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Unraveling the collisional energy loss of a heavy quark
in a quark-gluon plasma
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At leading order in the QCD coupling constant, we compute the energy loss per traveling distance of a
heavy quark dE/dz from elastic scattering off thermal quarks and gluons at a temperature 7, including the
thermal perturbative description of soft scatterings (—f < —¢*) and a perturbative QCD-based calculation
for hard collisions (—z > —¢*). Within this soft-hard factorization model, we find that the full results of
dE/dz behaves a mild sensitivity to the intermediate cutoff r*, supporting the validity of the soft-hard
approach within the temperature region of interest. We rederive the analytic formula for dE/dz in the high-
energy approximation, £, > m?/T, where E| is the injected heavy quark energy and m; is its mass. It is
realized that the soft logarithmic contribution, dE/dz o In(—t*/m3), arises from the ¢-channel scattering
off thermal partons, while the hard logarithmic term, dE/dz « In[E,T/(—t*)], stems from the #-channel
scattering off thermal partons, and the one dE/dz « In(E;T/m?) comes from the s- and u-channel
scattering off gluons. The sum of these contributions cancels the ¢*-dependence as observed in the full
result. The mass hierarchy is observed dE/dz(charm) > dE/dz(bottom). Our full results are crucial for a
better description of heavy quark transport in QCD medium, in particular at low and moderate energy. We
also calculate the energy loss by imposing the Einstein’s relationship. The related results appear to be

systematically larger than that without imposing the Einstein’s relationship.
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I. INTRODUCTION

The normal nuclear matter turns into a new state of
matter characterized by the deconfined partons known as
quark-gluon plasma (QGP), at extremely high temperature
and energy density as achieved in the microseconds after
the big bang [1,2]. In the past two decades, high energy
heavy-ion collisions carried at the Relativistic Heavy-lon
Collider (RHIC) and the Large Hadron Collider (LHC)
provides a unique opportunity for shedding light on the
perturbative region of quantum chromodynamics (QCD),
the most understandable of the fundamental interactions in
the Standard Model [3-5].

Heavy quarks (charm and bottom) are of particular
interest probes of the QGP as they are produced in initial
hard scatterings in the early stage of the collision and
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subsequently propagate through the QCD medium of
quarks, anti-quarks and gluons in thermal equilibrium at
a temperature 7, resulting in the collisional and radiative
energy loss, dE/dz, via elastic and inelastic interactions,
respectively [6-9]. This medium-induced effect can be
studied using the experimental observables, such as the
relevant production cross-section, nuclear modification
factor, elliptic flow and azimuthal correlations. Thus, the
properties of heavy quark energy loss are of intense interest
in connection with the signatures of the formation of QGP
in ultrarelativistic heavy-ion collisions [10-15].

In 1982 Bjorken provided [16] a perturbative calculation
of the collisional energy loss of a massless parton due to the
elastic scattering off the thermal quarks and gluons in the
QGP. He estimated dE/dz at leading order in g, by making
several approximations, such as (1) assuming an energetic
parton, i.e., in the large energy limit; (2) keeping only the
logarithmically divergent integral over momentum transfer;
(3) imposing physically reasonable upper and lower limits
to regulate the infrared and ultraviolet divergences. Finally,
it was realized that the collisional energy loss was path-
independent and that it depended on the energy of the
parton only logarithmically, see Eq. (41) for details.

However, these results suffered from an ambiguity
associated with the choice of the upper and low limits
for the momentum transfer [17]. The improvements over
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the Bjorken approach have been achieved by the sub-
sequent studies, including more careful treatment of the
infrared divergences [18], ultraviolet divergences [19,20],
the inclusion of the running of the coupling [21,22] and
many more.

The aim of this paper is to obtain the heavy quark energy
loss dE/dz at low and moderate energy, by a complete
calculation at leading order QCD coupling constant for
the elastic scattering off thermal light quarks and gluons
in a QGP. To separate the contributions from the soft
(v/—t ~ gT) and hard regions (v/—t > T) of the momentum
transfer ¢, an arbitrary momentum scale ¢* is introduced
and, subsequently, adjusted according to the comprehen-
sive model-data comparisons. Concerning the soft compo-
nent, it is recalculated taking into account the contributions
from low-momentum transfer, and the resulting long-
wavelength gluon are screened by the dense mediums.
As a consequence, the propagator in the gluon-exchange
diagrams is replaced by the hard-thermal loop (HTL)
propagator [23,24]. For the hard component, the hard
gluon exchange is considered and the tree-level propagator
is used in our calculations [25].

The paper is organized as follows. In Sec. II. we focus on
the calculation of the collisional energy loss of a heavy quark
crossing a quark-gluon plasma. In Sec. Il A we introduce
the general setup of the employed soft-hard factorization
approach, in particular, the relevant scattering rate, which is
crucial for the calculation of the energy loss. The results in
the soft and hard regions are obtained and discussed in
Sec. IIB. Section IIC is dedicated to the description of
the theoretical results in the high-energy limit. In Sec. IID
we argue that the collisional energy loss can be directly
related to the drag coefficient, which is one of the three key
parameters in the Fokker-Planck and Langevin dynamics.
In Sec. I we show the momentum and temperature
dependence of charm and bottom quarks, as well as the
systematic comparisons with other approaches. Section IV
contains the summary and discussion.

II. ENERGY LOSS IN THE SOFT-HARD
FACTORIZED APPROACH

The elastic scattering processes between heavy quark
and the quark-gluon plasma constituents can be regarded as

O(p1) +i(p2) = O(p3) +i(ps)s (1)

where, p; = (E;, p;) and p, denotes the four-momentum
of heavy quark (Q) and the medium partons (i = ¢, g),
respectively. p; and p, are the ones after scattering.
The corresponding tree-level Feynman diagrams for
these processes are shown in Fig. 1. The quark-quark
scattering only has a #-channel momentum exchange, as
displayed in the panel-a of Fig. 1, while the quark-gluon
scattering contributes three diagrams corresponding to
t-, s- and u-channels, as presented in the panel-b, c, d

(© (d)

FIG. 1. Tree-level Feynman diagrams for the scattering proc-

esses Qg — Qq (panel-a) and Qg — Qg (panel-b, c, (d) in
vacuum.

in Fig. 1. For each diagram in Fig. 1, the corresponding
matrix elements at leading order in g can be found in
Appendix A, and the four-momentum transfer is p/f — p4 =
(w,4) = (w,qr,q;). The related Mandelstam invariants
can be expressed as

t=(p1—-p3)?=w’—¢
s=(p1 + py)*
u= (Pl - P4>27 (2)

where, the three-momentum transfer ¢ = |g].

