TeV Pb-Pb RAA data
is better fit by the monopole density measured on the
lattice (upper left panel), compared to that given by the
equation of state (lower left panel). On the other hand,
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FIG. 7. (Color online.) Azimuthal anisotropy of charged hadrons in 2.76 Pb-Pb collisions (a),(b), and neutral pions in 200
GeV Au-Au collisions (c),(d). The first row (a),(c) is the results for monopole density from the lattice, while the second row
(b),(d) is results for monopole density from the equation of state. The (red) solid curve is for IP-Glasma initial conditions and
(2+1)D hydrodynamics with bulk viscosity (ζ 6= 0), the (blue) dash-dot curve is for Glauber initial conditions and (2+1)D
hydrodynamics with bulk viscosity (ζ 6= 0), the (green) dash-dot-dot curve is for Glauber initial conditions and (2+1)D
hydrodynamics without bulk viscosity (ζ = 0), and the (purple) dashed curve is for the smooth Glauber initial condition with
(1+1)D Bjorken evolution. The (black) dotted curve is for for IP-Glasma initial conditions and (2+1)D hydrodynamics with
bulk viscosity (ζ 6= 0) with no monopoles. Collider data from Refs. [39, 40] for the LHC and Ref. [41] for RHIC.

the RHIC 200 GeV Au-Au RAA is fit quite well by both
monopole densities when using realistic hydrodynamic
backgrounds.

The azimuthal anisotropy, is shown in Fig. 7. With-
out monopoles – the black dotted line on the left panels
– the v2 is roughly .015, much smaller than the experi-
mental data. The v2 results for both monopole densities
roughly agree with LHC 2.76 TeV Pb-Pb v2 data when
using hydrodynamic backgrounds, including Bjorken evo-
lution. The v2 for RHIC 200 GeV Au-Au data is not in
complete agreement for the (2+1)D hydrodynamic mod-
els (Glauber and IP-Glasma initial conditions); the slope
is less steep in the model than in the data, although the
order of magnitude is correct. On the other hand, the
model disagrees strongly with Bjorken expansion.

In all the preceding discussion, we see that, with mi-
nor variation, the ∆E/E, RAA, and v2 obtained with
Glauber and IP-Glasma initial conditions and realistic
hydrodynamics (blue dash-dot, green dash-dot-dot, and
red solid curves) all agree with each other. This leads us
to believe that initial-state fluctuations play only a small
role in these quantities and that event-by-event analysis

is not necessary, which is opposite to what is claimed in
Ref. [21]; the inclusion of monopoles in our jet quenching
framework allows for the simultaneous description of v2
and RAA even when using smooth initial conditions.

This most likely occurs because our model is most sen-
sitive to near-Tc medium, which is on the periphery at
early times; at later times, when the whole fireball is
near-Tc, most of the initial state fluctuations are more-
or-less damped out. If a model for jet energy loss focuses
on early times or is sensitive more to medium at higher
temperatures, then the fluctuations would play a much
larger role.

In addition, whether or not the hydrodynamic evo-
lution has bulk viscosity does not make a large differ-
ence; the variation between the Glauber initial condition
with and without bulk viscosity can be explained by the
difficulty in tweaking parameters producing the correct
hadron yield without bulk viscosity, giving a different
background for the jet to traverse (see Appendix B).

This discrepancy in RAA between the two forms of
monopole density – the EoS density not working for 2.76
TeV collisions and both the lattice and EoS densities
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FIG. 8. (Color online.) Dijet asymmetry of parton jets in 2.76 Pb-Pb collisions (a),(b), and 200 GeV Au-Au collisions (c),(d).
The first row (a),(c) is the results for monopole density from the lattice, while the second row (b),(d) is results for monopole
density from the equation of state. The (red) solid curve is for IP-Glasma initial conditions and (2+1)D hydrodynamics with
bulk viscosity (ζ 6= 0), the (blue) dash-dot curve is for Glauber initial conditions and (2+1)D hydrodynamics with bulk viscosity
(ζ 6= 0), the (green) dash-dot-dot curve is for Glauber initial conditions and (2+1)D hydrodynamics without bulk viscosity
(ζ = 0), and the (purple) dashed curve is for the smooth Glauber initial condition with (1+1)D Bjorken evolution. Collider
data from Ref. [42].

working for 200 GeV collisions – can be explained by
the difference in high-temperature behavior. While both
have relatively similar peaks near Tc, the pressure scheme
density goes to zero by T/Tc = 4, and is less than the
lattice scheme by T/Tc = 2.5; see Fig. 1.

