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Collisional energy loss of a heavy quark in a semiquark-gluon plasma
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By utilizing a background field effective theory, we compute the collisional energy loss of a heavy quark
moving through a semiquark-gluon plasma characterized by nontrivial holonomy for Polyakov loops. We
consider the elastic scatterings between the incident heavy quark and the thermal partons with both hard
and soft momentum transfers. As compared to the energy loss obtained from the perturbation theory, the
hard processes get modified through the thermal distribution functions that depend on the background field,
while the proper treatment of the soft processes strongly relies on the use of the hard-thermal-loop
resummed gluon propagator derived from the background field effective theory. Our results show that the
heavy quark energy loss is significantly suppressed in the semiquark-gluon plasma due to a background
field that is self-consistently generated in the effective theory. On the other hand, the suppression has a
strong dependence on the temperature of the plasma, which becomes negligible above 2-3 times the critical
temperature. For a realistic coupling constant, ignoring a relatively weak dependence on the heavy quark
velocity, the suppression on the collisional energy loss can be approximated by an overall factor determined
solely by the background field. This simple conclusion is expected to be useful for phenomenological

applications in the heavy flavor physics.
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I. INTRODUCTION

Under extremely hot and dense conditions created in the
heavy ion experiments, the confined states of hadrons are
broken, resulting in a new state of matter known as quark-
gluon plasma (QGP) [1,2]. Studying the equation of state is a
crucial aspect of understanding the physical properties of the
strongly interacting matter. At asymptotically high temper-
atures, perturbative QCD works very well. Especially, the
hard-thermal-loop (HTL) resummed perturbation theory is
believed to be a powerful tool, which provides reliable
predictions on the thermodynamics of the QGP down to
several times the critical temperature 7', [3,4]. On the other
hand, the hadron resonance gas model can be used to
simulate the confined hadronic phase at temperatures below
T ;. However, there exists an intermediate region termed as
semi-QGP [5], from the critical temperature to a few times
that, where the physics is of particular interest. For high
energy heavy-ion experiments carried out at the Large
Hadron Collider (LHC), and especially at Relativistic
Heavy Ion Collider (RHIC), the temperatures probed are
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not far from the critical temperature. Unfortunately, neither
the hadron resonance gas nor the HTL resummed perturba-
tion theory can be a reliable theoretical means to explore this
intermediate region.

The partial deconfinement in a semi-QGP is character-
ized by nontrivial holonomy for Polyakov loops. As the
order parameter for the deconfining phase transition in
SU(N) gauge theories, the Polyakov loop is nonzero but
less than unity in the semi-QGP region according to the
lattice simulations [6,7]. This behavior can be realized by
introducing a classical background field for the timelike
component of the vector potential Ay. The resulting matrix
models [8,9], which can be considered as a background
field effective theory, give rise to a deconfining phase
transition through a competition between two different
contributions making up the effective potential in this
model. One is a perturbative term, favoring the completely
deconfined vacuum, and the other is a nonperturbative
term, driving the system to confinement. In addition, the
predicted thermodynamics is also in a good agreement with
the lattice data. Given the success made by the matrix
models, it is reasonable to adopt such an effective theory to
study some other physical quantities in a semi-QGP.

In this work, we will focus on the collisional energy loss
—dE/dx of an energetic heavy quark moving through a hot
and dense QCD plasma which is only partially deconfined.
As observed in the relativistic heavy-ion experiments, the
suppression of high transverse momentum hadrons can be
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explained by the energy loss of high energy partons in the
plasma. This phenomenon is called the jet quenching, an
excellent hard probe which provides a novel window to
unravel the fascinating properties of the deconfined nuclear
matter [10-13]. Furthermore, unlike the light quarks which
lose energy mainly through the gluon radiation, the colli-
sional energy loss of a heavy quark is comparable to the
radiated energy loss because of the dead-cone effect related
to the large quark mass [14—17]. Therefore, investigating
the collisional energy loss induced by the elastic scatterings
between the incident heavy quark and thermal medium
partons can help us to understand the measured heavy-
flavor spectra in nucleus-nucleus collisions. After the first
detailed calculation of —dE/dx for a heavy quark in the
QCD plasma made by Braaten and Thoma [18,19], many
attentions have been paid to this research topic, and there
were various theoretical developments over the past thirty
years; see Refs. [20-30] and references therein.

It is certainly interesting to consider the collisional
energy loss of a heavy quark by using a background field
effective theory when the nonperturbative physics plays an
important role and may affect the final results significantly.
Our calculation aims to provide quantitative estimates on
—dE/dx in a semi-QGP and also to assess the influence of a
nonzero background field that is self-consistently generated
within this effective theory. A previous work [26] also
focused on the same problem where the corresponding
calculations were carried out in the perturbation theory.
However, in the presence of a background field, it is
necessary to use an effective theory, which will be further
addressed in the following. On the other hand, the main
novelty in the current work is that we introduce the HTL
resummed gluon propagator for the first time to provide
quantitative predictions for the elastic energy loss of a
heavy quark in a semi-QGP. This is a crucial step for
meaningful computations as elastic scatterings are infrared-
sensitive quantities. Such a resummed gluon propagator as
derived from the background field effective theory is also
important for processes involving soft momentum
exchanges, such as the determination of the jet broadening
in a semi-QGP [31].

As a first step towards a full QCD analysis, we only
concentrate on a gluonic plasma because including dynami-
cal quarks in the effective theory is currently an open
question. The rest of the paper is organized as follows. In
Sec. II, we give the basic definition of the collisional energy
loss in QCD and review the theoretical approaches to
calculate the hard and soft contributions to —dE/dx in the
perturbation theory. In Sec. III, after introducing the
background field effective theory of a semi-QGP, we
discuss how the resummation of the usual hard thermal
loops will be modified in the presence of a background
field. In addition, the hard and soft contributions to the

energy loss are separately derived and the corresponding
analytical results are obtained in the weak coupling limit.
We show our numerical results of —dE/dx for a charm and
bottom quark in Sec. IV, where detailed discussions on the
heavy quark velocity/momentum dependence of the colli-
sional energy loss and its suppression in the semi-QGP are
also presented. Finally, a summary and outlook can be
found in Sec. V.