Since gluons are massless, the characteristic #-channel
gluon propagator diverges for small momentum transfers
t — 0, see Eq. (A21) and (A22), which causes a diverging
cross-section,

do ——~ 1

The divergence is usually regulated by a cutoff scale for the
momentum phase space, which is encoded in an additional
factor [26-28]

O(s 2 2mp)0(=s + mp <t < —mjp), (4)

or by a mass pup(7T) to include the effects of Debye
screening [29],

1 1
T G)

Note that up(7T) is assumed to behave up(7T) x T in
Ref. [30], and to follow p3(T) = Am3/(T) in the other

literatures, where, mp o T is the Debye mass for gluons
with a fixed coupling constant, see Eq. (12) below. It is
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argued that, in Ref. [31], 4 = 1/3 when taking the thermal
gluon mass as the regulator, while in Ref. [32], 1% 0.2 is
adjusted requiring that a pQCD Born calculation with this
gluon propagator gives the same energy loss as the hard-
thermal-loop approach. However, these infrared regulators
are not very well determined on first principles.

Alternatively, the divergence in Eq. (3) can be cured
by taking into account the contributions from the long-
wavelength gluons, which correspond to small momentum
transfer \/—t~ gT, i.e., soft scattering, in a thermal
perturbation theory. The soft gluon exchange in #-channels
(see panel (a) and panel (b) in Fig. 1) features long-range
interactions, and they are therefore screened by the medium
partons. Formally, the associated gluon propagator must
be screened with its self-energy [24,33]. Concerning the
contributions from the large momentum transfer \/—¢ > 7,
i.e., hard scattering, where the Born approximation is
valid, and it is straightforward to perform a pQCD
calculation in this regime. This is the soft-hard factorized
approach [19-21,34-38], which allows us to decompose
the soft HQ-medium interactions with —¢ < —¢*, from
the hard ones with —¢ > —t*, as illustrated in Fig. 2. The
intermediate scale #* is formally chosen as

mi < —1* < T2, (6)

implying that the coupling is very small a; < 1, namely the
weak-coupling or high-temperature limit [24,32,35]. This
relation, strictly speaking, should be guaranteed if applied
to realistic situations where the temperature is not high
enough and the coupling is not terribly small. However, in
our calculations, we simply explore the weak-coupling
limit and see what they give in practice. In the previous
work [25], we calculated the transport coefficients in this
limit and especially studied how they change within the
temperature region accessed by the RHIC and LHC experi-
ments. By comparing the results based on a set of the
intermediate cutoff ¢*, it is found that, the momentum
diffusion coefficients behave a mild sensitivity [25], sup-
porting the validity of the soft-hard factorization approach
at RHIC and LHC energies. We will check further this

w

w
x=—=1
q
—t=01-x)¢
hard
soft
q =V-t 1

FIG. 2. Illustration of the phase space decomposed for the soft
and hard interactions.

conclusion via the energy loss in this work. We note that
the divergence in Eq. (3) is usually regulated by the
sharp cutoff on the momentum transfer, such as *, which
can also be cured by a dimensional regularization. See
Ref. [39] for details.

A. The interaction rate for two-body scattering

In this subsection, we need to evaluate the scattering
rate from the proceeding calculations. With the soft-hard
factorization model, the scattering rate arises from three
kinematic regimes:

(1) The scattering of heavy quarks and medium partons

in f-channel with small momentum transfer,
—t < —t*. This is the “soft” region. The interfer-
ences between - and s/u-channel are not taken into
account in soft scattering.

(2) The scattering in t-channel with large momentum
transfer, —¢ > —¢*. This is the “hard” region. The
interferences between t- and s/u-channel are taken
into account and attributed to the #-channel hard
scattering.

(3) The scattering of heavy quarks and gluons in s- and
u-channels with both small and large momentum
transfer. This is the *“s + u” region, whose contri-
bution is limited since the relevant interaction rate is
much smaller when compared with the one from
t-channel.

The total scattering rate is the sum of these three kinematic
regions

F=TP" + T + T (7)

in which the expressions of each of these regions will be
summarized below. Here we just show the final results
obtained in our previous work, and the details are relegated
to Ref. [25] and the references therein.

In soft collisions, the scattering rate for two-body
scattering is expressed as

ET) = Cr [ [ dony(@)éo-7,-3)
(pL(0.q) + Bl = () Plor@. @)} (8)

where, C = (N2 —1)/(2N,) is the quark Casimir factor
for the fundamental representation and N, is the color
factor; g is the strong coupling constant [40]

r=amnlize) oz o

where, the factors fy = (11 —=3N,)/(162?), f; = (102 —
3BN,)/(1622)? and the scales u = 7T, Agcp = 261 MeV;
Ny is the number of active flavors in the quark-gluon
plasma; ¥, = p,;/E; is the heavy-quark velocity;
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np/r(E) = (ef/T F 1)~ denotes the thermal distributions
for bosons/fermions and 71z, = 1 & ng,p accounts for the
Bose-enhancement or Pauli -blocking effect. Note that the
short notation [, = f

space integrals. The transverse and longitudinal spectral
functions p7,; in Eq. (8) reads

3 is adopted for momentum phase

2 2,2
 mom, w*m?,
pri.q) = "2 (qZ—w2>{[q2—w2+ -
2
x <1+q Cin —qﬂ‘))]
2mq qg—o
Toms 2)-!
- ] (10)
q
2
WMy, 5 5 0w, g+
q) = |- 2pdte
puled) ==, {[q +mD< 29 q- w)]

2\2) -1
Tomy,
) 11
(5} w
in which m?, is the Debye screening mass squared for gluon

N. N;
ml = <?+Ff>g2T2, (12)

where, N. =3 is the color factor and Ny =3 is the
quark flavors.

In hard collisions of heavy quark (Q) and medium parton
(i =q, g), the corresponding scattering rate in f-channel
reads

l"hard (EI,T):L/ n(EZ)/ L/ fl(E4)
Qi(1) 2E, J,, 2E, J, 2E;),, 2E,

X |M2|Qi(t)(2”)45(4)(p1 + p2— P3 — Pa)s

(13)

which is obtained by neglecting the thermal effects on the
heavy quark after scattering. Similarly, the hard contribu-

tions from the scattering of heavy quarks and gluons in
s- and u-channels can be obtained by modifying Eq. (13) as

hard
Fé‘é(w) (Ers T>

2El . 2E2 / 2E, / 2E4

x | M? |Qg(s+u)(2”)45< J(pr+p2—ps—ps).  (14)

We note that the vacuum matrix elements |M?|,; are
expressed in Egs. (A21)-(A23), and the running coupling
constant g(u) are given in Eq. (9) with the scale u = /—t in
hard collisions.

B. The collisional energy loss for two-body scattering

The heavy quark energy loss per distance traveled is
written as

dE . dr 2
e 1
dz / d3 (13)

where, v, is the velocity of the heavy quark, dI'/d*q is
the differential scattering rate with respect to the three-
momentum transfer g and w is the energy transfer. The total
energy loss in the soft-hard factorized approach is given by
inserting Eq. (7) into Eq. (15), yielding

dE[ dE] goﬁq dE} hard+{ dE}
de | de]y L ode]y L odalin

in which the contributions from #-channel are shown as the
first (soft) and second (hard) terms on the right hand side,
together with the contributions from s- and u#-channels are
expressed as the third term.