On the other hand, the lattice measured density does
not go to zero at high temperature, but rather falls off as
ρ/T 3 ∼ log(T/Tc)

−3. As a result, at higher energy col-
lisions (where the temperature is higher at initial time),
the variant with directly observed lattice monopoles gives
a different monopole contribution than the thermody-
namical fit, while in the lower energy collisions, the con-
tributions end up being similar.

At very low energies, where the initial temperature is
just around Tc, the sensitivity of the jet quenching pa-
rameters to the monopole density is the highest. This
means, that if the future PHENIX experiment at RHIC
will be able to study jet quenching in the low energy
range, we will get better understanding of the location of
the monopole density peak. Understanding of this quan-
tity is key in determining the effects of monopoles on
parton jets.

In our simulations, we also generated back-to-back par-

tons of the same initial energy, and evaluated the energy
lost by each of them. The difference is known as the dijet
asymmetry, and is characterized by,

Aj =
|E1 − E2|
E1 + E2

. (28)

This quantity is plotted in Fig. 8. The data for LHC
2.76 TeV Pb-Pb are from Ref. [42].

We first note that the Glauber and IP-Glasma ini-
tial conditions with realistic hydrodynamics (blue dash-
dot, green dash-dot-dot, and red solid curves) all roughly
follow the experimental data. There is more distinc-
tion between the different initial conditions in this quan-
tity, and the best agreement seems to be with the IP-
Glasma initial condition and, as before with RAA, with
the monopole density as measured on the lattice. In the
case of the dijet asymmetry, we find that initial-state
fluctuations play a role in explaining the distribution of
energy loss asymmetry between back-to-back parton jets.

Fig. 8 also shows a distinctive bump at Aj ≈ 0.8 for
LHC energies and Aj ≈ 0.6 for RHIC energies. This
bump is due to the fact that we have included jets with
low initial energy in our calculations. An asymmetry
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FIG. 9. (Color online.) Dijet asymmetry of parton jets with
no p⊥ cut (red, solid curve), p⊥ > 16 GeV (blue, dashed
curve), and p⊥ > 24 GeV (green, dot-dashed curve) in 2.76
Pb-Pb collisions for the IP-Glasma initial conditions with
(2+1)D hydrodynamics with bulk viscosity and monopole
density given by the lattice. Collider data from Ref. [42].

of Aj = 1 would indicate that one jet was completely
quenched by the medium. The bump comes from the
fact that, for low energy back-to-back jets, there is a
significant likelihood that the relative difference in final
energies is larger, leading to a larger Aj . Since low energy
jets are much more probabilistic than high energy jets,
these events accumulate.

Therefore, the location of this bump and its size are
dependent on the low-energy limit of the produced jets
in simulations and any imposed cuts on final jet energies
in both simulations and experiment. We also note that
the IP-Glasma initial conditions give less pronounced of
a bump than other initial conditions.

This bump can, in principle, be (re)moved by a final
parton energy p⊥ cut, as is done in experimental anal-
yses. Fig. 9 shows an example of this for the results
of the IP-Glasma+(2+1)D hydrodynamic simulations of
2.76 TeV Pb-Pb collisions and monopole density given
by the lattice, for cuts p⊥ > 16 GeV (blue dashed curve)
and a p⊥ > 24 GeV (green dash-dot curve). The bump at
large Aj disappears and the general shape of the curves
are altered; this happens for all curves and at LHC and
RHIC energies.

It is clear that the dijet asymmetry is very sensitive to
the range of energies selected for the back-to-back jets.
In particular, the p⊥ > 16 GeV cut shown in Fig. 9
(blue dashed curve) makes the calculation with the most
realistic background, the IP-Glasma fluctuating initial
conditions, roughly follow the experimental data.

We conclude that our model, with realistic initial con-
ditions, can qualitatively produce the correct behavior of
the dijet asymmetry. The response of our data to the

adjustment the p⊥ cuts shows the sensitivity of the ob-
servable to various parameters introduced in both theo-
retical and experimental analysis, and therefore requires
much more study.
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FIG. 10. (Color online.) Dijet asymmetry of parton jets origi-
nating in the center of the fireball in 2.76 Pb-Pb collisions with
the monopole density from the lattice. The (red) solid curve is
for IP-Glasma initial conditions and (2+1)D hydrodynamics
with bulk viscosity (ζ 6= 0), the (blue) dash-dot curve is for
Glauber initial conditions and (2+1)D hydrodynamics with
bulk viscosity (ζ 6= 0), the (green) dash-dot-dot curve is for
Glauber initial conditions and (2+1)D hydrodynamics with-
out bulk viscosity (ζ = 0), and the (purple) dashed curve is
for the smooth Glauber initial condition with (1+1)D Bjorken
evolution. Collider data from Ref. [42].

