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We apply Low’s theorem to soft gluon emission from heavy quark scattering in the nonperturbative
strongly interacting quark-gluon plasma (sQGP). The sQGP is described in terms of the dynamical
quasiparticles and adjusted to reproduce the EoS from lattice QCD at finite temperature and chemical
potential. Since the emitted gluon is soft and of long wavelength, it does not provide information on the
detailed structure of the scattering, and only the emission from incoming and outgoing partons is enough. It
simplifies the calculations making the scattering amplitude factorizable into the elastic scattering and the
emission of soft gluon. Imposing a proper upper limit on the emitted gluon energy, we obtain the gauge-
invariant scattering cross sections of heavy quarks with the massive partons of the medium as well as their
transport coefficients (momentum drag and diffusion) in the QGP and compare with those from the elastic

scattering without gluon emission.
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I. INTRODUCTION

Heavy flavor is one of the important probes for the
properties of the quark-gluon plasma (QGP) produced in
ultrarelativistic heavy-ion collisions [1-8]. The production
of heavy flavor is reliably described by perturbative
quantum chromodynamics (pQCD), since a large energy-
momentum transfer is required. However, the hadronization
of heavy quark to a heavy meson or heavy baryon is a soft
process whose realization depends on the model. If the
heavy quark has a large momentum, phenomenological
models such as heavy quark fragmentation functions work
well [9]. On the other hand, the hadronization of soft heavy
quarks often adopts the coalescence model where the heavy
quark combines with an antilight quark or with a diquark to
form a heavy meson or a heavy baryon, respectively [6,7].

The production and hadronization processes of heavy
flavor are common in p + p and heavy-ion collisions. The
difference between the two collisions is the presence or
absence of a hot dense nuclear matter with which the heavy
quark interacts and changes energy momentum. A heavy
quark with a small momentum is shifted toward a larger
momentum by collective flows, while the one with a large
momentum is suppressed due to energy loss in the QGP.
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They are expressed by the nuclear modification factor
which is the heavy flavor distribution in heavy-ion colli-
sions scaled by that in p + p collisions and the number of
nucleon + nucleon binary collisions.

A heavy quark interacts with matter through elastic
scattering and inelastic scattering. The former brings about
the collisional energy loss of a heavy quark, while the latter
the radiative energy loss because it induces gluon emission.
The collisional energy loss is dominant at low or inter-
mediate momentum of a heavy quark, which is taken over
by the radiative energy loss at high momentum of heavy
quark [1,3,10].

The parton-hadron-string dynamics (PHSD) adopts the
dynamical quasiparticle model (DQPM) to describe the
strongly interacting partonic matter as well as partonic
interactions with massive off-shell quasiparticles, contrary
to the massless pQCD partons, whose properties are
described by the complex self-energies and spectral func-
tions. The real part of self-energy is related to the pole
mass and the imaginary part to the spectral width of
partons that are taken in the form of the hard thermal loop
(HTL) calculations. The DQPM is adjusted to reproduce
the lattice equation of state (EoS) through the strong
coupling that depends on temperature and baryon chemical
potential [11-16]. It has been found that the DQPM which
is extended to heavy quark interactions in the QGP
reproduces the heavy quark transport coefficients from
lattice calculations as well as the experimental data on
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FIG. 1. According to Refs. [20,21] a complicated scattering
process on the left-hand side is simplified to the right side
Feynman diagram, if the emitted photon is soft.

heavy flavor production in heavy-ion collisions [6,7,17,18].
One limitation of the DQPM for heavy quarks is the
absence of radiative energy loss. Though it can be justified
at low and intermediate energies of heavy quarks due to the
large gluon mass in the DQPM, the radiative energy loss
cannot be neglected at large momenta of heavy quarks [19].

The radiative processes play an important role in
quantum electrodynamics (QED). Bremsstrahlung photons
are emitted from charged particles that are accelerated or
decelerated by scattering (interaction). According to
Refs. [20,21] a low-energy photon is emitted from the
external charged particles in Feynman diagrams. In other
words, the complicated inner structure of scattering can be
ignored in the limit of low energy photon emission, as
shown in Fig. 1. Then the Feynman diagram can be
factorized into an elastic scattering part and photon
emission part. The reason for ignoring the inner structure
of the scattering in the soft photon limit is found in
Ref. [21] where the bremsstrahlung photon spectrum
becomes soft with the increasing stopping time of the
charged particle, while a low-frequency (low-energy)
photon is not affected by the stopping time, because the
low-frequency photon cannot provide microscopic infor-
mation on the scattering but only the macroscopic infor-
mation, for example, incoming and outgoing momenta of
the charged particles before and after scattering.

In this study we extend the soft photon approximation to
QCD, i.e., to the soft gluon emission from strong inter-
actions. This extension is reasonable because (anti)quarks
and gluons have a color charge. A difference from QED is
that the color charge is in SU(3) and is noncommutative.

We prove that the soft gluon approximation satisfies the
|

Slavnov-Taylor identities in quark-quark and quark-gluon
scatterings, as the soft photon approximation satisfies the
Ward-Takahashi identity. Then it is applied to the heavy
quark scatterings with light quark or gluon with a soft gluon
emission in the strongly interacting quark-gluon plasma
(sQGP) as described by the DQPM.