With Eq. (8) we can get the energy loss in soft collisions,

dE]™%  Cp? [0 x
{ dz] 871';1}1%/* dt<_t)/0 dx(l —x%)?
x [pL(t,x) 4+ (v] = x*)pr (1, %)), (17)

in which the integration variables (t = 0> — ¢*>,x = w/q)
are changed comparing with the ones (g, @) as shown in
Eq. (8). See Fig. 2 for details. Thus, the transverse and
longitudinal spectral functions [Eq. (10) and (11)] can be
rewritten as [25]

2 2 2
my, » mp , 1—x
7 M X)HI‘sz(Jrzx
1+x\12  [#m3 NEE
xlnl_x)] —l—[Tx(l—x) . (18)
x 1+x\]|?
pr(t.x) = ﬂm%x{ [1 (1 —51 T —x)}

+ (”’;%x)Z}_]. (19)

In analogy with the soft part, the energy loss in hard
collisions can be obtained with Eq. (13),

(16)

pr(t, x)

|: dE:| hard |: dE:| hard
dz (1) i:q,g dz Qi(r)
= d|pa|E;n(E;)
256” p% ;q /pZ mm

COSV"max
x/ d(cosy/)/ dt—|M2\Q,
- Imin

1

(20)
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The boundaries of the integrals (| P2 in» €OS ¥ |imax a0d Zipin),
the parameters (a and b) and the matrix elements in vacuum
(|M?[p) in Eq. (20), are expressed and summarized in
Appendix A. More detailed aspects of the calculations are
also shown in this appendix.

Due to the finite heavy quark mass (m; in a few
times GeV), the contributions from s- and wu-channels,
[dE/dZ] s,y in Eq. (16), are not divergent for small
momentum transfers. Thus, there is no need to introduce
the intermediate cutoff +* and the |p,| integration in
Eq. (20) can be continued down to zero, as well as the
cosy and ¢ integrations can be continued up to unity and
zero, respectively, resulting in

aE ! / ™ 4|,  Eyn(Es)
—_ [ — n
2] (i 25685 Jo CTHTNE

1 R —
x/ld(cosw)/ dt;|M2|Qg(s+u). (21)
- 1,

min

C. The energy loss in the high-energy approximation

The integrals in Egs. (17), (20), and (21) are difficult to
evaluate analytically for arbitrary heavy quark energy E;.
The physical interpretation of the results is challenging in
general. However, in the high-energy approximation (HEA,
i.e., E| — o), the relevant results are surprisingly simple,
and they are certainly useful to discuss further the in-
medium energy loss mechanisms. Here, we simply sum-
marize the final results, and the detailed aspects are
relegated to Appendix B.

Concerning the soft contribution (—¢ < —¢*) in the limit
E| — oo we are interested in, the full result [Eq. (17)] can
be simplified as [Eq. (B7)]

dE|o-HEA  C. (N, N —2r
{ ] o (—‘ + —f) ¢*T*In (22)
nm

I R A 2

It appears that (1) dE/dz depends logarithmically on the
intermediate cutoff ¢*; (2) its temperature-dependency
behaves dE/dz o« T?In(T + const) at fixed coupling;
(3) its energy-dependency vanishes.

For hard collisions (—¢ > —¢*) with very hard momen-
tum exchange, the kinematics are constrained by —¢ ~ s &
5~QO(E\T) or —it < 5~ O(E,T) with the abbreviations
S5=s—mj] and @t =u—m}. Accordingly, the energy
loss for Qg and Qg scatterings in different channels
[Egs. (20) and (21)] can be simplified as [Egs. (B19), (B26)
and (B29)]

dE hard—HEA N Nc
el
dZ Qq(t) 2167[

8E\T 3
- 2
—t* 4+C), ( 3)

4E\T 3

— —Z+c>, (24)

4E\T 5
—— . (25
n mZ 6+C> ( )

1

E| hard—HEA 2_1
e
dz] o401 6z

|:_ dE:| hard—HEA _ N% _ 194T2 <]
dz ] pg(s+u) 4327
where, the strong coupling constant ¢> = 4za, and the
constant factor ¢~ —1.14718. It is found that (1) the
logarithmic ~ terms In[E,T/(-#*)] and In(E,T/m?)
arising from the integral [ dt/t (t-channel) and [dii/i
(u-channel), respectively, in the region —t ~ 3 > m? when
s~35~O(E\T); (2) dE/dz depends on the intermediate
scale t* for the contribution from #-channel, while it is not
for the s- and u-channels; (3) its temperature-dependency
behaves dE/dz o« T?>(InT + const.) for a given energy;
(4) its energy-dependency behaves dE/dz « InE, for a
given temperature at fixed coupling; (5) dE/dz for the
Qg scatterings in f-channel is much larger that in s- and
u-channels. The temperature and energy dependencies of
dE/dz are similar to the results for the scattering of a light
hard parton off a light soft parton [41,42].

Summing all these contributions up, we obtain the total
energy loss of heavy quark from scattering off quarks and
gluons in the high-energy approximation

HEA N,
[—‘ﬂ :4na§T2[(1+ f>1nE'2T
dz] o410y 3 6 Mp
2 E\T

where, N, = 3 and d(N;) = 0.145901N ; 4 0.050213. It is
realized that the dependence on the arbitrary scale ¢*
cancels, which is similar to the QED case [19,37]. Same
results can be found in Ref. [21].

D. The energy loss calculated
with the Einstein’s relationship

During the traversing through the QCD medium, the
heavy quark dynamics is wusually described by the
Boltzmann model. For the Boltzmann approach, it is argued
[43] that the interactions between heavy quark and medium
partons can be conveniently encoded into the drag (p)
and momentum diffusion coefficients (x; and x;), which
describe, respectively, the average energy loss and the
momentum fluctuations in the direction that is parallel
and perpendicular to the propagation. All the transport
coefficients can be calculated independently. Assuming a
small momentum transfer in interactions, Boltzmann is
reduced to the Fokker-Plank dynamics, which can be
realized stochastically by a Langevin approach [7,15,30,44].

In the framework of the Fokker-Planck and Langevin
transport [45-50], the drag and momentum diffusion
coefficients are related to each other via the Einstien
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fluctuation-dissipation relation. Consequently, the heavy
quarks allow to reach the thermodynamic equilibrium
and follow a Maxwell-Boltzman distribution in the infinite
time limit [51]. The drag coefficient can be characterized

by the energy loss per length, —np|p|=d|p|/dt =
dE/(vdt) = dE/dz, yielding
dE
—d—:ﬂD|P1| (27)

The drag coefficient i, in Eq. (27) can be given via the
Einstein’s relationship [52]

Ip = UD(KTﬁKL)

= s (= D3 R + Vi
—(3¢-Drr—(&+ )KLL (28)

in which the parameter £ = 0, 0.5, 1, corresponding to the
prepoint Ito, the midpoint Stratonovic and the postpoint
discretization schemes, respectively [7]. The postpoint Ito
scheme (¢ = 1) is adopted in this work.