II. THE DEFINITION OF COLLISIONAL
ENERGY LOSS IN QCD

When a high energy heavy quark propagates through a
plasma consisting of light quarks and gluons in thermal
equilibrium, it may lose energy by interacting with the
thermal partons. The rate of energy loss per distance
traveled is given by [18]

dE 1 [
- =— dE'(E—-FE'
dx v[n ( )

0

dI'(E)
dE'

(1)

where E and v = p/E denote the energy and velocity of the
incident heavy quark with mass mp. In addition, the
interaction rate I'(E) reads

1 [ & Pk
M(E) =35 / (2n)32F / TR

31/
x / —(zi )fzk/ (1= n(k))(22)*8(P + K P/~ K')

< (325 2. @)

spins ~ color

In the above equation, P = (E,p) and P’ = (E', p’) are the
four-momenta of the incoming and outgoing heavy quark,
respectively. The four-momenta of the medium partons,
which scatter off of the heavy quark, are denoted by K =
(k,k) and K’ = (k',k’). For quark-gluon scattering, the
phase space is weighted by a Bose-Einstein distribution
n(k) = (/T — 1)~ and a factor 1 — n(k’) accounting for
the Bose enhancement.

The matrix element M can be determined by computing
the corresponding Feynman diagrams for the elastic scat-
tering processes. It is straightforward to obtain the tree-
level contributions as shown in Fig. 1 where, however, an
infrared divergence stemming from the #-channel diagram
emerges when integrating over the transferred momentum
q = p — p’. Following Braaten and Yuan [32], one can
introduce an arbitrary scale g* for the momentum trans-
ferred by which one defines the so-called hard and soft
contributions to —dE/dx. The hard contributions account
for scatterings with momentum transfer larger than ¢* and
can be expressed as
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Tree level Feynman diagrams for the scattering process Qg — Qg.

dEN%  (4n)a; [ &k n(k) [ k' 1+n(K) -
_<dx)hard I /(2;;)3 k /(2;:)3 v o@-v-a)

)
x0(q—q")

s G

2
v
(0* —q*)|.

3)

where a; = ¢*/(4r) and w = E — E'. Unless otherwise stated, we set the number of colors N = 3 in the following. For the
quark-gluon scattering, contributions from the s- and u-channels are finite for small momentum exchange; therefore, there
is no need to introduce the cutoff ¢*. The corresponding result reads

&k n(k)

o(l —v?)?

4)

dE\ Qos+0)  (47)3a
N\ax ) 20 /(27:)3 k

To obtain the above equations, we consider the thermal
partons with typical momentum k, K’ ~ T and assume the
mass and velocity of the heavy quark satisfy m, > T and
v> T/E. Consequently, contributions suppressed by
T/mg or T/p have been dropped in |M|?. Notice that
under the above assumptions, interferences between - and
s/u-channel become negligible and the energy conserva-
tion in Eq. (2) reduces to 6(w — v - q). Further simplifica-
tion can be made by realizing the fact that in Egs. (3)
and (4), terms involving the product ng(k)ng(k') are odd
under the interchange k <> k’, and thus do not contribute
to the energy loss after integrating over the momenta.
The interaction rate I" in Eq. (2) can be also expressed in
terms of heavy quark self-energy [18]. For the soft
contribution to —dE/dx, the above mentioned infrared
divergence can be eliminated by using the HTL resummed
gluon propagator in the calculation of the heavy quark self-
energy. It has been shown that [33] the resulting soft
contribution to —dE/dx is equivalent to the energy loss
obtained in the classical plasma physics where —dE/dx is
caused by the Lorentz force due to the chromoelectric field
induced by the incident heavy quark, namely [20,34]

E
(%) =re [ @xan By en.
dt soft

where the current J¢(z,x) = c*v6®)(x — vt) represents
the propagation of the heavy quark with color charge ¢
defined by 3 c?c® = ¢*>Cp. For SU(3), the Casimir invari-
ant Cp = 4/3. Using the Vlasov-Maxwell equations, the

/ &K' 1+ n(k')

(27‘[)3 ¥ 5(0) -V q)

(k—v-k)*’

induced chromoelectric field in the momentum space can
be written as

(6)

with Q = (w, q). In the above equation, A (Q) denotes the
HTL resummed gluon propagator in the temporal axial
gauge while A(i)j (Q) is the corresponding temperature-
independent free propagator. Explicitly, we have

EX4(0) = iw[AY(Q) — AY (0)]T54(0).

1 1

A(O) = Al 1 B,
= mme® t - mme)
. . |

8J(0) = oA+ B (7)

where the transverse and longitudinal structure functions
read

2 20 @—1
HL(@)_@2<—1+§lnCﬁ)f:>, (8)
and the two projectors are defined as
AT =38"-q'q'/¢*,  BU=q'q/q. (9

In addition, @ = w/q and the Debye screening mass
m?, = Ng?T?/3. Combining the above equations, we arrive
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at the following form for the soft contribution to the energy
loss:

dE\  l6rma; d’q i §
_<E>soft 3v Im (2”)3<V'q)U[AJ(Q)_AOJ(Q)]

xv10(q" - q) (10)

9
w=v-q

where the cutoff ¢* regulates the logarithmic divergence for
large momentum transfer. Such an unphysical behavior
appears because Eq. (5) is only valid for soft processes with
a typical momentum transfer g ~ g7.

III. THE COLLISIONAL ENERGY LOSS
OF A HEAVY QUARK IN A SEMI-QGP

In this section, we study the collisional energy loss of a
heavy quark in a semi-QGP, where the focus will be put on
the influence of a background field Q on the corresponding
—dE/dx. In Sec. Il A, we review some basics of the
effective theory adopted in our calculation and derive the
O-dependent resummed gluon propagator. The hard and
soft contributions to —dE/dx in the presence of a back-
ground field will be discussed in Secs. III B and III C,
respectively.

A. Effective theory of a semi-QGP

According to the previous discussions, it is possible to
introduce a classical background field Ag to describe the
nontrivial Polyakov loop in the deconfining phase tran-
sition for SU(N) gauge theories. The background field is
assumed to be constant in spacetime and given by a
diagonal matrix in color space,

1
(Agl)ab = 5 Qaéah- (1 1)

Furthermore, it satisfies the traceless condition
N, Q4=0witha,b=1,...,N.