Shown in Fig. 10 is the result for the dijet asymme-
try Aj selecting only jets that start in the center of the
fireball, for 2.76 TeV Pb-Pb collisions and the monopole
density found on the lattice. The data is definitively not
reproduced by any of the curves, which shows that the
asymmetry, in this model, comes from the path-length
difference between the trigger and secondary jets, rather
than from the fluctuations in the matter or in the frag-
mentation processes.

We do not take into account relativistic effects of the
fluid flow velocity on the jet. This was studied in Ap-
pendix A of Ref. [19]; the authors concluded that, for
RAA and v2, this correction was negligible. This is ex-
pected since our model only takes into account the in-
stantaneous impact parameter between the jet parton
and the scatterer; the cross sections depend on momen-
tum transfer t but not on the energy s.
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FIG. 11. (Color online.) Nuclear modification factor of
neutral pions for 62.4 GeV Au-Au collisions. The (blue) solid
curve is the result for monopole density from the lattice, and
the (red) dashed curve is the result for monopole density from
thermodynamics.
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FIG. 12. (Color online.) Azimuthal anisotropy of neutral
pions for 62.4 GeV Au-Au collisions. The (blue) solid curve
is the result for monopole density from the lattice, and the
(red) dashed curve is the result for monopole density from
thermodynamics.

VII. PREDICTIONS FOR THE BEAM ENERGY
SCAN

With the sPHENIX detector, RHIC will be able to
detect jets in lower energy collisions. As stated earlier,
monopole effects are strongest near Tc, and if we are able
to study jet quenching in this lower energy range where
most of the matter has a temperature of approximately
Tc, we will get a better understanding of monopole fea-
tures, such as the location and shape of the density peak.

In preparation for these experiments, we seek to make
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FIG. 13. (Color online.) Dijet asymmetry of parton jets
for 62.4 GeV Au-Au collisions. The (blue) solid curve is the
result for monopole density from the lattice, and the (red)
dashed curve is the result for monopole density from thermo-
dynamics.

predictions – with our jet quenching framework and
Glauber initial conditions for a 62.4 GeV Au-Au colli-
sion – for how jet observables will be altered when prob-
ing lower energy collisions. For the most realistic results,
we would need a better understanding of the initial con-
ditions and hydrodynamic expansion of the lower-energy
fireball, and a better understanding of the initial energy
spectrum of the produced parton jets.

Nevertheless, we can carry out the simulations to get
relatively good predictions, the results of which are seen
in Figs. 11 and 12 for RAA and v2, respectively. The re-
sults of jet quenching with monopoles at 62.4 GeV is very
similar to that at 200 GeV; the RAA is slightly smaller
and the v2 is approximately the same.

The deviation between the equation of state and
directly-observed lattice monopole densities in the RAA

is present in the 62.4 GeV Au-Au collision, as it was in
the higher energy collisions – particularly the 2.76 TeV
Pb-Pb collision, where one of the densities did not agree
with the data. On the other hand, the v2 is not as sensi-
tive to the monopole density scheme used, which was also
the case for the higher energy collisions. The 62.4 GeV
(and lower energy) runs at RHIC will help constrain the
features of monopole density at temperatures near Tc,
while the 2.76 TeV (and higher energy) collisions at the
LHC are helpful in exploring the higher energy limit of
the monopole density.

Without monopoles (not shown in the figures), RAA

is unity and v2 is approximately zero across all jet en-
ergies. This is due to the fact that at the temperatures
produced in 62.4 GeV collisions – the initial matter is
slightly above Tc –, the quark and gluon densities are
small. If the number of quark and gluon degrees of free-
dom are proportional to the Polyakov loop, then, without



13

monopoles, one would expect very little nuclear modifi-
cation of the parton jets in 62.4 GeV (and lower energy)
collisions.

However, the temperatures produced in these collisions
are in the range where monopoles dominate. So, when
including monopole contributions, we see a significant
nuclear modification, comparable in magnitude to higher
energy collisions. Therefore, if the data from the BES
program show that there is significant medium-induced
modification of parton jets, this will indicate that the
near-Tc scatterings on matter are strong. This data will
also help constrain the shape of the monopole density
curve and its peak, which, as we have shown, has a sig-
nificant influence on the results of our model.