There have been several studies that deal with the soft
gluon emission from partonic scatterings [22-24]. Most of
them are focused on gluon emission from the scattering
of energetic partons such as jet. In this case forward
scattering is dominant and the light-cone coordinate system
is convenient, because /s is the largest energy scale,
compared to the energy-momentum transfer for the scatter-
ing and the emitted gluon energy. The present study,
however, does not assume close to the forward scattering
but deals with all possible scattering angles, and treats soft
gluon emission systematically up to the leading order of
(g/p) with g and p being the energy-momenta of emitted
gluon and scattered parton, respectively, such that the
Slavnov-Taylor identities are satisfied and the results are
explicitly gauge invariant.

This paper is organized as follows: in Sec. II the soft
photon approximation is rederived up to the leading order
for both boson and fermion scatterings, which is extended
to QCD in Sec. III. Then the soft gluon emission is applied
in Sec. IV to partonic interactions in the QGP where
partons are dressed and thus massive. The final state phase
space and the scattering cross sections with the soft gluon
emission are discussed in Sec. V, with which the transport
coefficients of heavy quarks are calculated in Sec. VI. A
summary is given in Sec. VIIL.

II. SOFT PHOTON APPROXIMATION

In this section we rederive the formalism for the soft
photon emission from both boson and fermion scatterings,
which corresponds to the first dominant term in Low’s
calculations [20].

A. Emission from pseudoscalar particles

The transition amplitude for photon emission from the
scattering of two pseudoscalar particles, as shown in Fig. 2,
is given by

Ms_s, (P15 P23 P3s P4 @) = €:(@){Ma2(P1 = . P23 P3, P4)G(P1 — @) V¥ (P13 P1 — q)
+Ms_5(P1. P2 = 4; P3, P4)G (P2 — @) V¥(P2i P2 — 4)
+ V¥(ps + q: p3)G(p3 + @)My_a(p1, P2 P3 + 4. P4)
+ V¥(ps + q; p4)G(ps + )Moz (p1s P23 P3. Pa + )} (1)

where €,

(g) is the polarization vector of the emitted photon, and G(p) and V¥(p + g; p) are, respectively, the propagator of

the photon-emitting particle and the electromagnetic vertex with photon momentum ¢, which are expressed for the

pseudoscalar particle (or pion) as [25]
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FIG. 2. Photon emission from the four external legs of 2-to-2
scattering.

i
Gp)=——.
() p>—m? +ie
Vi(p +q,p) = =iQ(2p + q)". 2)
Adopting the soft-photon approximation (¢ < py, p»,
P3» Pa), Eq. (1) is simplified into [26]

My oiy(p, \P2:P3:Paxq)
" 0, Pﬂ szﬂ Q3P” Q4Pﬂ
_ eﬂ(q){— 1 2 4 34 4
P19 P2-q P3-q Ps-q
X M, 5(p1, P2 P3. P4),s (3)

which satisfies the Ward-Takahashi identity: ¢* (M,_,,),=0
where M2—>2+J/ = (Q) (M2—>2+}/)/4‘

B. Emission from fermions

The photon emission from a fermion is more compli-
cated than the emission from a boson due to the spin of
fermion. For example, both propagator and vertex include a
gamma matrix:

. P+ m
Glp)=i————,
(p) lpz—m2+ie
VE(p + q,p) = —iQr". (4)

If a photon goes out from pj5 as in the lower left diagram
of Fig. 2, the spinor of p; is substituted by

Pitdg+m
prt af Pt e
u'(p3 + @)’ (p3 + g) e(q)
(p3+q)?—m*+ie "
w(p3)r'u’(ps +q)

=0; TR e(q)i'(ps+q).  (5)

u'(ps) = —ﬁ‘Y(P3)iQ37"i(

= —it*(p3)iQsr*i

Making use of the Gordon decomposition [27],

w(p3)r'u"(ps + q)

I _ . r
=51 (p){(2ps + q)' —io" g} (ps + )
R (P (ps) = 2053, (6)

in the limit ¢ < p3, where the superscripts s and r are spin
indices and

i
2

o' =

. vl (7)

one finds that the modification of the transition amplitude
in Eq. (5) is the same as that for a pion in Eq. (3):

_ 0305 _ 0305 _
w(p;) — €i(q u'(ps+q)~e(q) —u*(ps3).
(p2) = () P27 (0 + @) w i) 27 ()

(8)

Therefore the soft photon approximation of Eq. (3) is
applied not only to pseudoscalar particle scattering but also
to fermion scattering.

III. SOFT GLUON EMISSION

Now we apply the same approach to gluon emission,
assuming that the emitted gluon is soft and has a long
wavelength.

