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The higher-twist formalism is used at O(a?) to compute all possible medium-induced single-scattering
emission kernels for an incoming highly energetic and virtual quark traversing the nuclear environment. The
effects of the heavy-quark mass scale are taken into account [Phys. Rev. C 94, 054902 (2016)] both in the initial
state as well as in the final state, along with interactions involving both in-medium Glauber gluons and quarks
[Nucl. Phys. A 793, 128 (2007)], as well as coherence effects [Phys. Rev. C 105, 024908 (2022)]. As this study
is a continuation of our work on medium-induced photon production [Phys. Rev. C 112, 025204 (2025)], the
general factorization procedure for e-A deep-inelastic scattering is still used. An incoming quark energy loss in
the nuclear medium yields four possible scattering kernels /C; with the following final states: (i) g+g; (i) g+g;
and (iii) g+4', where the quark ¢ may have a flavor different from the antiquark g'; and (iv) g+¢’, where, again,
¢ may have a flavor different from ¢’. The collisional kernels include full phase factors from all nonvanishing
diagrams and complete first-order derivative in the longitudinal direction (k™) as well as second-order derivative
in the transverse momentum (k ) gradient expansion. Furthermore, in-medium parton distribution functions and
the related jet transport coefficients have a hard transverse-momentum dependence (of the emitted quark or

gluon) present within the phase factor.

DOI: 10.1103/qsb9-gbhb

I. INTRODUCTION

Ultrarelativistic heavy-ions collisions carried out at the
Relativistic Heavy-Ion Collider (RHIC) and the Large Hadron
Collider (LHC) produce a deconfined state of quarks and
gluons, called quark-gluon plasma (QGP). One of the primary
goals of these collisions is to constrain properties of QGP,
through, e.g., the modifications it imparts on high-energy
quark- and gluon-initiated jets. Jet evolution in the QGP is
a multiscale process, and different physics are involved at
different virtuality scales. While highly energetic, nearly on-
shell jet partons are described through effective Boltzmann
transport, which includes the hard thermal loop formalism
supplemented by Landau-Pomeranchuk-Migdal (LPM) re-
summation [1-3], the goal of this contribution is to explore the
evolution of jet partons using the higher-twist (HT) formalism
[4-9] in the single-scattering limit [10-12] for high energy
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and virtual partons.' In addition to these theoretical develop-
ments, there has also been a surge in various Monte Carlo im-
plementations of these approaches, such as MATTER [14,15]
at high virtuality, with LBT [16,17] and MARTINI [18] at
lower virtuality, while the JETSCAPE framework [19,20] has
enabled a more holistic simulation to be devised, better cov-
ering the virtuality-dependent dynamics of jet energy loss in
a nuclear environment. The JETSCAPE framework also in-
corporates event-by-event simulations of the nuclear medium,
including hydrodynamical simulation of the QGP, along with
prehydrodynamical simulations and hadronic transport, al-
lowing sophisticated Bayesian model-to-data comparisons to
be conducted [21]. To push Bayesian analysis further, jet-
medium interactions should be explored in a more discerning
way by separating the gluonic from the fermionic contribu-
tions to jet-medium transport coefficients (or accounting for
both of them), as is done herein. The higher-twist formalism
separates the perturbative (jet) and nonperturbative (nuclear
medium) parts of jet-medium interactions.

Modern multistage simulations of the nuclear medium
in heavy-ion collisions relies on a combination of gluon-

"While modifications to the radiation spectrum induced by sin-
gle scattering can happen at any virtuality, as virtuality is lowered
multiple scatterings become important [12,13]. Thus, for sufficiently
short-lived partons, single scattering is enough to describe their in-
medium radiation, as done here.
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FIG. 1. Scattering diagrams with one emission and one scattering for a quark initiating jet. (a) A gluon and quark in the final state, (b) Two
gluons in the final state, (c) Quark anti-quark in the final state, and (d) Two quarks in the final state.

dominated initial state, where color-glass condensate (CGC)
is an appropriate model to describe initial-state dynamics
[22-25], followed by hydrodynamical attractor-inspired sim-
ulations that bridge the gap to fluid dynamical evolution of
the QGP [26,27]. Such an approach has been recently used
to study photon production [28] and this calculation provides
the necessary ingredients to enable future studies of jets inside
a multistage evolution of the hot medium. It has long been
believed that the HT formalism [29-31] and CGC [32-35]
approaches differ fundamentally due to two main factors [36].
First, HT formalism is based on generalized QCD collinear
factorization, in which medium properties are encoded in
multiparton correlation functions. However, CGC formalism
is based on transverse momentum dependent factorization at
small x, where the evolution of the distribution function is
given by Jalilian-Marian-lancu-McLerran-Weigert-Leonidov-
Kovner and Balitsky-Kovchegov nonlinear equations [37—45].
The second difference emanates from the treatment of mul-
tiple scattering; CGC treats single and multiple scattering
on the same footing within the semiclassical approximation.
Using direct photon production in p-A collisions, the authors
of Refs. [36,46] show that the HT formalism is in fact con-
sistent with the CGC approach at finite x, when including
subeikonal terms and LPM phase interference (twist-4) terms
arising from two in-medium gluon scatterings. This calcula-
tion demonstrates a deeper understanding of the CGC and HT
formalisms, showing how both approaches yield the same,
unique, result for a given set of observables. Owing to the
discovery presented in Refs. [36,46], the results presented in
this paper for the medium modifications of the hard parton
in e-A collisions, obtained within the HT formalism, should
be compatible with the CGC formalism; both equivalently
describing the high-energy nuclear medium at early times.
The production investigated herein is induced by processes
illustrated in Fig. 1, where the HT formalism in the single-
scattering-induced radiation limit is used to calculate their
production kernels K. The first kernel Ky captures processes
involving a Glauber gluon [47] exchange with the nuclear
medium, as depicted in the blob diagram Fig. 1(a). The second
kernel K, involves an annihilation process between the jet
quark and the in-medium antiquark (or vice versa) thus giving
rise to quark-to-gluon conversion depicted in Fig. 1(b). A sub-
set of diagrams in Fig. 1 were already explored in our previous
calculation [48]. However, interactions in the medium can
also involve virtual gluons giving either a quark-quark final
state, encoded in the third kernel X3, or a quark-antiquark
final state encapsulated within the fourth kernel K4, as shown
in Figs. 1(c) and 1(d), respectively. The diagrams in Fig. 1
will be referred to as Kumar-Vujanovic (KV) kernels. As was

the case in our previous study [48], there will be Glauber
gluon [47] and quark contributions to in-medium (i) jet trans-
verse momentum broadening, as well as (ii) longitudinal drag,
taking into account the heavy-quark mass scale [49], coher-
ence effects [50], together with fermion-to-boson conversion
processes [51].

This paper presents modifications of the hard parton
traversing a large nucleus computed within a generalized fac-
torization procedure used for e-A deep-inelastic scattering.
Within the higher-twist formalism, perturbative and non-
perturbative portions in the scattering kernel are explicitly
separated, thus providing a clear setup to investigate how en-
ergetic quarks propagate through any nuclear environment. A
direct application of this approach is to study medium-induced
energy loss quantitatively, via deep inelastic scattering (DIS)
in the upcoming Electron-Ion Collider (EIC) or through jets in
heavy-ion collisions, by constraining nuclear jet transport co-
efficients, such as transverse momentum broadening and lon-
gitudinal momentum drag, within hot or cold nuclear matter.

In contrast to the physics to be explored by the EIC,
in relativistic heavy-ion collisions the composition of the
hot nuclear medium formed at early times is well described
by glasma dymamics [22-25]. At later stages, the particle
composition of the hot nuclear medium changes, as quark-
antiquark pairs are dynamically generated, finally leading
to hydrodynamical behavior. This process is also called hy-
drodynamization. In the hydrodynamic regime, the lattice
QCD equation is used [24], and quarks and gluons are
assumed to have reached their thermodynamic occupation
numbers. Given that jets are sensitive to the entire dynamical
evolution of the nuclear medium, they probe hydrodynamiza-
tion dynamics of quark flavors. A prehydroynamical model
that accounts for flavor hydrodynamization, such as that of
Ref. [28], can be implemented inside of a realistic simulation
of heavy-ion collisions using the modular JETSCAPE frame-
work, enabling the next generation of jet-medium Bayesian
analysis.

This paper is organized into several sections. Section II de-
scribes the separation of the leptonic tensors and the hadronic
tensor in DIS, including the various scattering kernels ex-
plored here. Section III provides details on the calculation
of one diagram that contributes to the ¢ — g-+g scattering
kernel, with the aim of precisely introducing the power-
counting and approximation scheme used in this work. All
other diagrams contributing to the various collisional kernels
are presented in the Appendixes. Section IV gives the results
for the four scattering kernels in Fig. 1, their collinear expan-
sion along with a discussion, is presented in Sec. V, while a
summary and an outlook are given in Sec. VL.
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FIG. 2. A schematic diagram of deep-inelastic scattering be-
tween an electron and a nucleon inside the nucleus. The virtual
photon carries momentum ¢, whereas the struck quark carries mo-
mentum p. The nucleus momentum is P = AP, where P is the
momentum of the nucleon.

II. HADRONIC TENSOR IN DEEP
INELASTIC SCATTERING

DIS reactions can be used to study (i) how jets exchange
their energy and momentum with a nuclear environment and
(i1) how the jet’s particle-composition changes in the nuclear
medium. The fundamental DIS-type reaction explored herein
is as follows:

e (lin) +A(P) — e (bou) + X, ey

where an incoming electron with momentum ¢;, collides
with a nucleus A with momentum P, giving an outgoing
electron with momentum £, and a final state X. This
reaction is illustrated in Fig. 2, where X refers to the state
on the far right-hand side of that figure. As depicted, Fig. 2
is a leading-order process, where all possible states X are
implicitly accounted for.

At next-to-leading order (NLO), the substructure of X
is explored more explicitly by allowing the highly off-shell
quark, which has momentum p; in Fig. 2, to produce iden-
tified particles in the (perturbative) final state depicted in
Fig. 1. Figure 1(a) gives a medium-modified gluon radiation
spectrum, which is changed due to coherent single-scattering
interactions with a Glauber gluon [47], and is the only vacuum
process, of the form g — g+g, that is modified in the medium.
Interactions with Glauber quarks in nuclear matter shown in
Figs. 1(b)-1(d) thus open novel channels that are not available
in vacuum. The processes in Fig. 1(b) correspond to ¢ — g+g¢
(through in-medium annihilation with a Glauber quark, of
course), while Fig. 1(c) corresponds either to ¢ — g+g or
q — ¢'+4', where ¢’ may be a different quark flavor than g.
Finally, Fig. 1(d) corresponds to ¢ — g-+¢’, where ¢’ may be
a different quark flavor from g once more.

The general expression for the cross section of the reaction
in Eq. (1) is

E d’c _ o L, WH
b 3000~ 2s . QF
1
L = ETr[fin)/Mﬁom]/v], (2)

where aem = €?/(4) is the fine-structure constant, s =
(P+£;n)? is the usual Mandelstam variable, § = £, y" with
y* are the usual Dirac matrices, while ¢ = ¢4, — ¢! and

gives g"q, = —Q*. The hadronic tensor W in Eq. (2)

contains the QCD portion of the interaction and is the main
interest here. It is defined as a complete matrix element given
by [52]

W = 3" 59 (px—P—q)(AP. S|j*(0)|X)(X| ;" (0)|AP. 5),
X

J@) = ey s (x), 3)
f

where the sum over X denotes the usual Lorentz-invariant sum
(and integral) over all hadronic states and S is the spin state of
the target. The fractional charge ey = 2/3 for the up, charm,
and top quarks, while being e; = —1/3 for the down, strange,
and bottom quarks. Note that the electric unit charge e has
been accounted for in the o2 term on the right-hand side of
Eq. (2), therefore neither L,, nor W"¥ contain any o.m. The
light-cone coordinates are chosen (cf. Ref. [48] for details),
where
_ -0 _

q”:[qu,q 7qJ_=0L]=|:2q__vq 70’0]» (4)
such that the ¢* and ¢~ components of the incom-
ing virtual momentum are large, i.e., O(l), giving g" ~
[O(1), O(1),0,]Q. Note that the hard scale is given by Q =
V—¢*> > Aqcp.

In this paper, we focus on the situation where the
highly virtual photon carrying four-momentum g* strikes
a nucleon traveling in the positive z direction. In this
setup, the struck quark has a very small p~ ~ A>Q mo-
mentum component—where the dimensionless parameter A
is a small quantity A?> << l—while the large momentum
component is pt ~ Q, resulting in the four-momentum scal-
ing: p* ~ [O(1), 0()?),0,10. The momentum components
of the quark after the scattering are organized as p| ~
[0(A%),0(1),0,]10. > Thus X is used as a small scale to
establish a perturbative series expansion.

The real final-state parton radiation spectrum contained
within W*" is divided as follows:

4

dww  dwH dwH
=0+ —,
dy dy dy

i=1

AW . . . ..
where dg is the vacuum contribution to gluon radiation from
iy

the jet, while the in-medium correction is enclosed is ) _, %
and is depicted in Fig. 1. Separating the vacuum W;"" from the
in-medium W/*" contributions gives the following:

dwy"
d; => / dxF ()" Ko,
!

dw/"”
d; => / dxF (yHG 'K, (5)
-

2
e
Hy" = L @m)81q + <PV ITEPY " + xP)y")

ZNote that the mass M of the struck quark can be sizable % ~ 0,

2 2
M2 Q22— ML 2

=5 F =) _
2p q
T » Py ,0. 1.

and hence p| = [
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AP = A(P™, M2/2P+,01)(: 131) = A(P*,M2/2P*0))
c

p | X2|P

e ——
AP = A(P*,M?/2P*,0,)* AP = A(P*,M?/2P*0))

q (k?)
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v : H
0 : /
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(d)

FIG. 3. Forward scattering diagrams of leading-order gluon production from the quark. The cut-line (i.e., dashed line) represents the final

state.

where the tensor H" encodes the perturbative partonic con-
tributions, with no emission and no in-medium scattering.
The radiated gluon momentum fraction y is given as y =
£5 /q~, where the radiated final state gluon momemtum (¢;)
is traveling in the negative z direction and is collinear to the
direction of the final-state quark. The parton distribution func-
tion (PDF), present in both vacuum and in-medium portions
of WH¥ is defined as

dy~
FAx)=A | =—
f € / 2

and encodes the probability of finding a quark of flavor f,
with momentum fraction x, in the nucleus A. The momen-
tum fraction x carried by the struck quark is x = p*/PT,
where pT is the first component of the quark’s light-cone
momentum, while P* is the corresponding momentum com-
ponent of the nucleon in the nucleus. The expectation value
(P|tﬁf(y‘)y+¢f(0)|P) is a two-point fermionic correlator
with a light-cone separation y~ along negative z direction.’
The main objective of this contribution is to compute the
kernels K;, where Ky describes the vacuum kernel, while the
different K;_; 234 encode in-medium interactions described
in Figs. 1(a)-1(d), respectively. Separate discussions of the
hadronic tensor for the vacuum and medium-modified radia-
tion are thus presented.

—ixP*y’l T o=\,
e S(PI Oy Y, (0)IP), - (6)

A. Single gluon emission from the hard quark without
in-medium scattering: The vacuum contribution

Four diagrams contribute to single-gluon emission in vac-
uum. In the light-cone gauge (A~ = 0), Fig. 3(a) represents
the dominant, leading log, contribution, with the remaining

3The quark spin and color averaging factors 1/(2N,) are absorbed
in the PDF.

three diagrams being subleading.* The hadronic tensor for the
diagram shown in Fig. 3(a) is given as

Wz = Y2016 [ aaxoe s
f

- )/+
X (AP, (AXT) ==, (0)|AP)

dy dPloy &t
x :CrC / 2 @np’ it A
8 1+ (1 —y)* | [€3, + M2yc]

Y (63, +y2M2]2,

where M is the mass of the struck quark, C4 = N. =3, Cr =
(N? = 1)/(2N,) = 4/3, while

@)

1
K= ———,
I+d—-y)

also included in Appendix A for the reader’s convenience.
The emitted gluon, carrying momentum £,, is traveling in the
negative z direction, having momentum fraction y = £, /q~;

in fact, 6‘2‘ = [zi%_,yq’,ﬁu]. Note that in Egs. (2) and (7),
one factor of 2 has already been accounted for in the hadronic
tensor, giving 2, in Eq. (2).

Any calculation of W#" proceeds by first obtaining the full
T-matrix amplitude TH" of a given process before extracting
the forward scattering amplitude (Eq. (7.49) in Ref. [53])

using

®)

WH = Disc[T""]. )

The power counting of the small scale A within ¢, reveals
o ~ [0(A?), O(1), O(1), O(L)]Q. The outgoing quark’s

“The subleading nature of diagrams in Figs. 3(b)-3(d) is analogous
to photon production from an incoming virtual quark [48].
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FIG. 4. Diagrams for scattering kernel-1.

S (1= y)g . ),

which scales as p2 ~ [0()2), O(1), O(1), O(M]Q and ad-
mits p% =M?*>0. Having established the vacuum result,
including the relevant A power counting, interactions with the
medium are next considered.

momentum is given by p) = [3555-

B. Classification of single-scattering-induced
parton radiation diagrams

In this section, we consider DIS between the virtual pho-
ton and the nucleus in which the struck quark, after hard
scattering, undergoes various in-medium scatterings with the
nuclear environment, allowing for multiple final states. The
in-medium QCD scattering kernels for a quark contributing at
O(ozf) are classified using the identity of final-state particles.
The first kind of kernel (K;) contains a real gluon and a quark
in the final state shown in Fig. 1(a), and the gluon spectrum is
modified in the nuclear medium via single Glauber-gluon [47]
scattering herein. A total of 11 possible diagrams contribute to
IC1, which are shown in Fig. 4. Section III presents the details
of the calculation giving IC;, for one of the diagrams. The
remaining diagrams are in Appendix B.

The second kind of kernel (KC,) represents the two real
gluons emission process ¢ — g+g where a Glauber quark
is used to annihilate the incoming highly virtual quark, as
depicted in Fig. 1(b). There are a total of five possible central
cut diagrams contributing to this kernel, shown in Fig. 6, are
discussed in Appendix C.

The third kind of kernel (K3) represents both the g —
q+q process where a Glauber antiquark is the scattering
partner of the highly virtual incoming quark, as well as the

q — ¢'+g where a Glauber antiquark is used to annihilate
the incoming highly virtual quark. Both ¢ — ¢+¢' and ¢ —
q'+q possibilities are depicted in Fig. 7, with four contribut-
ing central cut diagrams discussed in Appendix D.

The last kind of kernel (/C4) represents both the ¢ — g+¢’
process where a Glauber quark is the scattering partner of the
highly virtual incoming quark. The two possible diagrams are
depicted in Fig. 8, while their hadronic tensor is calculated in
Appendix E.

Of course, there is nothing special about our assumption
of an incoming highly virtual quark. Our results also hold for
an incoming highly virtual antiquark instead, with the corre-
sponding change conjugation applied to the Glauber quark.

III. SINGLE-SCATTERING INDUCED EMISSION:
THE ONE GLUON AND ONE QUARK FINAL STATE

This section presents the calculation of all possible di-
agrams in which the hard quark produced in the primary
hard scattering undergoes a single-gluon emission and single
Glauber-gluon [47] exchange with the nuclear medium. The
diagrams are referred to as kernel-1 and are depicted in Fig. 4.
There are a total of 23 diagrams. The calculation is performed
in light-cone gauge n-A = A~ = 0, where light-cone vector
n =1[1,0,0,]. The polarization tensor of the gluon propaga-
tor is given as

X.n, +n, X,

d(X)_
n-X ’

ny

—8&uw T (10)
where X is the gluon’s momentum.

Presented below is the detailed calculation of the central-
cut diagram in Fig. 4(a). The remaining diagrams are
calculated in Appendix B.
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AP = A(P*,M?/2P*,0,) ' AP = A(P*,M?*/2P*0))

FIG. 5. A forward scattering diagram in kernel-1.