Fig. 13 shows a predicted dijet asymmetry (with no
cut) for the 62.4 GeV Au-Au collisions. As shown above,
the Glauber initial conditions do not reproduce the LHC
dijet asymmetry data well, while the fluctuating initial
conditions have a decent agreement. Therefore, to accu-
rately predict the 62.4 GeV Au-Au dijet asymmetry, we
would need a more realistic, fluctuating hydrodynamic
background with a p⊥ cut to reflect the experimental
cuts. Nevertheless, from comparison of Fig. 13 with the
results for the Glauber initial conditions at higher ener-
gies, we predict that the asymmetry peak in 62.4 GeV
Au-Au collisions will not be as wide as it is in 200 GeV
and 2.76 TeV collisions.

VIII. SUMMARY

In this paper, we have described various aspects of
jet quenching phenomena using the BDMPS formalism,
including not only scattering on electric quasiparticles,
quarks and gluons, but scattering on monopoles as well.
Unlike previous works by others, we include densities of
all quasiparticles from certain common fit to lattice ther-
modynamics, so there are no free parameters in the the-
ory.

The calculated observables include the nuclear mod-
ification factor RAA, the azimuthal asymmetry v2, and
dijet asymmetry Aj ; this is done both for RHIC and LHC
energies. The main conclusion of the work is that the cur-
rent model provides rather reasonable description of all
of them. We find that, while realistic hydrodynamics is
necessary for good agreement with the observables seen
in experiment, account for event-by-event fluctuations is
not necessary for reproducing RAA and v2 data; fluctua-
tions, however, seem to play a role in Aj . In all cases, the
contribution of the monopoles is crucial for the success
of the model.

In our model, monopoles give the dominant contribu-
tions to these observables at lower RHIC energies, e.g.
62.4 GeV, where quarks and gluons provide almost no
quenching. Experimental observation of RAA, v2, and Aj
at lower energies that deviate from the pp results would
bolster the proposition of the magnetic scenario above
Tc.

Still, the model in its current form has certain limita-
tions, which need to be addressed in further studies. The
model itself is that of independent scattering on “scat-
terers”, which is of course an approximation. While we
tried to remedy this partly by including monopole corre-
lation corrections, clearly the system is a strongly coupled
plasma, and more work is needed to include scattering ef-
fects more accurately.

We realize that the model we are using is missing some
physical processes, as it only has radiative effects to low-
est order, and neglects elastic and quasi-elastic scattering
which believed to be necessary for quenching of jets with
heavy c, b quarks. Note that the recoil energy by scatter-
ers is neglected; this, however, is only true if scatterers
are heavy. In fact, the efficiency of such processes depend
on quasiparticle masses, and that in the near-Tc region
the monopoles are believed to be the lightest ones, thus
contributing more to the elastic energy loss. We hope to
return to the issue and include some of those effects in
subsequent works.
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Appendix A: Parametrizations

In this Appendix, we present the parameterizations for
the equation of state and quasiparticle densities used in
our study.

1. Equation of state

The parametrization of the equation of state (pressure)
was given in Ref. [22] as,

p/T 4 =

(
0.3419
T 4 + 3.92

T 2 − 8.7704
T + 19π2

36

2
(
− 0.0475

T 4 + 0.8425
T 2 − 1.26

T + 1
))

× (tanh(3.8706(T − 0.9761)) + 1) , (A1)

and the equation of state for the energy density from Ref.
[22] was fitted in Mathematica to be

ε/T 4 =

(
20.89 + 23.55

T 4 − 57.62
T 3 + 59.79

T 2 − 40.37
T

2
(
0.30
T 4 + 2.17

T 3 − 3.56
T 2 + 0.57

T + 1
) )

× (tanh(1.17(T − 1.25)) + 1) . (A2)



14

15 35 55 75 95
0.020

0.025

0.030

0.035

0.040

0.045

0.050

0.055
(a)

8 18 28 38 48

(c)

15 35 55 75 95
0.020

0.025

0.030

0.035

0.040

0.045

0.050

0.055
(b)

IP-Glasma+(2+1)D hydro., ζ 6= 0

Glauber+(2+1)D hydro., ζ 6= 0

Glauber+(2+1)D hydro., ζ = 0

Glauber+(1+1)D hydro.

8 18 28 38 48

(d)

p⊥ [GeV]

∆
R

A
A

(p
⊥

)

FIG. 14. (Color online.) The effect of monopole correlations on the nuclear modification factor of charged hadrons in 2.76
Pb-Pb collisions (a),(b), and neutral pions in 200 GeV Au-Au collisions (c),(d). The first row (a),(c) is the results for monopole
density from the lattice, while the second row (b),(d) is results for monopole density from the equation of state. The (red) solid
curve is for IP-Glasma initial conditions and (2+1)D hydrodynamics with bulk viscosity (ζ 6= 0), the (blue) dash-dot curve is
for Glauber initial conditions and (2+1)D hydrodynamics with bulk viscosity (ζ 6= 0), the (green) dash-dot-dot curve is for
Glauber initial conditions and (2+1)D hydrodynamics without bulk viscosity (ζ = 0), and the (purple) dashed curve is for the
smooth Glauber initial condition with (1+1)D Bjorken evolution.