A. Emission from (anti)quarks

As shown in Fig. 3 gluon emission is the same as photon
emission except for a color factor. The quark propagator
and gluon vertex are given by

. P+tm
Gij(p) = lm ijs
Vii'(p +q.p) = igr'T¢, )

where i, j, and a are, respectively, the color indices of quark
and gluon. Making the same substitution as in Eq. (5),

b_‘f(P3>M2—>2,i
Pit+d+m
p3+q)2—m2+ie
_ B ) Tiui(ps + @) @
2p3-q wi
X Wi (p3 + q)Msz s (10)

— —git} (p3)r"Tiei" (q) ( Py

one can see that Eq. (10) is very similar to Eq. (5) except the
color factor T7;. The transition amplitude turns out as
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FIG. 3. Gluon emission from ¢ + ¢ — g + ¢ scattering.

kLij .
M2ql—J>2q+g(p1’ P25 P35 P4s Q)

Ph klsmj P klsi
- gea*<q>{ M, T, + 2 MAn T,
P prog 2 pa-q 4T
pg‘ i PZ ki
a miilj a mitj
- P3q TkmMZq—>2q - Pa-q TlmMZq—>2q}’ (11)

where i and j are the color indices of the incoming quarks
and k and / those of the outgoing quarks.
|

b1 p3

b2 Pa

FIG. 4. Soft gluon emission from the exchanged gluon in
quark-quark scattering.

klyij

2924 1s from the one-

The simplest color structure of M
gluon exchange:
Mkl;i j

1 1
2g—2q ~ TZIT?] = E <6jk5il - ﬁéik6ﬂ> . (12)

Substituting Eq. (12) into Eq. (11), one finds that the
transition amplitude satisfies the Ward-Takahashi identity:

a,klij .
qMngaAZqig(pl7p2ap3’ P4, q) :0’ (13)
where
kl;ij ax ,a.kl;ij
M2qZ2q+g =& (Q)M§j2+;- (14)

We note that the Ward-Takahashi identity is equivalent to
the Slavnov-Taylor identities in the case of on-shell
external gluons.

The transition amplitude squared is given by

2 _ _ 7 2 _ mi m; mj . 4pip
Mag2qnal” = =3, {(NC 1){(191 L P A P N P 61)2} (P1-9)(p2-q)
_ 4ps3 - P4 2p1 - ps 2py - py
(p3-@)(pa-q)  (pi-q)(p3-q) (P2-q9)(ps-q)
_ 2 P1- P4 P2 P3 2
R s A reecaiieent | OO 13)

The detailed derivations of Egs. (13) and (15) are presented
in Appendix A.

One may think of soft gluon emission from the
exchanged gluon as in Fig. 4, which is expressed as

e (q)gf (g (=p1 + p3 — 29)* + ¢*(=p1 + p3 + )"

-1 kl;ij -
+ ¢*(2p) = 2ps + q)] m( 2,][_],2[1),%,

(16)

considering that the one gluon propagator and a three
gluon vertex are attached to the original 2-to-2 Feynman
diagram. Since

I
o

u(ps3)(ps — p1)u(pr)
u(ps)(#3 — P1)u(p2) = u(ps) (P2 — Pa)u(pa) = 0,

s

Eq. (16) is simplified in the limit ¢ — O into

2(py — p3)¥
p1—p3)* +2(p1 —p3) -

o ax kliij
—ige, (9) ( qfabc(qul—{zq)bc-

(17)

Removing (p; — p3)? in the denominator, it looks similar
to the terms in Eq. (11). Comparing Egs. (11) and (17)
without M, _,,, the former is of the order of 1/q and the
latter of the order of 1/p = 1/q(q/p) where g and p are,
respectively, the momenta of the soft gluon and of the
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scattering parton. Since ¢/ p < 1, the diagram in Fig. 4 is
of higher order than those in Fig. 3, if the transition
amplitude is expanded in term of ¢/ p:

Fig. 3~é{A0+Al<g> +}
Fig.4~é{B,<%>+...}' (8)

If the diagram of Fig. 4 is taken into account, one should
also include the next-to-leading order term in Fig. 3, that is,
Ai(gq/p) in the above equation, for the final results to be
gauge invariant. There is one more important advantage in
taking only the leading order in (g/p). The soft gluon
emission from the exchanged virtual gluon is rather simple
in g+ q — g + q + g, but much more complicated in g +
g — g + g+ g which will be explained in the next section.
That is why the soft gluon emission is studied only in
quark-quark scattering in Refs. [22,24]. Some works [1,10]
include ¢ + g — g + g+ g to study the radiative energy
loss of heavy quark in QGP. However, they consider only
the gluon emission from the #-channel which is dominant in
high-energy scattering, though it is not gauge-invariant
without s- and u-channels.

In spite of the order counting in Eq. (18), (p; — p3)? in
the denominator of Eq. (17) can be smaller than the second
term, (p; — p3)-q, near forward scattering. Therefore,
Eq. (11) is not a good approximation for nearly forward
scattering and the valid kinematic region must properly be
restricted. It will be discussed in the next section.

One can think about gluon emission from antiquark
scattering (g + g — g+ g) as in Fig. 5. Then Eq. (10)
changes into

—p1 —Dps3 —P1 —Pp3
q
—p1+4q
—p2+4q
q
—Pp2 —P4 —Pp2 —P4
—Pp1 —p3 —p1 —p3
q
—pP3 —q
—Pa—4q
q
—p2 —Pa —p2 —Pa

FIG. 5. Gluon emission from g + g — g + g scattering.