The amplitude for the central-cut diagram in Fig. 5 is given as

Tff:) = Ze?gﬁ / d4x1d4x2d4z1d412d4z3d4z4/
f
x @X2a=PD) i1 (P1=q) git1 (+p2=p1) piza(ta—E) piz3 (€' —£2) yiza(py —€'—p2)
ip+M)y ., i(pr+M) i i(pr+M)
[(P))? — M?* + i€] [P3 — M? + ie] [p? — M? + i€]
id® id%) idd)

X i abc o1 p _E/_Z 'B‘AC i bed 0202 0, — ¢ ﬁzAd o 02 (T3] , 11
f g ( 2) 51 f g ( 2 ) ﬂz (£2+l€) (2% +l€) (6’2+i€) ( )

d*py d*p, d*t d*¢ d*t, d*p,
Qm)y* Qm)* 2m)* 2n)* 2m)* 2m)*

X (AP|Tr [%(m)%(n)y“ V”:| |AP)

where the trace Tr[...] is over the Dirac matrices and the Gell-Mann SU(3) color matrices. The notation ) . represents the
sum over quark flavors. We apply Cutkosky’s [53,54] procedure to evaluate the discontinuity along the cut-line and obtain the
hadronic tensor. The discontinuity associated with the gluon propagator and quark propagator is given as

1
Di = —27is(0?),
lsc|:£%+iei| mid(£3)

: 1 (2 2
Disc m = —27Tl8(p2 -M ) (12)
The resulting hadronic tensor is given by
d4p1 d4p/ d4£ d4ﬁ/ d4Z2 d4p2
WI/vV — 2 4/d4 d4 d4 d4 d4 d4 / 1
= 2 | dndndadiad st [ G5 50 Gry Gry Gyt Gy

x ™2 (g—p) )eixl (P —q)eim (L+p2—pi )eiZZ (%) —Z)eia (Z’—Ez)eim (Py—t'=p2)

(D@ +M) e WP EM)
- ! M ey ||AP
[(p’l)2—M2—ie]( Dy P+ MY [p%—M2+ie]y }' )

x <AP|T{wf(x1)tﬁf(xz)y“

id(") (—i)ds")
- rabc _o1p1 ¢ p/ Biac : rbed 0202 Bapd o 02 £2) 010 2 2 2

X I U4 ) AT U+ £)"A d 2m)8 — M*)(2m)5(¢5). 13
FUGE GGG AL Rl R (R~ M)A, (13)

To separate the perturbative and nonperturbative portions of this calculation, a power-counting scheme is established. The
incoming quark before primary scattering is moving in a positive direction, i.e., p = [p™, M?/2p*,0.], and thus p* ~
[O(1), O(1),0,]Q. The same A scales also hold for p’ since p*/Q ~ 1 and p’ = [p'*, M?/2p'*,0,]. Isolating the leading
nonperturbative component, which is ¥ (x;)¥ (x2) for the first scattering correlator herein, allows us to write ¥ (x;)¥(x2) in
terms of a scalar function 7 (xy, x;):

YDV () = pT(x1,x2) = pTy T (x1, x2) = Tely T (x)¥ (02)] = p Tely Ty 71T (x1, x2)

+
= Y)Y () = V_Tr[ll;(n)y?lﬁ(m)]- (14)
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In the light-cone gauge A~ = 0, the Glauber gluon [47] emanating from the medium has A* >> A |, and thus (Z’—i—@z)ﬂlA;l (z3) ~
(0=+£5)A"(z3) and (E2+£)’32A’/§2 (z2) = (& +07)A%(z,). In addition, we assume that the hard quark produced from the
primary hard scattering with the nucleon struck by the virtual photon will undergo further rescatterings while traversing
the remaining A — 1 nucleons. As in Q >> 1, any scatterings after the first one are assumed to be independent, and thus the
correlators are factorized,

+ +
<AP|Tr[xﬁf(xz)y7w,<xl)]A“*(zmd*(@)mm ~ <P|Tr[x/?,<xz)%w,~(xl)}|P> (PotIA A @)IP),  (15)

where the first term will be absorbed in the definition of the nuclear parton distribution function, while the second term will be
included in the scattering kernel. The color trace can be simplified as
fhad fabc fdah fcah (Sdc

= Cy— = CyTr[t%], 16
> > A A T[] (16)

ithedfabcTr[tate] —
where C4 = N,. The resulting WV is given as

d*py d*p| d*t a*t' d*t, d*p
@2m)* (2m)* 2m)* 2r)* 2r)* 2m)t

+
W/ =Ca) et / d*xid*xyd*z1d*2rd* 23d 2, (PIy, (xz)%wf(xmp)
f

x eixz(q—]"l )1 (p1 —q)ei11 (Etp2=p1) yiza(E2 —f)eim(f’—fz)eiu(ﬁl —t'—p2) (Pa_, |Tr[A+ (z3 )A+(Z2 MNIPa_i)

_ (p, +M) (p1 +M)
x Tr ® — ™ + My ————— Y
|:J/ e - —ia” (P2 + M)y [ — 0 +ic]
4o 4O
X g+ 05)g7 P + 07) 22 dl) 2N (2)8(ph — M?)(2m)5(E3). an

(02 +ie) PP [(0)? — €]

After performing the change of variable p| = g+p’ and p; = ¢g+p, which stems from energy and momentum conservation
(see Fig. 5), the integration measure d* p) transforms as d* P, — d*p', while d*p, — d*p. We also perform the integrals over
d*z; and d*z4 gives 2 )*8W(—q — p+L+py)2m)*8 (g+p — €' — p>), which allows for the d*¢ and d*¢’ integration. The
W/ becomes

d4p d4p/ d4£2 d4p2
Qn)* 2m)* 2yt 2n)*

+
W =0 YA / d'xid xd*2d*z; (P17, () v, 1)
4

x e~ P ginip piza(2+pr=q=p) 4iz3(g+p' —p2—L2) (Py_i |Tr[A+(z3 )A+(Z2)] [Pyi_y)

+p +M +p+M
x Tr|:)/y“ (¢ - 2ﬁ 2) . yal (pz +M)ya2 (% zp ) . yv]
[(g+p) —M* —ie] [(g + p)* — M? + ie]
Jlatp=p2) 4Latr'=r2)
x gﬂlplgtfzpz(q* —py + Eg)Z 202 4% 01 (27‘[)5(p% _ Mz)(ZJT)S(E%). (18)

[(q+p—p2)* +iel ' [(q+p — p2)* —iel

Introducing new variables for distances

Ax = xo — Xy, x=x2+xl,
2
3+2
Ar=z-12, z= 32 2, (19)

leaves the integration measure unchanged, namely d*xod*x; = d*xd*(Ax) and d*z3d*z, = d*zd*(Az). Moreover, that the two-
point correlator (P[v/, (x+Ax/ )yt (x — Ax/2)|P) is invariant under translation by four-vector x. This is primarily true owing
to the fact that the incoming state and the outgoing state are identical. Thus, the hadronic tensor becomes

d4p d4p/ d4£2 d4p2
27)* 27t 2r )t 2 )t

+
W = Y et f dhxdt (Ax)d*zd* (A7) / ( (P17, (A0 Yy, O1P)
4

LAy o Avy o Az (o1 Az / Az Az
&I 3 =8 i SNt pr=q=p) i S a0 —p2=2) p, | |TI[A+ <Z n 7)A+ (Z _ _)] o)
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_ d+p +M) o « d+p+M) )
xTr|:y yH %/215 =V (ha + M)y™ 4 215 R4
[(g+p)— M= —ie] [(g+ p)” — M? + i€]
d(q+p—pz) d(q+p’—pz)
x g1 (g — py +6,)° i d\) ul 2m)8(p3 — M?*)(21)8(63).  (20)

[(g+p— p2)* +iel P [(q+p — p2) — i€l

Equation (20) becomes singular when the denominator of the propagator for py, ¢, £’, and p} vanishes. Computing this integral
is easiest in the complex plane of p* and p'*, where both p* and p'* have two simple poles.’ The contour integration for p* can
be carried out as

d p+ eif(x]’fz; )

C =
7)) [(g + p)* — M2 + i€ll(qg + p — p2)* + i€]
dp* elP o7 =5)

- 2
@) 2g-[q" + p+ — 3= +ie]2(q — py)lat + pt — pf — 5 +ie]

2
. M2 (gt it L - =
I ) el( 4Pt )

_Q@ui) 667 —25)

2 + 2
27 49 (g~ — p; M2 + P + P M2
=) {57 — P2 - 2<q*2—lp;>} {p3 + P o

; - _ - 2 G (v —2;
_ (27'[1) 9(x1 — Z2 ) el‘(_q++2/‘;7:)(xlf_zzf) —1 =+ eg/"’ ( 1 ZZ) (22)
21 4q97(q — py) (2)
where
P p—— P, M?
Y= + - N > 23
MR ) T 2 @)
which is also present in Appendix A for convenience. The contour integration for p'* proceeds analogously, giving
dp/+ e—ip’*(xz’ —23)
G =
Q) g+ p)? —M? —iell(q+ p' — p2)* — i€]
?g dp'* eI 055
= 2
@) 2g7[g* + e = 5 —ie]2am = plat + = pf - s —ie]
. _ _ g (o
_ (—2mi) O(x; —z3) e—i(—q++2"2—i)(x;—z;) —1 + 719" (2 =) 24)
2 4q (¢~ —py) ) '

As the final expression for C; and C; is independent of p and p/, respectively, the dependence on these variables in Eq. (20)
remains within 1= and ¢'” %) as well as the trace over y matrices. While our A-power counting scheme constrains the
size of momentum variables, the same cannot be said about position variables. Thus, the /7' ~%2) and /7 =) phase factors must
remain intact. As the trace in Eq. (20) only contributes at O(A?) in p and p/, the only nontrivial contribution remaining to the p and
' integrals stems solely from e/”®1=%) and /7% —*) phase factors. To perform the remaining integrals for p and p/, the following

substitutions are used p = [p™, p~,0.] = [p™", é‘%—i—ép’, 0,]and p'=[p™*,p~,01=[p", ;Z—,i—}—ép”,ol], where §p~ ~

O(A?) and 8p'~ ~ O(A?). Thus, the integrals over dp~d*p,dp/~d*p/, simply become integrals over d(8p~)d*p.d(Sp'~)d*p',

yielding
Ax™T Azt Ax | Az
2708 xT — == — 4 2 )1s@ _ =7+ et
2m) <x 2 z+ > ) Xy > z, + >
Axt AzZTN Axy Az
X3<—x+—T+Z++T>5()<—XJ_—T+ZJ_+T>. (25)

5One of the propagators takes the form
[g+p) —M* +iel™ =12¢" +p)g +p ) —lq +p.lP =M +iel”' =~ 2 (¢" + pDIl + 00D — M? + ie]™!
2 2, s 11 1 + + M’ : -
=[g+p)°—M +ie] ~ —|qg" +p" —— +ie| , 21
2q 2q

where the established power counting p~ /g~ ~ A? together with p; = 0, was used to simplify the full propagator to the expression above. A
similar procedure is used for [(g+p — p,)*+ie].
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Performing the integral over spacetime variables (x*, x ) and (Ax™, Ax ) using § functions in Eq. (25) yields

wo 2 4 - —\ g4 44 d*t, d4p2 - - + yt
W =CA2f:efg_Y dx~d(Ax7)d*zd*(Az) T ) (P, (A, AZF, Az) ==, (O)IP)
i(q+_M72)(Ax’_A7’) iAzZ(g—pr—t (P2)—  —  AxT AT _ a2 - AT AT
X e 2 2 ) ptAzlg—pa 2)[ l—l—e‘g (" —z 2+2)][—1+e’g 4 2 2)]
Ax~ Az Ax~ Az 1 -
O] R e S T 1Y e S —— [g;;’z)]z
2 2 2 2 ) 4q (g~ — py)P
X Trly " y*(d + ¢ +M)y® (b + M)y (¢ + p+ M)y " 1(Pa_1 | Tr[AT (z + Az/2)AT (z — Az/2)]|Pa-y)
x &1 g7 (g — py 4 €)X dTTTPIdl) d\ ) Q)8 (p3 — M) (2)8(63). (26)

The next step is to perform dE;” and d p; using the § functions 8(@) and §( p% — M?) and A-power counting. Indeed

1 22
3(63) =8(265¢;, —£3)) = 275(52* 2? )
2

27

_ 1 5+ M
303 = M%) = 320t ol = M7) = 3 —o(pf = P,
2

2p,

Defining the momentum fraction y as £, =yq~, allows us to rewrite d¢, = g~ dy. Furthermore, energy and momentum
conservation in Fig. 5 implies that

gt+p=pi=btl=L+ (k)<= qg+p—Lr—p+k=0. (28)

While the 6 functions can be used to perform the K;r and p;r integrals, the p; integral can be performed using A-power counting.
Indeed, as k* ~ [0(2%), O(3?), O(1), OM)]Q, while &5 ~ [0(A?), O(1), O(%), O(W)]Q and py ~ [0(A?), O(1), O(%), O(M)]Q,
using energy and momentum conservation implies

O0=qg +p —4& —p, +k7,
0=g +00>) ~t; —p; +00), (29)
and thus the following change of variable p, = ¢~ — £, +k™~+6p; , where dp, ~ O()\?) is a small quantity, induces a change
in the integration measure dp, = d(dp, ). Thus, the integration over d p, yields a § (Az™1), as the only function in Eq. (26) that
is not small is e~"”2(<") since Az* is not subjet to the power counting in A. Any other dependence on p, seen in Eq. (26) can
simply be set to g~ — £; +k ™. Defining
-
n=—= (30)
yq

(see also Appendix A) and applying the following transformation p,, +£€,, =k, allows us to express d*pr1 — d%k,,, for a
fixed £,, thus giving

dyd®ty, d’k
W =Ci Y gl / dx~d(Ax™)d*zd* (A7) / YL 4
f

By AT P (A7 AziAu)—wf(om

% ei(qﬁz”j—f)m*[ 14+ eigﬁfz‘(x*—z*—ﬁgﬁr%)][ 14 oG =+ A A )]e—iAz’H,(\f,z'pz)eikl-Azl
. AxT Az A Az P2) 9
x0[x~ —z ——+—>9(x -z + — ) — e
( 2 2 2 2 )49~ (¢~ — p; )12[ i 2yq2(1 =y +ny)g~
XTely “y* (g +p +M)y“ (b2 + M)y (¢ + p+ M)y " I{Pa1|Tr[AT (2 + Az/2)AT (z — Az/2)]|Psy)
x gmplgazpz Qyg~ — kf)zd(‘ﬁp pz)d(lz)d(qﬂ’ —p2) 31)

0201 701

1 -2 -

Note that the two-point gauge field operator (Py_|Tr[AT(z+Az/2)AT(z — Az/2)]|Ps_;) is invariant under translation by

four-vector z. This is primarily true owing to the fact that the incoming state |P4_;) and the outgoing state (P4_;| are

identical. Therefore, any z dependence seen in the operator expectation value is not physical. The phases that depend on the
e ME A

relative distances Ax~ = x; — x7, such as '@~ A

, are absorbed in the definition of the quark PDF, while the phases
—inT HyP T ik

e ‘Az gre included within the distribution function of the nuclear medium.
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Next, we consider the following quantity that appears in the second line of Eq. (31):

R = [ —1 + eig,(‘;Z’(xf—z’_Aé_-k%)][ 1 + e_ig,(vl;z)(x,_zf_k%_%)]
— R [2 2 cos {g(PZ) —z )}] (32)

The relation in Eq. (32) assumes that the phase factors spanning the size of a nucleon are negligible compared to those spanning
the large nucleus. Indeed, the distances Ax~ and Az~ solely span the size of the nucleon, whereas the distance x~ — z~ spans the
size of the nucleus. In Fig. 5, it is assumed that the primary and secondary scatterings both happen in different nucleons inside
the nucleus, and the two nucleons participating in the scattering are identical to the two nucleons in the complex-conjugate
side. Keeping terms in R arising from Ax~ and Az~ leads to subleading corrections that are ignored here. This entails that
X, —z; ® x| —z,, where x| —z, represents the distance between first scattering and second scattering on the amplitude
side, while x; — z; represents the same distance on the complex-conjugate side. It is a standard practice [50,55] to ignore
the fluctuations from Ax~ and Az~ in the length integration ¢~ but to keep these fluctuations in the definition of the initial
state parton distribution function of the nucleon and in the in-medium transport coefficient. As in previously published papers
related to the higher-twist formalism [50,55], we make these assumptions explicit, thus reducing the length integration term R to
[2-2 cos{g(m{ }]. As 6(x] — z; ) suggests that x;” — z; > 0, while 8(x; — z; ) implies x; — z; > 0, we define a new length
integration variable

(T=x -z Rx; -3 Rx —Z. (33)
Introducing ¢~ in W*" allows us to perform the integrals over d*z,° and Az*, giving

ddeZZJ_ d kJ_ i(qg* 7—)Ax
@) (2n)?

Wil =Ca) el / dg~d(Ax)d(Az)d*(Azy) / (PIY, (Ax ) wf<0>|P>
f

2 —2cos {GPY _ - D)
x 9(4_)[ 19”4 2}][ ] ’ - 1 —e 1A% Hy " ik Bz,
[4g=(1 —n)yg~] 2yq=2(1 =y +ny)q
xTely "y (g + P + M)y (b + M)y (g + p+ M)y "N Pa1|Te[AT (07, Az, Az))AT (™, 0)]|Pazi)
X g"”"g“”’z(qu_ —nyg )de{i;rf pz)d;f;)ldécl/;p —p2). (34)

The trace in Eq. (34) can be simplified to get
Trly “y"(f + P + M)y (pr + M)y®(f + p + M)y"1g"" Uzpzd(quzP pZ)dc(TiiJ)ldt(f?;p —p2)
_ 8q7[-gl] L+ -y
(1= n)’y(1 =y +ny) y

where « is defined in Eq. (8). Using the expression in Eq. (35), the hadronic tensor becomes

] [(€2r — k1) 4 ky*M?), (35)

Wl =Ca Y 20-¢)"\lejs) / d(Ax)e ™ *)<P|wf(Ax> wf<0>|P>
f

2
/d(AZ ias, D Ll P [1 +(1— y)2] [(1 ~ 1) }—mwﬁwvewrm

21 (27)2 (27 )2 y (1 —n)?
_ 402 (Pz)
y /dg“_@(; )[(eu k) + ky*M*[2 — 2cc>25{g 1]
(8o — k1) + y2(1 — n)*M2]?
X (Py_|Tr[AT (27, Az™, Az AT (™, 0)]|Py_1), (36)

where, for completeness,

02 _ it P, M> _ (Cor — k) (0 —n)’M?
22 —py) 2 A —y+an(d-mg
M? _Z%J__)’Mz (eu—kl)z-i-Mz

rH(fz p2) _ €+ + pz

= ) 37)
2q~ 2yq~ 2g=(1 —y+ny)
(p2)

Note that momentum variables, such as G;,*’ and ’HU52 72 are in Appendix A for the reader’s convenience.

The integral over d*z gives an overall normalization factor, which is absorbed in the redefinition of the operator product expectation value.
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IV. FULL SCATTERING KERNEL AT NEXT-TO-LEADING ORDER AND NEXT-TO-LEADING TWIST

In the preceding sections, the goal was to present in detail the steps involved in the derivation of a hadronic tensor for a given
diagram and to highlight the power-counting strategy employed herein. In this section, for each kernel, all diagrams are combined
and a full scattering kernel is provided for the gluonic and fermionic emissions from quark-initiated jet-medium interactions in
each category: ¢ — g+g, q —> g+8 q —> q+q, and ¢ - ¢'+G . The ¢ — g+g case is analyzed first, which involves a Glauber
gluon [47] exchange with the medium, while all other diagrams subsequently explored involve a Glauber quark exchange with
the medium. Kernels involving Glauber quarks are especially interesting, as quark degrees of freedom develop dynamically
as the heavy-ion collision transitions from a glasmalike initial state to the QGP. So, kernels /C, through /C4 are sensitive to
flavor hydrodynamization dynamics, thus complementing our photon study in Ref. [48]. The present calculation accounts for
heavy-quark mass scales, full phase factors, and fermion-to-boson conversion processes. Monte Carlo simulations of jet-medium
interactions involving highly virtual partons, including Bayesian analyses constraining ¢ [21], have an unexplored theoretical
systematic uncertainty due to the incomplete accounting of the Glauber-quark contribution to parton energy loss. This knowledge
gap is addressed in the subsections below, from a theoretical perspective.

Note that some of the diagrams in kernel-1 through kernel-4 are structurally identical to those in Ref. [48], with the only
difference being the replacement of the final-state photon line by a gluon line, together with the corresponding substitution
eze% — g% and the appropriate SU(3) Casimir factors. As the goal herein is to provide self-contained and transparent discussion
of all diagrams, these derivations are reproduced in Appendixes.

A. Single-scattering induced emission kernel: One gluon and one quark final state

For kernel-1, a total of 23 diagrams were identified (Fig. 4), including the left-cut and right-cut diagrams. These are presented
in Appendix B. In order to add these diagrams, we institute Ax™ =x, —x;, Az" =23 —z,,and {” =x] — 2z, =%, —23.
The phase factors (i.e., complex exponentials) that depend on Ax~ are absorbed in the definition of the nucleon parton
distribution function, whereas those that depend on the relative distance Az~ = z; — z, are absorbed in the definition of the

gluon/quark distribution in the medium. Following these definitions, the diagrams within each kernel are summed.
Diagrams in Fig. 4 are a common setup [10,49,50,56] for quark energy loss in the nuclear medium, using the HT formalism.

The first HT calculation [10], considered a subset of diagrams in Fig. 4 for a light quark propagating through the nuclear medium.
The setup in Ref. [10] was later extended to include corrections from the heavy-quark mass scale [49]. Finally, Ref. [50] takes
into account all diagrams in Fig. 4 to explain how a light quark propagates through the nuclear medium, while our result extends
those of in Ref. [50] to include heavy-quark mass scales. The hadronic tensor for an incoming quark Q of mass M and flavor f
reads

-3 _ + .
Wiy = 20-g!" le} / d(Ax)e™ 24’)(P|1pf(Ax_)yTtpf(O)|P) x [\@C9), (38)
f

where ey = 2/3 for up-type quarks (u, c,t) and ey = —1/3 for down-type quarks (d, s, b). The effective medium-modified
scattering kernel for type-1 processes ICiQ‘Q’g) is

. _ dy dzﬁzl dzkj_ Ay E2r2)
@0 _ 2 / JAPA, 2 AT YHR™ ik, Az,
! § | AT ALy o G ¢
x / dz=0()S\C (P ITr[AY (¢, Az™, Az AT (™, 0)]|Pasy), (39)
with
2
5@es :CA[I + 1 -y }
y

(1= ) (621 =k + oy M2 =205 {G'c ] | n(1+9)" [6, + ']
A= [l — ko +y2(1— P WP (+m (g, +ym]
—v)? 2 4M2

+CF 1+(1 y) [ZQL‘FKy ;
Y (3, +ym?]

[(1 FayP+ 1 —y+ ny)z} [{(1 Fy)as —yki Y + Kywz]
+Cr

st - 1

[1—cos{G ¢t }]2—n)

y J?
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Ca L+ (=) +ny@—y) || A+ny)3, — ey ki + ky*M? (), —
“A_c 2-2 :
+ |: ) F]|: y i||: [‘E%J_ +y2M2]J1 [ COS{gM ; }]

G 1+d -y |:1 - %i||:(£u —ky)- €y —yky) +ry*M?
2 y L=n L [(6ar —k0)” +y*(1 — n)’M21;

G| 1+ —yy (bo1 — k1) - Loy +xy*M? |:1_Ei|
2 y [(€2r — ki) +y2(1 — )’ M21[£3, +y*M?] 2

5 { [2—2cos{Gi ¢} —2cos {Gy ¢} + 2 cos {AGuE ]

| EREE )

. + n[4 cos {g}j%*} — 2COS{AQM§}]}

Y 2 4ng2
_CF|:1+(1 y) :|n[e2L+Ky M ] cos {g[(‘fz)é-—}’ (40)

Y [e%J_ + y2M2]2

where AGy = (g,ﬁ;’” - g,ﬁf”). Equation (40) is now examined in detail. The first two lines stem from Fig. 4(a) combining all
three cuts.” The third line originates from Fig. 4(b) again combining all three cuts.® The fourth line comes from the central
cut of Fig. 4(c) [Eq. (B25)]. The fifth line combines the right-cut of Fig. 4(d) and the left-cut of Fig. 4(e) [Eq. (B38)].
The sixth line combines the right-cut of Fig. 4(f) and the left-cut of Fig. 4(g) [Eq. (B52)].' The seventh and eight lines
combine Figs. 4(h) and 4(i), where adding the two central cuts [Eq. (B59)] gives the interference [2 — 2 cos{ 155”; “} -
2 cos{g,ff); “}14+2 cos{AGy ¢~ }], while the left-cut of Fig. 4(h) with the right-cut of Fig. 4(h) [Eq. (B64)] gives the interference
[4 cos{ ,(Vf”;_} — 2cos{AGy ¢~ }]1.M Finally, the last line stems from adding Figs. 4(j) and 4(k) [Eq. (B71)].

In Eq. (40), the factor n is included for noncentral cut diagrams. Since the noncentral cut diagrams give rise to two gluons
on the same side of the cut-line, it imposes an additional phase-space constraint as §(Az") due to the time ordering of the two
gluons originating from the plasma. When evaluating the hadronic tensor, the effective integral over d(Az ') becomes

fd(Az*)é(Az*)@(Az*) =0(Az" =0)=n. 41

The definition of the Heaviside function at zero, encapsulated in n, depends on convention.'? A detailed discussion about the
origin of n can be found in Appendix A of Ref. [50], which puts the bound as 0 < n < 1/2.