2. Densities of quarks, gluons, and monopoles near
Tc

The density of magnetic monopoles is taken from Ref.
[12]; the density of each type of monopole (of which there
are two in SU(3)) is given by

ρm
T 3

=
3.66

log((1/0.163)T/Tc)3
. (A3)

Ref. [43] suggests that the monopole density falls off
quickly below the critical temperature.

The densities of electric particles are found using the
Fermi-Dirac distribution and equation of state (we choose
to use the pressure, but one can, in principle, use the en-
tropy instead), following Ref. [18]. The parametrization
of the Polyakov loop is

L(T ) =

(
1

2
tanh(7.69(0.155T − 0.0726)) +

1

2

)10

,

(A4)
and Using the ansatz that ρE(T ) ∝ cqL(T )+cgL

2(T ), we
have that the densities of quarks and gluons, respectively,

are given by,

ρq/T
3 =

1.71E−4
(
(T (9.87T − 16.6) + 7.43)T 2 + 0.648

)
T 2((T − 1.26)T + 0.843)− 0.0475

× (tanh(3.87(T − 0.976)) + 1) (A5)

× (tanh(7.69(T − 0.0726)) + 1)10 ,

ρg/T
3 =

(8.48E−8)
(
(T (9.87T − 16.6) + 7.43)T 2 + 0.648

)
T 2((T − 1.26)T + 0.843)− 0.0475

× (tanh(3.87(T − 0.976)) + 1) (A6)

× (tanh(7.69(T − 0.0726)) + 1)20 .

Appendix B: Hadronic observables in our
hydrodynamic calculations

The hadronic observables produced in our hydrody-
namic simulations with optical Glauber initial conditions
and the experimental data are shown in Tables I, II, and
III, for 62.4 GeV Au-Au, 200 GeV Au-Au, and 2.76 TeV
Pb-Pb collisions, respectively, for hydrodynamics with
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FIG. 15. (Color online.) The effect of monopole correlations on the azimuthal anisotropy of charged hadrons in 2.76 Pb-Pb
collisions (a),(b), and neutral pions in 200 GeV Au-Au collisions (c),(d). The first row (a),(c) is the results for monopole
density from the lattice, while the second row (b),(d) is results for monopole density from the equation of state. The (red) solid
curve is for IP-Glasma initial conditions and (2+1)D hydrodynamics with bulk viscosity (ζ 6= 0), the (blue) dash-dot curve is
for Glauber initial conditions and (2+1)D hydrodynamics with bulk viscosity (ζ 6= 0), the (green) dash-dot-dot curve is for
Glauber initial conditions and (2+1)D hydrodynamics without bulk viscosity (ζ = 0), and the (purple) dashed curve is for the
smooth Glauber initial condition with (1+1)D Bjorken evolution.

bulk viscosity; Table IV shows the calculation for hydro-
dynamics without bulk viscosity [31]. In general, we have
good agreement with data. The v2 of our calculations is
smaller than that of experiment, which is a well-known
result of using optical Glauber initial conditions.

TABLE I. Comparison of calculated and experimental
hadronic observables in 62.4 GeV Au-Au collisions, for hy-
drodynamics with bulk viscosity. Data from Ref. [44].

hydro. calc. data

Npion 97.75 98.9±6.9

〈pT 〉pion 0.412 0.403±0.013

v2(pT = 0.2− 1.0) 0.054 0.0613

v2(pT = 1.0− 2.0) 0.163 0.132

Appendix C: Effects of monopole correlations on
observables

The preceding results were all computed using a
monopole correlation factor of 0.85 to account for the
change in q̂ due to correlations of monopoles. In Figs.