The Wilson line in the temporal direction is defined as

p
L= Pexp(ig/ A(C]ld‘L'), (12)
0

where P denotes the time ordering, 7 is the imaginary time
and = 1/T is the inverse temperature. Accordingly, the
gauge invariant Polyakov loop takes the following form:

1
¢ =—TiL. (13)
N

One can also define higher loops, (1/N)TrL", and there are
N — 1 independent loops for SU(N).

After taking into account the classical background field,
the effective potential in general SU(N) gauge theories can

be computed in the perturbation theory. The one-loop
result is

_ 27T

S, (14)

ab

The dependence on the background field Q is given by the
fourth Bernoulli polynomials B4(x) = x*(1 —x)? — 1/30.
For later use, we also need the second Bernoulli poly-
nomials B,(x) = x*> — x + 1/6. Notice that the argument x
should be understood as x — [x] with [x] the largest integer
less than x, which is nothing but the modulo function. In the
above equation, a and b run from 1 to N when summing
over the color indices. In addition, we define 9“* = ¢ — g’
with q¢ = Q¢/(2xT) and the projection operator P¢-<¢ in
the double line basis reads

1
pabed = pab — 5467 — Néabacd. (15)

It is more convenient to perform the calculation in the
double line basis when a background field is present. In this
basis, color indices in the fundamental representation are
denoted by a,b,---=1,2,...,N, while in the adjoint
representation, they are denoted by a pair of fundamen-
tal indices, ab. The generators of the fundamental repre-

sentation are given by (1%)_, :%P‘Lff}, normalized as

Tr(11¢d) = 1P><d_ More details about the double line
basis can be found in Refs. [35,36].

The equation of motion for the background field
based on Eq. (14) indicates that the system is always in
a fully deconfined phase with vanishing background
field, and no phase transition could happen. It can also
be shown that after including the two-loop perturbative
corrections [37—41], one still has @ = 0 as the vacuum. To
drive the system to confinement, a nonperturbative con-
tribution needs to be added to the effective potential. It is
expected to play an important role near the critical temper-
ature where the confined vacuum is favored. One possible
way to generate such a contribution is to include a
mass scale in the dispersion relation for gauge bosons,
w; = Vk* + M?, then expand the resulting effective poten-
tial in the high temperature limit M < T. The leading order
term in the expansion is nothing but the perturbative V,, as
given in Eq. (14), and the next-to-leading order term
appears as the desired nonperturbative contribution in
the effective potential which takes the following form [8]:

M3T1?

Vnpt = T «Pab,baB2(|qab|>. (16)

ab

An alternative way to generate the above nonperturbative
contribution is to embed a two-dimensional ghost field
isotropically in four dimensions [9]. In this case, the mass
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scale in Eq. (16) should be considered as an upper limit for
the transverse momentum of the embedded fields. It
indicates that the ghost field is two-dimensional at short
distances; however, for distances larger than the scale of
confinement, it becomes fully four-dimensional field.

The combination of Egs. (14) and (16) leads to an
effective theory for studying the semi-QGP. One can derive
the equation of motion for the classical background field in
this theory, and a nonzero and temperature dependent
background field arises. At low temperatures, the solution
q* = (N —2a+1)/(2N) minimizes the effective poten-
tial," which corresponds to the confining vacuum with
vanishing Polyakov loop. When the temperature gets very
large, q“ ~ M?/T? indicates a perturbative vacuum where
the Polyakov loop approaches to unity. By requiring the
phase transition to occur at the critical temperature 7,, the
mass scale M, which is the only parameter in the effective
theory can be determined. For the SU(3) gauge theory, by
parametrizing the background field as

a: (qvov _q)7 (17)

the explicit 7-dependence of the background field in the
deconfined phase can be determined from its equation of
motion as the following:

1

QZ%

<9— 81 —80(Td/T)2), (18)

where M/T; = 2+/107/9 has been used. It is worth noting
that besides the nontrivial behavior of the Polyakov loop in
the deconfining phase transition, the above effective theory
is also capable of qualitatively reproducing the lattice
simulations on the thermodynamics for the SU(N) gauge
theories. Further improvements have been proposed,
leading to various versions of the matrix models for
deconfinement [42-45].

In this work, we will investigate the influence of the
background field on the heavy quark collisional energy loss
when it passes through the hot and dense medium. For the
hard scatterings, only thermal distributions of the medium
partons are affected by the background field. The resulting
Bose-Einstein distribution functions are given by [5,46]

1 — ,ab

elkol/T+27iq® _;

for ky > 0
. (19)
= l’l(ib(k()) for k() <0

On the other hand, for scatterings with soft gluon exchange,
it becomes necessary to use the HTL resummed gluon
propagator which regulates the infrared divergence. In the

"This is true under the straight line ansatz where the back-
ground fields q with a = 1,2, ..., N have constant spacing and
automatically satisfy the traceless condition.

presence of a background field, the resummed propagator
obtained from the Dyson-Schwinger equation gets modi-
fied through the Q-dependent gluon self-energy.

Within the framework of perturbation theory, it was found
that the HTL approximated gluon self-energy is not trans-
verse due to the appearance of an anomalous term at nonzero
Q[35,47]. In addition, this anomalous term also results in an
ill-defined gluon resummed propagator [48] as well as an
unexpected discontinuity in the free energy at higher order in
the coupling constant [49,50]. These known issues further
justify the necessity of employing an effective theory to
properly incorporate the effect of a background field. After
taking into account the contributions from the aforemen-
tioned two-dimensional ghosts, the anomalous term is
completely canceled and the resulting gluon self-energy
has the same Lorentz structure as its counterpart at Q = 0,
and thus preserves the transversality [9].

Based on the Dyson-Schwinger equation, the HTL
resummed gluon propagator in the effective theory was
first computed in [48] where the covariant gauge was used.
For our purpose, we carry out a similar calculation in the
temporal axial gauge and the N> — N off diagonal compo-
nents in color space are given by

1
Ay
@ = q* = (Mp)* (@I (@)

ab,cd =\ 97D oqd obe
Af(0.q) = 6% [

1
*w—M@W@mmm%} (20)

where the Q-modified screening mass can be written as

N 2
@ = |33 (Bl + Balla”) ) +
X m%, (21)

with a # b and the contribution ~M? comes from the two-
dimensional ghost field. As compared to Eq. (7), it turns
out that the influence of the background field on the
transverse and longitudinal gluon self-energy amounts to
the same modification on the screening mass. It is simply a
O-dependent multiplication as given by the terms in the
square bracket in Eq. (21).