We can see that now all the associated components, such
as the drag coefficient and the energy loss, are quantified
by the transverse and longitudinal momentum diffusion
coefficients [25],

1 . dr (2wE, — 1)?
g 2oL (29
= / 143G { 4p3 (29)

1
K;, = 4 d3 d_Zi (Z(DEI — t) (30)

which can be formulated with the soft-hard factorization
approach,

i = (ip) i+ (k) {5+ (k1) (5 (31)
k= (k)F + (k) + (kL) (- (32)

The soft components read [25]

soft CF 9

(k7)) 1671'2123/ dt/ dxA- x?),  (33)

5o Cryg
(k) = 822/ dt/ dxA- X2, (34)

where,

= (=1)ilpr(t.2) + (v} = x*)pr(1.)]

xcoth(sz F)/U et (35)

The hard contributions from #-channel take the form [25]

(kr)i = > (er)iy

i=q.9

1 )
= E d|p,|E E
2567r3\p1|E1 i=q,g/f7 |P2| 2o (Ey)

2 ‘ min

Coswlmax r LIl
x/ d(cosy/)/ diB - | M3y (36)
- Imin

1

O = 3 e

i=q.9

256”3|1T71|3E1 ,zq:g/q

cos |lnax I
x/ ! d(cosy) dtC-|/\/l2|Ql-<t), (37)

1 Imin

d|52|E2"2(E2)

‘mm

where,
1 H(D+2b*)  Etb t
BE—[—’"‘( ) F2bT) | Evb z<1+72>},
a 8pia 2pra 4pi
1 [E3(D +2b%) Eitb 1
c=-|=L - —|. 38
a[ 4a* 2 2 (38)

Note that the boundaries of the integrals (|2 |min> COS V| max
and 7.;,) and the parameters (a, b and D) are given in
Appendix A. Similar with Egs. (20) and (21), the hard
contributions from s- and u-channels can be obtained by
modifying the boundaries of the integrals in Egs. (36)
and (37), yielding

1 o
(K7) (s+u) :m/o d|p,|Eany(E5)
1 0 -
< [ atcosy) [* B g (9)
(k1) [ BB (E)
—_ 3 S i n
KL) (s+u) 256n3|f91|3E1 o P2Lany (£

1 0 -
X / d(cos z//)/ diC - |M?|pyisra)- (40)
-1 tmin
See Ref. [25] for more details.

III. RESULTS AND DISCUSSIONS

A. The collisional energy loss

In Fig. 3(a), the charm quark energy loss obtained
with —¢* = 4m? and u = zT at a given initial energy
= 100 GeV, are presented as a function of QCD medium
temperature. The contributions of the various sources are
displayed as curves with different styles. See the legend for
details. It is found that (1) the soft contribution (dot-dashed
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[ —-tChiHad  Cham  (a)] [ —-tCh:Had  Cham  (b)]
t-Ch.: Soft A =4.0m3 t-Ch.: Soft At =4.0m}
£ 41 su-Ch u=1.0nxT 1 € A su-Ch p=10xT 7
S [ ----tohaAl E = 100.0 GeV S [ ----tohoAl T =0.50 GeV
@ [ — All-Ch. : @ | —AlCh.
3 S o2 e T .
w (T P 1
? ? 4
0 e T T T
20 40 60 80 100
E (GeV)

FIG. 3. Left (a): comparison of the energy loss dE/dz as a function of temperature, for charm quark with —* = 4m?% and u = =T ata
given energy E = 100 GeV, contributed by hard interactions in #-channel [long dashed black curve; Eq. (20)], soft interactions in
t-channel (dot-dashed cyan curve; Eq. (17) and s- and u-channels [dotted pink curve; Eq. (21)]. The combined results, i.e., the
contributions from the soft and hard interactions in #-channels (dashed blue curve) and from the all components (solid red curve),
are shown for comparison. Right (b): same as panel-a but for dE/dz as a function of heavy quark energy at a given

temperature 7' = 0.5 GeV.

cyan curve; Eq. (17) shows a decreasing behavior in the
range T, < T <0.25 GeV, following by an increasing
trend at higher temperature. This non-monotonic behavior
is mainly induced by the running of the coupling with
temperature. See Fig. 5(a) for details. When increasing the
local temperature, a heavy quark will suffer more frequent
momentum kicks from its surrounding medium partons,
resulting in a stronger interaction strength, which, in turn,
loses more of its initial energy; (2) the hard contribution
from t-channel [long dashed black curve; Eq. (20)] grows
with temperature since the thermal parton distribution
function behaves n ~ e %/T [Eq. (A3)] at large energy
(E>T); (3) the contribution from s- and u-channels
[dotted pink curve; Eq. (21)] exhibits a similar trend.
Comparing with the result from #-channel (dashed blue
curve), this contribution is negligible, which is expected
since the relevant interaction rate is much smaller with
respect to the one in 7-channel; (4) the soft contribution is
close to the combined result (solid red curve), reflecting its
dominance in the whole temperature range. We note that
the soft (hard) contribution to the energy loss increases
(decreases) with the scale |¢*|.

Figure 3(b) shows the results for 7= 0.5 GeV as a
function of heavy quark energy. All the components show a
monotonously rising energy dependence. The soft contri-
bution (dot-dashed cyan curve) dominates in the considered
energy region. It has a stronger energy dependence at low
energy E < 3 GeV, followed by an almost flat behavior at
much higher energy E 2 10 GeV. This may be induced by
the fact that, compared with the diffusion term, the
drag term dominates the scatterings since the initial
momentum spectra of heavy quarks is much harder than
that of medium partons. Thus, the relevant in-medium
energy loss can be described by the drag force, which is
proportional to (a positive power of) the heavy quark

velocity v = |/ E* — mg/E. The relativistic effect is trivial

in the low-energy region (mqg < E < 2mg), where the
velocity and the energy loss change significantly with
increasing energy. However, the ultrarelativistic effect
should be considered in the very large energy region
(E > mg), where the velocity is very close to unity and
consequently, the energy loss will increase very slowly.
Same conclusions can be drawn for bottom quarks.

In Fig. 4, the total energy loss of charm quark is
calculated, with —¢*/ m,zj =38, 10, 12, 14 and u = =T, at
fixed energy £ = 80 GeV [panel (a)] and fixed temperature
T = 0.5 GeV [panel (b)]. The maximum deviation among
them is ~8% (~12%) at T = 0.16 GeV (E = 2 GeV), and
then decreases up to ~4.5% (~6%) at T = 0.6 GeV
(E = 80 GeV). Therefore, very similar to the situation of
momentum diffusion coefficients [25,38], the energy loss
also behave with a mild sensitivity to the intermediate
cutoff scale ¢, supporting the validity of the soft-hard
approach when the coupling is not terribly small [Eq. (6)].
Same conclusions can be drawn for bottom quarks. Note
that, with large momentum exchange, the r* dependence
of dE/dz vanishes in the high-energy approximation.
See Eq. (26) for details.