TABLE II. Comparison of calculated and experimental
hadronic observables in 200 GeV Au-Au collisions, for hy-
drodynamics with bulk viscosity. Experimental data is the
same as used in Refs. [29, 30].

hydro. calc. data

Npion 133.4 135±10

〈pT 〉pion 0.422 0.411±0.021

v2 0.059 0.0642

TABLE III. Comparison of calculated and experimental
hadronic observables in 2.76 TeV Pb-Pb collisions, for hy-
drodynamics with bulk viscosity. Experimental data is the
same as used in Refs. [29, 30].

hydro. calc. data

Npion 309.1 307±20

〈pT 〉pion 0.508 0.512±0.017

v2 0.0746 0.0831±0.0034

14 and 15, we show the effects of this correlation factor
on RAA and v2, respectively, for 2.76 TeV and 200 GeV
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TABLE IV. Comparison of calculated and experimental
hadronic observables in 2.76 TeV Pb-Pb collisions, for hydro-
dynamics without bulk viscosity. Experimental data is the
same as used in Refs. [29, 30].

hydro. calc. data

Npion 299.079 307±20

〈pT 〉pion 0.616 0.512±0.017

v2 0.075 0.0831±0.0034

collisions. We define,

∆(Obs.) = (Obs.)corr. − (Obs.)uncorr. , (C1)

where (Obs.) is an observable.
We see that, in general, correlations of monopoles

cause the RAA to increase and the v2 to decrease. Also,
we see that, for all realistic initial conditions and hy-
drodynamic evolutions, the monopole correlations have
approximately the same effect, and that the magnitude
of the effect is on the order of 10%.
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K. K. Szabó and C. Török, Static QQ pair free energy and
screening masses from correlators of Polyakov loops: con-
tinuum extrapolated lattice results at the QCD physical
point, JHEP 1504, 138 (2015), [arXiv:1501.02173[hep-
lat]].

[27] A. D’Alessandro and M. D’Elia, Magnetic monopoles in
the high temperature phase of Yang-Mills theories, Nucl.
Phys. B 799, 241 (2008), [arXiv:0711.1266[hep-lat]].

[28] H. Niemi, K. J. Eskola and R. Paatelainen, Event-by-
event fluctuations in a perturbative QCD + saturation +
hydrodynamics model: Determining QCD matter shear

http://inspirehep.net/record/181746
http://inspirehep.net/record/181746
https://doi.org/10.1103/PhysRevLett.86.2537
https://doi.org/10.1103/PhysRevLett.86.2537
http://arxiv.org/abs/nucl-th/0012092
https://doi.org/10.1103/PhysRevC.66.027902
https://doi.org/10.1103/PhysRevC.66.027902
http://arxiv.org/abs/nucl-th/0112042
https://doi.org/10.1103/PhysRevLett.102.202302
https://doi.org/10.1103/PhysRevLett.102.202302
http://arxiv.org/abs/0810.4116
https://doi.org/10.1098/rspa.1931.0130
https://doi.org/10.1016/0550-3213(74)90486-6
http://www.jetpletters.ac.ru/ps/1789/article_27297.shtml
https://doi.org/10.1103/PhysRevD.10.4262
https://doi.org/10.1103/PhysRevD.10.4262
https://doi.org/10.1016/0550-3213(81)90442-9
https://doi.org/10.1016/0370-1573(76)90043-0
https://doi.org/10.1103/PhysRevD.81.094501
https://doi.org/10.1103/PhysRevD.81.094501
http://arxiv.org/abs/1002.4161
https://doi.org/10.1016/j.nuclphysb.2013.10.004
http://arxiv.org/abs/1308.0302
http://arxiv.org/abs/1308.0302
https://doi.org/10.1103/PhysRevD.95.076019
https://doi.org/10.1103/PhysRevD.95.076019
http://arxiv.org/abs/1702.07723
http://arxiv.org/abs/1702.07723
https://doi.org/10.1103/PhysRevC.75.054907
https://doi.org/10.1103/PhysRevC.75.054907
http://arxiv.org/abs/hep-ph/0611131
https://doi.org/10.1103/PhysRevC.77.064905
http://arxiv.org/abs/0706.4465
https://doi.org/10.1103/PhysRevLett.101.162302
https://doi.org/10.1103/PhysRevLett.101.162302
http://arxiv.org/abs/0804.0255
https://doi.org/10.1103/PhysRevD.80.034004
http://arxiv.org/abs/0811.4174
https://doi.org/10.1088/0256-307X/32/9/092501
https://doi.org/10.1088/0256-307X/32/9/092501
http://arxiv.org/abs/1411.3673
https://doi.org/10.1007/JHEP02(2016)169
http://arxiv.org/abs/1508.00552
http://arxiv.org/abs/1508.00552
https://doi.org/10.1007/JHEP08(2014)090
https://doi.org/10.1007/JHEP10(2014)043
https://doi.org/10.1007/JHEP10(2014)043
http://arxiv.org/abs/1404.6378
http://arxiv.org/abs/1404.6378
https://doi.org/10.1103/PhysRevLett.116.252301
https://doi.org/10.1103/PhysRevLett.116.252301
http://arxiv.org/abs/1602.03788
https://doi.org/10.1103/PhysRevD.90.094503
https://doi.org/10.1103/PhysRevD.90.094503
http://arxiv.org/abs/1407.6387
https://doi.org/10.1016/0550-3213(94)90079-5
https://doi.org/10.1016/0550-3213(94)90079-5
http://arxiv.org/abs/nucl-th/9306003
https://doi.org/10.1016/S0550-3213(96)00581-0
https://doi.org/10.1016/S0550-3213(96)00581-0
http://arxiv.org/abs/hep-ph/9608322
https://doi.org/10.1103/PhysRevC.58.1706
https://doi.org/10.1103/PhysRevC.58.1706
http://arxiv.org/abs/hep-ph/9803473
https://doi.org/10.1007/JHEP04(2015)138
http://arxiv.org/abs/1501.02173
http://arxiv.org/abs/1501.02173
https://doi.org/10.1016/j.nuclphysb.2008.03.002
https://doi.org/10.1016/j.nuclphysb.2008.03.002
http://arxiv.org/abs/0711.1266