Mg 25.:; (P3)
Pitg-—m
(p3 +q)* —m?* +ie
= gM>_2v;(p3 + q)
8 vi(ps + @)r"T4vi(ps)
2ps3-q

= gM,_, ; e (@)r"T4 v} (ps3)

&5 (q)- (19)

The Gordon decomposition for the antifermion cur-
rent is the same as in Eq. (6) except for an overall
minus sign:

vi(ps + q)r'v}(p3)

1 _ - s
- _%vf(% +@){(2ps + @) + ic"q,}vi(ps)

1
P3_, s
~ _ivj(pﬁvi (p3) = 2pg5sr‘ (20)

Therefore, the expression of Eq. (11) is valid not only for
qq but also for g g and gg elastic scatterings.

B. Emission from gluon

Now we turn to the soft gluon emission from g + g —
q + g scattering in pQCD as shown in Fig. 6. The gluon

propagator and three-gluon vertex are, respectively,
given by
_l'gl“/
G/u/,ab — S ,
(])) p2 +ie ab
viehae(p +q.p) = gf*[¢*(p +29)" + ¥ (-2p — q)"
+9%(p —a)"l. (1)
D1 D3 D1 Ps3
q
pr—q
b2 —q
q
D2 D4 D2 D4
b1 p3 b1 Pp3
q
p3+q
patq
q
D2 Pa D2 Pa

FIG. 6. Gluon emission from ¢ + g — ¢ + ¢ scattering.
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where p, v, A are Lorentz indices and a, b, ¢ are color
indices of the emitted, incoming, and outgoing gluons,
respectively.

Making the similar substitution as in Eq. (5),

e (pa)MyL, — —igftdeet* (p,)es (q)[dh (ps + 2q)
+ d*(pa—q), + 9.(=2ps — q)¥]
1 v,d

X )
2p4 g 22

u
; C nC¥ 4
~ lgfbd & (q) -

bx v.d
x &, (ps) M55,
parq " .

(22)

because pieS*(py) =0 and payM52, = 0. Similarly,

u.jbciia .
Mq+g_>q+g+g(p1v P25 P3, P4 q)

P’f ib; P’sl bii
=g M T, — T¢ M™e
{Pl q q+9—q+g* mi P q+9-q+g
Vi
+ iL
P29

u
adc 3 gJbsid . Py bdc p gidsia
My T lp4 - qf My ggig (-

(24)
where a and b are, respectively, the colors of the incoming
and outgoing gluons, and i and j are the colors of the
incoming and outgoing quarks, respectively.

. . ibii . .
Considering that the color structure of My ", . is given

by [T, T?]; or if**“T¢, the matrix element in Eq. (24)

satisfies current conservation

qﬂMZf;iiqungg(Pu P2i P3: Pasq) =0, (25)
"
a . . o P a where
€) (Pz)Méiz — igf* €y (Q)ﬁ X 83([)2)M;_{2- (23)
b . b
My ey = €7 (@OMGE g1 grg (26)
From Egs. (11), (22), and (23) one gets and the transition amplitude squared is given by
|
N2 -1 m? m 1 P11 P3
|M . |2 — _gQ |: c < 1 4 3 ) N
ooy 2N. \(p1-9)*  (p3-q)?) Nelpi-a)ps-q)
_&( 2py - P4 P P2 P3 " Pa P1Pa
2 \(p2-9)(pa-q) (Pr-a)p2-a) (p3-a)(pa-q) (p1-4)(ps-q)
P2 D3 2
== )| X M il (27)
(P2-a)(ps- @)] o
|
We note that the transition amplitude, in principle, must be Gii(p) =i 7+ my(T.p) -
divided by 2, for the two gluons in the final state are Y p? —my (T, p) + i|po|U (T, ) "
indistinguishable. Since it is assumed that one gluon is the —ig
hard gluon involved in the elastic scattering and the other G (p) = Oup- (28)

gluon is the soft gluon emitted from the scattering, 2 is not
divided in Eq. (27). The proof and the derivation are
presented in Appendix B.

IV. SOFT GLUON EMISSION IN THE SQGP
WITHIN THE DQPM

In the DQPM, the quark and gluon are dressed in the
sQGP and gain effective masses (m, ) and spectral widths
(I'y.4) which depend on temperature and quark chemical
potential [16]. Main properties and parameters of the
DQPM are described in Appendix C. The finite width is
reflecting the dynamical modification of the spectral
function of quasiparticles during their propagation in the
SQGP medium. In the DQPM the propagators of quark and
gluon are modified, respectively, into

= my(T, p) + il po|T,y (T, )
Then the scalar products of the external momentum p;
and the soft gluon momentum ¢ in the denominators of
Eq. (15) are modified as
pi-q = pr-q—mg/2—ilp} —q°|T,/2,
P2+q = pa-q—mg/2—ilp3 —q°|l,/2.
P3q = py-q+mg/2+i|pS +q°|0, /2,
Pa-q = pa-q+my/2+ilpd+¢°|0y/2,
and in Eq. (27) /(T u) is introduced for p, - g and py - g:

P2-q— par-q—m2/2—ilpd—4q°|[,/2,
pa-q— py-q+m2/2+ilpy+q°T,/2.
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Since the product is now replaced with a complex
function due to the imaginary term, the following sub-
stitution must be made:

1

(pi-a)(pj-q)
1

e
2 (pi-a)pj-@)*  (pi-q)

For example,

wRe {m]

1
(p1-9)(p3-q)

1{ 1
_)7 .
2\ pr-qg—-m2/2—ilp!
y 1
p3-q+my/2—i|p +¢°|,/2
1
P19 — mg/2 + l|pl O|Fq/2

1
X . 30
ps-q+m§/2+ilp2+qoqu/2} (30)

- q0|rq/2

+

Furthermore, the first term in the square bracket of
Eq. (27) has additional terms that vanish for massless
gluons:

N2 -1 m? m?
2N, ((pl '61)2+(P3'61)2) ”
NZ-1 mg

- {Ipl‘q—M$/2—ilp?

- q0|rq/2|2

my
+ 2 -0 0 2
\p3-q+mgy/2+i|pS +¢°|T,/2|

2

m

- N 9
C{Ipz g —mg/2 —i|p —¢°|C,/2

2
n L — 2}. (31)
|pa-q+my/2+ilpy +q°|Ty/2|

V. PHASE SPACE AND CROSS SECTION

The cross section for 2-to-3 scattering is given by

/ d’p; / d’py / d’q
(28N
2237 4p\/_ 27)32E; (27[)32154 (27)*2E,

x (2z)*W (py + pa— p3 — )|M2_>3| (32)

where p; is the initial three momentum in the center-of-
mass frame and the line over the transition amplitude
squared implies spin-color average. Introducing the vari-
able p = p3 + py,

Grz = 8 (p—ps—ps)

/ /d3p3d3p4
4p \/_ 27)°4ELE
‘]
—— 2z
X/(z )2E, (
|P3’

32ﬂp,\/—/ 27) 2E g V52

)46 (py + pa— P—‘]>|M2_—>3|2

dcosO|M,_;|?

(33)

with the constraint of energy-momentum conservation in
the second equation. In the above equation s, = (p5 + p4)2,
and |ps| and O are, respectively, the three-momentum and
scattering angle of p; in the center-of-mass frame of
D3 + P4t

my +my)?Hsy — (my —my)?}

|p3|=\/{sz_( 7. — s . (34)

Assuming that the emitted gluon is soft, the center-of-
mass frame of p; + p, is similar to that of p; + p, and the
differential cross section is approximated as

d62—>3

/ |p3| | |2
dcos @ 32np,f 27) 2E VG,
do,., &

“dcos0 | (2n)2E, P52
where
|M2->3‘2 =le- J|2|M2->2|2
pz d62—>2
=32 JP L= 36
7sle - J| fdcose (36)
with
{s — (my + my)*Hs — (m3 — my)*}
pr= \/ 4 ' (37)

We note that [p3|/s/(ps/53) in Eq. (35) is responsible for
the reduction of the phase space of p; + p4 in the 2-to-3
process, compared to the 2-to-2 process, because s, is
always smaller than s [15].

For simplicity we patch gluon energy-momentum to

2-to-2 elastic scattering, ignoring energy-momentum

conservation:

pi=(E, 0, 0, p;),

P2 = (Ezv 0, 0, —py )

p3s=(E;, 0, p;sin, pjcos@),

ps=(E;, 0, —pysind, —p cosf),

g=(E, qsin@ cos¢’, qsindsing’, qcost),
(38)
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Differential and integrated cross sections for ¢ + ¢(g) = ¢+ ¢(g) and ¢ + g(g) = ¢ + q(g) + g with the kinematic and

realistic upper limits of soft gluon energy, which are, respectively, displayed by dashed, dotted, and solid lines as a function of (upper)
the scattering angle of the charm quark, (middle) scattering energy, and (lower) temperature.

which will be used to calculate |e - J|*> in Eq. (36). The

integration in Eq. (35) is then expressed as

d3q Emax 0 2 / /
4a_ \/degd cos@dg/,  (39)
g my

energy conservation

2 {S_ (m3 +m4+my)2}{s_ (m3 +m4_mg>2}

where E |, is the maximum energy of the soft gluon. From

it is given by

max —
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with E .« = ,/mg + q,znax.

However, we have neglected gluon emission from the
interaction region which is figured as a blob in the Feynman
diagrams, because the wavelength of the emitted gluon is
assumed larger than the scattering scale which is roughly
1/+/—t with t = (p, — p3)?. Therefore, a more reasonable
limit for our calculations to be valid will be

E o = min[E,, from Eq. (40),v/—1], (41)

which also justifies ignoring Fig. 4. From here on the upper
limit from Eq. (40) will be denoted the kinematic upper
limit and Eq. (41) the realistic upper limit.

Now we apply the formula, which has been derived, to
the soft gluon emission from charm quark elastic scattering
in the QGP with the charm quark mass being 1.5 GeV.

Figure 7 shows the differential and integrated cross
sections for ¢+ ¢q(g9) > c+¢q(g9) and c+q(g9) = c+
q(g) + g scattering with the kinematic and realistic upper
limits of gluon energy, which are, respectively, displayed
by dashed, dotted, and solid lines, as a function of the
scattering angle of the charm quark, scattering energy, and
temperature.