In addition, the diagonal components of the HTL
resummed gluon propagator, after multiplying by the pro-
jection operator and summing over the color indices, read

> P AL (0.)
ab
N-1

1
[&—f—m%W®m@ﬁ“

o=1

+

7 VB @ @) | 22)
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FIG. 2. The Feynman rules in the axial gauge relevant to our calculations. Here, n* is a unit vector and the structure constant
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Similarly, the influence of a nonzero background field is fully
encoded in the modified screening masses which can be
written as

3M?

ol 6 c
M@ = (14 g+ e (23)
where terms in the bracket represent the background field
modifications and A2 withe = 1,2, ..., N — 1 denote a set of
Q-dependent functions. For SU(3) gauge theory, the explicit

form of 1% can be obtained as

7= (397 - 39,902 - 5). (24)

In fact, only the color sum Y., Pe-<? A?jb’“i is relevant
for studying the soft scattering processes. Combining the
above results of the diagonal and off diagonal contribu-
tions, we arrive at the following compact form:

Z’Pab chab Cd Q7 a>

abed

1

_§L—q4MWWUmw%
1

T M) @ @) ) #3)

where >/, = > .+, denotes a sum over both
diagonal and off diagonal gluons and for general SU(N),
a,b=12....Nwitha#bando=1,2,...,N—1. For
vanishing background field, it reduces to’

2Temperature independent contributions ~M? in Egs. (21)
and (23) are negligible in the high temperature limit where the
background field vanishes.

prab chtlb Cd Q’ a)
abed
Q=0 /11 1 py
= (N - 1)|: — AY
o —q* - m%)HT(w)

1 -
2 <w3} (26)

2
o —mpll; (&

which indicates that the N> — 1 gluons have equal con-
tribution to the above result. For nonzero background field,
on the other hand, both the N> — N off diagonal gluons and
N —1 diagonal gluons acquire different Q-dependent
modifications, and thus become distinguishable by their
associated screening masses. Notice that according to our
parametrization Eq. (17), there are only two different
screening masses for the six off diagonal gluons in
SU(3) gauge theory.

B. The hard scattering processes
in the background field

In this subsection, we calculate the hard contributions to
the collisional energy loss in the background field. As
already mentioned before, the influence of a nonzero Q is
reflected in the distributions of the thermal partons as given
in Eq. (19). A special feature of such a Q-dependent
distribution is that the gluons are denoted by a pair of the
color indices, ab. Accordingly, the color structures of
the squared matrix element |M|? need to be recomputed
in the double line basis. We list the corresponding Feynman
rules in the axial gauge in Fig. 2.

It is found that for nonvanishing background field, the
energy loss —dE/dx due to quark-gluon scattering can be
obtained from Egs. (3) and (4) by the replacement,
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&k n(k) [ &Pk 1-n(K)
4/(27r)3 k /(271')3 K

>

abcdef

#x (n (0 +n(0) /2
(2r)3 k

lfab,cd,effba,dc,fe/
6

) / P 1 - (nid(k’)—kn‘;d(k’)) /2’ -

(2x)} K
|

where 4 is the color factor in zero background field.
Analogous to the Q = 0 case, the above form indicates
that terms involving the product n(k)n<¢(k’) don’t
contribute to the energy loss. This can be seen by
interchanges of the momenta k <> k' and the color indices
ab <> cd. Thus, for nonzero background field, we arrive at
the following expressions for the hard contributions
to —dE/dx:

dE\ 29 2pgt 1 &k n (k) + n®(k &K’
B === 3 (1-ge / . (k) ()/ 8w —v-q)
dx BF.hard v ab=1 3 (27[) k 2 (27[) k
w — 122
X k—v-k a)Q—qQ]Qq—q*, (28
e kv kP S @ =)ot ) )
dE\ Qobs+u) gt G 1 &Pk n(k &K w(1—1?)?
==L 1 -6 2

(dx>BF,hard 4v Zl< 3 >/(2”)3k (2z)°K Sw=v-q) )

a,b=

The energy loss due to the s- and u#-channel scatterings can
be obtained analytically, which reads

Dy~ 5 (1-57)
== =anl?) |1 ——5“” By (19"])f1(v)
(dx BFhard Z
a?T? SN |TrL 2 - 1
— s , 30
ju -~ I’l2 fl(v> ( )
where
£1(0) 1 l—vzlnl—i—v (31)
V) =———>—In—-—.
! v 2072 l—v
To get the above result, we used
© >~ [TrL" 2
| knt(k)dk =T
5 J0 =
(32)

= 2T2> B, (|q*)).
ab

Our results show that for the s- and u-channel scatterings,
the modification of a background field is simply given by
the factor >_ (1 — 8% /3)B,(|q?*|). In the case of SU(3),
it equals 4(1 — 3q)?/3, which reduces to 4/3 for vanishing
background field as expected. However, integrals appearing
in the #-channel scattering turn out to be more involved. To
proceed further, we make the following change of the
integral variables:

(k—v-k)*

1 Pk [ e v
/ / - dk/ qdq/ " dw
1+1 7 7 —vg

The above integral intervals are determined to meet the
constraint condition that —1 < cos@ < 1, where @ denotes
the angle between k and k’ and cos@= (k> +(w+k)>*—g*)/
(2k(k+w)). Further constraints due to the two theta
functions (g — ¢*) and 8(v*q*> — w?) have also been taken
into account in Eq. (33). The second theta function
arises after averaging the integrand over the direction of v,
which is valid because the energy loss is independent of
the incident direction of the heavy quark in an isotropic
medium.