17

viscosity in ultrarelativistic heavy-ion collisions, Phys.
Rev. C 93, no. 2, 024907 (2016), [arXiv:1505.02677[hep-
ph]].

[29] S. Ryu, J.-F. Paquet, C. Shen, G. S. Denicol, B. Schenke,
S. Jeon and C. Gale, Importance of the Bulk Vis-
cosity of QCD in Ultrarelativistic Heavy-Ion Colli-
sions, Phys. Rev. Lett. 115, no. 13, 132301 (2015),
[arXiv:1502.01675[nucl-th]].

[30] S. Ryu, J.-F. Paquet, C. Shen, G. Denicol, B. Schenke,
S. Jeon and C. Gale, Effects of bulk viscosity and
hadronic rescattering in heavy ion collisions at RHIC and
LHC, [arXiv:1704.04216[nucl-th]].

[31] J.-F. Paquet, private communication.
[32] M. Spousta and B. Cole, Interpreting single jet measure-

ments in Pb + Pb collisions at the LHC, Eur. Phys. J. C
76, no. 2, 50 (2016), [arXiv:1504.05169[hep-ph]].

[33] I. Vitev, Testing the mechanism of QGP-induced en-
ergy loss, Phys. Lett. B 639, 38 (2006), [arXiv:hep-
ph/0603010].

[34] B. A. Kniehl, G. Kramer and B. Potter, Fragmenta-
tion functions for pions, kaons, and protons at next-to-
leading order, Nucl. Phys. B 582, 514 (2000), [arXiv:hep-
ph/0010289].

[35] B. Abelev et al. [ALICE Collaboration], Centrality De-
pendence of Charged Particle Production at Large Trans-
verse Momentum in Pb–Pb Collisions at

√
sNN = 2.76

TeV, Phys. Lett. B 720, 52 (2013), [arXiv:1208.2711[hep-
ex]].

[36] S. Chatrchyan et al. [CMS Collaboration], Study of high-
pT charged particle suppression in PbPb compared to pp
collisions at

√
sNN = 2.76 TeV, Eur. Phys. J. C 72, 1945

(2012), [arXiv:1202.2554[nucl-ex]].
[37] A. Adare et al. [PHENIX Collaboration], Suppression

pattern of neutral pions at high transverse momentum in

Au + Au collisions at
√
sNN = 200-GeV and constraints

on medium transport coefficients, Phys. Rev. Lett. 101,
232301 (2008), [arXiv:0801.4020[nucl-ex]].

[38] A. Adare et al. [PHENIX Collaboration], Neutral pion
production with respect to centrality and reaction plane
in Au+Au collisions at

√
sNN=200 GeV, Phys. Rev. C

87, no. 3, 034911 (2013), [arXiv:1208.2254[nucl-ex]].
[39] B. Abelev et al. [ALICE Collaboration], Anisotropic

flow of charged hadrons, pions and (anti-)protons mea-
sured at high transverse momentum in Pb-Pb collisions
at
√
sNN=2.76 TeV, Phys. Lett. B 719, 18 (2013),

[arXiv:1205.5761[nucl-ex]].
[40] S. Chatrchyan et al. [CMS Collaboration], Azimuthal

anisotropy of charged particles at high transverse mo-
menta in PbPb collisions at

√
sNN = 2.76 TeV, Phys.

Rev. Lett. 109, 022301 (2012), [arXiv:1204.1850[nucl-
ex]].