One can see that the differential cross sections for gluon
emission with the two different upper limits of the gluon
energy are almost the same except near cos @ = 1, i.e., near
forward scattering where ¢ is small and thus the realistic
upper limit of the soft gluon energy is low.

The middle panels show that the integrated cross sections
for gluon emission are suppressed at low energy, because
the collision energy is not enough or hard to produce a
massive gluon in the final state. The integrated cross section
for the kinematic upper limit is much larger than for the
realistic upper limit, since the forward scattering cross
section is very large which, however, is suppressed in the
latter case.

Finally, comparing 2-to-2 scattering cross sections
and 2-to-3 scattering cross sections in the lower panel,
the temperature dependence is stronger for the latter. The
reason is that the former is proportional to a2 while the
latter to o, and a; is very large near 7. Therefore, charm
quark scattering with gluon emission is more suppressed
than the elastic scattering with increasing temperature.

VI. TRANSPORT COEFFICIENTS OF HEAVY
QUARK IN THE SQGP

Charm quarks change their energy momentum in the
QGP with time through scattering, which is expressed in a
Fokker-Planck equation as [28]

of(p) _ 0 9
o~ ap Ai(p)f(p)+a—pi

[Bij(P)f(P)] ) (42)

where f(p) is the charm distribution function and the drag,
transverse/longitudinal diffusion coefficients and ¢ of the

charm quark in the medium, supposing that the charm
quark moves in the z-direction, are defined as

R et (YIRS
Bu(p) = 57 By ()
MO L.
() =5 (3= 7% Bito)
-2 “ffT)> JR D),

2
o) = ) e

where p; and p; are, respectively, the longitudinal and
transverse momentum of the charm quark.
The double bracket in Egs. (43) to (46) implies [18,29]

(oy= Y /dmdmfdmA( DA (mg)A,(m,)

i=4.q.9

&’k
/( )gft( ) vicaicv (47)

for the scattering of off-shell partons, where m;, m, and m,
are, respectively, the incoming and outgoing parton masses
and the emitted gluon mass, and A;, Ay, and A, their
spectral functions whose pole masses and spectral widths
are presented in Appendix C; f;(k) is a distribution
function of parton 7, and v;. and o, are the relative velocity
and the scattering cross section of the charm quark and
parton i, respectively. We note that the scattering cross
section in Eq. (47) is multiplied by 2 in order to reproduce
the lattice data on the spatial diffusion coefficient and
the experimental data on heavy flavors in heavy-ion
collisions [30].

Figure 8 shows the drag coefficients and §/7> of the
charm quark without and with soft gluon emission for the
kinematic and realistic upper limits of soft gluon energy at
T =200 MeV and 400 MeV. One can see that 2-to-3
scattering hardly changes the transport coefficients at low
momentum, because the scattering energy of a slow charm
quark with a thermal parton is not large enough to produce
a massive gluon. As a result, the spatial diffusion coef-
ficient of a heavy quark in the QGP, which is obtained from
the drag coefficient in the static limit of charm quark, is not
much affected by the 2-to-3 scattering:
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(Upper) Drag coefficients and (lower) §/T> of the charm quark at T = 200 MeV (left) and 400 MeV (right) without and with

c+q(g) = c+4qlg) and ¢+ q(g) = ¢ + q(g) + ¢ for the kinematic and realistic upper limits of soft gluon energy, which are,

respectively, displayed by dashed, dotted, and solid lines.

D, (48)

n i (A7pe)"
where A is the drag coefficient shown in the upper panels
of Fig. 8.

The spatial diffusion coefficient is presently available in
lattice calculations [31], and it is well reproduced within the
DQPM [18,32]. Therefore, this good reproduction will not
change even after including the 2-to-3 processes in the
DQPM, as shown in Fig. 9.

On the other hand, the radiative energy loss enhances the
drag and g of the charm quark at large momentum, which
is not consistent with the PHSD results presented in
Refs. [6,7], because the Ry, of D mesons in heavy-ion
collisions at RHIC and LHC are well reproduced only with
elastic scattering. Recently we have found in Ref. [19] that
the strong coupling a,(T)—extracted from the lattice EoS
—seems to overestimate jet quenching and the mixture of
a,(T) and a constant strong coupling may be more realistic,
because an energetic parton is far off thermal equilibrium.

20 T T T
e |QCD, Banerjee et al.
1 - - - only c+q(g) = c+q(g)
including c+q(g) = cHq(g)+g
151 kin. E
°c Emax
i E real.

1.0 15 20 25 3.0
TIT

[

FIG. 9. Spatial diffusion coefficient of the charm quark for only
elastic scattering and both elastic and radiative scatterings in
comparison with lattice data [31].
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FIG. 10. Same as Fig. 8 but for the bottom quark.

This kind of change of the strong coupling at large
momentum will help the PHSD to reproduce experimental
data with the radiative energy loss, too.

We note that the transport coefficients from the kin-
ematic upper limit and those from the realistic upper limits
are not much different from each other, while the difference
of the scattering cross sections is huge in Fig. 7. The reason
is that the two cross sections mostly differ near the forward
scattering, which is not so effective to increase the transport
coefficients.