B. Single-scattering induced emission kernel: Two gluons in the final state

Interactions between a highly virtual incoming quark and the Glauber quark in the nuclear medium have not received the same
amount of attention as those involving in-medium Glauber gluons [47] discussed above. Thus, Sec. IV B as well as Secs. IVC
and IV D present a detailed account of interactions between a highly virtual incoming quark and in-medium Glauber quarks. In
kernel-2, considering first the channel with virtual quark and Glauber antiquark annihilation into two gluons, labeled as ¢ — g+g
are shown in Fig. 6. A complete calculation of these diagrams is presented in Appendix C. Adding the hadronic tensors of all
diagrams (Fig. 6) gives the following form of the hadronic tensor:

v v —\ i X~ 1. - y+ 38
Wi = Z 2[—g"" 1e; / d(AxT)e ! AP, (Ax )wa(0)|P) x [CS#8), (42)
f
where ey = 2/3 for an up quark and e; = —1/3 for down and strange quarks. The effective medium-modified scattering kernel

for type-2 processes K\7%% is given as

Lﬂ d*>, d*ky o~ IATHGT ik Az
2 (27w)? (27 )?

I(:gq;g’g) — gf/d(AZ_)dZAZ

+
x / dE= 0@ IS By 11, 0y, (6L AT, A)IPy ), 43)

"The first term on the second line is from the central cut [Eq. (36)] of Fig. 4(a), while adding the corresponding left and right cuts [Eq. (B8)]
gives the second term of the second line.

8The term associated with the factor of 2 in 2 — n corresponds to central-cut [Eq. (B13)] in Fig. 4(b) and the term with factor of n is associated
with its left- and right-cut [Eq. (B20)].

“Note that combining left-cut of Fig. 4(d) and the right-cut of Fig. 4(e) gives zero [Eq. (B37)].

10 Again, combining left-cut of Fig. 4(f) and the right-cut of Fig. 4(g) gives zero [Eq. (B51)].

""One cannot add the left- and right-cuts of Fig. 4(i) to those of Fig. 4(h), as that would be double-counting.

12 According to Ref. [57], n = 1; Ref. [58] uses n = 1/2, while other references, such as Ref. [59], leave n unspecified.
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(0) ; "(d)

FIG. 6. Diagrams for scattering kernel-2.

while

s _ CCz{[“'(l—Y)2][2—2°05{93€2)§}]+[1+y2+ny2(n—2)][2—2005{93172)C}]]

y g~ (1 —y+ny)e3, 1—y+ny yg—(8ry — k)’
1
(1 +ny2q (1 + ny)ar — yk T

y(1 + ny)? LA 2ny)(1 —y +ny)
+ny

Lacic [ +y( 4 —y+ny)]

(I+ny)q
CZCF |: 1+y° ] (L4 ny)ar —yki]-[€21 — k] 1
y(I —y+ny) (‘EZJ__kJ_) [(l—i-ny)ﬁu—ykﬂ (1 +ny)g~
_ (7A —CF)CACF[l —y+277y] [—€3, + 1 ki ]
g (1 —y+ny) y (b — k)63,

B 3 2 _ :
CACF L+ —=y+ny) (L +ny)5, —yla kJ_2 1 [2— 2cos (G )]
y( =y +mny) €3 [(1 4 ny)r — yk.] -

[2 - 2¢0s {65 )]

[2—2cos {G{¢ ™} —2cos {GP ¢} +2cos {AGoc 7],

(44)

where AGy = gg” 2) _ g{f’”. In Eq. (44), the first line corresponds to the process in Fig. 6(a) [Egs. (C5) and (C6)], the second
line stems from the process Fig. 6(b) [Eq. (C11)], the third line and fourth lines are associated with interference processes
shown in Figs. 6(c) and 6(d) [Egs. (C22) and (C23)] where the momenta £,, and p,, of the two identical final state gluons are
interchanged, while the fifth line corresponds to the process in Fig. 6(e) [Eq. (C30)].

Note that each term in Eq. (44) carries a suppression factor of 1 /g~ compared to the terms in the scattering kernel-1 [Eq. (40)].
This indicates that the medium-induced quark-to-gluon conversion processes of kernel-2 are suppressed by the incoming energy
of the quark ¢~

C. Single-scattering induced emission kernel: One quark and one antiquark in the final state

The single-scattering induced emission diagrams contributing to kernel-3 are shown in Fig. 7. The diagrams involve a Glauber
quark exchange with the medium and consist of a quark and antiquark final state. A detailed calculation of these diagrams
is presented in Appendix D. Based on the quark flavor of the final state, the diagrams can be divided into two categories:
(i) ¢ = g+q and (i) ¢ — ¢'+q, where ¢’ may be different from g. We first consider the situation of a heavy quark (Q)
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FIG. 7. Diagrams for scattering kernel-3.

transition Q — Q+¢ in Fig. 7(a), which gives the hadronic tensor [Eq. (D5)]:
Wff?ﬂ] _ 2[—g’i‘l]e§/d(Ax )el(f(Ax ) —l[Mz/(Zq N(Ax™ )(Phﬁf(AX ) Wf(0)|P> ’CngQ»fi/)’ (45)

where ey = 2/3 for a charm or top quark and e; = —1/3 for a bottom quark. IC;Q;Q"?/) is the effective medium-modified scattering
kernel for the type-3 process [Fig. 7(a)], defined as

D — g Z d(Az )d2Az dy d*t>, d*ky oI ik Az

= g.Y
‘ 2 Q)22 et
frefind.s) 7 @) (2m)

/dc O(EHISELT Py, (¢~ 0) w (£7, Az, Az))|Pa 1), (46)

with

[2—2cos {G¢7 )], (47)

S0 _ |:CFCA:| A=y | 1 [(€on —k) +ky*'M?]
’ 2 y Y4~ (8o — k1) + Y2(1 — )’ M

where M is the mass of the quark with flavor f. Note that Eq. (45) follows from Eq. (D5). The second option in Fig. 7(a) is one
in which the light quark ¢ has a different flavor than the light antiquark §’, and in that case one simply sets M = 0 in Eq. (46)
and Eq. (47).

The other process contributing to kernel-3 is ¢ — ¢’+4’ in Fig. 7(b), where the quark ¢’, spanning both light and heavy
varieties, has a different flavor from the light quark g. For that case, a fixed light quark ¢ with flavor f gives the hadronic tensor
[Eq. (D10)]:

. _ _ + L
Witha = 2[=¢" le / d(Ax™)e (Pl (Axﬂ%wom x ST, (48)
with

a4 _ dy d Ezl d kl (€2.p2) N
IC(q’q .q) — 4 /d Az dZA l’H] (Az7) —ik Az
3 DY (A ALy oy Grp® ¢

f'efud,s,c,b,t}

_ _ +
x / de=0(7)S *“(PA_IW,(;—,m%w,.(;—, Az, Az)|Pi_y), (49)
where ”Hiez”’ ») is defined in Eq. (A14) and is dependent on f’, while
Sdd) _ [CFCA ] 1 D? + (1 —y+my)’] 50)
’ 2 1q (1402 + ny)ar — yk i} + M2(1 + ny)?]
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]

(@

FIG. 8. Diagrams for scattering kernel-4.

The last contribution to kernel-3 comes from the process ¢ — g+¢, where the incoming and outgoing quarks are of the same
light flavor. In that scenario, all diagrams in Fig. 7 contribute, i.e., Egs. (D5), (D10), and (D19), giving

PR — — + L=
Wi = 20-¢}" 1¢} / d(Ax™)e'd (A« ><P|¢f(Ax—)7’Tg/ff(0)|P> x ICSHD, (51)
with
0. G _ dydﬁgj_dkl _ (€2.p2) .
@D _ A / d(Az VP Az (AT YH ™ ik Az
3 8 | AT ALy G ¢
/dc 6(c STV (P, 1, (2, 0) - wfo: Az7, Az)|Pacy), (52)
and

Y CrCy Il 1+ =y 1 1 _
Sled) _ [ F Aj| - ) (p2)
) 2 v i e e lan el

|:CFCA]_ b+ 1 —y+ny)’]
2 1 (402U + ny)ar — yki}* + (14 ny)2]

C4 1 1—y+ny } J ()
—|crcalCcr — 22 ) |— 2-2 . (53
[ g A( ) )Lq‘[(“rny)(l — ) 1€ — k) [(1+ ny)as — vk, ) al cos{G™'¢ "}, 653)

where J, and g(()” 2) are defined in Appendix A. The expression of the scattering kernel [Egs. (47), (49), and (53)] contains a factor
of 1/q~, and therefore, like kernel-2, the processes in kernel-3 are suppressed by a factor of the incoming energy of the quark

q .

D. Single-scattering induced emission kernel: Two quarks in the final state

The single-scattering induced emission diagrams with two quarks in the final state are presented in Fig. 8. The evaluation of
these diagrams is discussed in Appendix E. The case with two quarks in the final state is further subdivided into three categories:
(i) a final state with a heavy quark Q and a light quark of flavor ¢/, (ii) a final state with a light quark ¢ and another light
quark of a different flavor ¢’, and (iii) final state with two light quarks of the same flavor ¢. The Feynmann diagram in Fig. 8(b)
contributes solely to final state of type (iii). For a given heavy quark Q participating in the process Q — Q+¢’, the hadronic
tensor is [Eq. (ES)]:

v v —\ ,l X —i[M? X
W4H’rull 2[—g’iL]€ff/d(A Ye iq* (Ax™) ,—ilM?/(27))(A )(lef(Ax ) Wf(0)|P> x IC(QQq) (54)
where ey = 2/3 for a charm or top quark and e; = —1/3 for a bottom quark. ICEQ;Q”]/) is the effective medium-modified scattering

kernel for the type-4 process [Fig. 8(a)], defined as

0.4 dy d*ty, d*k )
]Cé(leQqq) — gﬁi Z d(AZi)dz y 21 1 1(Az )ij 13 ezkl-Azl

Pl Lo (27)? (271)2

/dc 0 ISECD Py, (¢ Az, Az) wf,@ L0)Py-1), (55)

where f’ spans the three light flavors, while

S@ed) _ [CFCA] - y)2 L (62 — kL)z + &y M
4 2 y Y4~ [(Bar — k1) +y2(1 — n)*M2)2

[2—2cos {G0* ¢ )] (56)

For an incoming light-flavor quark ¢ participating in the process ¢ — g+¢’, with ¢’ being of different flavor from ¢, one simply
sets M = 0 in Egs. (55) and (56).
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Finally, both diagrams in Fig. 8 contribute to the process ¢ — ¢g+¢g, where all light flavors g are the same. The hadronic tensor
and scattering kernel, combining Egs. (ES), (E6), and (E15), gives

Ly v —\ i X~ T — y+ 3q,
Wi =2[—g’j_L]e;fd(Ax )el AP (Ax )V OIP) x [CED (57)
. _ dy d*ly, d?ky . pop e
IC(‘N]J]) — 4/d A dZA =y i(Az7)H, lkL'AZL’
4 8 | A A Gy G ¢
o ol - y* _
x / dem0@ S P, (E7. A, AzL) 1, (7 0)IPac), (58)

with

. CFCA | 1+ =y | 1 1 _
S(‘N{qq) — |: r A:| ) (p2)
' 2 v e @ el

CFCAM1+)’2] 1 1 (t2) -

+ — 2 —2cos1G ¢
[ 2 JL1-y q‘(l—y+ny)€§l[ %"}

CrCa(Cr— %) [0+ k]
(L=yyg~ (1 =) —k21)*€3,

[2—2cos {GP ¢} —2cos [GS ¢} +2c0s {AGoc )], (59)

where AGy = (g},"z) — 662)).

Like kernel-2 and kernel-3, the scattering kernel-4 contains an additional factor of 1/, and therefore the processes in
kernel-4 are also suppressed by the incoming energy of the quark ¢~. However, note that suppression by 1/¢g~ does not imply
that kernel-2 through kernel-4 should not be present inside a jet Monte Carlo simulation. While ¢~ is a dynamical quantity and
a large quantity for the first split, it decreases as the shower is generated with subsequent splits. Moreover, as the system created
in relativistic heavy-ion collisions transitions from the early-time glasma to the QGP, quark occupation number in the medium
increases, and hence, the jet energy loss starts to become sensitive to kernel-2 through kernel-4.

The transport coefficient § has been estimated for a quark that traverses QGP and cold nuclear matter. The phenomeno-
logical studies carried out by JET [60] and JETSCAPE [21] Collaborations indicate that § is 1-2 GeV?/fm at temperatures
T €300, 400]MeV in RHIC and LHC collisions. There also exist estimates of § based on jet quenching in DIS for cold
nuclei. Using an ideal quark gas equation of state with three valence quarks at normal nucleon density in a large nucleus, §
has been estimated to be 0.02—-0.06 GeV?> /fm [55,60]. A more recent estimate [61] based on the global fit to experimental data
for semi-inclusive e-A DIS, Drell-Yan (DY) dilepton, and heavy quarkonium production in proton-nucleus (p-A) collisions also
yields a similar value of § in cold nuclear matter. These estimates indicate that the transport coefficient g is an order of magnitude
higher in hot QGP compared to the large nucleus. Assuming a similar behavior is true for the jet transport coefficient involving
the fermionic correlator (see next section), one could assert that the new contributions presented in kernel-2 through kernel-4
would play a more significant role for jets traversing through QGP compared to jets in cold nuclear matter, such as in DIS.

V. COLLINEAR EXPANSION AND JET TRANSPORT COEFFICIENTS AT NEXT-TO-LEADING ORDER
AND NEXT-TO-LEADING TWIST

Having presented the full scattering kernel for a hard quark traversing the nuclear medium, a Taylor expansion of four
scattering kernels S; around k; = 0, and k= = 0 is now presented, as has been done in prior higher-twist calculations [49,50].
In general, the expansion takes the form

(@bic) (@bic) Fa;b,c) 1 328-(“;19'6)
Sk, k) =Sk, =0,k =0 i Ko+ =22 | K@K+
i (L ) i (L 1L )+ Bkﬁ J_+2' akﬁaki J_® L+
= k=0
38»(U;b’c) 1 azsga;b,L')
[t S— _ k~ k~ e, 60
LTS 2 k2 ®K + (60)
k=0 k=0

where |¢—o is shorthand notation for all components of k being evaluated to zero, i spans the four kinds of kernels discussed
herein, and (a; b, c) represents the species involved in the 1 — 2 process. For example, for a heavy quark radiating a gluon,
0 — Q+gislabeled (a; b, c) = (Q; O, g). Assuming a homogeneous and isotropic nuclear medium leads to a vanishing second
term in Eq. (60), after integration over k is performed. Homogeneity and isotropy further entails that the third term in Eq. (60)
is nonzero only when p = o.
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Applying collinear expansion, the effective medium-modified scattering kernel ICW”C) can be written as

dy d Zzl 1 .
ab,c ab,c ab,c
e ngzﬂ (27,)2 [RE,(» )O(i20)+<5REi;T2;O(zT2)+ S RET OO + - )

<R27Lb i))O(, L+ R(;L 2)O(tL 2) + - >:| (61)

where T\’,Efob)‘) is the zeroth-order term in the Taylor expansion of the ith collisional kernel, with RE? Lb ;)) representing the jth-order

derivative of Sl.(a 5bic) along the k~ direction, and Rgf;’ ‘)) denotes the jth-order derivative of Sl.(” b.c) along k direction. Note that

R’s depend solely on the momentum fraction y, ¢ ~, and 62 I

The operator expectation values (’)(, 0)» (9(, T,j)» and O(l .L,i) represent two-point gluonic or fermionic jet-medium correlations
(also called jet-medium transport coefficients). The factors of k] ® k¢ and k= ® k™~ in the Taylor series expansion are converted
into spacetime derivatives acting on the gluonic fields A* or fermlomc quark fields ¥ (see below) and are thereby absorbed in the
definition of jet-medium transport coefficients. The expectation value O of the two- -point gluonic correlator will be labeled A,
while F represents the expectation value of the two-point fermionic correlator. The superscripts (a; b, ¢) are only really needed
for the envelopes RE;";[”C) to identify the specific processes within a kernel.

The in-medium, stochastic, gluon-induced momentum broadening in the transverse direction of a quark jet is encapsulated in
the operator @(1;T,2), labeled as fl(r,z) from now on, and more commonly known as the jet-medium transport coefficient § [13].
Similarly, (’A)(I;L,l), from now on labeled as fl(L,l), is known as ¢, quantified the longitudinal momentum drag imparted by the
nuclear medium on the jet parton.'® There exists lattice determinations of the jet transport coefficient § containing the gluonic
correlator A [62-68], however, the estimates of jet transport coefficient containing fermionic correlator F is still unknown.

Only kernel-1 involves the gluonic two-point correlator, which are given by

A 2 d k — NZ .
Oy = Ao = g / AN Dz et " gk oz,
X 0 W Pay |ITI[AT (07, Az, Az )AT (7, 0)]|Ps—y), (62)
A 1 2 =\ 72 d*ky —iAZ7H2PD ik Az
Ou.Ln Z-A(L,l) =g, | d(Az7)d AZJ_—2€ A Y
(2m)
X 0(E )W PA | Te[i{0"AT(C ™, Az, Az )}AT(C 7, 0)]|Pa—y), (63)

de —ayt2p2) o
O(]TZ) —A(TZ) —gZ/d(AZ )dzAZL(z ;~2 7!A<, HMZ ZetkL Az,

X 0 W Pa1|Tr{dLAT (67, Az, Az)HOLAT (7, 0)}|Paci). (64)

Note that fl(L,l) and flm depend explicitly on £,; via the function ’H,(é”’ 2), and thus these are transverse-momentum-
dependent gluon parton distribution functions [69]. Furthermore, Ao gives rise to a gauge correction to the nuclear PDF in
the limit £, — 0, andk; — 0, [11] and is therefore not a jet-medium transport coefficient.

On the other hand, kernel-2 through kernel-4 all include the fermionic two-point correlators. For kernel-2 and kernel-3, the
two-point functions are

d k — 4 ,.p: .
Oy = f(O)—gZ/d(Az )? Az eI gk B

(2 2
X (&) (Pl (6~ 02X lﬁf(é“ Az, Az )IPs-1), (65)
O(le) —f(L l)ngd(AZ )dZAZLék;Z —lAZiij[/'Z.pz)eikJ_'AZJ_
Y
X 0 W Paali{d™ V¥, (7, 0)}71/4(;“7 Az, Az )IPa-1), (66)

A A d’ky i aary
Ouray =Faon =48 / d(Az)d* Az, (2 ;-2 IO T ik Az

X O )W Paa {00, (C™ 0)} {anﬁ (C7, Az7, Az )} Pac)s (67)

3The longitudinal momentum broadening &, would be given by (’A)(I;va) = A(L,z), which the reader can straightforwardly derive using the
process shown here.
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where the index i € {2, 3} was suppressed in F, given that kernel-2 and kernel-3 involve identical jet-medium transport
coefficients. The F(q), F(z 1y, and F(r ) distribution functions depend explicitly on £,; via the function ’H%z’p 2), where for

light flavors ’H}ff”’ 2 7—[(()62"” ») and are transverse-momentum-dependent quark parton distribution functions. Note that the
zeroth-order term in Eq. (65) does not represent a gauge term and cannot be absorbed in the nuclear PDF; instead, it gives rise
to the leading term contributing to the parton energy loss.

For kernel-4, the fermionic two-point function is as follows:

d*k —py)
Ouoy = Fuo) = ngd(Az )dzAzL(2 )Lz eiIAT My ik Az,

X O W Paal¥, (57, Az PN lﬁf(é  0)|Pa-1), (68)

~ N d?k Gy
Owrn = Farn = gz/d(AZ )d*Azy 2 )Lz eI I kb

+
X 05 ) (Pari{d™ ¥, (5, Az, AZL)}VT%@_, 0)[Pa-1), (69)

A A d’k )
Ouray = Fur =8 / d(Az7)d*Azy on ; e iAT M gk

X O )N Pasi{0LW, (¢, Az™ ,Au)} {3ﬂﬂ (&7, O}Ps-1), (70)

where the arguments of ¥ and v/ are reversed compared to the second and third kernels, and thus an additional subscript is
present.

A. Expansion of the one quark and gluon final state

For the case where a heavy quark Q undergoes Q — Q+g illustrated in Fig. 4

14+ (1 —y)? 14+ (1 —y)? 14+ (1 —y)?
RE?TQZ?—CA[—(y ) :|Cl+CF|:—(y y):|b+CF|:—(y ZaE

—v)2 )2 2
+[9_CF][1+(1 ») }_g[w(l ») }_g[w(l ») }
2 y 2 y 2 y
14+ —y)?
_CF|: +( y) :|g, (71)

where

(L4 x)? 1+ x (1+ x)? 4,

4 |:|:1_2<3+Ky2)(>+6(1+Kyzx)i|[2—2cos{gf\f2)§}]

2 (£2)
+2,8[3+Ky2)( _4(111—16)) )()]sm{g2 ¢ }+2ﬂ2(1+Ky2)()cos{g$2)§’}], (72)
+ x Eu
b =0, (73)
s KR et B e |
=—— |1—2( —/—L ) +6(—=2) |2, 74
1+ x)*L ( ivx )° (1+x)?*/14, o
4 T <1+Kyzx) > }[2 2c0s {G,,"¢ " }]
= 2 — (2 75
T 2y ) @) Z) ’ 7
4 [T A+ + 0420420 20 +y+ )0 +162x) |[2 = 2cos G4 )]
=T 2|V + 2 3
A+ (I+) I+ x) 6
231 +y)(1+l<y2x)]sin{ el
28| 2 2y) —
+ ﬁ[( +y+eyx) T+ 20 e
+2/32(1+/cy2)()cos{ ,ﬁf”;*}], (76)
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o 2|:2(1+Ky2)()_(2+Ky2)()i|[2—2005{g$2)§}]
(14 x)? (1+x) (1+x) &,
2 ; (£2) o —
+2ﬂ[2+Ky2x—2(l+Ky X)]sm W9} L 21 1y cos {990} = 2821 + k920
a+ 5 2
2(1 + ky*x) <2+xy2x>}[4cos{g§f”é‘}—2] 2 >
- 2B (1
n|: TS at 0 el +2nB7(1 +ky“x) |, a7
g=0, (78)
and

2M2
X =" (79)

21

-

-5 80
P 2y(1 —y)q~ ®0

The expressions for a through g are directly comparable to the results in Ref. [50], after taking the massless limit x — O.
There are three main differences between our result and that of Ref. [50]. The first discrepancy occurs at the term ¢, which
originates from the diagram in Fig. 13(b) and corresponds to Hj in Ref. [50]. Reference [50] found that if one sets the quark
mass to zero before Taylor expanding in &, the process in Fig. 13(b) does not contribute to the medium-modified kernel-1. Our
result shows instead that if one performs the Taylor expansion in &, first and then takes the massless limit x — O the opposite
conclusion is reached: The process in Fig. 13(b) does contribute to medium modifications to kernel-1. Furthermore, the QCD
Casimir coefficient associated with 0 is different in Ref. [50]. Finally, f differs from Ref. [50] even in the massless limit: Eq. (67)
in Ref. [50] quotes a phase factor of [2 cos{g(()m{_} — 2cos{AGp¢ " }], while we obtain [4 cos{gégz)g“‘} —2cos{AGp¢"}] in
the massless limit from the left and right cut interference term. Thus, the third line in § differs from Eq. (68) in Ref. [50]. To
summarize: The first two lines of | are derived from central cut diagrams, while the left- and right-cut interference terms are in
the last line.