[41] A. Adare et al. [PHENIX Collaboration], Azimuthal
anisotropy of neutral pion production in Au+Au colli-
sions at

√
sNN = 200 GeV: Path-length dependence of

jet quenching and the role of initial geometry, Phys. Rev.
Lett. 105, 142301 (2010), [arXiv:1006.3740[nucl-ex]].

[42] G. Aad et al. [ATLAS Collaboration], Observation of
a Centrality-Dependent Dijet Asymmetry in Lead-Lead
Collisions at

√
sNN = 2.77 TeV with the ATLAS Detec-

tor at the LHC, Phys. Rev. Lett. 105, 252303 (2010),
[arXiv:1011.6182[hep-ex]].

[43] J. Liao and E. Shuryak, Static Q̄Q Potentials and the
Magnetic Component of QCD Plasma near Tc, Phys.
Rev. D 82, 094007 (2010), [arXiv:0804.4890[hep-ph]].

[44] B. I. Abelev et al. [STAR Collaboration], Systematic
Measurements of Identified Particle Spectra in pp, d+ Au
and Au+Au Collisions from STAR, Phys. Rev. C 79,
034909 (2009), [arXiv:0808.2041[nucl-ex]].

https://doi.org/10.1103/PhysRevC.93.024907
https://doi.org/10.1103/PhysRevC.93.024907
http://arxiv.org/abs/1505.02677
http://arxiv.org/abs/1505.02677
https://doi.org/10.1103/PhysRevLett.115.132301
http://arxiv.org/abs/1502.01675
http://arxiv.org/abs/1704.04216
https://doi.org/10.1140/epjc/s10052-016-3896-0
https://doi.org/10.1140/epjc/s10052-016-3896-0
http://arxiv.org/abs/1504.05169
https://doi.org/10.1016/j.physletb.2006.05.083
http://arxiv.org/abs/hep-ph/0603010
http://arxiv.org/abs/hep-ph/0603010
https://doi.org/10.1016/S0550-3213(00)00303-5
http://arxiv.org/abs/hep-ph/0010289
http://arxiv.org/abs/hep-ph/0010289
https://doi.org/10.1016/j.physletb.2013.01.051
http://arxiv.org/abs/1208.2711
http://arxiv.org/abs/1208.2711
https://doi.org/10.1140/epjc/s10052-012-1945-x
https://doi.org/10.1140/epjc/s10052-012-1945-x
http://arxiv.org/abs/1202.2554
https://doi.org/10.1103/PhysRevLett.101.232301
https://doi.org/10.1103/PhysRevLett.101.232301
http://arxiv.org/abs/0801.4020
https://doi.org/10.1103/PhysRevC.87.034911
https://doi.org/10.1103/PhysRevC.87.034911
http://arxiv.org/abs/1208.2254
https://doi.org/10.1016/j.physletb.2012.12.066
http://arxiv.org/abs/1205.5761
https://doi.org/10.1103/PhysRevLett.109.022301
https://doi.org/10.1103/PhysRevLett.109.022301
http://arxiv.org/abs/1204.1850
http://arxiv.org/abs/1204.1850
https://doi.org/10.1103/PhysRevLett.105.142301
https://doi.org/10.1103/PhysRevLett.105.142301
http://arxiv.org/abs/1006.3740
https://doi.org/10.1103/PhysRevLett.105.252303
http://arxiv.org/abs/1011.6182
https://doi.org/10.1103/PhysRevD.82.094007
https://doi.org/10.1103/PhysRevD.82.094007
http://arxiv.org/abs/0804.4890
https://doi.org/10.1103/PhysRevC.79.034909
https://doi.org/10.1103/PhysRevC.79.034909
http://arxiv.org/abs/0808.2041

	The Role of QCD Monopoles in Jet Quenching
	Abstract
	I Introduction
	II Summary of the Jet Energy Loss Formalism
	A Derivation of the transport coefficient  in the BDMPS framework
	B Scattering on electric and magnetic quasiparticles
	C Parton energy loss in the BDMPS framework

	III Densities of electric and magnetic quasiparticles 
	IV Correction Due to Correlations of Monopoles
	V The evolution of the ambient matter at RHIC and LHC energies
	VI Jet Quenching at RHIC and LHC energies: Energy loss, azimuthal anisotropy, and dijet asymmetry
	VII Predictions for the Beam Energy Scan
	VIII Summary
	A Parametrizations
	1 Equation of state
	2 Densities of quarks, gluons, and monopoles near Tc

	B Hadronic observables in our hydrodynamic calculations
	C Effects of monopole correlations on observables
	 References