Figure 10 is the same as Fig. 8 except that the charm
quark is substituted with the bottom quark whose mass is
taken to be 4.8 GeV. Compared with Fig. 8, the transport
coefficients of the bottom quark seem to be less affected by
the gluon emission. In fact, it is attributed to the large mass
of the bottom quark which is about 3 times larger than the
charm quark mass. A fair comparison between charm and
bottom will be made when p; of the bottom quark is
rescaled by 3 times, because the interaction rate is propor-
tional to heavy quark velocity. We also note that g of
bottom quark is a bit rising at low momentum, because ¢ is
defined as d((Apy)?)/dz rather than d{(Apy)?)/dt in

Eq. (46). The transport coefficients of the bottom quark
are in general smaller than those of the charm quark,
because the differential cross section of the bottom quark is
more highly peaked in the forward direction due to the large
mass [30].

VII. SUMMARY

In this study we have extended the formalism for soft
photon emission from the scattering of electric-charged
particles to soft gluon emission from the scattering of
color-charged particles, i.e., of partons. We have found that
the soft gluon is emitted from incoming or outgoing partons
as the emission of the soft photon, and the scattering
amplitude with the approximation satisfies the Slavnov-
Taylor identities. This is so because the Slavnov-Taylor
identities are satisfied order by order, if the scattering
amplitude is expanded in terms of the emitted gluon energy
divided by the energy of the scattering particles. It enables
the factorization of radiative scattering into elastic scatter-
ing and gluon/photon emission and guarantees gauge
invariance.
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Heavy flavor is an important probe particle searching
for the properties of an extremely hot and dense matter
produced in ultrarelativistic heavy-ion collisions. We have
applied the formalism for the soft gluon emission to the
heavy quark scattering off massive quarks or gluons in the
sQGP. For the soft gluon approximation to be valid, emitted
gluon energy is restricted up to the energy-momentum
transfer of 2-to-2 scattering.

Comparing the integrated cross sections for elastic
scattering and for soft gluon emission, we have found that
the latter is strongly suppressed at low momentum, because
the scattering energy is not large enough to produce a
massive gluon, and that the scattering for gluon emission is
more strongly suppressed with increasing temperature than
the elastic scattering, because the former is proportional to
a?(T) while the latter to a?(T).

The results have been extended to the calculations of the
transport coefficients of heavy quarks in the SQGP. For the
same reason as for the cross section the transport coef-
ficients show little change at small momentum of heavy
quark in spite of including gluon emission, which means
that the spatial diffusion coefficient of the heavy quark is
not affected by the radiative scattering. However, the
transport coefficients are enhanced by it with increasing
charm quark momentum. Since the energetic parton is far
off thermal equilibrium, it is doubtable that the thermal
strong coupling extracted from the lattice EoS, a, (T, u),
can be applied to the scattering of the energetic parton.
Instead, a perturbative strong coupling or a mixture of them
may be more reasonable, which will be our next study.
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APPENDIX A

We first show the current conservation of Eq. (13). From
Egs. (11) and (14) we get

qﬂMp,a,kl;ij o g{Mkl;mj T + Mkl;im T4

2-2+4+g T 2q—2q" mi 2g—2q" mj
= T4 Mgy = T Mg}
~ T T+ TiT 5Ty
= T T Tl = T Thi Ty (A1)

Using Eq. (12) for Mészzq,

1
akl;
quM555 0 ~ <Tﬁ-5kj N TZ%SU)
C

1 1
+ | T¢.0, ——T“.(Sk) - (T‘Z.(S] ——T"-(Sl)
(kjl Ncl]z kj“i chlj
1
- (T?iékj —N—CT?jéki> =T, +T,-T;-T,=0.

(A2)

Now we turn to the transition amplitude squared, for
which the following combinations of color structure are
needed:

N2 -1
IT\[> = |To> = |Ts]> = |T4* = Cr,
4

1
T]T; == T3TZ == —ECF,

1
T3 =TTy = =, Cr.

N2 -2

T]Tz - TzT; - C4 Cp, (A3)

where (T¢;)* = T4, and Cp = (Nz — 1)/(2N,.).
Taking into account the color factors in Eq. (A3), the
transition amplitude squared turns to

2 2
m3 my

|M2¢1—>Zq+y|2 =

_4 P3 - P4

2
g > my
. (Nc—l){ + +
2Nc[ (p1-9)?* (p2-q)*
P1-P3

_ P P2
(P 'q)2+ (p4-q)2} 4(pl -q)(p2- q)
P2 P4

(P3-q)(Ps-q)

(P1-q9)(p3-q)

(P2 q)(Ps-q)
P2 P3

2 P11 P4
~2ANe 2){(171 -q)(pa-q)

where N,.Cr/2 is absorbed into [My,_,[*.

T e 1 9

2 (A4)
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APPENDIX B

Substituting Mq+g_)q+g with i fb¢ T%; in Eq. (24), one can
show the current conservation as follows:

ib .
Mgig:l;+g+g(l)l » P25 P3s P4s q) ~ lfabeijTzu
_ lfabeTc Te .

fadcfdbeTef- _ fbdcfade T¢
jm* mi Ji J
— _fahefech;{i _ fudcfdbele _ fbdcfadeT;

— (_fabdfced _ fcbdfead _ febdfaCd)Tji — 0’ (Bl)

which needs the cyclic property of > and [T¢,T];; =
if“de?i [33].