The expression in Eq. (71) can be simplified further by combining all C4 terms together and similarly for Cr terms. Doing so
yields the following:

_ 2 _ 2
RE?%%)=CA[—]+“ ) }mm{—”(l Y ]%, 81)
Y y y
where
4 22—y —244n— 5+ 2y + 2y’ 1 + 12—y — (1 + 2n)cy?1x 2} [2 — 2cos |G }]
T U+ ) 2(1+x) &,
oo sin{Gy) [X(Z—Ky2+Ky2x)]L R >
B2 =1 — 1 —2ky)x] G, +n T 0 f‘z‘lﬂl nmB~ A+ )A+xkyx)|, (82)
4y? 1—4(1—Ky2)x+(1—2xy2)x2] 2 o [2—2c0s (G )]
- 2 — .
B (1+X)4H e + [x (2 = ky* + ky*x)] a, (83)
In terms of the longitudinal direction,
_ 2 _ 2 _ 2 _ 2
Rggﬁ?zc{”“ ») }UJFCA[H(I ”}mc}p[”“ » ]H[g_&][w(l » ]a,
’ y y y 2 y
Cil 14+ —=y)? Cil 14+ —y)? 14+ (1 —y)?
2 y 2 y y
with
, 1 4)((1+Ky2)()i|[2—2008{ el
= ——— | |1+’ x +
! yq‘(1+x)2[[ R e,
1-2
+28(1 + KyZX)|:(1 + X)(T;> — 2Xi| sin {gf(‘/?){}il’ (85)

055207-19



AMIT KUMAR AND GOJKO VUJANOVIC PHYSICAL REVIEW C 113, 055207 (2026)

b =0, (86)
, 1 [ 2(1+Kyzx)]] 2
=— |@- 1 2 LA Ay | i

c 017 _( Yy (1 +ky x)+y[ T x o (87)
) 1 i 2(1+ I{yz)():H [2—2cos{G¢}]
V= ——|2- 1 2 1— , 88

0t x)? _( Yyk(1+ky X)+y[ 55 2 (88)
v 1 _|:1+Ky2)( 2(X—y)(1+/<y2)():|[2—2005{ 2e-1]

o+ L 2 L+ x N

1-2

+ 28(1 +Ky2x)|:(1 +x)( 1—yy> —2X}sin{g;jz>g—}}, (89)

, 1 4)((1+Ky2)():| [2—2COS{ 1(\52)4’_}]
=— 1|1 2
f yq‘(1+x)2[[ T T a8,
1-2
+28(1 +Ky2)()|:(1 +x)( 1_yy> —zx}sin{g,ﬁj%—}
2 2 £2) =1 _
—n|:(1+Ky X)) 2x(1+xy x>][4cos{gM2 ¢} -2] ’ ©0)
2 I+ x) £,

g =0, 1)

where § is defined in Eq. (80). Note that the first two lines §' stem from central cut diagrams, while the last line is from the left-
and right-cut interference term. Simplifying Eq. (84) yields

: 1+ (1 —y)? 1+ (1 —y)?
RELH = Ca [—Jr =) }Ql +Cr [—Jr bl }B’, ©2)
” y y
where
, 1 2 —2cos {G\ ¢~ 1 +«y?
S — [a—{—bx—l—cxz][ 2{ v e }]+2n(1—3)()—( 2yX) ,
4yg=(1+ x) U &)
a=1-=2n+ 2+ 4k)y — 2cy*,
b=5+6n4+Q2+4)y— (14+2n)ky* +22 —y)H?,
c=08+6n+4ky — 2Ky2)icy2, 93)
and
1 2(1 4+ 2 ) 11 [2cos {Gi ¢ 1]
B = —[(2—y)yfc(1 +Ky2x)+y[1 - : 04
yg~ (14 x) L+ x n
B. Expansion of the two-gluon final state
To extract the jet-medium transport coefficient associated with ¢ — g+g, one Taylor expands S, around k; = 0 giving
. c:c c:c C
RYLY = CaCla+2C3Crb — 5 P 5 Lo —cucr (7/‘ -~ cp>e, (95)
where
414y [[2=2c0s{Gy¢7}] 28 . (i 2 (€2)
a= — ——sin G, Y¢"t +2B°cos G, ¥¢ , (96)
yg—(1—y) I 2 {9 } {9 }
1- 4y?
b= [—y +—2 40 —y)] = ©7)
l—y y g4,
c=0, (98)
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4(1 3 2_92 (£2) o — 2 742
_ A4y [ C0S4{g° ] — z—ﬁsin{g(()mf} + icos{g(()lh)C_} ; (99)
6]_(1 _y) ezL Ezl y
4 2
= i[2 —2cos {G{P¢ 1] (100)
yq-
Performing a Taylor expansion of S, around £~ = 0 yields
. c:c c:c C
RYED = CuCEa +2C3Crb — ATFc’ - ATFa’ + CACr (7’* - Cp>e/, (101)
where
3 2B8(1 4+ y? 1-2
o = (2 oo G| P (T2 s (g ) (102)
YA =y)g~17¢5, g )y -y \ 1=y
1 1 y y 1—y
b’:—{y—i——— —2|: + —I—2y(1—y)“, (103)
(g6, y (1—y? -y y
v [2y[1 +(1 =y —3][2—2008{9622)5‘}] (104)
y(1 = y)? U ECTR
1+ 28 (1-2 3-2y\[2-2 ()=
D/ — ( +y ) > _ﬁ( y> sin {g(()e2)§-—} _ < y)[ COSZ{gO ; }] , (105)
YA =g )|y \1-y 1—y o
2 2 —2cos {G ¢~ 1-2y) .
¢ = . [ 2{ 0 ¢ i), A0 -2 sin {G2¢ 7} |. (106)
y(I'=y)(g™) 4, y
C. Expansion of the one quark and one antiquark final state
For the case where a heavy quark Q undergoes Q — Q+¢’ illustrated in Fig. 7(a),
R©0D) _ [CFCA] I+d—y | 1 4
G2 2 y ya~ (1+x)
y |:1 _ 2(3 +Icy2x> —|—6(1 +Ky2X):| [2 — ZCos{ ;f”{’}]
L+ x (1 +x)7 Zn
1+ %y )} sin {Gy ¢}
+28|3 +«y? —4(
ﬂ[ Ky“ X T 5 2
+287(1 +ky*x) cos (G 7], (107)
while
R@0.0) _ [CFCA} T+ =y 1 200 4+«y*x)
D 2 y () (A +x)?
2% [2-2cos{Gy7¢ ] [ (1—2y) } (o) -
X + B 1+ x) —2x |sin{G,? . (108)
[(l+x) o, plO+O( T, x [sin{Gy*¢ "}

For the case a light quark g undergoes ¢ — ¢ + ¢’ illustrated in Fig. 7(a), one simply sets M = 0 the equations above.
In the situation where a light quark gets annihilated in the medium, as explored in ¢ — ¢’ + ¢ illustrated in Fig. 7(b), one
obtains

(@:d-3) CrCa | 1 421 =2y +2y*) (1 —x)
Raray = o 7 3 (109)
2 lq &, (1+x")
where
MJ%,
X'= (110)
EZJ_
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At sufficiently high €3, Eq. (109) implies that producing heavy flavor Q' is equally likely as light flavor ¢/, that is

e
lim | 2612 | (111)
oo | RELT)

The longitudinal drag gives

R(qq q) I:CFCA:| 1 2(1 _3y+4y2) (112)

Rl 2 J@)? G0+ 00
Finally, in the situation where all diagrams in Fig. 7 participate, i.e., a light quark undergoes ¢ — ¢ + ¢, one obtains the
following:

i [CFC[ 1+ A=y | 4T 1 \ 28 . . 2 pm
RE;"’T% = |: F2 A:||: S :|yq |:£‘21 [2 2 cos {Q(e )§ }] - Z%_J_ sin {g“ ) } +2p° cos{ Gl )§ }]
CFCA] 4 y*(1—-2y+2)° ) . [ ( )}4(1 -y
+ — CrCalCr — 2 ) | ——=
[ 2 g 24 T 2 yq~
X |: v [2 2 cos {Q(ZZ) }] ,By sin {Q(EZ) } + 2,32 cos {gff”;—}}, (113)
ZZL ZZL

and

. CrCA | 1+ =y | 1 1—2y ,
Rgiﬁ:[ FzA][ y }(yq—)2 [Zﬂ< I _y>sm{g“ ( }]
CrCa] 2 [1-=3y+4? (1—y)
_[ 2 ](qP[ a8, }+ [CFCA(CF 2 ﬂ (vg~ )

(52)
5 |:1 —2y+2y* [2—2cos {G; ¢ }] +2/3<11__2yy) Sin{QéZZ)C_}]- (114)

1—y Z%J_

D. Expansion of the two-quark final state

For the case of a heavy quark Q participating in the process Q — Q + ¢’ depicted in Fig. 8(a)

R0 _ CrCA | 1+ =y | 1 4
T2 — D) —

y yq~ (1+ x)?

X |:|:1 _2<3+"y2X> —|—6(1 —|—Ky2x):| [2—2005{ ﬁf”;*}]

1+ x (1+x) &,

1+Kyzx)]sin{g§f”§}

+ 2,3|:3+Ky2)( —4(
1+ x N

+ 28%(1 +Ky2)()COS{Q,(l52)§_}j|, (115)

and

R4 _ [CFCAHHU—W} 1 200 +«xy*x)

eb 2 y g (1+x)
2x__[2-2cos{g)¢}] (1—2y> @)
X |:(1+X) 2 —I—ﬁ[(l—i—x) = —2X:|sm{g ¢} (116)

For the case of a light quark ¢ participating in the process ¢ — g+¢’ illustrated in Fig. 8(a), one simply sets M = 0 in the two
equations above.
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Finally, in the case of a light quark g participating in the process ¢ — g+¢, then both channels in Fig. 8 contribute giving

1+ (1—y)?

[2 —2cos {Q(ZZ)C 1

sin {Q(Z’ 7}

R(q;q,q) _ |:CFCA

2 y

I ]s

4
ZZL

2
eZL

+ 2,62 cos {Qém{}:|

CrCalCr— %) , (),
Ww [2 —2cos{Gy ¢}, (117
with
» CPCA | 1+ =y | 1 1—2y ,
v [ U | (22|
_[CFCAHHyZ} 11 [2-2cos{Gi"c )]
2 L=yl )ra-yy? N
CrCa(Cr— %) 2 [[2-2cos{G"¢}] <1—2y>_ ) o
_ + 2 , 118
(1_y) (yq7)2 Z%J_ 13 1_y S {gO g } ( )

where B is defined in Eq. (80).

E. Length dependence of energy loss and its implications
for jet phenomenology

We perform a numerical evaluation of the perturbative
coefficients Rgf;’ ;; arising from the Taylor expansion of the
full scattering kernel for kernel-1 and kernel-3. The collinear
expansion [Eq. (61)] outlined in the preceding subsections
enables us to decouple k; and k~ dependencies, incorporating
them into the definition of the jet transport coefficients. The
length (¢7) dependence only appears in the phase factors,
such as [2 — 2 cos{ “2){ }1, B, and the two-point correlators
A2y or Firay. Below, we discuss the length dependence
based on the assumption that the two-point correlators A(T,z)
or Fir ) are invariant under translation around ¢ ~, thus focus-
ing solely the ¢~ dependence in R.

First, a comparison between the results in Fig. 14 of
Ref. [50], and our results for kernel-1 is presented in Fig. 9.To
match our kernel with K given in Eq. (76) of Ref. [50], we
define x = €3, (1+x)B = Q(ZZ)C_ = ‘;—;, factorize the overall

1—&-(1y ) ]W from Eq. (81), and take the

massless x — 0 limit to give

coefficient Cy|

3p4 (2:0.9)
a9 _ d+xr6 R“Tzé;
G12) = 1+(1—y)?
x=0 4G [ ]
2—y .
= —[2 2 cos {x} — 2x sin{x}]

C
(1= + C—zyz. (119)

Note that ICE‘]I;%%)) almost reduces to K in Ref. [50], except

for the additional & y term stemming from the nonvanishing
process depicted 1ﬁ Fig. 4(c). For reference, the Aurenche,
Zakharov, and Zaraket (AZZ) [56,70], as well as the Guo
and Wang [10,11] curves are shown, with Kgw = 2 — 2 cosx
and Kazz = 2 — 2 cos x — 2x sin x+2x2 cos x. Our results are
consistent with Sirimanna-Cao-Majumder results for y = 0.

(

However, as y increases, such as y = 0.75 [Fig. 9(c)], slight
variations can be observed. Note that our calcqlat_ion (KV,n =
1) disfavors n > 1/2, as the collision kernel ICE?;% becomes

negative in region 0.5 < ¢~ /1y < 2.4. This is consistent with
the phase-space constraint pointed out in Eq. (41), which puts
the boundas 0 < n < 1/2.

To explore heavy-flavor energy loss in kernel-1, an inter-
esting dimensionless quantity to look at is

( )
6, RETS
14+(1—y)? (120)
Ao [HET
with R(ZPY) given in Eq. (81). Figure 10 displays the

5(2:0.8)

mass dependence of R 7, a perturbative coefficient of

the second-order gradient term Az »), characterizing Glauber-
gluon [47] induced transverse momentum diffusion of a
(heavy) quark as it traverses the nuclear medium. Within the
MS [71] renormalization scheme, the heavy-quark masses are
taken as M = 1.27 GeV for the charm quark and M = 4.18
GeV for the bottom quark. Our analysis shows that the charm
quark exhibits no significant deviations in behavior when
compared to lighter quarks, at a fixed ¢,; = 10 GeV. Of
course, given Eq. (81), this is not expected to hold as ¢,; —
1.27 GeV. The bottom quark displays a pronounced impact,
at £, = 10 GeV and for momentum fraction values exceed-
ing y > 0.25, highlighting the relevance of heavy-quark mass
corrections in this kinematic regime. Similar behavior was
observed in our earlier work for the photon Bremsstrahlung-
based quark energy loss [48].

Interactions with light-flavored Glauber (anti)quarks in the
nuclear medium admit a new channel for heavy-quark pro-
duction depicted in Fig. 7(b), which is not available to jets
showering in the vacuum, such as those created in proton-
(anti)proton collision. Any quark-induced enhancement of
heavy flavor in relativistic heavy-ion collisions is sensitive to
the quark content within the nuclear medium. Of course, there
is another source of heavy quark production, one where the
gluon with momentum £ is produced by a gluon-gluon fusion,
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FIG. 9. Comparison of ICE’{‘}%

with momenta p; and k, respectively, in a process similar to
Fig. 21(b). In the case of the QGP, the process of Figs. 7(b)
and 21(b), is only allowed following the initial glasma dy-
namics, i.e., once light quarks have started to hydrodynamize
heading towards the QGP. Defining a dimensionless quantity

RE;’?ZQ)) for a heavy-quark production channel in kernel-3
[Fig. 7(b)] as
B — ¢4 R(q;QqQ)
500 _ 9 221G
Rz = Eam (121)
2

allows us to investigate medium-induced heavy-flavor pro-
duction, including top quarks, as depicted in Fig. 11.'* In

Eq (121)’ R(‘[:qu)

(.7.2) 1s a prefactor in front of the transverse

“Note that the fact that 7_25‘3’5?’%) goes negative is not cause for
concern, as there is a nonvanishing zeroth-order term contributing,

ie., 7_12312(%@, that should be combined with the result in Fig. 11.

1.5 2.0 2.5

3.0
¢/t
at y = 0.75

among various approaches for massless jet quark.

momentum diffusion correlator ﬁ(rjz) 7deﬁned in Egs. (61)
and (67). The y dependence of QEZ?ZQ))

is also explored in
that figure. Recall that REZ?ZQ)) ﬁ [Eq. (109)], where

x' = g—i, suchatas £, > M, x' — 0, thus ﬁfggg) becomes
independent of ¢,, and M.

The results in Fig. 11 complement the work in Refs.
[72,73], by exploring heavy-flavor production for highly vir-
tual (anti)quarks interacting with Glauber (anti)quarks. The
increase in available phase space due to the presence of highly
virtual quarks, as evidenced by the possibility of producing
top quark-antiquark pairs in this context, underscores the need
for a more comprehensive analysis. To accurately quantify the
extent to which the QGP enhances heavy-flavor production, it
is essential to perform a Monte Carlo simulation that incorpo-
rates both our process and those outlined in Refs. [72,73], in
conjunction with a realistic hydrodynamical description of the
QGP. Such a combined framework would allow for a system-
atic evaluation of medium effects on heavy-quark yields and

X
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FIG. 10. The mass dependence of Qﬁﬁ}géﬁ), a prefactor in front of fl(m), defined in Eq. (120) assuming ¢, = 10 GeV, and 7:/_1 = ,ﬁf”.

provide a more reliable connection to experimental observ-
ables. The main ingredient missing for such an assessment to
be complete is the contribution to heavy-quark pair production
from gluon-gluon fusion, as alluded to earlier. A full Monte
Carlo simulation should also analyze its results using energy-
energy correlators [74] to track medium-induced heavy-quark
pair production. Furthermore, no Monte Carlo simulation of
jets in the QGP is complete without the associated photon
production [48], to ensure that flavor hydrodynamization dy-
namics, which /C;.; are sensitive to both herein and in Ref.
[48], is accounted for in a manner consistent with data.
Conversion processes proceeding through 2 — 2 scatter-
ing have already been shown to affect the composition of
jets in modern Monte Carlo event generators [75]. The re-
sults in Ref. [75], however, did not include how conversion
in 1 — 2 processes, specifically those explored in kernel-
2 through kernel-4, affect the composition of jets. Thus, a
follow-up study will examine how conversion processes in the
QGP, both in 2 — 2 scattering as well as 1 — 2 in-medium
radiative processes, affect parton composition of the jet at

high-virtuality, through event generators such as MATTER
[14,15], as well as low-virtuality, using event generators such
as LBT and MARTINL"® Furthermore, as mentioned in our
previous study [48], conversion processes are sensitive to the
composition of the nuclear medium, specifically the dynami-
cal generation and evolution of quarks as the nuclear medium
transitions from early glasmalike dynamics to hydrodynamics,
where the quark composition and occupation number reach
their near thermal equilibrium levels. Thus, photon production
and conversion processes in jet showering, within the higher-
twist formalism, should be used simultaneously to probe

15The radiative energy loss in LBT [16,17] is based on the single-
scattering induced emission, and accounts for heavy flavor energy
loss. MARTINI uses on the Arnold-Moore-Yaffe formalism [76,77],
including its next-to-leading-order extensions and nonperturbative
effects [78,79]. However, the Landau-Pomeranchuk-Migdal resum-
mations for heavy quark energy loss has yet to be performed. A
comparison of these two approches can be found in Ref. [17].

055207-25



AMIT KUMAR AND GOJKO VUJANOVIC

PHYSICAL REVIEW C 113, 055207 (2026)

0.16 1 1 1 1 3 1 L 1 1
— M=1.27 GeV 0501 __ w-127Gev
0.14 M=4.18 GeV 0.45 M=4.18 GeV
—— M=172.5 GeV —— M=172.5 GeV
0.401
0.12 1
0.10 0.351
7 _ 0.304
e~ J e~
S 0.08 S 025
om o m
i« 0.061 e 0.20
0.04 1 0.154
0.02 0.101
' 0.051
0.00 —_— —/ 0.00 —
—-0.02 ; ; ; . —0.05 . . ; .
107! 100 10! 102 103 104 107! 100 10! 102 103 104
£, (GeV) £, (GeV)
(a) RigZs at y =0.25 (b) R at y =05
1.6 : :
—— M=1.27 GeV
1.4 M=4.18 GeV
— M=172.5 GeV
1.2 1
1.0
S8 0.81
o=
om
w 0.6
0.4
0.2
0.0 F——<= —sc
-0.2 ; - . .
107t 10° 10! 102 103 104
1> (GeV)
(c) ﬁgggg) at y = 0.75

FIG. 11. The mass dependence of 7_22‘3152%)

flavor hydrodynamizaion dynamics in relativistic heavy-ion
collisions.

As conversion processes in kernel-2 through kernel-4 were
not included within the MATTER [14,15] event generator
used in a recent Bayesian constraint on § [21]. A follow-
up Bayesian study can use conversion processes herein as
an estimate of theoretical systematic uncertainties. Unlike
Bayesian constraints of QGP viscosities, where an important
form of theoretical systematic uncertainties has been taken
into account [80], such uncertainties have yet to be included in
constraints of jet-medium transport coefficients, e.g., §. Future
Bayesian efforts aimed at improving our understanding of §
should include conversion processes as part of the high (and
low) virtuality evolution of jet partons in the nuclear medium.

VI. SUMMARY AND OUTLOOK

In this paper, an improved calculation of the scattering
kernel for quark jet energy loss at NLO in a nuclear medium
is presented. The contributions from both in-medium Glauber
quark and gluon [47] have been accounted for the first time in
a single uniform framework of the HT formalism that includes

defined in Eq. (121).

the effects of the heavy-quark masses, full phase factors, and
fermion-to-boson conversion processes.

The virtual partons produced in the initial-state hard scat-
tering are more likely to interact with gluons in the early
stage, as the nuclear medium created in heavy-ion collisions
is gluon dominant. As the system transitions from the initial
glasma dynamics to the hydrodynamical QGP, the light flavors
hydrodynamize and jet partons start interacting with quarks in
the nascent QGP, through channels in K, through /C4. This
changes the partonic composition of jets, relative to their
vacuum composition or their composition in the glasma. The
results presented herein, once implemented in a jet Monte
Carlo, will allow to appreciate the change in the chemical
composition of jets as the system hydrodynamizes.

The results presented herein thus account for interactions
of highly virtual quarks with both quarks and gluons in the
QGP. In so doing, all interactions with Glauber (anti)quarks
and gluons have been accounted for within four distinct
kernels. While kernel-1 deals with interactions between an
incoming quark and Glauber gluons [47], kernel-2 and kernel-
3 account for interactions with Glauber antiquarks, while
kernel-4 accounts for interactions with Glauber quarks. The
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four kernels thus account for the following medium-induced
radiative processes: (i) ¢ — g+g; (i) g — g+g; (i) ¢ —>
q+q'; as well as ¢ — ¢'+g’, where ¢’ may be a different
quark flavor from ¢; and (iv) ¢ — g+¢’, where ¢’ may be
a different quark flavor than ¢ once more. Furthermore, the
quark mass scales were taken into account for all the relevant
cases, namely assuming that the QGP does not contain any
charm or heavier quarks. Should relativistic heavy-ion col-
lisions ever reach temperatures that allow for charm-quark
(or even bottom-quark) thermalization in the QGP, as has
been explored in lattice QCD calculations [81,82], the results
herein should be revised accordingly.