B. The energy loss in the high-energy approximation

In Fig. 5(a), charm quark dE/dz evaluated at fixed
coupling oy = 0.3 and fixed energy E = 80 GeV, are
presented as a function of temperature. Same as Fig. 3(a),
the contributions from various channels are shown separately
as curves with different styles. We examine these calcu-
lations by systematically comparing the results based on
the full calculations [“Full”; thick curves; Eqgs. (17), (20),
and (21)] and the high-energy approximation [“HEA”; thin
curves; Eqgs. (22)—(26)]. It is found that: (1) the difference
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FIG. 4. Comparison of the total energy loss dE/dz of a charm quark as a function of (a) temperature and (b) its energy, displaying
separately the results based on various testing parameters: —t*/m? = 8, 10, 12, 14, and u = #T.
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Comparison of charm quark energy loss based on the full calculations [“Full”; thick curves; Eqgs. (17), (20), and (21)] and the

high-energy approximation [“HEA”; thin curves; Egs. (22)—(26)] at fix coupling a; = 0.3 as a function of (a) temperature and
(b) energy. The relevant results are shown as thick and thin curves, respectively, in each panel. Various contributions to the energy loss
are displayed separately as curves with different styles. See the legend and text for details.

between them is quite small (~2%) for the contributions
from the soft interaction (dot-dashed cyan curves) in the
entire region of temperature. This is because the given
energy E = 80 GeV, satisfying the requirement in the
“HEA”, E > m?/T [Eq. (B9)], and thus “Full ~ HEA” is
valid in this region. We have checked the results at low
energy E =4 GeV, and sizeable difference (~30%) is
found; (2) for the hard interactions in #-channel (long dashed
black curves), a negligible difference (~5% at maximum)
found at low temperature 7' < 0.25 GeV, while a visible
discrepancy observed at larger temperature (~50% at
T = 0.6 GeV). It is contributed by the scatterings off both
quarks and gluons, while the latter is dominated, in particular
at high temperature, since an additional assumption, i.e.,
very hard momentum exchange [Eq. (B21); or backward
scattering), is adopted to obtain the corresponding results in
the “HEA” [see Egs. (B20) and (B23)]; (3) a monotonously
rising temperature dependence is found for the soft
contributions obtained with a fixed coupling constant, see

Fig. 5(a), while a non-monotonic behavior is observed for
the running coupling with temperature, see Fig. 3(a); Similar
case for s- and u-channels, even though the related results
are limited.

Figure 5(b) shows the results at fixed temperature
T = 0.5 GeV. Itis clearly observed that: (1) the asymptotic
behavior is presented toward high energy, while a consid-
erable variation is found at low and moderate energy for
each channel; (2) as discussed in Eq. (22), the energy-
dependency vanishes for the soft contribution in the HEA,
which is well described by the full calculation in asymp-
totically high energy region. Therefore, the energy loss
based on the full approach allows to quantify the relevant
analytical result based on the HEA, in particular at high
energy region. Meanwhile, the full calculation opens the
room to study the energy loss of heavy quark at low and
moderate energy E <50 GeV, where the heavy-flavor
probes are measured comprehensively at RHIC and LHC
energies.
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C. Comparison with other models

Here, we show the typical predictions for the collisional
energy loss of heavy quarks from the other models, and
then make a comparison among them.

Bjorken: In Ref. [16], he considered the propagation of a
massless parton with high energy through an ideal QCD
medium with temperature 7. The resulting energy per unit
length was formulated, which can be adapted to the case of
heavy quarks,

dE 4 N. N -
—3ﬂa%T2<—+—f>lnq2 . (41)

- d_Z 3 6 Dmin

To regulate the infrared and ultraviolet divergences in
t-channels, the invariant four-momentum transfer g is
restricted within the range —¢2. < —¢*> < —q2.y, Where,
—Grax = 4TE, and —¢2. = m3 [20]. We can see that its
path-dependency vanishes (see Fig. 7); dE/dz depends
logarithmically on the quark energy; the temperature-
dependency behaves dE/dz « T?In(T + const.) at fixed
coupling.

Thoma-Gyulassy: In Ref. [18], Thoma and Gyulassy
updated the Bjorken approach by including a more careful
treatment of the infrared divergences, yielding

AT|p,|

— , 42
E—lpi +army P

dE 4 ., (N, N;
e o ] GACH A
dz 3% <3+6>n(

where, E| (p;) denotes the heavy quark energy (momentum).

Lin-Pisarski-Skokov: In Ref. [53], the authors formulated
the collisional energy loss for heavy quarks based on the
semiquark-gluon plasma approach,

L L .

6 L — This work (Full) Charm (a) |

L ---- This work (HEA) as=0.30 i

E I — - Bjorken (HEA) p =80.00 GeV

= £

> |

[0} o
e
N
2
Ll
?

dE N (N?2-1 E\T
__:ﬂa%YQ S‘Ikyln ;2
dz 12N, my,

JINZ=1 (ET\ C% (ET
roten(or) < an(o)]} @

in which $% and §7 indicate the suppression factor for
quark and gluon, respectively, as shown in Fig. 4 of
Ref. [53]. This model incorporates partially confinement
effect through purely imaginary background color charge
determined by Polyakov loop from lattice studies, leading
reduced quark and gluon degrees of freedom. It is argued
that the heavy quark scattering off quarks (gluons) is
suppressed by one (two) power of the Polyakov loop,
resulting in a stronger suppression of the corresponding
energy loss [53].

Figure 6 presents the temperature [panel (a)] and energy
dependence [panel (b)] of dE/dz as obtained, with a fixed
coupling constant a; = 0.3 and charm quark mass
m. = 1.5 GeV, from the Bjorken approach [16] (long
dashed pink curves), Thoma-Gyulassy [18] (dotted black
curves) and Lin-Pisarski-Skokov [53] (dot-dashed green
curves), as well as the results from the two approaches in
this work, i.e., the full calculation (solid red curves;
Egs. (17), (20) and (21) and the high-energy approximation
[dashed blue curves; Eq. (26)]. We can see that: (1) a
common behavior, i.e., a monotonously rising temperature
(momentum) dependence, is observed for all the models,
together with the larger (smaller) gradient in the high
temperature (momentum) region; (2) concerning the tem-
perature-dependency, except for the Lin-Pisarski-Skokov
approach, the remaining results are closer at low temper-
ature, while they are compatible at high temperature;
similarly, for the momentum-dependency, they are appa-
rently closer to each other at large momentum, where the
high-energy approximation is more reasonable; (3) the

- Lin-Pisarski-Skokov (semi-QGP)

3 This work (Full) Charm (b)
- ---- This work (HEA) a,=0.30
| — — Bjorken (HEA) T=0.30 GeV

2 - Thoma-Gyulassy (HEA)

‘\\-El\‘\\\

-dE/dz (GeV/fm)

50 100 150 200

FIG. 6. Left (a): the total energy loss dE/dz of a charm quark as a function of temperature at fixed coupling a, = 0.3 and fixed
momentum p = 80 GeV. The results based on the full calculations [solid red curve; Egs. (17), (20), and (21)] and the high-energy
approximation [dashed blue curve; Eq. (26)] are compared to the other calculations by Bjorken [16] (long dashed pink curve), Thoma-
Gyulassy [18] (dotted black curve) and Lin-Pisarski-Skokov [53] (dot-dashed green curve). Right (b): same as panel (a) but for dE/dz as
a function of heavy quark momentum at fixed temperature 7' = 0.3 GeV.
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results based on the Lin-Pisarski-Skokov approach are, as
expected, smaller than that based on the “HEA” approach.