The cutoff ¢* was introduced to eliminate the infrared
divergence associated with soft momentum transfer. In fact,
in the limit ¢g* — 0, only the first integral over ¢ in Eq. (33)
becomes divergent, and thus needs to be regulated.
Consequently, a simplified version of Eq. (33) can be

obtained as
&Pk K g
271/ / /dk/ qdq/ dw
12_1<
/dk/ quq/ dw, (34)
2k
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which coincides with the variable change as used in [18] and leads to an analytical form for the energy loss even for nonzero

background field. The result can be expressed as

(dE) Qg(1) 202
dx ] gF hard T

n=1

where

1

Fal0) = [5 - %111(1 — ) +In 2} £1(v)

and Li, (x) is the polylogarithm. As we can see in the limit
q* — 0, the above result has a logarithmic divergence ~ In g*
and the background field modification on this divergent part
is the same as that on the s- and u-channel contributions. On
the other hand, for the finite part, besides the term ~k in the
integral over k, there is also a term ~k In k, which leads to a
more involved Q dependence of the energy loss which
cannot be described simply by the Bernoulli polynomial.

dE 3
&= % Z 5a" / / / dkdqdeo =" "="
dx ) gppaa AV

T
ln—*—f———y
q

1-2[. . (14w 1-v 1 -
_W|:L12< 3 > L12< 3 )+§ln 4 In

> (1 —%501’)/0 kdkw{ L(v) + f1(v) (ln(k/q*)—%ﬂ

202T% & |TrL"|? — 1
ey =

; “In n> + fz(v)], (35)

1 -2

v, (36)

1+v 2
1—-v

3

It can also be shown that the hard contribution in Eq. (28)
is always positive when varying g*. However, Eq. (35)
may lead to a negative energy loss at large ¢* because of
the simplification used in Eq. (34). Therefore, Eq. (34) is
only a good approximation when ¢* < 7. For an arbitrary
cutoff, one should adopt Eq. (33) to change the integral
variables for mathematical rigour. Thus, Eq. (28) can be
written as

ab (k) + n (k)

»QN| D

X[k2+kw+a)/4 1-v? k> +ko+q*> v?

q2

where we use the shorthand notation /ffsumdkdqda) to denote
the sum of the three triple integrals as given in Eq. (33).
Consequently, the integral over k needs to be carried out
numerically. Similar to the @ = 0 case discussed in [20], the
energy loss based on Eq. (37) is always positive for an
arbitrary cutoff and agrees with Eq. (35) in the small ¢* region.

C. The soft scattering processes
in the background field

The soft contributions to the collisional energy loss can
be studied based on Eq. (10), where the influence of the
background field amounts to a modification on the gluon
propagator. In the double line basis, the gluon propagator is
not diagonal in the color space and summing over the color
indices becomes nontrivial. In order to explicitly show the
color structures, we rewrite Eq. (10) as

dE)
( dx BF,soft 1;;1

&
xIm/ 2;)13 (v-q)
~(A0)i7(Q)v0(g" ~ q)

dra, 1

Pab,cd
v 2N

VA5 (0. q)

(38)

w=Vv-q

) 37
q* — o’ 3 12 (37)

In the above equation, (AO)“b “d(Q) is not the usual bare
propagator in perturbation theory. It actually corresponds to
the zero temperature limit of the resummed propagator in
the effective theory and can be written as

1
(80)i7*(0) = P“b*cd[ :
@ —q* =21 (@)
1
B, (39)
o - 3“7;1‘242 I, (@) ]]

The usual bare propagator can be recovered by setting
M? = 0 in the above equation which has no contribution to
the energy loss because of a vanishing imaginary part.
However, the propagator as given in Eq. (39) leads to an
extra contribution which as we will see, is important to
ensure the cancellation of the cutoff dependence in the
weak coupling limit although such a contribution is
temperature independent.

In the limit @ — 0, the resummed gluon propagation

A?jb ’Cd(Q,q) is also proportional to P4, and the sum

over the color indices in Eq. (38) can be easily carried out,
which leads to the following color factor:
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abed

ab,cdpab,cd __ C —
> PP 3

: (40)

for SU(3). On the other hand, when Q # 0, based on the resummed gluon propagator as given in Sec. III A, the following
compact form can be found for the collisional energy loss due to soft scatterings,

-

dE o 2_ 22 A2
=
dx BF.SOft 127[1} ab/a/s —v w (1 -

Fab/o‘/s<a) q)

1

abjo)s, = (1=a?)(q")? + F' (@, )
Fo0" (6, ) In .
)2 T F;h/ﬂ/x( ’q)

+ == sz/o/s (@, ﬁ) In

V2 — & Fab/o‘/s< a)

where we used d°q = 27q*>dqdd/v and the integral over g
has been done analytically. Furthermore, the shorthand
notation of the color sums is defined as

> =22

ab/c/s ab

(42)

where the first two sums on the right-hand side have
already appeared in Eq. (25). Notice the minus sign for the
last sum which is related to the contribution associated with
(A )“b “(Q) in Eq. (38). In the high temperature limit

where Q — 0, such a contribution becomes negligible as
compared to the contributions from the first two sums.
However, near the critical temperature, the three sums in
Eq. (42) give comparable contributions to the energy loss.
In addition, we have

b/o/s /A =
F;//L/S(“”CI)

= (Mp)®/ (@) (@), (43)

where (M3)$ = 3g>?M?/(4x?) is independent on the color
index s and for SU(N), s = 1,2, ..., N?> — 1. Therefore, the
purpose of introducing such a trivial sum over s is merely to
make the form of Eq. (41) compact.

By assuming g* > ¢gT ~ mp, one can expand the log-
arithm in Eq. (41). Keeping only the leading order terms
in the expansion, an analytical expression for the
|

8ol T?

(dE)  8na;
dx BF,soft 3

(1 =30 [£1 () In(g* mp) = f3(0)] = 55 F1(6) S (MB)P//* In((M) /" ).

(") } (1)

q*-dependent part can be obtained which in the case of
SU(3) reads

1_ Z MZ ab/o—/vf( )lnq*

ab/o/s

877.'6(2 T?

f1(v)(1-39)*Ing". (44)

Furthermore, the ¢*-dependent part of the hard contribution
in Eq. (35) can be written as

202T? SN |TrL" > — 1
_ .

fi1(v)Ing*

n=1

877:615

= fi(v)(1=39)°Ing".