As was the case in our previous calculation [48], the phase

factors [2 — 2 cos{G\*’¢ ~}] and e~iAT M that contain ex-
plicit dependence on ¢,; have been kept when defining all
scattering kernels. Furthermore, the basic assumption of the
Glauber parton [47] having transverse momentum greater than
its light-cone momenta, i.e., k; > k~, k*, is used through-
out, and all processes involving a Glauber quark are found
to be suppressed by 1/~ or its higher powers. The scatter-
ing kernels S; are presented before their Taylor expansion
in k is performed, specifically around k; =0 and k= =
0. In addition to obtaining the complete NLO O(a?) and
next-to-leading-twist scattering kernels, the nonperturbative
operators, i.e., fl,- and ]t', are linked to TMD-PDFs.

Phenomenological studies by the JET and JETSCAPE
Collaborations, together with estimates of § in cold nuclear
matter, indicate that § is an order of magnitude larger in hot
QGP than in cold nuclear matter [21,55,60,61]. Assuming
this trend remains the same for jet transport coefficients ]:'i,
kernels 2—4 are expected to play a more significant role for
jets traversing QGP than in cold nuclear environments. For
these scattering kernels to be implemented within realistic
Monte Carlo simulations of jet partons in the QGP, the trans-
port coefficients fli and .7:", need to be computed, either in
finite-temperature field theory or using lattice gauge theory.
Having access to the scattering kernels herein, together with
those in Ref. [48], allows us to use photons and jets together
when constraining flavor hydrodynamization dynamics. Still
missing is a scattering kernel producing a virtual initial-
state gluon, stemming from gluon-gluon fusion diagrams and
quark-antiquark anihilation diagrams at the onset of the jet
shower. Such diagrams are to be considered next, especially
pertaining to the heavy-quark pair-production, which have
become interesting [74].

Owing to the recent results establishing a correspondence
between the HT and CGC formalisms [36,46], our findings
on medium-induced modifications of hard parton evolution in
e-A collisions, derived within the HT framework, are expected

J

to be consistent with the CGC description. Consequently, the
medium modification of the hard parton presented in this
work, can serve as a complementary probe of the same un-
derlying physics that governs parton propagation through the
glasma in the early stages of heavy-ion collisions, thereby
providing a useful bridge between the HT formalism and
saturation physics captured by CGC. Through the separation
of the perturbative RE?;}%C)’ and the nonperturbative two-point

functions Oy, our scattering kernels are able to describe
both hot and cold nuclear media. Indeed, intricate details of
the nuclear medium are solely encapsulated in Oy ). Thus,
jet-medium studies using ongoing relativistic heavy-ion colli-
sions, and those to be explored at the upcoming EIC, equally
benefit from the findings herein.

At the Electron-Ion Collider, through model-to-data com-
parisons of leading hadron and reconstructed jet observables
measured in coincidence with the scattered electron, one can
directly access the underlying transport dynamics of the nu-
clear medium. Such observables are sensitive not only to jet
quenching dynamics but also to the underlying partonic struc-
ture, including TMD parton distributions and phase-space
correlations encoded in Wigner functions. Consequently, jet
quenching dynamics studies establish a direct connection
between HT-based energy-loss calculations and the multi-
dimensional imaging of partons inside nuclei. To achieve
these goals, a comprehensive Monte Carlo event generator
is required to elucidate all aspects of EIC physics [83—85].
Such a tool should consistently incorporate initial-state effects
through TMD parton distributions together with in-medium
Glauber quark and gluon distribution functions describing
parton propagation through nuclear matter phase space. Such
a Monte Carlo event generator will provide a benchmarking
tool for interpreting future EIC measurements and for per-
forming precise model-to-data comparisons of hadron and jet
observables.
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APPENDIX A: LIST OF VARIABLES
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FIG. 12. Interference diagrams in which the radiated gluon undergoes double-gluon scattering, contributing to kernel-1.
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APPENDIX B: SINGLE-EMISSION SINGLE-SCATTERING KERNEL: ONE GLUON AND ONE QUARK IN THE FINAL STATE

In this section, we summarize the calculation of all possible diagrams at NLO contributing to kernel-1 with a gluon and a
quark in the final state. We discuss singularity structure, contour integrations, and involved traces in the final calculation of the
hadronic tensor.

1. Figure 4(a) left and right cuts

Figure 12 represents a forward scattering diagram contributing to kernel-1. The left-cut give rise to an interference between
the single-gluon emission with no scattering process and single gluon emission with double in-medium gluon scattering. The
hadronic tensor for the left-cut diagram (Fig. 12) is given by

4 4 4 4
WHY — Ze2g4/d4X1d4xzd4zzd4Z3/ AR A M e P efmattipn (PlY (xz) W (x)|P)
1,0 18s Q2n)* 2n)* Qr)* 2m)* ' '

> ei(l]w‘P/*Pz*lz)Zs ei(ézfl)m (Py_y |A+C(Z3 )A+d (Z2)|PA_1)(i)ZfbedfabCTr[tate]go'zngalﬂl (ﬁ; + g*)z
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y Tely “y*(d + P +M)y“ (o + M)y + po + M)y’]
[(g+ PP —M? —i€ll(£ + p2)* — M? +i€]l(q + p' — p2)* — iel[£5 — ie]

x dr=rg ) g (2m)5(62)(2m)8(pt — M?). (B1)

0201 0202

The above expression has a singularity when the denominator of the propagator for £, £, and p; becomes on-shell. There is one
pole for the momentum variable £ and two poles for p'*. The contour integration for £5 gives

o dﬁ; ity (@5 —25) B dE; it @ —2) . (—2mi)O(z5 — Z;)e—i(%)(zg—z;) B2)
1= — = = - .
Q) [63 —ie] (2m) 26565 - % — ie] 2 205
Similarly, the contour integration for p'* gives
dp/+ efip"*'(x;fzg)
G = N .
Qr) g+ p — p2)* —iell(q + p')* — M? — ie]
. _ _ —iGO (m —om
(=27 00y — 7 )exq*z”f)(x;z;)[—l + e Z“)} (B3)
- o ) ’
27 49=¢ i
where gﬁ? is defined in Eq. (A8).
The trace in the numerator of the third line of Eq. (B1) gives
Tely " + B+ M)y® (B2 + M)y (f + po + M)y 1dy 7 ~Pd2) dlS), g7 g7
8¢ ¢ 1| 1+ —y)?
y( =)

where « is defined in Eq. (A1). Finally, the hadronic tensor for the left-cut diagram (Fig. 12) reduces to the following form:

ot M A _ +
W/ =Ca Y 2[—¢t" lejs / d(Ax7)e N (lef(Ax_)ywa(ONP)
f

dy dzh dzkl A —ayEp2)
d(A7)d* Az — QKL _ine 1 ik Az
xn/ (A ALL S an P Qn R ¢

L+ =2 [+ 272 +cy*M?]
y (+n) | [ +y2m2]

X /d§_9(23_ —25)0(xy —z;){

x [1 = 719 0 =30 |94/ =) Py | ITHAT (67, Az™, AzDAT (™, O)IIPA1), (B5)

where ’ng”’ 2) is defined in Eq. (A15) and ,(Vf) is defined in Eq. (A8). In above Eq. (B5S), the factor n originates from the time
ordering of the two gluons originating from the plasma. Since the left-cut diagram (Fig. 12) gives rise to two gluons on the same
side of the cut-line, it imposes a phase-space constraint #(Az") in the calculation of the hadonic tensor. The effective integral
over d(Az™) becomes

/d(Az+)8(Az+)9(Az+) =0(Az" =0)=n. (B6)

This integral arises when we perform phase-space integration over d(Az™"), such as shown in Eq. (31). In this paper, we define
the integral shown in Eq. (B6) as n, which ranges between 0 and 1, depending on the definition of 6(0). A detailed discussion
can be found in Appendix A of Ref. [50].

The right-cut diagram shown in Fig. 12 is a complex conjugate of the left-cut diagram. The final expression of the hadronic
tensor for the right-cut diagram reduces to the following form:

TR YN
Wi =Ca Y 2[—¢t bt / d(Ax)e" T T2 (P (Ax )yT/ff<0)|P>
f

dy d2€/ dsz_ Ao—qy@ip2)
d(Az™ dZA =7 1 —iAz7H, ik, -Azy
X/ (AT AL S 5 G ¢
2
T+ =y || (14+23)7 |17 + ky*M?]
y A+n) | €2+ y2M?]?

X n/dg‘_@(zz_ —23)0(x] — Z2_)|:
x [1— el 6750190 05 =5y I THAT (27, Az~ Az )AT (2™, 0)]|Pa_y), (B7)
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AP = A(P*,M*12P*0]) AP = A(P*,M?12P*,0)) AP = A(P*,M%/2P*,0,) AP = A(P*,M*/2P*0,)
(a) (b)

FIG. 13. Scattering diagrams with gluon in-medium scattering, contributing to kernel-1. (a) Gluon scattering with the medium occurs after
gluon radiation. (b) Gluon scattering with the medium occurs before gluon radiation.

where ng/’p 2) is defined in Eq. (A15) and g,ﬁj” is defined in Eq. (A8). The factor n in Eq. (B7) is described in Eq. (B6). Adding
the left-cut and right-cut diagrams, i.e., Egs. (B5) and (B7), respectively, gives the following expression of the hadronic tensor:

v v _ i+,M72 X~ - _ +
Wi, =Ca Y 2[—g" lekgt / d(AxT)e" T (P (Ax )Vwa<0)|P>
f

dy dzgj_ dsz_ o Epy)
d(Az~ dzA 7 —iAz"H, ik -Az|
Xn/ (A A2y R G ) €

[ a =P+ D)1+ ey m?] 0, -
X (Pa—|Tr[AT (7, Az7, Az )AY (™, O)]|Pay). (B8)

2. Figures 4(b) and 4(c)

Figure 13 identifies all position and momenta variables needed to compute the Feynman diagram in Figs. 4(b) and 4(c). The
hadronic tensor for the central-cut diagram [Fig. 13(a)] is

; d*p d*p d*e, d*
we =3 gt / d* v d xd* 1rd 23 P AP €72 P
7

—i /xz ipx) T y+
Gy @ay Gy ay ¢ e COIP)

x P =) G n =Pl py [ Tr[1 A1 (23)A Y (20714 | Pacy) 8% (270)8 (€3) (2)8 (p3 — M?)d ")
Tily y" @+ P +My* G+ — o+ My (o +My (G+pP— o+ M)y (d+p+My']
(g +p)? —M? —iell(q+ P/ — 2)* = M* —i€ll(q + p — €2)> — M? + iell(q + p)* — M? + ie]’
The above expression [Eq. (B9)] becomes singular when the denominator of the quark propagator for p;, £, £', and p/ vanishes.

Computing this integral is easiest in the complex plane of p* and p'*, where both p* and p'* have two simple poles. The contour
integration for p™ can be carried out as

(B9)

dp+ eip*(x]’ -z)

C = : :
Qr) (g + p)? —M?* +i€ll(g + p — £2)> — M? + i€]

_ @mh) 007 —5) ei(—qw;f)(x]—zz)[—l + eigﬁy(x‘zﬂ} (B10)
2r 4q(q~ —4£5) }(sz) ’
where g}f” is defined in Eq. (A8). The contour integration for p'* proceeds analogously, giving
dp't =iV aT—2)
C=P an it M —idlqt 6 — M —ie]
_ (2210 005 —23)  igt+ e ) [ It eig;;Z)(XzZS)} (B11)
2 4q=(g~ —£3) ((2)
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The trace in Eq. (B9) can be simplified to get
Trly vy @+ 0 + My G+ p — o+ M)y (pa+ M)y (f+p— 2+ M)y (d+ p+M)y*ld?)

|- 14 (1—y)2
:32(q_)3[—g’ﬁ][ yy+ ny][ +(y y) :|[Z%L+Ky4M2]. (B12)

The final expression of the hadronic tensor for the central-cut diagram [Fig. 13(a)] becomes

wie =CFZZ[—8‘1116?5/ (A )™ T Pl (Aax) L wf<0>|P>
f

_ dy d ZZJ_ d kJ_ Ay ) g
d(Az YA A7 — — = —iAr HP ik A7y
X/ (B ALy Y G ¢

2 12 4ns2
X/dc-e@‘)[H(l y)}[euﬂyM][Z 2cos {G'¢ ]
Y [E%L‘*‘YZMZ]

X (Pa—1|Tr[AT(C T, Az7, Az )AT (7, 0)]|Pasy), (B13)
where Cr = (N2 — 1)/(2N,) and H\"*"* is defined in Eq. (A12).

The left-cut [Fig. 13(a)] gives rise to an interference between the single-gluon emission with no scattering process and single
gluon preemission with double in-medium gluon scattering. The hadronic tensor for the left-cut diagram [Fig. 13(a)] is given as

v dt d'p d*t, d'py _.,. . .
Wi =2 ets / d'xid*xd zd'z / o G oyt (i ® T P (e T —,GP)
-

x QTP P 0% Py | Te[1 1A% (23)0 AT (22)0 1] | Pac) 8 ) (278 (€3) (2m)8 (€2 — MP)

Trly vy @+ P +My" @+ 9 — o+ My 2+ M)y " (+ M)y (o + 4+ M)y"]
[(g+ P —M? —i€ll(q+p — €2)* — M? — i€][p5 — M? —i€][(£2 + €2 — M? +ie]

Equation (B14) admits singularities owing to the presence of two simple poles for momentum variable p'" and one simple pole
for p; The contour integration for momentum p;’ gives

(B14)

c dpy eTm& ) dpj e @) (—27i)0(z5 —25) —z("u S ~a). B15)
1= N = =
2m) [p3 — M? —ie] 2m) 2p; [Pt — 1% — ie] 27 2p;
2
Similarly, the contour integration for p'* can be done
c dp” A
TS Qn g+ P =M =il + p — ) — M? —ie]
—2mi S 20) et [ =1+ i 0 )
= ( 27'[1) GE.X:Z — Z3 z el(qufzqé)(Xz —23) 1 +e (ZM) 20 , (B16)
2 4q (q — 62) M2

where Q(ZQ) is defined in Eq. (A8). The trace in the numerator of the third line of Eq. (B14) yields
Trly Yy @+ + My G+ — o+ My (pa+ M)y~ + M)y (o + 4 + M)y*1d."2)

1— 1+ (1 —y)?
=32(q>3[—gﬁ1][ yy“” }[ +(y ) }[t’%mfcy“Mz]. (B17)

The final expression of the hadronic tensor for the left-cut diagram [Fig. 13(a)] is given by

Wl’TZ=CFZ2[—g’ﬁle§g§/ d(ax)e A )<P|wf<Ax> wf<0>|P>
f

_ _ dy d2£2L d kJ_ — €2.p2) . _ _ _ _
de—d(A d2 —i(Az7)H,, lkL‘AZLQ _ 9 _
n/ AR A Gy e — 50 —5)
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2 2 4ag2

N R Ul ), (63, +Kky'M 2] [1- e—igkf”(x;—z;>]eig£§”(xr—z;>
Y [E%J_ +y2M2]

X (Pa—1|Tr[AT (27, Az, Az )AT(C T, O)l|Pasi), (B18)

where g§52> is defined in Eq. (A8) and H}(‘f}z’p 2) is defined in Eq. (A12). The factor n in Eq. (B18) is described in Eq. (B6).
The right-cut diagram shown in Fig. 13(a) is a complex-conjugate of the left-cut diagram. The final expression of the hadronic
tensor for the right-cut diagram [Fig. 13(a)] reduces to the following form:

Wy = Yol [ dae O e ax L "y, O)P)

_ _ dy d%0,, d*k) ) _ _ a B
2 i H ik, -
n/ds“ d(Az7)d AZLZ_(Z_)Q(zn)ze AT ehdzg (20 + 2)0(x] —25)

2 4ng2

% 1+ (1 — y)2 [EZJ_ + Ky M ] [1 _ eig/(éZ)(Xf—z{)]e—ig/(é”(x{—z;)
Y (6, + y2M2]2

X (Pao1|Tr[AT(C, Az, Az )AT (7, 0)]|Pasy), (B19)

where G\?) is defined in Eq. (A8) and H\""* is defined in Eq. (A12). The factor n in Eq. (B19) is described in Eq. (B6). Adding
the left-cut and right-cut diagrams, i.e., Eqs. (B18) and (B19), respectively, gives the following expression of the hadronic tensor:

Wl’fe”+r=CF22[—g’ﬁ]e.2fg§/ d(Ax )T HE Pl (AL w,<0)|P>
f

_ _ dy d2£2l d kL

dt=d(Az7)d*Az
”/ ¢ AAIE ALy e S G
L1+ —)? | [63. +xy*M?]
Y [E%J_ +y2M2]2

—i(Az )3‘-[([2 n2) l‘kJ_'AZJ_@(é-_)

[cos {GU ¢~} — 1P ITHAT (¢, Az, Az DAY, O)IPs—1).  (B20)

The hadronic tensor for the central-cut diagram shown in Fig. 13(b) can be written as

d4p d4p/ d4£2 d4p2
Qm)* @r)* 2y 2n)t

Wi = Ze?fg;‘ / d*xid*x,d*z20d* 23 PR <P|¢f(x2) wf(xl)u))
f

X ei(l]+P'*P2*Z2)23ei(42+P2*4*P)22 (Py_ |TI’[ILA+C(Z3 )t ¢ leer(Zz)] |Ps_ l)aadd(ﬁz) Q2 )5( )(27.[ )S (P% - M2)

o Iy Ty @+ P+ My " (o + P+ M)y (he + M)y (2 + p2 + M)y~ + P+ M)y"]
[(q + P — M? — i€][(€2 + p2)* — M? — i€l[(£2 + p2)* — M? +i€ll(q + p)> — M? + ie]

(B21)

Equation (B21) has singularity arising from the denominator of the quark propagator with momentum p; and p}. We identify
one pole for each momentum variable p* and p't. The contour integration for p™ in the complex plane is given by

Y A Y ) e i) _ Qa0 = 5) gt
Tl en i@+ pr - tia T F @n)2q gt +pt - M /gl +iel 2 2
(B22)
Similarly, the contour integration for momentum p'* is carried out
dpt e dp'* e~ e =) (=270) 00y —23) g —22 )05 —27)
= = = e 2q~ 37,
’ (2m) (g + p')* — M? — ie] (2m) 2~ [g* + p* — [M?/(2q7)] — ie] 2m 2q~
(B23)
Including mass corrections, the trace yields
Tely "y (g + 8 + My~ (a+ po+ M)y (2 + M)y” (o + p2 + M)y~ (f + p+ M)y 1d2)
_ 3201 )| Ay + (0 —y+my)’
_ 2l = S U+ )an — yki P+ MR, (B24)
(I =y +ny) y
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AP = A(P*,M*/2P*0)) AP =A(P*,M?/2P*) AP = A(P*,M?/2P*,0,) AP = A(P*,M?/2P*,0,)
(a) (b)

FIG. 14. Scattering diagrams contributing to kernel-1. (a) The right-cut gives an interference between preemission scattering and poste-
mission scattering processes. The left-cut gives an interference between the gluon emission process in vacuum and the gluon emission with
two in-medium gluon scattering. (b) Complex-conjugate of the processes on the left panel.

The final expression of the hadronic tensor for the central-cut [Fig. 13(b)] is
gt =My (Ax 7 — V+
Wi =Cp ) 20—¢} letel / d(Ax™)e" "2 AP (Ax )V OIP)
f

_ _ dy dZZQL deL
dc=d(Az7)d* Az —
X/ ¢Td(Az7) a8 R 2n )

y [(1 )+ (1 =y + ny)z} (1 + my)ar — yko ) + kM)
y It

X (Pa-1|T[AT (67, Az, AzDAT (T, 0)]|Pa-i), (B25)

—iH 2P Ay ik, -
e iH,, (Az )elkJ_ AZJ‘Q({ )

where ’H;ﬁz‘p ») is defined in Eq. (A12).

3. Figures 4(d) and 4(e)
The hadronic tensor for the right-cut diagram shown in Fig. 14(a) is
d4p d4p/ d4£2 d4p2
e
@)t )t 2m)* (2m)*

.y . — +
W = Ze}g‘;/d“xld“xzd‘l@d“a TRt (Pl%(xz)%llff(xl)lp)
f

x /TP =Pt Gt r=a=p) By T [1° AT (23)t 1P AT (2 0“1 | Pa—1)8°Yd(2) (2)8 (€3) (270)8 (p5 — M?)