To investigate the mass effect on the collisional energy
loss, we also calculate similar results for bottom quarks.
The ratio (= “Charm/Bottom”) between them is shown
in Fig. 7. It is clearly shown that a charm quark
(m. = 1.5 GeV) loses more its energy when comparing
with a bottom quark (m, =4.75 GeV) with the same
momentum [panel (a)] or medium temperature [panel (b)].
Considering the fact that the momentum and energy of
heavy quark can be related to its velocity through the

equation |po|=mqug/y\/1—vg and Eq = mq/,/1 = v3,

respectively, thus, as shown in Eq. (26), the energy loss
dE/dz increases monotonously with increasing the velocity
vg. For a given momentum and temperature, the quark
with larger mass has a smaller velocity, which, in turn,
loses less its initial energy, i.e., —dE/dz(Bottom) <
—dE/dz(Charm) as observed in Fig. 7. In principle, this
can also be understood from the fact that, to build a
sizeable energy loss, the massive heavy quark needs
frequent interactions with large coupling. Therefore,
compared to charm, the bottom quark has difficulty
losing its energy, resulting in smaller dE/dz at a given
momentum. The discrepancy between dE/dz(Bottom)
and dE/dz(Charm), as shown in Fig. 7, tends to decrease
toward high momentum, where the mass effect is
expected small. Similar conclusion was found in our
previous work [54].

D. The energy loss calculated
with the Einstein’s relation

As discussed in Sec. IIB and IID, the heavy quark
energy loss, —dE/dz = np|p|, can be evaluated in two
different scenarios: (I) np calculated via the scattering rate
(Eq. (15),

1 dl’
p = 7= d36—_.—; 44
PR g, (44)

— T T T T — T T
L —— This work (Full) ag=0.30 (b)
- ---- This work (HEA) T =0.30 GeV E
1.4 — — — Bjorken (HEA) —

[ Thoma-Gyulassy (HEA) )
- Lin-Pisarski-Skokov (semi-QGP)

1.2

dE dE
dZ(Charm) / dz(Bottom)

Comparison of dE/dz for charm and bottom quarks at fixed coupling a; = 0.3.

(II) np calculated by taking the momentum diffusion
coefficients as fundamental #p(ks,k;), ie., via the
Einstein’s relationship [Eqgs. (27)—(30)]. In the following,
these two scenarios are denoted as “Full” and “Full-ER”,
indicating the energy loss without and with imposing the
Einstein’s relationship, respectively.

The energy loss of charm quark with Einstein’s
relationship imposed are presented as a function of
temperature [panel (a)] and energy [panel (b)] in Fig. 8
(dot-dashed blue curves). The results without imposing
Einstein’s relationship (solid red curves) are shown as
well for comparison. It is found that: (1) they show a
qualitatively similar trend but with stronger temperature
and energy dependence for the former one; (2) the former
one is systematically larger than the latter one, indicating a
stronger interaction strength between the heavy quarks
and the thermal medium constituents.

We can therefore expect that, when imposing the
Einstein’s relationship, the energic heavy quarks will lose
more their initial energy during scatterings and approach
the thermal equilibrium faster, resulting in (1) a steeper
momentum spectra, as observed in Figs. 5 and 6 of
Ref. [55], since stronger interactions are more powerful
to pull the heavy quarks from high momentum and low
momentum; (2) a stronger suppression in the nuclear
modification factor, which is sensitive to the effects such
as in-medium energy loss at moderate and high transverse
momentum (pr 2 mq); (3) alarger elliptic flow coefficient,
which is sensitive to the path-length dependence of the
in-medium energy loss at high transverse momentum
(pr > mg). Similar behaviors were found and shown in
Figs. 13 and 14 of Ref. [56].

As pointed in Ref. [56], there is an ambiguity when
imposing the Einstein’s relationship [Eq. (28)] since only
two variables among #p, kr, k; are required in the
implementation. The resulting heavy quark energy loss,
as shown in Fig. 8, and the relevant final observables, such
as the nuclear modification factor and the elliptic flow
coefficient [56], are strongly influenced by this choice.
Thus, as discussed in Refs. [56,57], the Fokker-Planck and
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FIG. 8. Energy loss of charm quarks as a function of (a) temperature and (b) energy: results obtained with —¢* = 8m?, and u = zT via
the full calculations [Full, Egs. (17), (20), and (21)] and the Einstein’s relationship [ER, Eqgs. (27)—(30)] are shown separately as solid
read and dot-dashed blue curves, respectively, in each panel. See the text for details.

Langevin approach may not capture the whole evolution
properties of heavy quarks.

IV. SUMMARY

In summary we have reconsidered the heavy quark
energy loss dE/dz in a thermalized QCD medium. The
contributions from the binary interactions with light
quarks and gluons are formulated at leading order in
QCD coupling constant, by utilizing a recently developed
soft-hard factorization approach. It is found that the full
dE/dz has a mild sensitivity to the intermediate scale 7,
supporting the validity of the soft-hard model when the
coupling is not terribly small. The soft contribution
(—t < —t*) behaves a nonmonotonic dependence on the
medium temperature, which is mainly induced by the
running of the coupling with temperature. The hard
contributions (—¢ > —t*) from the t-channel increase with
temperature. A similar trend is observed in s- and u-
channels, even though the related results are limited
comparing with the results from #-channel. Due to the
relativistic effect, the soft contribution has a stronger
energy dependence at low energy E <3 GeV, while an
almost flat behavior at much higher energy £ = 10 GeV.

The energy loss based on the full calculations can be
simplified to an analytical form in the limit of high quark
energy, E| > m?/T, where E, is the injected heavy quark
energy and m is its mass. The logarithmic contributions
are obtained for the soft [dE/dz o« In(—t*/m3)] and hard
interactions (dE/dz xIn[E, T /(—¢*)]) in ¢-channel, together
with the overall interactions [dE/dz « In(E;T/m?)] in
s- and u-channels. Combining all these processes, the final
result cancels the 7*-dependence. The results based on this
high-energy approximation are compared with other model
predictions. They are similar at fixed coupling. The energy
loss for charm quark (m, = 1.5 GeV) is systematically
larger than that for bottom quark (m;, =4.75 GeV), in
particular at low energy. The results based on the full

calculations are consistent with the analytical result at very
high energy, while a sizeable discrepancy is noticed at
low energy. Thus, our calculations are also important to
study the energy loss effect at low and moderate energy
E <50 GeV, where the heavy-flavor probes are measured
comprehensively at RHIC and LHC energies.