Now we turn to the scattering amplitude squared.
Considering only color factors,

jbesi .
M g ol (1 P23 P3P )

b P b s
— lfa e TETC l—_lfa e TCTe l—
( )"pl-q ( )"pg-q
L
_fadcfdbeTji —fbdcfadeT;l- 4
P2 q P4s-q
{ N2 -1 < m? m? )
= |- 5+
_L P11 D3 +N( P2 Py
Ne(pr-q)(p3s-q) 2 \(p2-q)(ps-q)
P1-DP2 P3 - D4 P11 P4
(Pr-a)(p2-q) (P3-@)(pa-q) (P1-q)(Ps-q)
P2 P3
—= = || x N Tr[T°T¢], B2
(P2-q)(p3- q)ﬂ Tl B
for which the following are useful:
fadefbeffcfd — &fabc
2 9’
fabcTth — %NCTa,
1
T°TeT = ———T°, B3
. (B3)

Since the color structure for g + g — g + ¢ is given by

Mgy ~ |if TSP = N.Tr[T°T] (B4)

from febdfabe = N §,,, the scattering amplitude squared
forg+g— g+ g+ g turns to

Wesrasrd =0 G (g o)
q+9=q+g+yg 2N (pi-a9)?*  (p3-q)?

—I—i Pi-P3 _&( 2py - py
Ne(pr-a)(ps-q) 2 \(P2-q9)(ps-q)
P1° P2 P3 " P4 P11 P4
(P a@)(p2-q) (P3-@)(ps-q) (P @)(ps-q)
P2 P3 % 2
(pz'q)(pa-Q)ﬂ Mgl (B3)

APPENDIX C

Here we recall main properties and parameters of the
DQPM. We fix the strength of the quasiparticle interaction
by adjusting the coupling constant at up =0 so that
quasiparticle entropy density reproduces the entropy den-
sity s(7,pg = 0) from the lattice QCD calculations pro-
vided by the BMW Collaboration [34,35] in the following
way [36]:

(T g = 0) = d-[(s(T,0)/s§5") =11/, (C1)
where s3°/T% = 1922 /9 is the Stefan-Boltzmann limit of

entropy density for massless quarks and gluons and the
dimensionless parameters d = 169.934, ¢ = —0.178434,
and f = 1.14631.

At finite pg the ¢? is obtained by employing the “scaling
hypothesis” introduced in Ref. [37]. It assumes that > is a
function of the ratio of the effective temperature

T = \/T* 4 u}/n*

(where the quark chemical potential is defined as
Hg = M, = s = pup/3) and the pp-dependent critical tem-
perature T.(pg) defined as in Ref. [36]:

Tc(ﬂB) = Tc<0) \/ 1- aﬂ%?’

where T.(0) is the critical temperature at the vani-
shing chemical potential [7.(0)~0.158 GeV] and a =
0.974 GeV~2. Thus, the DQPM effective coupling constant

gzDQPM(T’ pp) reads

()

(C3)

) _[mp=0: g (T,pg=0)
Bopu (T 1a) = { (c4)
P g > 00 PA(Te(Tw)
Wlth Tscale = T*/(TL(HB)/TL(O))

In the DQPM the quasiparticle pole masses are adopted
in the form of asymptotic quark or gluon masses, respec-

tively, my, ~ mp/2 or v/2m +» where my, is the HTL Debye
mass and my is the HTL thermal fermion mass [15,38]:
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2 2
5 9 (Tpg) ., Ny lqu‘q
mg(T,pB)—C976 T (1+—2N0+2 2 ) (C3)

2 2
g (T.ps) H
maq)(Tobp) = Cg——T° (1 + TQ—sz) (Co)
In Egs. (C5) and (C6) N, =3 and Ny =3 denote the
number of colors and the number of flavors, respectively;

C, = % =4/3 and C, =N, =3 are the QCD color
factors for quarks and for gluons, respectively. The strange
quark has a larger bare mass that enhances its dynamical
mass. This essentially suppresses the channel g — s 45
relative to the channel g — u + i or d + d and controls the
strangeness ratio in the QGP. Empirically m (T, ug) =

m, (T ug) + Am = my(T,up) + Am where Am = 30 MeV

has been used [16]. This model parameter has been fixed
in an empirical way by comparing to experimental data
for strange hadron abundances and the K*/z™ ratio
from heavy-ion collisions at relativistic energies obtained
within—the PHSD approach—a microscopic covariant
transport approach.

Furthermore, thermal widths in the DQPM are adopted
in the following form [15,36]:

1 . AT, pg)T 2¢,,
Yj(T,HB>:§Cj T 1) ln(gz

+ 1), (C7)
8z (T.pg)

where the parameter c,, = 14.4 was fixed in [37], which is
related to a magnetic cutoff. Furthermore, we assume that
all (anti)quarks have the same thermal width: y, = y; = 7,.
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