0104

8 Trly vy @+ 0 + My~ (o + b2 +M)y*(hr + M)y~ +p— 2+ M)y” (g + p+M)y"]
[(qg+ p)* — M?* —iel[(Lr + p2)® — M? —i€ll(q + p— L) — M? + i€ll(qg + p)*> — M? + ie]

(B26)

Equation (B26) has singularity arising from the denominator of the quark propagator with momentum p;, £, and p|. It has two
simple poles for the momentum variable p* and one simple pole for p'*. The contour integration for momentum p* in the
complex plane gives

dp* P T —%)
S Qo) lg+p)? =M +iell(q + p — ) — M? + ie]

G

. _ _ i) (-
_ (27'[1) 9()61 -2 ) ei(iq++2f‘;lé)(xlfizzf) -1 + e Oy (7 —23) (B27)
2m 4q (g~ —€3) (12) ’
where 91(52) is defined in Eq. (AS).
Similarly, the contour integration for momentum p'* is carried out as
2 —ipt (g —z3) ; - -
= dp~* iP5 L (—2mi) 0(x; — 25 )ei((fr_#)(xz’—z;). (B28)
Q) g+ P —M? —ie] 2 2q~
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Including mass corrections, the trace yields
Tely v+ P + My o+ o+ M)y™ (P + M)y (g + p— o + M)y (§ + p+ M)y"1dS2)

_ 32A-¢1 1) [1 + =y +my2—y)
Yy Yy

}[(1 + )3, —vki €1 + kY M. (B29)

The final expression of the hadronic tensor for the right-cut [Fig. 14(a)] is given as

W =< - —)Zz[ g1’ 1etg; / d(Ax™ )l AN piy (Ax) L wf(0)|P>

dy dZEZJ_ d2kJ_
o @r )R Q)

o el s Y+ @ —y) | [ +m)E, —yki €1 +y*M?] [ 14 e —)]
Y (€5, +y* M),

X (Pa—1|Tr[AY(C7, Az, Az)AT (7, 0)]IPs-1), (B30)

IR P
iH,, (Az )e’ki Azle(x

D)0y — )

X /d;*d(Azi)dzA

where Q(Zz) is defined in Eq. (A8), ’H%Z’m) defined in Eq. (A12), and J; is defined in Eq. (A3).
Now, we consider the left-cut diagram shown in Fig. 14(a). Its hadronic tensor can be written as

d*t d*p d*, d*p,
W — 2 4/d4 d*xvd*7,d*
(s Zefgx ndnd'nd’zs [ o S Gy @yt @)

e—lpxz i(br+-E€—q)x; (Pl]/f/(Xz) w (X1)|P>

xe“"ﬂ’ TR TR Py Telr AT (@) 1 AT (22) 1 Pa—i) 8y, (2)8 (€3) 2 )8 (62 — M)

o Xrly—y"q +15 +M)J/ 2+ P2 +M)J/04(]52 My G+ M)y" G+ 4+ My'] B31)
(g + PP —M? —iell(b2 + p2)* — M? —ie][p5 — M? — i€][(€ + £ — M? +ie] |

Equation (B31) has singularity arising from the denominator of the quark propagator with momentum p/, £, and p,. We identify
two simple poles for the momentum variable p; and one simple pole for p'". We compute the integral in the complex plane of
p3 and p'". The contour integration for momentum p'* is carried out as

C = dp ) = (=27i) 60 — Z;)e'@b#)(";ﬁ;) (B32)
2m) (g + p)* — M? — ie] 21 2q~
Similarly, the contour integration for momentum pj is carried out as
der e—ip;r(zg -z)
G = 2 5 ; ,
@) [p3 — M2 — i€]l(&a + p2)? — M2 — ie]
dp<2|' e—ipgr(z; -z)
Q) [2p; pf — (P2, + M2) — €] (21 + ny)g— (€ + pi) — (k2 + M?) — ie]
. — — (y.pp.k)  —  —

_(52mh) 0y —z) gty - e G ) (B33)

2 4py(L+my)q~ (2op2 ) ’

where gjf”’ 25) is defined in Eq. (A9). The trace in the numerator of the third line of Eq. (B31) is the same as the trace for the
right-cut diagram given in Eq. (B29). The final expression of the hadronic tensor for the left-cut diagram [Fig. 14(a)] is given by

W]Ile Z( F — —)ZZ[ g’il]efg;l/d(Ax—)ei(q 7)(Ax )<P|Ipf(A)C ) wf(O)|P)

_ _ dy d sz_ d kJ_
dt=d(A7)d*Az = —==
"/ AT AT 5 Gyt
L 1ra — ) +ay@2 —y) | [+ )3, — yko - €1 +xy*M?]
y [£3, +y2M2]J,

X (Pa—1|Tr[AT(C 7, Az, AzDAT (™, OIPa-1), (B34)

iAZ?H%Z.pZ)eikl'AZLQ(Z; _ Zz—)e(xz— _ Z;)

pak), — (),

[ — 1+ ¢u -2 )]eth2 (7 —2)

where Q% P20 is defined in Eq. (A9). The factor n in Eq. (B34) is described in Eq. (B6).
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Subsequently, the diagram shown in the right panel of Fig. 14 is considered next. The topology of the diagram is the same as
the diagram on the left panel. Moreover, they are complex conjugate of each other. The hadronic tensor for the left-cut diagram
shown in Fig. 14(b) can be written as

Wi, =< F = —) 22[ gt legs f d(Ax)eld A= IM CaNA) (plf (Ax—) Y x/ff(0>|P>

_ _ dy d? 12 d*k N Y PO
Ie=d 2 1 L iy () yiki-Azy g
X/ {d(Az7)d Az J__z —(2 )2 @ )26 e (x

o el s Y+ ny@—y) | [0+ )5, —yki - €o1 +xy*M?] [ 14 e i)
y [K%L + szz]Jl

X (Pa—1|Tr[AY(C7, Az, AzDAT (™, O)1IPs-1), (B35)

D)0y — )

where Qﬁf” is defined in Eq. (AS), ?—l,(éz’m) defined in Eq. (A12), and J; is defined in Eq. (A3). Similarly, the final expression of
the hadronic tensor for the right-cut diagram [Fig. 14(b)] is given as

C i x
W =<CF—7A)22[—g‘11]e§g‘: / d(Ax ) AP (Ax) Y wf(0)|P>
f
dy d EZJ_ d kJ_
1or 2m)? 2w )2

422
| ra- Y4y —y) [ [+ 05, —yki - €y +ky*M?] [—14e igl2rh (o 722’)]67@;;2)()62’723’)
y [Z%L +y2M2]11

X (PA-1| Tr[AT (67, Az7, Az DA (T, 0)]IPa-i), (B36)

_itAz ),Hdz p2) ikJ_-AZJ_Q(_Z; +Zz_)9(xl_ _Z2_)

n / dt=d(Az7)d* Az

where g}vfz"’ﬁ’“ is defined in Eq. (A9). The factor n in Eq. (B36) is described in Eq. (B6).
Note that our definition of the length-integration variable is {~ = x| —z, = x, — z; which becomes {~ = —z; = —z;

when x;” and x; are initialized as the origin. This leads the term [—14-e iG> "M @G -2 )] in Egs. (B34) and (B36) to vanish.
Therefore, adding the left-cut diagram [Fig. 14(a)] and right-cut diagram [Fig. 14(b)] one obtains zero, and hence no contribution
to the energy-loss kernel. This implies the hadronic tensor for the left-cut diagram [Fig. 14(a)] and right-cut diagram [Fig. 14(b)]
is

Wlu(;, = W]”:z =0. (B37)

However, the right-cut diagram [Fig. 14(a)] and left-cut diagram [Fig. 14(b)] have nonvanishing contributions, and their total
hadronic tensor is given by

v C v igT(Ax™) —i X
Wi, = (CF‘EA)Zz[—gLJeigi / AT I BT I (A7), O)1P
7
dy dzgu_ dsz_
or Q)R 2n)

LI+ W24y —y) [[A+ 03, — vk -1 + ky*M?]
y [€2, +y*M?2]J,

X (Pa—1|Tr[AT (¢ 7, Az, Az )AT (™, 0)1IPs-1). (B38)

—iHy A k1AL g ()

X /d;—d(Az—)cﬂA

[2 —2cos {gﬁjz);*}]

4. Figures 4(f) and 4(g)

The interference diagrams with a triple-gluon vertex are now considered, where variables needed to perform the calcultion,
such as position and momentum, are labeled in Fig. 15. The right-cut in the forward scattering diagram [Fig. 15(a)] represents an
interference between single-gluon emission with gluon-gluon in-medium scattering and single-gluon emission post quark-gluon
scattering process. The hadronic tensor for the right-cut diagram [Fig. 15(a)] is given as

wy 2 4 4. b 4 4 d*p d*p d' d'p, o3 gipxi
w Zefgs d*xid*xd"z2d" 23 @ny Gnp @y @yl ¢ (lef(xz) X/ff(xl)lP)
f

x TR D Py AT (23)AM (@) | Paca) (DU Telr 11 1g 7 (8 — £7)
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AP = A(P*,M*12P*0,) AP =A(P*,M*/2P*0)) AP = A(P*,M?/2P*,0 ) AP = A(P*,M*/2P*,0,)

(a) (b)

FIG. 15. A forward scattering diagram contributing to kernel-1.

8 Tely ~y g+ P + M)y~ (o + po + M)y® (P2 + M)y*> (¢ + p+ M)y"]
[(g+ P)? —M? —i€][(br + p2)* — M? —iell(qg + p)* — M? +i€ll(qg + p — p2)* + i€l
x d\2) dtr=r) (2m)s(63) 2m)8 (p5 — MP).

020 02 02

(B39)

Equation (B39) has singularity arising from the denominator of the quark propagator with momentum p, £, and p/. We identify

one pole for momentum variable p'* and two poles for p*. The contour integration for momentum p* is given as
dp+ eip+ (7 —23)
] @Qn) g+ p)? =M +iell(q + p— p2)? + ie]
Qri) 0O —25) gt 22 o) |: 1+ eigférz)(xl—zz):|
= e q

C

21 4q=(q~ — p5) G\
Similarly, the contour integration for p'" can be done
_ dpt P =) _ (—2mi) 0(x; — Z;)ei(fi*—z“#i)<x{—15>
Qm) [(g + p)* — M? — ie] 2n 2q~ '
The trace in the numerator of the third line of Eq. (B39) gives
Tely " y" (4 + ¢ + M)y~ (o + P2+ M)y® (pa + M)y (¢ + p+ M)y 1dS2) dSiir—r) gr

020 02 02
_ 16[—¢/" (g™’ [1 + (1 — y1(1 — y)
(=14+ny[1 —y+mnyl?
The final expression of the hadronic tensor for the right-cut diagram [Fig. 15(a)] is given as

v C v . igt—AM B T — y+
Wi =5 ) 2-gl e / d(Ax)e P (AxT) Ty, (O)IP)
f

0))

[(2r — k1) (8o — yky) +xy*M?].

_ _ dy dzﬁzl dsz_
de=d(Az7)d* Az —
* / C A ALy o G
x [1 +d _y)z][l - %} (€21 — k1) - (Lo — yki) + ky*M?] [ 149 er=a]
y L—n] [ —ki)* +y*(1 —n)2M2J;

X (Pa_1|Tr[AY(C 7, Az7, Az )AY (7, 0)]|Pa-y),

a2 o B B _ _
e AT k82 (7 — 20 (6 — 23)

where G is defined in Eq. (A6), H\:>"* defined in Eq. (A12), and J; is defined in Eq. (A3).
Furthermore, the left-cut diagram is shown in Fig. 15(a). Its hadronic tensor can be written as

, Ay P Py e eyt
Wih = e [ttty | G G G T P G T )
:

x NP GO Py AT (23)AT () [P ) (D Telr111g P (€ — )

Tely ~yH (g +p +M)y~(fa + po + M)y* (po + M)y (f + po + M)y"]
[(g+P)? — M2 —iell(€r + p2)* — M? — iE][E% - ié][(ﬂ + p2)* — M? + €]

x d2)d" (2m)8(*)(2r)8(p5 — M?).

020 0 02
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Equation (B44) has singularity arising from the denominator of the quark propagator with momentum €', £, and p/. We identify
one pole for momentum variable p'* and two poles for £; . The contour integration for momentum ¢3 is given as

dﬁ; e_’ez (z3=2)
(27) [(€2 + p)? — M2 — i€l[ 3 — ie]

(=27i) 0@z —75) —i2ig—a[ 1 — e =)
= — — — e 2 —_— |,
2t M58 +py) GeP

(B45)

where g{“‘) is defined in Eq. (A10). Similarly, the contour integration for p'* can be done
dp* e~ ity —z3) _ (—2mi) 0(x; — Z;)ei(q+7;;1—i)(x2’fz;)‘
Qm) [(g+ p)* — M? — ie] 2 2q-
The trace in the numerator of the third line of Eq. (B44) gives
Trly “y" (@ + B + M)y (2 + po + M)y (B2 + M)y + p2 + M)y 13 dSS), &7

_16[=g1" 1(g )1 + (1 — )11 —y)
(=1+ny*[1 —y+nyP?
The final expression of the hadronic tensor for the left-cut diagram [Fig. 15(a)] is given as

C ; s
Wi =~ 5 D 2-gl el f d(Ax)e T I Pl (AL wf<0)|P>
!

G = (B46)

[6, - (€1 + (1 —yky) +ky* M. (B47)

dy d*¢, d’k, ,(Az-)H‘f‘”)eikrAug(Z
2w 27)* 2w )2

y 1+ —y)? [1 n] [£L- €L+ (1 —yk)+xy*M*]
y [€3 + M2 [{e (1 + ny) + (1 — ko + y2M2]

x [1 = 9@~ ]9 0 =2 Py I THAT (0, Az, Az DAY, O)IPs-1), (B48)

fd; d(Az7)d* Az —— 3 — )00 —z3)

where (Jil’k) is defined in Eq. (A10), ’ng’m defined in Eq. (A15). The factor n in Eq. (B48) is described in Eq. (B6).

Following this, we consider the diagram shown in the right panel of Fig. 15. The topology of the diagram is the same as the
diagram on the left panel. Moreover, they are complex conjugate of each other. The final expression of the hadronic tensor for
the left-cut diagram shown in Fig. 15(b) can be written as

+

Wy = S ZZI—g‘ﬁ]eig‘j / d(Axve"@“ﬁ“"(Pu&,(Ax‘)%w,(om
f

_ _ dy d2e2L d kl t2.p2) .
d¢d(Az7)d* Az —— —i(AT Y HP kA2 g
x / G AATd ALy s G (x
% [1 +d - Y)2]|:1 - ‘:| [((€ar —kyi)- (€21 — k1) + Ky4M2][ - e—igﬁfz)(x;—z;)]
y L—n] [(€rr — k1) +M>2(1 — )2l

X (Pa—1|Tr[AT (S, Az, AzDAT (™, OIPa-1), (B49)

L — )0, —2z3)

where G is defined in Eq. (A6), H\\"”>) defined in Eq. (A12), and J; is defined in Eq. (A3).
Similarly, the hadronic tensor for the right-cut diagram in Fig. 15(b) is given as

C i(qT— 22y (Ax
Wi = —7"22[—g‘111e}g;‘ f d(Ax)e ! =2 E P (axH wf<0>|P>
f

A, DA
n/d; I TR

5 [1+(1—y)2}[1 Q} [€) - @)+ (1 —yki) + ky*M?]
y [Z’f+y2M2][{€1(l +ny) 4+ (1 = Yk} + y*M?]

A P2 _ _ _ _
AT, TR AL g (—2f + 2500 () — 25)

x [1 = &9 =m0 5 = Py THAT (0, A, AzDAT(E, ONIPAY), (B50)
where Qf‘e,’k) is defined in Eq. (A10), 7-[;6/’“) defined in Eq. (A15). The factor n in Eq. (B50) is described in Eq. (B6).
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AP = A(P*,M?/12P*,0,) AP =A(P*,M*/2P*0)) AP = A(P*,M*12P+0,) AP = A(P*,M?/2P*,0))
(a) (b)

FIG. 16. A forward scattering diagram contributing to kernel-1.

Note that our definition of the length integration variable is {~ = x; — 2z, = x, — z; which becomes {~ = —z; = —z;
when x;” and x; are initialized as the origin. This leads the term [1 — PR )]in Egs. (B48) and (B50) to vanish. Therefore,
the left-cut diagram [Fig. 15(a)] and right-cut diagram [Fig. 15(b)] do not contribute to the energy loss kernel. This implies the
hadronic tensor for the left-cut diagram [Fig. 15(a)] and right-cut diagram [Fig. 15(b)] is

W =wH* =0. (B51)

1,4, 1,ry

However, the right-cut diagram [Fig. 15(a)] and left-cut diagram [Fig. 15(b)] have nonvanishing contributions, and their total
hadronic tensor is given by

v C v _\ ilgt =My ax T — )/+
W == 5 Y2i-giieg [ a0 o) o o)
f

dy dZEQL d2kl —‘(Az*)?—t““’z’ A B
— - Az M K- ZJ.@
or Qre rpt ¢ €

y |:1 + —y)z}[l - %] (o1 — k1) (8o — yky) + ky*M?]
y L—n] [ —ki)*+y*(1 —n)2M2,
X (Pa—1|Tr[AY (¢, Az7, Az )AT(£7, 0)]|Pay). (B52)

X /d{‘d(Az_)dzAz

[2 - 2c0s {07 )]

5. Figures 4(h) and 4(i)

The forward scattering diagrams shown in Fig. 16 depicts the variables needed to perform the calcualtion. The center-cut
[Fig. 16(a)] leads to a diagram with gluon-gluon scattering on the amplitude side and postemission quark scattering with the
medium on the complex conjugate side. The hadronic tensor for the center-cut diagram [Fig. 16(a)] is given as

d4p d4p/ d4£2 d4p2
e
@)t )t 2m)* 2m)

P . - +
Wi =" et / d*xid*xd*zd 2 —iP P (P (xz)VT ¥, (x1)|P)
f
x /TP B By | AT (23)AT (@) Pt ) (=D TR 1 )g R (—y — £7)
y Tely y* g+ + My (d+ ¢ —fo+ M)y (pa+ M)y + p+ M)y’
[(q+p) —M*—iell(g+ p — &) — M?* —iell(qg + p)* — M? +iell(g + p — p2)* + i€]
x dS2) dWtr=r) (2m)s(63) 2 )8 (p5 — MP). (B53)

o %oz

The above expression of the hadonic tensor has singularity when the denominator of the propagator for p;, £, £’ and p/ becomes
on-shell. It contains two simple poles for p™ and p'*. The contour integration for p* gives

dp+ eip*(x,’—z{)
C, = . .
(27) [(g + p)*> — M? +i€ll(qg + p — p2)* + i€l
. — — i (p2) 7
_ Qmi) 0(x) —25) ei[—q*-ﬁ-z’g—i](x(—zz’) —1 4 €9 i) ’ (B54)
21 4q97(q~ — py) (2)
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where g“’ ») is defined in Eq. (A6). Similarly, the contour integration for p'* can be done
dp/+ efip"*'(x;fz;)
Qr) (g + ) —M?* —iell(q + p' — £2)* — M? — ie]

(=2mi) 0y —23)  _ig+ 2205 - —1+ =19 =)
= e 2= 7 T S
2n 4q (g —£5) (1)

2 =

(B55)

where g“” is defined in Eq. (A8). The trace in the numerator of the third line of Eq. (B53) gives

Tely v (g + p + My g+ P — o+ M)y~ (b2 + M)y (g + p + M)y"1d2) d 0 r=r g

1+ —y)?
(1 — (1 — y + ny)?

=—16[—¢g}" 10 — y)z(q‘)z[ }[(eu —k1) £y +xy*M?]. (B56)

The final expression of the hadronic tensor for center-cut diagram [Fig. 16(a)] becomes
v C v —\ IAXT —
Wie = =5 2 A-glleel / aAx) P (A ~,OP)
7

dy d EZL d kl
ton (27[)2 2m)?

5 1+a-y* | (1-3) [(bay — k1) €1 + ky*M?]
y (=) | [€3, +y*M?][(€r —k1)* +y*(1 — n)*M?]

x [ = 14 @9 0T D[ 1 e O] (Py THAY (T, AL, AZDAT T ONIP). (BST)

() B _ _ _
e AT kg (67— 20 (kg — 23)

X /d;’d(Az’)dz

Note that the topology of the center-cut diagram shown in Fig. 16(b) is the same as the center-cut diagram on the left panel
Fig. 16(a). Moreover, they are complex conjugate of each other. The final expression of the hadronic tensor for the center-cut
diagram shown in Fig. 16(b) can be written as

Wi = Zz 6 [ aan ) e ) oy, o)
_ i ﬂd by d*ky AT HGZTY kAL o NA (o —
x/d; (AT ) Azy = G O e OO —2)00x; —23)
y 1+0=-y*|[ (-3 [y —ki) - €1 +y*'M?]
y (=) |[6, +y*M?|[(€or — ki) +y*(1 —n)*M?]
x [ = 1 97T 1 g e (P THAY (7, Az AZDAT (L O)IP). (B58)

Adding the hadronic tensors for the center-cut diagram in Figs. 16(a) and 16(b), the final hadronic tensor given as

V1,2 A BTN SO Ll _yT
Wieirer = 232 J_J_]efgS/d(Ax )e 2w (PlY, (AxT) 4 v, (0)|P)
— _ dy d EZ d k o (&.p ik - _
X/‘K O 0o o Gt T 0G)

L+ =y || (1-3) (€2 —ky)-£o) +ky*M?]
y (=) |[6, +y*M?|[(€or — ki) +y*(1 —n)*M?]

X [2 —2cos {G(()ZZ)Q'_} —2¢os {g(()ﬂz);—} +2cos {(g(ﬂz) g(lz)) }]
X (Pa-1|Tr[AT(¢7, Az7, Az ) )AT(C™, 0)]|Par). (B59)

The left-cut diagram of Fig. 16(a) contains singularity arising from the denominator of the propagators of ¢, £/, and p). It
involves nested integrals over variables p'* and ¢'*. The integrals are carried out using the method of contour integration as
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follows:

et d p’* ew’*(z;fz;) g—ip’+(x;—z;)
B % §£ 2r) 2m) (g + p)* —M? —iell(q + p' — ) — €]l — M? — ie]

% f d£/+ dp/+ il (z3 —z, )e*’PJr(xz Z)
- —\pr— / . £ . 24M? .
2m) 2 8g=(g— — )t [¢t +pt+ — é”—i —te][q++p/+ — Ut = 5= —ie][et — EZ— — ie]

_ (=2mi) (=2mi)  O(x; —25) 1 it ,F](xz ), (e W <13 —5)
2 2 8q (g~ — )~ g;‘fﬂ—“

x[=0(=z3 +5) =05 —z)e ™% @R o0y —z7)e R ] - g9 ), (B60)

The final hadronic tensor for left-cut diagram [Fig. 16(a)] is given as

Wi = ——22[ le7g) / d(Ax )™ @ *><ow (Ax —> vf 0)/P)

dy d*¢, d’k, ., —q e | SO~
/d; d(AZ )d2 2; (27.[;2 (27{;26 iAz H%lz)etkLAZLelg}‘;)(M —23 )9(x2_ _22_)

| a-y? [1_3} (6L —ky)- €1 +ky*M?]
y [ +y2M2][(LL — k1) +y*(1 — n)*M?]

x [0(=z5 +25) + 0G5 — Zz—)e—ig;@'*k>(z;—z;> 00 — Z;)e—igg‘*%;—z;){ 14 eigg‘-*“(x;—z;)}]
X (Pa1|Tr[AT(C7, Az™, Az )AT (7, 0)]|Pa1), (B61)

where G\ is defined in Eq. (A11) and H\-"* is defined in Eq. (A12). The factor n in Eq. (B61) is described in Eq. (B6).

The right-cut diagram of Fig. 16(a) contains singularity arising from the denominator of the propagators of p,, £, and p;.
It involves nested integrals over variables p* and p}. The integrals are carried out using the method of contour integration as
follows:

‘(ﬁ‘(ﬁ dpy dp e Py (23 =% ) piP™ () —23)
B (2n)(2n)[(q+p)2—M2+ie][(q+17—pz)2+i6][p§—M2+ie]

‘¢\ f =P (&5 =2) pipt (7 —23)
2 . +M?
@) (2”) 8q(a~ = popsat +pt = 45 tielqt + pt - pF - B +iel[pt - Bot el
. . - R
_ Q2mi) 2mi) 9()61 — 23 ) 1 i— q++7](xl Zz) —i s (z3 —2,)

2r 27 8¢7(¢” — py)p; GFY
.~ — c~(P2) — - . A~(Pp2) — -
X [—0(=z5 +235) = 0(z5 —z3)e'9 G 72) 4 (a7 — 7)€l @21 — 719" 2N, (B62)

The final hadronic tensor for right-cut diagram [Fig. 16(a)] is given as
v CA —\ IAx™
Wl = -5 2 =gl / d(Ax e D P (ax) L wf<0>lP>
f

- - 2 dy d ZZJ_ d kJ_

I’L/d{ d(Az7)d Az lg(zn)z (271_)2
X L_y)z |:1_Ei| [(ZZJ—_kL)'EZJ_+Ky4M2]

g [, +y°M2][(€21 — k1) +y2(1 — n)*M?]

oA MY ik Az e—ig,(éz)(xz’—z;)e(x

1)

x [0(=25 +23) +0(z; —2)e%7 @) Oy — z7)e D 0TI 1 g 90T,
X (Pa-1|Tr[AT(C 7, Az7, Az )AT (7, 0)]|Pa), (B63)

where G\ is defined in Eq. (A6), G\’ is defined in Eq. (A8) and "’ is defined in Eq. (A12). The factor n in Eq. (B63)
is described in Eq. (B6). The left-cut and right-cut expressions given in Eqs. (B61) and (B63) can be added together using
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AP = A(P*,M*/2P*0,) AP = A(P*,M?/2P*0,) AP = A(P*,M?/2P*,0,) AP =A(P*,M*/2P*0))
(a) (b)
FIG. 17. A forward scattering diagram contributing to kernel-1 with a gluon emission post two successive gluon scattering.