Finally, we calculate the energy loss from the
drag coefficient, —dE/dz = np|p,|, by considering the
momentum diffusion coefficients as fundamental, i.e.,
np = Np(ky/.), namely Einstein’s relationship. It is real-
ized that the corresponding results are systematically larger
than the ones without imposing the Einstein’s relationship.
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APPENDIX A: DERIVATION OF THE
COLLISIONAL ENERGY LOSS IN THE
SOFT-HARD FACTORIZED APPROACH

The energy loss of heavy quark (HQ) in soft collisions
can be obtained by inserting Eq. (8) into Eq. (15). It gives

dET soft gZ _ Lo
{—d—z](l) = 51 /q/dwwng(w)ﬁ(a)—vl'CI)

x{pr(@,q) + V{[1 = (D1 - 3)*]pr(@. q)},

(A1)
in which we use the short notation
g

/E/ . (A2)
q (27)
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and show the thermal distribution function of the bosons
(B) and fermions (F) as

ngyr(E) = (eF/T F 1)7!

ﬁB/FEIZtI’lB/F. (A3)
¥, = p;/E, indicates the HQ velocity, while 9, = 7,/|7,|
denotes the unit vector in 7, direction. § is the angle
between 7; and ¢, thus, the 5 function in Eq. (A1) can be
rewritten as

1
5(0)_51'6):E5<C0S6_i)' (A4)

Inserting Eq. (A4) into Eq. (Al) and performing the
integral over the azimuthal and polar angles of g, we have

dE soft CFg Gmax
e dqq da)a)nB
dz]  4a%0? -

x {pL(a), q) + v1<1 v?f)pr(w, q)}v
(AS5)

where, ¢« 1S the maximum momentum transfer in a
collision of HQ with a medium parton. Both the transverse
and longitudinal spectral functions are odd [see Eq. (10)
and (11)], the integral over the energy transfer @ in Eq. (A5)
can be therefore expressed as

na >
/ ] da)a)r_lB |:ﬂL + U% <1 - ﬁ)ﬂ’r:|
—v1q v1q
v1q _ _ ) a)2
=/, doolig(w) + ig(~o)] |pL + | vi ) Pr

= /vlqdww [pL(w, q) + (v?
0

with the identity

—gymWﬂ<m>

fip(w) + fip(-w) =1 (A7)
used in the second equality in Eq. (A6).

For convenience we change the variables in multiple
integrals in Eq. (AS5) as

t=w?—q% =2, (A8)
yielding
o ot
didx =" *"|dgdw = 2(1 - ¥*)dgdw.  (A9)

ox  ox
Jdo  dq

Substituting Eq. (A6), (A8), and (A9) back into Eq. (AS),
we arrive at Eq. (17)

Sl s [ [
x [pr(t,x) + (v = x)pr(t.x)].

In hard collisions of heavy quark (Q) and medium
partons (i = ¢q, g), the relevant energy loss from #-channel
can be obtained by inserting Eq. (13) into Eq. (15), yielding

dEThd 1 [ n(E,) [ E —E; [ A(Es)
{ dz]Q,() “ 20511 ), 2E, /,,3 2E; /,, 2E,
X ng(t)(2”)45(4)(171 + P2 = P3— P4)
(A11)

(A10)

in which n and 7 are the thermal distributions [see
Eq. (A3)]. With the help of d-function, we can reduce
the integral in Eq. (Al1l) down to 3-dimension in the
numerical calculations, as implemented in Refs. [21,25].
It gives

|: d E] hard 1

- " d|p,|E,n(E,)
dZ /;Zlmin

Qi(t) a 256”31_5% \
cos |max

x/ ! d(cosu/)/ dt—|M2|Q,
- Imin

1
(A12)

where, y is the polar angle of p,. Adding up the

contributions from the quark (i = ¢) and gluon (i = g)
from ¢-channel, we arrive at Eq. (20)

d E:| hard |: d E:| hard
{ dz] i:zq,:g dz ] gifs
= d|p2|Exn(E,)
256” p% l;g /pZ mm

Cosvllmﬂx
x/ d(cosy/)/ dt—|M2\Q,
- Imin Cl

(A13)

The relevant boundaries of the integrals together with the
additional notations are summarized below [25]:

|t*] + /1% + dm?| |
o q : Al4
|p2|m1n 4(E1 + |P1|) ( )
. E, |tf|+ /12 +4m3 ]
”Whﬁm%"ﬁ_ T ARTAR A
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o2
tmin = - (s m]) s <A16)
s
)
a= Sr"'“ (A17)
P1
2t
b= 7 sE (s —mi) = Ey(s +m7)].  (AlS)
1
t 59 >
c= —?{t[(El + E,)? —s] +4pipasiny}.  (A19)
1
4F, si 2
D=b*+4a’c=—t|ts+ (s—m?)?]- (%) . (A20)
P1

The vacuum matrix elements |M?|,, for quark (i = ¢)
and gluon (i = g) are expressed, respectively, as [25,58]

— 16 252 2(5+m?

|M2|Qq( 9 Nchg { +¥+ 1]’ (AZI)
Tt 5 25 my(3—@)—5u

|M |Qq (N - 1) ) 5

Here, we have introduced the abbreviation,

s—m%, 7]

|: dE:|soft
dz (1)

With Eq. (18) and (19), it is found that,

u—ms, (A24)

Ky

CF92

{(l_xixz)z oy + (17

in which

dx/ dt(— {
_XZ)PT]} = amix*[(—t + A)? + 4C*]7!

'j:A(x):m%)'
‘FB(X):mZD'

b Felx) =mj-

where, m; denotes the mass of the injected heavy quark.
The Mandelstam relation can be rewritten as § + it + ¢t = 0.
For Qg scattering, the contributions from the z-channel,

| M?|gy()> and s- and u-channels, |M?| 4,1, are shown
in Eq. (A22) and (A23), respectively.

The scattering of Qg in the s- and u-channels does not
give rise to an infrared divergence from the small momen-
tum transfer  — 0. The intermediate cutoff can be therefore
set to zero, * = 0, leading to |p,|, = 0 [Eq. (A14)] and
cos Y| max = 1 [Eq. (A15)]. Accordingly, the energy loss
from the s- and u-channels can be obtained by modifying
the relevant result from the #-channel [Eq. (A13)],

Iz e [ dplEn(E)
—_— e n
2] 256207 Jo 1P

1
< [ atcosw) [ ar Py
- Tmin

1

(A25)

as quoted in Eq. (21).

APPENDIX B: DERIVATION OF THE
ANALYTICAL RESULTS IN THE HIGH-ENERGY
APPROXIMATION

In this appendix, we derive the analytical results for the
heavy quark (HQ) energy loss in the high-energy limit
E| — 0. For both soft and hard contributions, we will first
investigate the kinematic constraints in this limit, and then
perform the relevant calculations for the energy loss.