(45)

Clearly, the cutoff dependence cancels between the hard
and soft contributions, which is similar to the case of zero
background field as studied in Ref. [18]. Notice that the
above cancellation does not depend on the details of the
background field, namely, a specified temperature depend-
ence as determined by Eq. (18) is not needed to make the
cancellation happen. Here, contributions from the last sum
in Eq. (42) are important to ensure the exact cancellation.

One can also get the full leading order result of the soft
contributions when expanding Eq. (41) with ¢* > ¢T,
which is given by

(46)
ab/c/s

In the high temperature limit where q — 0, the second term in the above equation can be neglected, and we get the

corresponding result at zero background field [19]

8wa2T?

(™5
dx ) gr_0 soft 3

where

[f1(v) In(g*/mp) = f5(v)],

(47)
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v ’1)2 _ 2
+ (GL(®) + ln(ﬂé)/z))] , (48)

with

Gr/(®) = Or/(@) [g - arCtan(QT/L(&)»]
(1 + 03, (@) (49)

and

QT@):l[ln(”‘b) L ]

bs 1-& 1 —&?
1{2 1+ &
D) = |2 -1 .
0.(®) ﬂ[&) n(l—d))] (50)

The above result also indicates that the background field
modification on the soft contributions is not simply an
overall factor (1 — 3q)? due to the appearance of the second
term in Eq. (46). Similar behavior has already been found
in the 7-channel contribution in the hard scatterings; see
Eq. (35).

We should point out that the simplification used in
Eq. (34) is valid when ¢* < T, while the expansion of
Eq. (41) is ensured to be convergent if g* > ¢T. Therefore,
the above cancellation of the cutoff dependence requires a
very small coupling constant in order to meet the
assumption g7 <« ¢* < T which is also the prerequisite
to use the energy loss obtained in Egs. (35) and (46).
Similar to the negative energy loss obtained from Eq. (35)
for very large ¢*, Eq. (46) also leads to a negative result
when the cutoff becomes too small as compared to the
screening mass. On the other hand, when extrapolating to a
realistic value of the coupling constant, the above
assumption cannot be well satisfied. Consequently, for
an arbitrary cutoff, we need to use Eq. (33) to carry out the
integrals for the hard contributions and evaluate the soft
contributions by Eq. (41) without any expansion. The
total energy loss, which needs to be determined numeri-
cally, does show a ¢* dependence. Such an ambiguity can
be eliminated by using the principle of minimum
sensitivity [20], and thus, the cutoff ¢* is fixed by
minimizing the total energy loss with respect to g*.

Finally, let us focus on the Q dependence of the
collisional energy loss based on our results in the weak
coupling limit. For the hard processes, since ¢* <« T, the
dominant f-channel contribution comes from the term
~In(T/q*) in Eq. (35). Therefore, the influence of the
background field amounts to a g-dependent factor reading

(1 —3q)? for SU(3).? For the soft processes, keeping only
the logarithmically enhanced contribution ~In(g*/mp)
with ¢* > mp, the same conclusion can be drawn from
Eq. (46). As a result, the g*-independent total energy loss
equals the factor (1 — 3q)? times the corresponding result
at vanishing background field. In the weak coupling limit,
the dominant contribution in the total energy loss is
~In(1/g) which comes from the soft processes.
Therefore, a proper treatment on the soft momentum
exchange with the hard thermal loop resummation is
necessary.

IV. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we present our numerical results for the
collisional energy loss of a heavy quark in a semi-QGP
which consists of the hard contributions from Egs. (30)
and (37) as well as the soft contributions from Eq. (41). As
already mentioned above, the cutoff dependence of the
total energy loss can be fixed through the following
equation:

=0,

()
dq* d.x BF | g*=¢P™s

(dE) _ (dE) (dE)
dx BF_ dx BF.soft dx BF.hard,

(51)

with

and thus, the resulting —dE/dx serves as a lower bound for
the heavy quark energy loss. We consider the collisional
energy loss above the critical temperature 7; = 270 MeV
for the SU(3) gauge theory. Like the zero background field
case, our numerical evaluations suggest that the energy
loss shows a weak ¢* dependence as we decrease the
coupling constant and eventually the energy loss coincides
with the result given by the sum of Egs. (30), (35), and (46)
in the weak coupling limit where the ¢* dependence
vanishes. For simplicity, we fix the coupling constant
a, = 0.3, corresponding to its typical value in the semi-
QGP region.

Given the temperature dependence of the background
field in Eq. (18), the collisional energy loss depends
only on the temperature of the plasma 7 and the velocity
of the incident heavy quark v». In the left plot of Fig. 3,
we show —dE/dx as a function of v at different temper-
atures. As we can see, the collisional energy loss increases
with increasing velocity and a very rapid growth is
observed in the large » region. Qualitatively, this coincides
with the behavior as observed at vanishing background

3The same is true for the s- and u-channel contributions.
However, there is no logarithmic enhancement in Eq. (30),
therefore, as compared to the 7-channel contribution, contribu-
tions from s- and u-channels can be neglected.
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FIG. 3.

Collisional energy loss in a background field (left) and the ratio of the energy loss with and without the background field (right)

as a function of the heavy quark velocity v at T = 1.1T; and T = 2.0T .

field.* It is also found that the heavy quark energy loss is
very sensitive to the temperature of the plasma, a significant
enhancement appears when the medium moves from a
region close to the critical temperature 7'; into the pertur-
bative deconfining region, where we choose T/T,; = 2.0,
corresponding to a rather small background field according
to Eq. (18). A more direct way to see the influence of the
background field is to consider the ratio of the energy loss
with and without Q which can be found in the right plot of
Fig. 3. In general, the collisional energy loss is reduced in
the presence of a background field. For a given temper-
ature, this ratio, or in other words, the suppression of the
energy loss is insensitive to the velocity as long as v is not
very large. Therefore, considering small and intermediate
incident velocities, the collisional energy loss in a back-
ground field can be well approximated with the corre-
sponding energy loss at @ = 0 multiplied by an overall
T-dependent factor. Notice that without considering the
background field, the temperature dependence of the
energy loss is very simple, i.e., —dE/dx ~T?, when a
fixed coupling is used. This is obviously not true for
nonzero background field because the above mentioned
factor changes with 7 significantly. On the other hand, a
notable increase of the energy loss ratio can be found in the
large » region.