{” =x; —2z, =x, —z; and further initializing x;” and x; to the origin, yielding
v C v —\ IAXT
Wi, = =5 D 20l g / (A )P (ax ) wf(0)|P>
f

_ _ dyd EQJ_ko_
dc=d(Az7)d* Az —
”/ ¢ dAT ) AL - 58 Gy

L ra—yy [1 _ E] [(€2r — ko) - €o0 + VM
y [€3, + y*M2][(62r — k1)* +2(1 — n)*M?]

x [4cos {Gy ¢} = 2cos {(Gor — Gy?) e T} (Pa ITHAT (67, Az, AzDAT(C T, O)]IPar).  (B64)

eI H " g0z g (0 )

Note that the left-cut diagram in Fig. 16(a) is identical to the left-cut diagram in Fig. 16(b). This is mainly because 0(—z3 +z; )
and 6(z3 — z; ) in Eq. (B61) account for both the possibility, i.e., z; —z;, > 0 and z; —z; < 0. Hence, it is not added as it
would lead to double-counting. Similarly, the right-cut diagram in Fig. 16(a) is identical to the right-cut diagram in Fig. 16(b)
and hence it would not be added.

6. Figures 4(j) and 4(k)

The last diagram to consider in kernel-1 is presented in Fig. 17, along with the variables used in the calculation. The cut
diagram in Fig. 17(a) contains final-state gluon radiation on the amplitude side and two successive gluon scatterings followed
by the gluon radiation on the complex-conjugate side. The hadronic tensor for the diagram in Fig. 17(a) is given by

4 91 4. 4 4
Wl =" etal / d*xid*xad nd s / e P s g, <x2> "y i)
he T L @n)* Qn)* @n)* 2m)

x ei(q+p'—l')z3ei(f’—fz—ﬂz)m (Pa_y |A+C(Z3 )A-H)(Zz)lPAf] )Tr[tclbtdla](sad
y Tely " y" g+ + M)y (' + M)y (o + po + M)y™ (P2 + M)y (2 + po + M)y"]
[(g+ PP —M? —ie][(£')> — M? —ie][(£2 + p2)* — M? — i€][(£y + p2)* — M? + ie]
x dgi2), 2m)8(63) )8 (3 — M?). (B65)

Equation (B65) has singularity arising from the denominator of the quark propagator with momentum ¢’ and p}. We identify one
pole for each momentum variable p'* and £'*. The contour integration for momentum p'* is given as

2 —ipt(x; —z3 : — -
‘- dp'* iP5 —z7) _ (—2mi) O0(x; — 25 )ei(q+_;;é)(x2’—z;)‘ (B66)
Qm) [(g+ p)* — M? — ie] 2 2q-
Similarly, the contour integration for £ can be done giving
i@ ) R,y - _ -
=gl et 2 _ 200G Z5) s, (B67)
Q) [£7 — M? — ie] 2 20-
The trace in the numerator of the third line of Eq. (B65) gives
Trly "y @+ B + M)y (' + M)y~ (f2 + P2+ M)y™(ho + M)y” (fo + po + M)y*1dS2)
32[—¢1" 10 N1+ a—y)?
_ R 1A+ @) | 1+ —y) [, + ky'v?]. (B68)
=y y
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The final hadronic tensor for the diagram in Fig. 17(a) is given by

Wiy =—CFZZI—8‘1116?5[ d(Ax )Pl (ax ) wf<0>|P>
f

_ _ dyd gzj_dkl N K] +m? 2} _
2 Y4 lk ‘A
n/d{ d(Az)d Az, “om Qn)? (271)26 e 2 RO (2 — 25 )0(xy —23)

1+ (1 =y)? [[€2 +ry*M?] . -
o [ LA 6 0] b it A ArAY o OB (B6O)
Y (63, +y*M?]

The factor n in Eq. (B69) is described in Eq. (B6). Note, the diagram shown in Fig. 17(b) is a complex-conjugate of the diagram
in Fig. 17(a). The final expression of the hadronic tensor for Fig. 17(b) is given as

W/ =—Cp ) 20—¢}" 1etet / d(Ax )™ ’*)(PIW(A *) w(0>|P>
f

_ _ dydzgzj_ d? ki —A - K v }
d d A d2 ! 2~ (14ny 211 lkl AZL@ 9 _
n/ ¢d(Az) 27_[ (27[)2 (271)2 +1y) (— 5+ ) (xl )

T+ (1—y)? |[€3, +6y*M?] e
» +( y) [ 21 TKY 2]@49,(‘,,2)():2 723)<PA_1|TI'[A+(§7, Az, AZL)A+(§770)]|PA—1>' (B70)
Y [63, +y*M?]

Adding the hadronic tensors of the forward scattering diagrams in Figs. 17(a) and 17(b) gives

W, == Cr Y 2-g gt [ deax e IR e an) "y 0P
f

lZ+r
- — dy dzZZL d? ki 7A {"i }
dc d(A d2A P —— A e 24— lkL AZLG
n/ AR A e e €
1+ (1 —y)* [, +Ky*M? B - i
x L z]cos{ TN PALTHAT (07, Az, Az DAY, 0)]1Pac), B71)
g [, +y2m7]

where the factor n is defined in Eq. (B6). Notice that the third line in Eq. (B71) does not depend on k, and k™, therefore, the
diagrams in Figs. 17(a) and 17(b) do not contribute to the energy loss.

APPENDIX C: SINGLE-EMISSION SINGLE-SCATTERING KERNEL: TWO GLUONS IN THE FINAL STATE

In this section, we summarize the calculation of all possible diagrams at NLO contributing to kernel-2 with two gluons in
the final state. We discuss singularity structure, contour integrations, and involved traces in the final calculation of the hadronic

tensor.

1. Figures 6(a) and 6(b)
The hadronic tensor for Fig. 18(a) has the following form:

d4p d4p/ d4€2 d4p2
ny 2 4 4 4 4 4 —ip'xy ipx ad obc
Wi = Xf:efgs / dndind'ad's [ S L C T C P (Pl ) "y o IPss

. ; . - +
e G (zﬁ% ¥, (23)|Pa1)(2)8(63) (20)8 (p3) T 111

Tely v+ B G+ B — 7y YA D= )Y GV e o (&)
[(g+ P2 —iell(q+ pP* +i€ell(q + p/ — ©)* — i€ll(g + p — £2)* +ie] " *

The above expression of the hadonic tensor has singularity when the denominator of the propagator for p;, ¢,
¢, and p| becomes on-shell. It contains two simple poles for p* and p*. The contour integration for p*
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AP = A(P*,M?*/2P*,0,)' AP = A(P*,M*/2P*,0,) AP = A(P*, M%/2P*0 )i AP = A(P*,M*/2P*0))
(a) (b)

FIG. 18. A forward scattering diagram contributing to kernel-2. (a) Quark anti-quark scattering channel and (b) Quark anti-quark
annihilation diagram.

gives
c dp* eir* (=)
'T T @O g+ pPtielllg+ p— L) + el
dp* P —3)
- . - 2 ;
@) 29~ gt + pt +iel2(q — &)]g" +pt — 6 — am ie]
. — — i (& )x,_ —
_ (27'[1) 0(.x1 —Z2 ) e—iq+(xl’—~{) _1 +eg02 (. 1 12) ’ (CZ)
2r 49~ (g~ —4£3) gé‘fz)
where Q(()m is defined in Eq. (A7). Similarly, the contour integration for p'* gives
dp'* ity —z3)
G = _ :
Q) [(g+ p)? —iell(q + P — £2)* — i€l
% dp™ e P =3)
= . _ 2 .
Q) 2q-lg + p* —iel2g — 6)[a* +p* — 6 — 5B —ie]
. - _ _iG ) (-
_ (=27i) 0(x; —z3) a6 —2) —1 4 e 9 0 -5) )
2 4q=(qg" —¢3) g(()fz)

The trace in the third line of Eq. (C1) simplifies to

1+ (1—y)?
Tely v+ By ™+ B —y™y v+ p— )y @ + Py 1dS2d ) = 32(—¢}" 1(q7)’ [%}E%L (C4)

Finally, the hadronic tensor [Fig. 18(a)] reduces to the following form:
+

W =[C2] Y 21— 1! / dAX ) PG, (AX )y, O)1P)
4

dy dzﬁzJ_ d2kj_
-— ——e

A2 - - ~ B
J_27T (27[)2 (277:)2 —i(Az7)H, 2eki Azle(xl -2 )9()62 —13)

X / de=d(Az7)d?* Az

+
S — (Pact 0,6, 0/, (67, AT, Az)IPacy), (e5)

|y 1 [2—2cos{Gy*¢7}]
g, (L=y+nyg

where Q(()ZZ) is defined in Eq. (A7) and Hé@z,p 2) s given in Eq. (A13).
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Since the final state [Fig. 18(a)] consists of two identical gluons, the momentum of the two gluons could be interchanged.
After performing p, <> 5, the resulting hadronic tensor is given as

PR — - +
WY =[CECal ) _ 20— 1et gt / d(AX )T AX ><P|¢,(AX*>VT/4(0>|P>
f

dy dzezj_ dsz_
d¢d(Az7)d* Az —— —
* f ¢ AR R G’
X[1+y2+ny2(n—2)] 1 [2—2005{ ((,I’Z)g“’}]
A=y+my) [t —ky) Y4~
where G\ is defined in Eq. (A5).
Next, we consider the diagram in Fig. 18(b). It consists of a triple-gluon vertex on both the amplitude and complex-conjugate
sides. The hadronic tensor for the diagram in Fig. 18(b) is given as

SAIH R0 (230 (x5 — 25)

+
(Pacal 0,6 0y, (6 AT Az)IPa1), (C6)

dp dp d dipy oyt
e e Gy m® PI ) Y GO

WZ"‘: = Zei-gﬁfd4xld4xzd422d4z3
7

bty Py N A
TP —Pr—t)zs illatpr—g p)zz(PAfl|1pf(ZZ)Twf(13)|PA,1)(27T)8(K§)(27T)8(p%)

Tely “y"(d + Py y v + Py 11877 (=20 — p2)” + &7 (b + 2p2)™ + 77 (—p2 + €2)7]

X
(g + p')? —iell(qg + p)* + iell(l2 + p2)? —i€l[(€2 4 p2)* + ie]
x (_fabd)[gﬂlﬂ] (lr — pr)” + gﬂlm Q2pr + 6)" + &P (=2L, — pz)ﬁ‘]d(b)d(pZ)d([2+p2)d(e2+p2). (C7)

p1p2 " BB o103 0200

Equation (C7) has singularity arising from the denominator of the quark propagator with momentum p; and p/. We identify one
pole for each momentum variable p* and p'*. The contour integration for p™ in the complex plane is given by

1 Zyg dpt e o) :yg dp* P T =3) _ 2mi) 0(x; _Zg)e*if(x(fz;)_ (C8)
(27) [(q + p)* + i€] (2m)2q7[q* +pt+ie]l 2 2q”
Similarly, the contour integration for momentum p'* is carried out
) = dpt e = dp' ) = (Z27) 60 — 23 )eiq*(X{ =23, (€9
(2m) (g + p')* — i€l (2m)2q~[g* + p* — i€] 27 2q~

Simplifying the trace in Eq. (C7) yields
Trly "y (g + By "y v + Py 1177 (=2t — p2)* + &7 (6 + 2p2)™ + g7 (—p2 + £2)™]
x [gmﬂl (o= p2)01 4 gﬂlm Qpr+ )" + gmpl(_zgz _ pz)ﬂl]d(éz)d(l’z)d(lz+pz)d(€z+l)z)

p1o2 BB o103 020

64[—¢\" 1) [ (L+my)?y  (L+200)(0 =y +1ny) > ] 2
= + (L + )y —y+ny) [{A +ny)ar — vk )71
YL =y +ny) (L +my? L1 =y +ny) y PRy oL = YKL
(C10)
The final expression of the hadronic tensor for the central-cut diagram [Fig. 18(b)] is
_ ~ ~ +
Wy = [26:Ci] ) 204" 1ejs) / d(AX ) (AX ><P|¢,<AX*>VT//,.<0>|P>
f
_ _ dy dzéu dzkl TR N -~
de—d(A dZA =y i(Az7)H, zkrAzLQ
X/ {d(Az7) Zl27‘[—(27r)2 2n ) e @)
(1+ny)° (1+2ny)(1 —y+ny)
[ ny)”y ny)(1—y+ny +(1+n2)y(1—y+ny)}
(I =y+ny) y
1 1 _ al
X (P, | ( _70)_ ( _1 AZ_7AZ )|P7 >7 (Cll)
T+ mPa [0+t a1 e O A

where H{>"” is given in Eq. (A13). Note that the quantity in the square bracket in the third line of Eq. (C11) is the medium-
modified gluon-gluon splitting function.
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AP = A(P*,M2/2P*,0,) AP'=A(P*,M*/2P*,0,) AP = A(P*,M*/2P*,0,)' AP = A(P*,M*/2P*0))
(a) (b)

FIG. 19. A forward scattering diagram contributing to kernel-2. (a) Interference diagram and (b) Complex conjugate of the diagram on the
left panel.

2. Figures 6(c) and 6(d)

Hereafter, we discuss interference diagrams contributing to kernel-2. The hadronic tensor for the interference diagram in
Fig. 19(a) is given as

d4p d4p/ d4£2 d4p2

@)t 2yt )t 2n)

v —ip'xy ipx T J/+ a,c
W = 30 g / dxid*xd*2ad 2 eI (PG, (), G P T 041
f

) , ) _ +
X M P By 1 e2) T as) Pa) Q03(B) QO3 (R i
y Trly “y g+ Py + B — )=y v (¢ + p)y']
[(g+ p)? —iell(g+ p)?* + i€ll(g + p' — €2)* — iel[(€2 + p2)? + ie]
X (—if )" (=28, — p)P' + g7 P (L + 2p2)" + PP (—pr + €)1 (C12)

Equation (C12) has singularity arising from the denominator of the quark propagator with momentum p;, p), and £'. We identify
one pole for the momentum variable p* and two poles for p'*. The contour integration for p* in the complex plane is given by

= dp+ eip+(x1_—z{) _ dp+ eip+(x1_—zz_) _ (2mi) 9()6; — Z;)e_qur(Xl__ZZ_)_ (C13)
27) (g + p)* + ie] (2m) 2q~[g* + p* + i€] 27 2q~
Similarly, the contour integration for momentum p'* is carried out
de— e_iP/+(X; -23)
C, =
TS Qo g+ p —ielllq+ p — €2)? — el
. _ _ i (23] 7T
_ (2D 005 —5) g | ZhE e TR (C14)
2 44 (@ —6) g
where g}fﬁ) is defined in Eq. (A7). Simplifying the trace in the third line of Eq. (C12) yields
Te[y “y"(d + Py G+ B — )y y v+ Py 1d) d) dl e
X 877 (=202 = )" + &7 (L + 2p2)" + & (= pa + £2)7]
—32[-¢" (g | 1+ (1 —y+ny)’ 2
= A+, — vy -kit|w (C15)
(1+ny) Y2(1 =y +ny) i vk

The final expression of the hadronic tensor for the central-cut diagram [Fig. 19(a)] is

+

CrC3 o AY- _
Wre, = [%] > 2A-¢llejg! / d(AX ) P, (AX Ty, O)IP)
f

_ _ dy dzeﬂ_ dsz_
dt=d(A7)d*A7 = —==
X/ AT AL 5 )

SIATIH g0 (o — )0 — 23)
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L+ (1 =y ny) [ = 14e97 @] [(1 4+ ny)ed, — yar ki ]
y( =y +ny) (I +ny)g~ 1+ ny)ay — ki1

X (Pa_1|¥r, (£ 0) 1/f (&7, Az7, Az)|Pazt), (C16)

where H\>*) is given in Eq. (A13).
Since the final state [Fig. 19(a)] consists of two identical gluons, the momentum of the two gluons could be interchanged. This
gives rise to additional contributions to the hadronic tensor. After performing p, < ¢5, the resulting hadronic tensor is given as

W = [CFCA

2,(,‘2

}22[ gl lergl / d(AX ) Pl (AX ) w, (0)|P)
dy dzﬂu d kL
tox Q2 )2 (27)?

[ 1+)° ] [— 14970 =5] @) — ki) (1 + ny)as — ki)
y(1—y+ny) (1 +ny)g~ (L1 — k1 2[(1 + ny)ar — vk, TP

AZYHIP? ik, A - - - -
e () ekL ug(xl -2 )9()62 -7 )

X / dt=d(Az7)d?* Az

X (Pa_1|¥, (¢ L0 1/ff(§ Az7, Az )|Pa-1), (C17)

where Gém) is defined in Eq. (A5).
Note that the diagrams in Figs. 19(a) and 19(b) are complex-conjugate of each other. They differ only in contour integration

over variable p* and p'*. The calculation of the hadronic tensor for Fig. 19(b) involves the contour integration for p* and is
given as

d p+ eip+ (7 =23)

(27) [(q + p)* +iell(g + p — €2)* + ie]
Qi) 007 —25) | 1 €% )
= — — — e 12 7 ) y
2w 4q=(q~ —¢3) gy

C =

(C18)

where gffz) is defined in Eq. (A7). Similarly, the contour integration for momentum p'* is carried out as

dpt e E) (w6 — 2
Qm)lg+p) —ie] 2w o

The final expression of the hadronic tensor for the central-cut diagram [Fig. 19(b)] is

C, = ) i =55), (C19)

+

CrC el
WS =[ - A]ZZI gt lergy f d(AX7)e't (AX )<P|wf(AX—)Vwa(0>|P>

_ _ dydgzj_dkj_ (€2.p2) . _ _ _ —
de—d(A d2 —i(Az7)H, sz AZLQ _ 2] _
X / ¢ d(Az7) ZJT (2n ) (27_[)2 (xl Zz) (xz Z3)

[y [ 1 0T [0 4 a8~y k]
y(1—y+ny) (1 +ny)q~ 1A+ ny)ay —yk, 1

+
- _ )/ _ _

X (Pa—11Yr, (& ,O)Tl/ff(f s AZT Az ) Pyy), (C20)
where 7—[8[2”’ 2 s given in Eq. (A13). Since the final state [Fig. 19(b)] consists of two identical gluons, the momentum of the two
gluons could be interchanged. This gives rise to additional contributions to the hadronic tensor. After performing p, <> £,, the
resulting hadronic tensor is given as

+

CrC el
L9 =[ J A]Zz[ gt lergy / d(AX)e'r (A% )<P|wf(AX—)Vwa(0>|P>

_ _ dy d? on d? kJ_ N N I _ _ _ B
25 —i(AZ7)H, ik A
X /dC d(Az7)d A 2 o) 2 )2 TG Pt ZL@()CI -2, )0(xy —2z3)
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AP = A(P*,M?*/2P*0,Y AP = AP+, M?/2P*0))

FIG. 20. An interference diagram contributing to kernel-2. The cut-line (i.e., dashed line) represents the final state.