The injected HQ moving with the velocity v, =
|p1|/E, = 1 in the high-energy approximation E; — oo.
Thus, for soft collisions of HQ and medium partons, where
the momentum transfer is small, the energy loss of HQ per
traveling length [Eq. (A10)] can be modified as

S lpu00) + (1= (10}, (B1)
Gunss (=t + B)? + 4! (B2)
:(1 —x2)(1 —;mllfiﬂ
:x2<1 +1 ;xle ifj)}
qu —xz)} (B3)
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Concerning the condition m% < —t* < T? [Eq. (6)] we are interested in, it is useful to define the variable,

—r*

2
mp

K=—>>1, (B4)

for further calculations. In terms of the quantities defined in Eqs. (B3) and (B4), the integral over ¢ in Eq. (B1) can be
expressed as

[ a0 o) + 01 = orte0

3 5., 1 (K+2F,)*+4F% 2Fc
~Z In(2K 2% =1 ¢
5 TMpx n( )+7sz{x [2 n R GEY DR
+x_2 lln(IC+2FB)2+J-"2C_&
2 (27 AKP(4FR+Fe)  Fp

K274 _ arctatan Ta
2Fc Fec

Fe Fe

<arctatan

<ar ctatan

= %ﬂm%xz In(2K) + 7m3, - G(x)

By substituting Eq. (B5) back into Eq. (B1) and performing
the remaining integral over x, we arrive at

dE]|soft-HEA r 92 m% D 1
- ~ 1 2 d .
{ dz] B 167 t m%) + A *G(x)

(B6)

It is difficult to evaluate analytically the integral in
Eq. (B6), [} dxG(x), which is very close to zero by
checking numerically. Therefore, by dropping this term,
Eq. (B6) can be further reduced to

dE|f-HEA Cp /N, N\ , _op
_& m (Yo ) a2y B7
[ dzL,) 16;:(3 - 6)9 e &7

For hard collisions, since the incident medium partons
are in thermal equilibrium at a temperature 7, and their
energy read E, ~O(T). In the limit of high-energy
E| - o0, the Mandelstam variable s [Eq. (2)] behaves

s =m} +2E Ey(1 —cos 03 5,) — o,

(B8)

for the scattering of HQ and massless partons in the
laboratory frame. It yields

s ~O(E\T) > m?> -1,

S=s-—mims. (B9)
Considering the results for the variables ¢ and u,
omis
Imin = =8 + T =-S5+ (_u)min’
- <s-+ m% = (_ﬁ)max’ (BlO)

(BS)

< =i < (=it),, more specifically

2~

M0« i< s+md, (B11)
s
which can be rewritten as
m} < —it <3, (B12)

in the high-energy limit [Eq. (B9)].
Using Eq. (B9), we rewrite Eqgs. (A14)—(A18) as

|ﬁ2|min ~ 07 cos W'max ~ 17 Lmin ~ =S,
2t
azi, br— (B13)
E, E,

Considering the high-energy approximation [HEA,
Eq. (B9)], the energy loss in f-channel hard scattering
[Eq. (A13)] can be therefore simplified as

A A S VI

(B14)
where, the differential cross section is explicitly given by

do W
— = . BI15
dt  16x3* (B15)

Thus, for Qg scattering [Eq. (A21)], the integral over
—te(—t*,s), i.e., the terms in the curly brace on the right-
hand side of Eq. (B14), is expressed as
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[ a=ne0/g] »

N, s 2 2 -t
f Ve 4
I /_,* ( )(—t Ky §2>

2NyN, , s 3
~—— g1 -—. B16
oz 7 (n—t* 4) (B16)
Inserting Eq. (B16) into Eq. (B14), and using

0 2T2
/ dEEnp(E) =~ (B17)

0 12

o E n’T?[ 2T {'(2)

dEEng(E)ln—=——|In—+1- B18

for the integral over the magnitude of p,, we can get

dE| hard—HEA NfNC 4 8E1 T 3
vt (125 24 ) (Bl
{ ] 21677 <n = "atc) (BY)

where, the constant factor c=—yz+{'(2)/{(2) ~—1.14718
with the Euler constant y; ~0.57722 and the Riemann
function ¢ and its derivative ¢, {'(2)/{(2) ~ —0.56996.
Note that the conditions £ > m% /T [Eq. (B9)] is utilized
in Eq. (B19).

For Qg scattering in #-channel [Eq. (A22)], the integral
over —t € (—t*, s), is given by

[ a0/ »

dz | gq(1)

(B20)

in which the contribution of the first inner bracket is
evaluated as for the scattering off quark [see the first
equality in Eq. (B16)], while the contribution of the second
vanishes for the very hard momentum exchange,

—INSRs>m & - <Ixs. (B21)

Note that, with Eq. (B21), the Mandelstam invariant ¢ reads

—t :S—(l —cosb5 5,) &5,

S (B22)

corresponding to the backward scattering 65 ; = 7 in
the center-of-mass frame of HQ and medium parton.

Therefore, Eq. (B20) can be simplified in this region

s do N2—1 s 3
d(=t)(=1t)|= ~——gt( 1 -=). (B23
[Laneolg) S (n-g) e

The logarithm in Eq. (B23) arises from the range as shown
in Eq. (B21) in the f-channel, and the constant part comes
from its interference terms. Inserting Eq. (B23) into
Eq. (B14), and using

/ ™ dEEny(E) =~ (B24)
0
o E #T*[ T Z(2)

for the integral over p,, we arrive at

dE|had-HEA N2 _] AE\T 3
{__} _Ne g4T2<1 1 ———I—c>. (B26)
dZ Qg(t) 9671' —1 4

For Qg scattering in s- and u-channels [Eq. (A23)], the
integral over —t € (0, s), is characterized by

[ =005 .

N 2m3 (s + m?) . 2m3(m? + u) B m}(4m? — 1)
5? ii? 45 it '

(B27)

in which the contribution of the terms shown in the
square bracket vanishes within the range Eq. (B21), thus,
Eq. (B27) can be simplified as

s do
[ a0/
0 Qg(s+u)
N2 - 1 4 <_ﬁ)max
pu— ¢ d
187{3‘2 g /(v_i'l)min
NZ-1 , s 5
~N— In———).
18z 7 (nm% 6)
Note that (1) the boundaries for the integral over i are given
in Eq. (B12); (2) the logarithm in Eq. (B28) arises from the
term fdﬁ/ﬁ (u-channel) in the range Eq. (B21); (3) in
the last step of Eq. (B28) we neglect the terms O(57!)
and O(572), which are suppressed by at least one power of
S~ s~QO(E,T) when E; — . Inserting Eq. (B28) into
Eq. (B14), and using Eq. (B24) and (B25) for the
subsequent integral, we can obtain

|:_ d_E:| hard—HEA _ N% _ 1g4T2 (1
dz Qg(s+u) 432r

(B28)

4E\T 5
n mlz —6+c>. (B29)
1
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Combining the contributions from the soft —¢ < —¢* [Eq. (B7)] and hard regions —¢ > —¢* [Eq. (B19), (B26), and (B29)],
we find the heavy quark energy loss from scattering off quarks and gluons as

dE|HEA 4 N E.T 2 E\T
{——] :—ﬂagTz{(l—i-—f) In—- 4+ SIn— +d(N,) |,
dz | 0q+04 6 ny

3

(B30)

myp 9

where, the color factor N. = 3, the strong coupling factor g> = 4za, and the constant parameter d(N ) =~ 0.146N ; + 0.050.

Similar results can be found in Ref. [21].
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