In Fig. 4, we show the velocity dependence of the cutoff
g™ as determined by Eq. (51). No matter if a background

*The results without considering the background field corre-
spond to those obtained in the perturbation theory. Besides setting
Q =0, the mass scale M? in Eqgs. (21) and (23) is also zero,
namely, the N> — 1 gluons have the same screening mass m, for
SU(N).

>In fact, our numerical results show that the energy loss ratio
has a turning point at a velocity very close to 1, which is not
visible in Fig. 3. However, in the ultrarelativistic limit, finite
quark mass corrections become important there and for a realistic
charm or bottom quark, calculation beyond our approximation is
needed which we will discuss in the following.

field is taken into account or not, at a given temperature,
gP™ exhibits a very weak v-dependence for small and
intermediate velocities. However, a large increase of g"™ is
found when the velocity gets large. Furthermore, for
nonzero background field, ¢gP™/T changes when varying
the temperature 7 at a fixed velocity. This is very different
from the @ = 0 case where gP™ /T becomes a constant. We
can expect that in the high temperature limit, g°™ /T would
be identical to its counterpart at vanishing background
field. Therefore, the background field has a significant
impact on the cutoff near the deconfinement point, which
gradually diminishes as the temperature increases.

It should be noted that in principle the above results are
applicable for infinitely large quark mass because of the
approximations used in our calculation. For a charm and
bottom quark, finite mass corrections become important for
very small (v — 0) and large (v — 1) velocities. On the one
hand, when the incident velocity is smaller than the thermal
velocity ~(T/mg)"/?, the heavy quark is expected to gain
energy from a collision. As a result, —dE/dx must change

[ L s S B S
34r
[ == - BF#0,T=1.1Ty
32f i
[ BF+0,T=2.0T4 ]

qpms/-l-

0.4

FIG. 4. The velocity dependence of ¢gP™*/T with and without
the background field.
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FIG. 5.
momentum p at T = 1.17, (left), and T = 2.0T; (right).

Energy loss of the bottom (m;, = 4.7 GeV) and charm quark (m, = 1.3 GeV) in a background field as a function of
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FIG. 6. The ratio of the energy loss with and without the background field as a function of the heavy quark momentum p for charm and

bottom at 7 = 1.17, (left) and T = 2.0T; (right).

sign at sufficiently small v [34]. On the other hand, a more
accurate treatment on the energy loss is required for
ultrarelativistic energies E > sz /T where the largest
momentum transfer used in Eq. (33) is no longer valid,’
and some dropped terms in the squared matrix element may
also contribute significantly [24]. A crossover energy was
estimated to be ~1.8mg/T in Ref. [32] for QCD at
vanishing background field. Accordingly, there exists an
upper bound of the heavy quark velocity given by
1 —-0.28(T/my)?*, above which finite mass corrections
start to play a role. However, with the typical temperatures
achieved in the high energy heavy-ion experiments, we can
expect that for both charm and bottom quark our results are
reliable up to very large incident velocities.

®The largest momentum transfer 2k/(1 — v) in Eq. (33) is only
an approximation, which becomes exact when E <« sz /T.

In order to see the flavor dependence of the collisional
energy loss, we show in Fig. 5 —dE/dx for the charm
and bottom quark as a function of the momentum p at
different temperatures. The momentum p of the heavy
quark can be related to its velocity through the equation

p =vmy/V1—1? and we choose m, =13 GeV and
my, = 4.7 GeV in the numerical evaluations. Similar to that
found in previous literature without considering the back-
ground field, the collisional energy loss at Q # 0 grows
quickly with increasing momentum, and a charm quark
loses more energy as compared to the heavier bottom
quark. This conclusion can be understood from the fact that
the energy loss increases monotonically with increasing v
according to Fig. 3. Recall that for a given p, the incident
quark with larger quark mass has a smaller velocity, and
thus, one can naturally expect that the collisional energy
loss of a charm quark is more pronounced as compared to a
bottom quark carrying the same momentum. In Fig. 6, we
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also plot the energy loss ratio as a function of the heavy
quark momentum. It can be shown that before it gets
saturated at some large momentum p, the energy loss ratio
has a quick increase in the small momentum region where
the background field has a stronger impact on the sup-
pression of —dE/dx for a bottom quark. In principle, the
observed p-dependence of the energy loss ratio can be also
obtained from the corresponding v-dependence. Here, we
should mention that an approximate constant ratio existing
for » < 0.5 as shown in Fig. 3 is not contradictory to the
results given in Fig. 6. In fact, such an observation indicates
that for a charm quark, the energy loss ratio is almost
independent on the momentum up to p ~ 0.8 GeV, which
becomes p ~ 2.7 GeV for a bottom quark. Due to a rather
narrow region, this behavior becomes invisible in Fig. 6.
On the other hand, the saturation of the energy loss ratio in
the large momentum region is actually related to the very
weak v-dependence of the momentum when it gets large.
Finally, it is worth pointing out that for a given temperature,
although the energy loss ratio shows a dependence on the
heavy quark velocity or momentum, its magnitude does not
change dramatically when varying p or v.

As the background field strongly depends on the temper-
ature, the most direct way to see the influence of the
background field on the collisional energy loss is to study
the energy loss ratio as a function of the temperature 7". The
corresponding results are shown in Fig. 7, where we consider
two different heavy quark velocities. Our results suggest that
the background field suppresses —dE/ dx and the suppression
is very significant in the entire semi-QGP region, from 7, to
about 2 ~ 3T ;. Especially, at the critical temperature, the
heavy quark only losses ~10% of the energy that would be
lost in the case where Q = 0. This can be attributed to the
partial ionization of the plasma, which corresponds to a

10—

=0

(~(dE/dx))gr=0/(-(dE/dX))er.

TITy

FIG. 7. The ratio of the energy loss with and without the
background field as a function of the temperature for different
heavy quark velocities. The result in the ultrarelativistic limit
v — 1 comes from Ref. [26] where the values of the background
field are based on Eq. (18).

reduced number density of the thermal partons in the presence
of a background field. On the other hand, the energy loss ratio
increases quickly with the increasing temperature, and above
the semi-QGP region, nonzero Q only shows a very weak
influence on the heavy quark energy loss. This behavior can
be understood by looking at the 7 dependence of the
background field. According to Eq. (18), the magnitude of
the background field drops very quickly with increasing T
and becomes negligible at temperatures larger than 2-37 ;. In
addition, there is only a moderate difference between the
dashed curve for » = 0.3 and the dot-dashed curve for
v = 0.9; therefore, the energy loss ratio has a weak depend-
ence on the heavy quark velocity at any given temperature.
This is actually consistent with our above findings.

We also compare our results with the energy loss ratio
obtained in Ref. [26], where the authors computed the
collisional energy in a semi-QGP with the perturbation
theory. They focused on the ultrarelativistic limit, where
v — 1 and considered tree level Feynman diagrams with
bare propagators. The infrared divergence associated with
the 7-channel contribution was regulated by choosing the
Debye mass mp, to be the cutoff, and thus, no resummation
was considered for the soft momentum exchange.
Consequently, the modification of the background field
on the collisional energy loss turns out to be very simple,
which is entirely encoded in the Q-dependent factor
(1 —3q)? for SU(3). This is exactly the same as what we
found based on the result of —dE/dx in the weak coupling
limit.” The corresponding result in [26] is also presented.
However, in a perturbation theory, nonzero background field
cannot be generated self-consistently from the equation of
motion. Therefore, the values of the background field were
extracted from the lattice simulations on the Polyakov loop
in [26]. For a direct comparison, the solid curve in Fig. 7 is
obtained with the background field determined by Eq. (18).
It is interesting to see an agreement between the results
from [26] and our results at large velocities even for a
realistic coupling constant. As a result, we can expect a
smooth transition to the ultrarelativistic limit v — 1, where
in principle our result is no longer reliable due to the finite
quark mass. In addition, ignoring the weak dependence on
the heavy quark velocity, the energy loss ratio can be
approximated by an overall factor (1 — 3q)? and according
to our numerical results, the corresponding error is less than
10% when a realistic coupling constant is considered.

V. SUMMARY AND OUTLOOK

In this work, by utilizing a background field effective
theory, we calculated the collisional energy loss of a heavy

In the ultrarelativistic limit, the leading logarithmic contri-
bution from z-channel is ~ In(ET /m?3). In addition, the u-channel
contribution cannot be neglected because it has a logarithmic
enhancement ~ In(ET/ mZQ) However, in both cases, the modi-

fication due to the background field is simply given by (1 — 3q)?.
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quark propagating through a semi-QGP characterized by a
nontrivial Polyakov loop. For temperatures close to the
critical temperature, nonperturbative physics played an
important role on the physical observables and such an
effective theory, which well described the thermodynamics
of the medium turned out to be an ideal tool to study the
relevant problems in a semi-QGP. We considered the
energy loss due to elastic scatterings between the incident
heavy quark and the medium partons and showed that a
nonzero background field, self-consistently generated from
the equation of motion in the effective theory, had an
important influence on both hard and soft contributions to
the collisional energy loss. For hard scatterings, it was
sufficient to use the bare propagator to compute the squared
matrix element, while the thermal distribution functions of
the medium partons were modified in the presence of a
background field. For soft scatterings, it was necessary to
take into account the HTL resummation in order to regulate
the infrared divergence. Accordingly, the Q-modified
resummed gluon propagator which carried the correct
screening information in the semi-QGP became the crucial
ingredient to evaluate the energy loss associated with the
soft processes.

Our results demonstrated that in the weak coupling limit,
the collisional energy loss was independent on the momen-
tum cutoff ¢*, which has been introduced to separate the
hard and soft contributions to —dE/dx. This was exactly
the same as what happened at Q = 0, where the cutoff
dependence was canceled between the hard and soft
contributions. Furthermore, when O # 0, the cancellation
did not rely on the explicit form of the background field,
which was considered as a function of the temperature. It
was also found that in the limit g — 0, keeping only the
leading logarithmic contribution ~In(1/g) in the colli-
sional energy loss, the background field modification on
—dE/dx became very simple and the total energy loss at
Q # 0 was just given by a Q-dependent factor multiplied
by the corresponding energy loss at Q = 0.

For a realistic coupling constant, on the other hand, the
cutoff dependence existed in the collisional energy loss,
and —dE/dx had a notable dependence on g* when the
coupling constant became large. We determined the cutoff
by minimizing the total energy loss with respect to ¢*, and
thus, the corresponding —dE/dx could be considered as a
lower bound for the heavy quark energy loss. The numeri-
cal results suggested that although sharing some common
properties with that at Q = 0, the collisional energy loss
was reduced in the presence of a nonzero Q. Although the

suppression was not sensitive to the heavy quark velocity/
momentum, it strongly depended on the temperature of the
medium. Therefore, different from a simple ~7> depend-
ence at vanishing background field, —dE/dx was expected
to have a more involved T dependence in a semi-QGP. In
addition, the mass hierarchy of the energy loss, i.e., a charm
quark losing more energy than a bottom quark was also
observed at nonzero Q. With a given temperature, the
background field led to a stronger suppression effect for a
bottom quark although the magnitudes of the energy loss
ratio for a charm and bottom quark did not differ signifi-
cantly from each other. Finally, as the temperature
approached to the critical temperature from above, the fast
decrease of the energy loss ratio indicated a significant
reduction of the collisional energy loss. Especially, the
energy loss of a heavy quark was only ~10% of that in a
vanishing background field when T = T,;. However, the
influence of the background field became negligible above
2-3T,, where the saturated energy loss ratio got very close
to one. Here, an interesting finding was that the simple form
(1 —3q)? describing the Q modification on —dE/dx in the
weak coupling limit could be approximately applied to a
moderate coupling constant if we ignored the weak velocity
dependence of the energy loss ratio.

The background field effective theory is a useful theo-
retical tool to study the physics in a semi-QGP, which is
probably the most interesting region of the hot and
dense medium being explored in high energy heavy-ion
physics. Besides the heavy quark collisional energy loss
discussed in this work, it can be also adopted to study other
relevant observables, such as the photon and dilepton
production, the radiated energy loss and so on. However,
a full QCD analysis requires a nontrivial generalization of
the effective theory where one needs to nonperturbatively
include the contributions from the thermal fermions.
Further work along this line needs to be carried out in
the future.
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