[ 1453 }[—He"gé””“l—zﬂ] (o1 — ki) {(1+ny)a —yki}
y(I—y+mny) (1+ny)g~ (L1 — k1 )2[(1+ ny)ar — vk, P

X (Pao11¥7,(¢~ 0 wf(é“ Az, Azy)IPa-r), (C21)

where Qép 2) is defined in Eq. (AS). The contributions to the hadronic tensor from Egs. (C16) and (C20) can be added together

nv _ [CFCA

2,c14+c3 T

}Zz[ g lergt / d(AX ) X P (Ax ) wf(0>|P>

dy d ZM d kl
tox 2 )2 (271)2
L=y | [2 = 2c0s (G 6T} [+ )3, — yeou ki ]

y(1L—y+ny) (1+ny)g~ & (L +ny)ay — ki 1

+
(P [V, m%wf@—, AZ", Az)|Pi1). (C22)

—i(Az )’H( 2r2) ikJ_'AZJ_G({_)

x / dt=d(Az7)d?* Az

Similarly the contributions to the hadronic tensor from Eqs. (C17) and (C21) can be added together

+

CC v _
W e, = — [F }22[ gl lejg! / d(AX 7)eld (AX ><P|wf<AX*>ywa<0>|P>

B S dydity dPky
x /d; d(Az7)d*Az L Gy )
X[ 1+ }[2 2c0s |G ¢ Y] (@ar —ku) - {(1 + ny)eas — vk}

yd —y+ny) (I +ny)g~ (Uar — k) [(1+ny)eay — vk TP
+
X (Pl (67, 00y, (67, A2, Az)IPA). (C23)

—i(AZHY " ik AzLg )

3. Figure 6(e)

The final interference diagram contributing to kernel-2 is shown in Fig. 20. The hadronic tensor for Fig. 20 is

d'p d*p d't d*
(an;“ (2np)4 Gy (25)24671”7 I ) YOS

W =3 gt / o d e oad s
f

Xel(qﬂ’ —p2— 27)136,1(/524-172 q— P)Zz(PA 1|1/ff(12) wf(z3)|pA 1)d(22)d(”2)(2ﬂ)3( )(27T)3(p%)

0103 0204

Tely “y* g+ P)v> G+ — p)y>y~ V"ZM +p—0)v" G+ py']
[(g+ p)? —i€ll(qg+ p)* +iell(g+ p — p2)*> —iell(qg+ p — €2)* + i€l

(C24)
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The above expression has singularity when the denominator of the propagator for py, £, £/, and p} becomes on-shell. It contains
two simple poles for p* and p'*. The contour integration for p* gives

e — . _ _ G (o
Cl _ dp+ elP (Xl Zz) _ (27'[1) Q(xl - ZZ ) e_iq+(xlf_zzf) _l —|— e goz (. 1 Zz) ’ (C25)
Q2r)[(q+p)* +ielllqg+p—€)* +iel  2m 4g7(q~ —{3) g
where gffz) is defined in Eq. (A7). Similarly, the contour integration for p'" gives
dp/"' e~y =)
G - 5
Qm) (g + p)? — iell(g + p' — p2)* — ie]
. — — —i (P2) T —zT
_ (—27Tl) 9(x2 — 3 ) eiq+(x2—_zz—) —1+e Gy (5 —73) (C26)
2r 497 (g™ —py) G ’
where Qép ») is defined in Eq. (AS). The trace in the third line of Eq. (C24) simplifies to
Tely v+ P+ B — by y v+ P — 2)y" (d + Py 1dL2)dS
32(q7 )¢ 11—y +2
== ([1 fiy%i ny)yy = (-6, +2a kL] (€27
The final expression of the hadronic tensor for Fig. 20 is given by
Wye, = [(CF - —)CFCA} Z 2[—¢" lejgt f d(AX ) AP (AX ) wf(0)|P>
_ _ dy d’ led ki G2 (= _.— _iGP2) (o m ooy Ay E2P2)
de=d(A dZA “r 1 iGy ” (=) 1 iGy ~ (%, —23) i(Az7)H,
x/ ¢d(Az7) L an 2 (n)2[ +e [-1+e Je
Oy —2)0(x; —z3) [—65, +€ar ko] 4. - + _
T aw— 1 — Jpinasp, 0, 00y (07, Az, APy
(1 —y+my)q (€21 —k1)’€3, 4
1- 2
% |:( y+ ny)jl’ (C28)
y

where Qéez), gg” 2), and 7—[(()[2"’ 2) are given in Egs. (A7), (A5), and (A13), respectively. Since the final state [Fig. 20] consists of
two identical gluons, the momentum of the two gluons could be interchanged. This gives rise to additional contributions to the
hadronic tensor. After performing p, <> {,, the resulting hadronic tensor is given as

C
Wy = [(CF — —A)CFCA} Zﬂ—gﬁ]e;gﬁ / d(AX )" AXD (Pl (AX ™ ) Ip (0)|P)

_ _ dydﬂzJ_ko_
dc=d(A7)d* Az —
X/ AN G (a2

OO = 50005 —z) [, k] g,

[— 146962 = 1 4 i 05 =)o My

(Pa_tl¥, (¢~ 00X %(C Az, Azy)IPa-1)

A=y+ma (b —k1)*43,
x [@] (C29)
Adding Egs. (C28) and (C29) together gives the final hadronic tensor as
v C v ig*
WL =[<CF—7A)CFCA}22[—gL]e§g‘; f d(AX ) APl (AX Y- x/ff(O)lP>
_ _ 2 dy d EZLd kl —i(Az )H(lz P2) ik, -Azy
x/d{ d(Az7)d A i (27_[)2 (n)ze e
o0(c-
e 2= 2e0s {6} — 20 G ) + 208 { (G — 6]
1—y+2 +46. -k
|:( J’y 77)’)][(4 21 kZJ)_zezJ.] Py 1|1/f (- 0) W/(f Az, Az)IPi_y). (C30)
21 — R 21
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FIG. 21. A forward scattering diagram contributing to kernel-3. (a) Quark anti-quark scattering channel and (b) Quark anti-quark
annihilation diagram.

APPENDIX D: INGLE-EMISSION SINGLE-SCATTERING KERNEL:
ONE QUARK AND ONE ANTIQUARK IN THE FINAL STATE

In this section, we summarize the calculation of all possible diagrams at NLO contributing to kernel-3 with a quark and
antiquark in the final state. We discuss singularity structure, contour integrations, and involved traces in the final calculation of
the hadronic tensor. As there are only four diagrams in this kernel, this appendix will not have subsections.

The hadronic tensor for Fig. 21(a) has the following form:

d4p d4p/ d4£2 d4p2 . ) B 7/+
w _ 2 4 4. G4 4 4 —ive iy
BT Xf:;efgsfd ndedads | Gayi e any gop ¢ ¢ PRI

+
% el(q+P’*P2*lz)Z3el(ferPz*Q*P)Zz (Pa_, W}f, (Zz)ijw (ZS)|PA_1)d(quP*Pz)d[(g;P'*Pz)(zn )5(5%)(27‘[ )S(P% _ M2)

Tely “y* g+ p + M)y (po + M)y” (g + p+ M)y 1Trly ~y 24y *]

Sab(sch adT b,c Dl
QPP M —icll g+ pP =M +iclla+ 0 —po) —ieclla+p—paP Ficl” © T ITeed (D

where M is the mass of the quark of flavor f. The above expression of the hadonic tensor has singularity when the denominator
of the propagator for py, £, £, and p| becomes on-shell. It contains two simple poles for p* and p'*. The contour integration for
pt gives

dp+ eip+ (Xr _Z;)
) @) g+ p? —M? +iell(g+ p— p2)* + i€]

G

. — — i (P2) T —zo
_ (27'[[) 9(x1 -2 )_ ei[—f‘*%]("f—zf) —1 “+ egM Oy —2) ’ (D2)
2 4q=(q~ —py) (2)
where g}vf,’” is defined in Eq. (A6). Similarly, the contour integration for p'" can be done
dp™ e~ o =)
G = y{ ; ;
Q) (g +p)P? = M? —iell(q + p' — p2)* — ie]
. _ _ i P2) —
_ G2 005 ~35) gt | Tl T (D3)
2t 4q(q" —py) G\
The trace in the numerator of the third line of Eq. (D1) gives
Trly ~y" (@ + 8 + M)y (b + M)y + p+ M)y ' TTely "y oy 1?2 e =)
v 2| T+ A=) 2 4x g2
=32[-¢, ] —————— |[(lar — k)" +&y"M7], (D4)
£nll@) [y(l vy | T
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where « is defined in Eq. (A1). Finally, the hadronic tensor [Fig. 21(a)] reduces to the following form:

+

v CrC, —\ x7) ,—i - X~ 7 -
Wie Z[ ; A}ZZ% 11eje; f d(BxT ) TR Pl (ax) Ly )1P)

~d(Az VA Y —i(AZYHSZPY ik Azy gy
x/d; d(Az7)d Zl2n 2n) @n ) e 6(¢7)
§ [1+<1 —y)Z}L [ — kL)’ +Ky*M?]

y Y4 (€21 — k1 )* + y2(1 — n)>M?)?

[2—2cos {Gy*¢7}]

X (Py— 1|1/f (e 0) W (&7, Az, Az)|Pa—1),

where g”’ 2 s given in Eq. (A6), ’H,ﬂf}”’ ») s defined in Eq. (A12), and M is the mass of the quark flavor f.
Now, we consider a central-cut diagram shown in Fig. 21(b). The hadronic tensor has the following form:

d*p d*p d*t, d*p,
v 4 g4 g4 4 —ip'xa ipx
e Xf:;efgs/dxld ' [ e s st PG e P

x NIt et (py 1|w,(zZ> C @IS M?)(@m)8(p3 — M?) 56

Tely ~y*(d + Py7y "y + p)y"1Tr( (ﬂz +M,)y*(p2+M,)y"]
[(q + p)? —iell(€2 + p2)* — i€l[(ba + p2)* +i€ll(q + p)* +ie] 77

d(52+l)2)d(52+P2)Tr[tth]Tr[t ¢ ]
o4

(D5)

(D6)

where M, is the mass of the quark flavor f ’. Equation (D6) has singularity arising from the denominator of the quark propagator
with momentum p; and p}. We identify one pole for each momentum variable p* and p'*. The contour integration for momentum

pt is given as

dp iP*(x;_ 2) (27Tl) 9()61 Zz_)e_iq+(xr_z;)
Qm)[(q+pP+iel 2 2q° '

C =

Similarly, the contour integration for momentum p'* is carried out as

dpt e (Dm0 —5) o)
Q2m) [(g + p')?* — i€l 2 2q~

Including mass correction up to O(M?), the trace yields
Te[y " y"(d + Py ™y "y + Py ITel (o + M, )y (p2 + M, )y 1d 2 r0d

{1+ ny)ear — vk o) + M2 (1 + )
y(1 =y +ny)(1 + ny)?

=32(¢7 )¢} ] ? + A —y+ ).

The final expression of the hadronic tensor for the central-cut [Fig. 21(b)] is given as

CrCy

P — - +
Wy =[ ]222[ gl efg}‘/d(Ax‘)e"’ (Ax ’<P|1/ff(Ax—)yTl/ff(0)|P)

x f dr-d(be g, B LOL PR o se, OCD)
27 Qr) 2y’ (1 +ny)Y*q-

y 4+ (1 —y+ny)*]
[{(1+ ny)or — koY + M2(1 + ny)?]

(Pac1l¥, (¢~ L0 I/ff(C Az, Az )|Paoy),

where H{*") is defined in Eq. (A14).
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FIG. 22. A forward scattering diagram contributing to kernel-3. (a) An interference diagram and (b) Complex-conjugate of the diagram on
the left panel.

Furthermore, we consider an interference diagram shown in Fig. 22(a). The hadronic tensor is given as

d4p d4p/ d4Z2 d4p2
4 4 4 4 4 =i i
Wi = Zefgs / d*xid'x; / d'ad'ss | o s i e PO )

JF
") 2 e } - - ! I, y
x R EAPTID RBP4, (22) 7 (@) [Pa-) Tl e 111308

Tely ~y (g + pP)ySy vy oy pay” (¢ + p)y" ]d((ffzf:rpz)d{(;l](;ﬁ p2)
[(q + p')* —iell(g + p)* + i€ll(¢2 + p2)* — i€ll(q + p — p2)* + ie]
The above expression has singularity when the denominator of the parton propagator for p;, £, and p/, becomes zero. We identify
two poles for the momentum variable p and one pole for p’. We compute the integral in the complex plane of p™ and p'*.
In this central-cut diagram, the momenta for the final state partons are £, = yq~ and p;, = (1 — y+ny)q~. The contour
integration for p* is given as

(2m)8(£3) 2m)3(p3). (D11)

c y{ dp* PGy
T 21 g+ p? Fiell(q + p— pa)? + el
. — _ i (p2) Xz
= @ Ox; —2,) omid 67 =53) —1 4 €% i) O12)
21 ) 4q=(1 — n)yg~ g(gpz) ’

where Q(" 2 s given in Eq. (A5). Similarly, the contour integration for p'* is
it (x4 D7 - _ -
G, = f a < - = 2mi) 00— 3 )efiqw’)‘;“;). (D13)
2 [(q+ p')* — ie] 27 2q-

Simplifying the trace yields the following expression:
Trly v ( + Py ™y v oy ™ by (4 + Py ] x diatrditr—re)
J
=32(¢"’[-g"" ][—} (D14)
Ly = mA +y)
where J, is defined in Eq. (A4). The final expression for the hadronic tensor [Fig 22(a)] reduces to the following form:

Wil = [CFCA<CF — —)} Zz g’il]efg‘;fd(Ax Ye'd" (A NP, (Ax™ ) wf(o)uo)

dyd EZJ_ ko_

ffz’”z)(AZi)eiki'AZLQ(x
Lom @rp arp’

D00y — )

X /d;-d(Az—)cF

L[ L—y+ny } b [ 14 &9 0]
(I +n)A =) [y — k111 + 0y — vk, ]
+
X (Bat 7,6 0y, (67, AT AzLIPA), (D15)

where Qép 2) is given in Eq. (A5) and H(()ez‘p ») s given in Eq. (A13).
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Note that the diagrams in Figs. 22(b) and 22(a) are complex-conjugate of each other. They differ only in contour integration
over variable p* and p'*. The calculation of the hadronic tensor for Fig. 22(b) involves the contour integration for p* and is

given as

i t(xT—z7 . — —

Cl _ % dp Py —z) @ 9(.x1 - Z2 )e_iq+(xf_25)’ (D16)
2w [(q+p) +iel \27 2q~

and the contour integration for p'* is given as

d p/+ P (=)
c =7§ , :
2 2 [(q+ p)* —i€ll(g+ p' — p2)? — ie]
) _ _ 719(772) = —
_ —2mi\ 0(x; —z3) 00T —33) —1 4+ e % (n-z) ’ (D17)
2w )aq (g —py) Gy

where G is given in Eq. (A5).
The final expression for the hadronic tensor [Fig. 22(b)] yields

W3 o |:CFCA (CF - —)] 22[ g’il]efg‘;/d(Ax )e‘q+(Ax )(PWI/(AX ) 1?///(0)|p>

_ _ dydﬁudkl
de=d(Az)d> Az, 242
X/ i v a e

T AT BTG (o N0y — 27)

L[ 1-y+my L [-1+ e—igé"ﬂ(x;—z;)]

(1 +ny)(1 — n)} [€ry — ko 1P[(1 + ny)ay — yk 1P
X (Pa_1, (2, 0) - wf(; Az, Az))|Pa1), (D18)

where gé”z) is given in Eq. (A5) and ’H(() P2 i given in Eq. (A13).
Adding the hadronic tensor associated with Figs. 22(a) and 22(b), i.e., Egs. (D15) and (D18), gives the following form of the
hadronic tensor:

W3I‘C"1+L2 = [CFCA<CF — —)i| 22[ g’L_ efg;‘[d(Ax )e’q+(Ax )<P|Iﬁf(Ax ) wf(0)|P>

dy dzﬁzJ_ dzkj_

2.p2) N
G el e )

X [ dt=d(Az7)d*Az

L[ 1—y+ny ] J
(I +ny)d - T)) [€y1 — ki TP + ny)loy — yky 1P

[2 — 2cos {Q(()m{’}]

X (Pacil¥, (¢ 0) Iﬂ (C7, Az7, Azy)|Pyy), (D19)

where G is given in Eq. (A5) and H{>"* is given in Eq. (A13).

APPENDIX E: SINGLE-EMISSION SINGLE-SCATTERING KERNEL: TWO QUARKS IN THE FINAL STATE

In this section, we summarize the NLO calculation of all diagrams contributing to kernel-4 with two quarks in the final state.
We analyze the singularity structure, contour integrations, and traces involved in the hadronic tensor. Since there are solely two
diargams contributing herein, there will be no subsections in this appendix.

The hadronic tensor for Fig. 23(a) has the following form:

d*p d*p d*¢, d*p,
v 4. g4 g4 4 —ipxs_ipx
e 2f:;ef&/dm ndad “/ G G Gy e P P

Xel<q+p —p2=2)z3 (bt pa—g— p)zo(pA 1|1/f/(Z%) 1/, (22)|Ps— l)d(‘”” m)d(zﬁ-p ﬂv)(zn)(g(gZ)(zn)g( MZ)

0102

Tr[y " y"(d + P + M)y* (ha +M)V“‘ g +p+ My 1Tily "y > fay®]

8PS AT 1% Tr[%¢], (El
TG+ PP M —iell(g+ pP — M> +iell(q + P/ — p2)? — i€ll(q + p — p2)? + ic] R
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2 €y I3

. L
; i £o
eg e 4 m\ :
b| i , 4
P:1 : P2 p _Véd pl: ;
; b , ’ | P2

AP = A(P*,M?/2P*0/) AP = A(P*,M*/2P*0,) AP = A(P*,M?/2P*0,)'AP = A(P*,M*/2P*,0,)
(a) (b)

FIG. 23. A forward scattering diagram contributing to kernel-4. (a) Quark quark scattering channel and (b) An interference diagram.

where M is the mass of the quark of flavor f. The above expression of the hadonic tensor has singularity when the denominator
of the propagator for py, £, £, and p| becomes on-shell. It contains two simple poles for p* and p'*. The contour integration for

pt ogives
dp*t elP T =3)
27) [(q + p)* — M? +iell(q + p — p2)* + i€]

. — — i (P2) 7
_ (2]Tl) Qi(xli—zz)_ el[ q++M 167 —27) —1+eg(M)(l %) ’ (EZ)
27 4q9=(q~ — p;) N
where g“ 2) s defined in Eq. (A6). Similarly, the contour integration for p'* can be done
dp/+ efip/'*'(x;fzg)
G
Q7)) (g + p')? —M? —i€ll(q + P/ — p2)* — ie]
. — — i (p2) X —zo
_ (—27Tl) 9()62 — 23 )_ ei[q+_;:é](x;_z;) —1 +e (gM) (y —z3) . (E3)
2t 4q7(q" = py) (P2
The trace in the numerator of the third line of Eq. (E1) gives
Tely "y + B+ M)y™ (2 + M)y (f + p+ M)y "TTely ~y ™ foy ™1d = d 057 =)
v o 1+ —y)? 2 47,2
=32[-¢}" I( )2[— (€21 —k1)* + ky*M?], (E4)
glu_ q YA —y+m) 21 il y
where « is defined in Eq. (A1). Finally, the hadronic tensor [Fig. 23(a)] reduces to the following form:
w _ | CrCa oW 1,2 b ig* (Ax™) ,=ilM?/(2q7)1(Ax7)
Wil = YD 2-glleg [ d(axe (Pl (ax ) w, (O)IP)
for
dy dzﬁzl d kL RO (N I _
d d A d2 —i(Az )HM lkL'AZLQ
/ GRS ALy o G ¢ «€)
1+0—-y? ] 1 0, —k ‘M2
% +( )’) - [( 21 2J_) + Ky 2] [z_zcos{gl(é;z)é__}]
y g~ [(ay _kJ_) +y2(1 = n)*M>1?
X (Pail¥r, (¢, Az” 7AZJ_) Iﬁ,(é“ s 0)[Pa—1), (ES)

where g(” 2) is given in Eq. (A6) and ’H;ﬁz‘p 2’ is defined in Eq. (A12).
For the case when the final state [Fig. 23(a)] consists of identical quarks, we have three additional contributions. The first one
stems from interchanging £, and p, in Fig. 23(a) giving the following hadronic tensor:

CrC .
w;f;:[ F A}Zz[ ¢ 1 f d(Ax ) B P (Ax) L wf(onP)

dyd ZQJ_ d kJ_
Lo Q)2 (211)2

t(Az’)HégZ'pz)eikLAzle(g——)

X / dt=d(Az7)d* Az
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14y ! ! ()5 -
X[ ](1—y+ny)q 2, g 2~ 2eos Gl

x (Pa_il,(¢™, Az, Az w,(c LO)Py1),

(E6)

where g((fz) is given in Eq. (A7) and H((fz”’ ») is defined in Eq. (A13). The second and third contribution comes from the process in
Fig. 23(b), where either momenta p, and ¢, are as illustrated or they are interchanged. For the illustrated situation in Fig. 23(b),

the hadronic tensor gives

d4 d4 / d4€2 d4p2
@)t 2yt 2n)* 2n)

Wi =" ergt / d*xid*xad*zpd* 23 ¢~ gipn <P|wf(x2) wf(x1)|P)
f

+

X TP P (B (23) Dy () Paca) 2)8(6) (28 ()38 Telr s 1€1°)

Tely "y (g + Py "oy ™y ¥ P2y (4 + P)v"] JH—pe) @ —ts)

X
[(g+ P —iell(qg+ p)* +iell(g+ p' — 2)* —iell(g+ p — p2)* +ie] 7' 7304

(E7)

The above expression of the hadronic tensor has singularity when the denominator of the propagator for p;, £, €', and p; becomes

on-shell. It contains two simple poles for p™ and p/*. The contour integration for p™ gives
dp+ P T —%)
(27) [(q + p)* +i€ll(g + p — p2)* + ie€]

(2mi) 9()61_ - zz_) gt —5) 14+ eig[()ﬁﬂ(xl’fz{)
= e ,
2 4q=(q~ — py) g

where g(()” ») is defined in Eq. (A5). Similarly, the contour integration for p't gives

de— e—ip’*(xz’ -z3)
2m) [(q + p')* —i€ll(g + p' — £2)* — i€]
. _ _ I Cy
_ (—2mi) 0(x; —23) St 0525 —1 4 e 1% 0 —3%)
) b

G =

2r 4q=(q~ — 4, Gy
where G is defined in Eq. (A7). The trace in the third line of Eq. (E7) simplifies to

Tely ~y"(d + By oy ™y Ty 2y (d + Py 1d PPt

2" -,
= —£ e k|
Ty g e+ kil

The final expression of the hadronic tensor for Fig. 23(b) is given by

Wi, = [CFCA<C ——>]Zz —¢!" 1elg! f d(Ax~ )e"1+‘Ax)(PIw,(Ax) w,(0>|P>

_ _ dy d*0r, d?ky . p - o o _ B
2 —i(Az7)H ik -A.
X /d{ d(AZ )d-Az LE (27[)2 (27[)26 < 0 et ZLQ()CI — 2 )9(}62 — 23 )

y 1 [—63, + 1 k]
(L= —y)yg~ (b, — kl)%

[ -1 + eig(()hz)(x]’—z;)][ -1 + e_ig(()fz](x;—zg)]

X (Pa-il¥,(¢7, Az” aAZL) w (€7, 0)[Pa-1),
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where Q(()KZ) is defined in Eq. (A7), Qép 2 s given in Eq. (A5), and 7—[(()[2”’ 2 s given in Eq. (A13). After additional simplifications,
one gets

Wie, = [CFCA< = —)]Zz[ g\ letg! / d(AxT )T AP (A wf(0>|P>

_ _ dyd@udkL A YH2 )
X /d{ d(Az )dzA LEW(ZT[)Z (A2 My JikiAzy
0¢7) [~ + 1 ki ] [1 = 9™ — omi07' 4 166717

(I —m(1—y)yg~ (£ — kn%

X (Pa—1¥, (57, Az” NI L %((  0)|Pa—1). (E12)

Since the final state [Fig. 23(b)] consists of two identical quarks, the momentum of the two quarks could be interchanged. After
performing p, <> €5, the resulting hadronic tensor is given as

W = [CFCA<CF — —>]Zz[ g’il]efg‘;/d(Ax Ye'd" (A NP1, (Ax -) ¢f(o)|p)

_ _ dy d*t,, d? kJ_ D) g B 3 B B
2 —i(Az7)H ik, -A
X /d{ d(Az7)d"A L% Gn)? (271)2 T MR G (x — 25 )0(x; —23)
1 [-63, +& k(]

) ()
X — 14+ % =) —q + e 190 " (g —z3)
(I =1 =)yq~ (L —kl)ze2 [ Il ]

X (Pa1¥, (57, Az PN 1/4((  0)|Pa—1). (E13)

The above expression can be simplified further to give the following:

Wie, = [CFCA(CF ——)}ZZ —¢1" 1ets! / d(Ax )T AP (A - wf(0)|P>

dy dZEZJ_ d kJ_
tor 27)? 2n )2

oA MG ik A2y

X /d;*d(Az*)d2

0(¢) [~ + 1 ki [1- e 19T GiG T pmitgyY - 9“2)}4*]
(I=mA =y)yg~ (b —k) )62,
JF
X (Pa_i|V,(¢7, Az, Azu%w,(;i 0)|Ps_1). (E14)

Adding the two hadronic tensors associated with Fig. 23(b), i.e., Eqs. (E12) and (E14), gives the following form of the
hadronic tensor:

Wierte, =[CFCA(CF ——)}Zz —g" 1e%g! f d(Ax )T AP (A - wf<0)|P>

- oo, dydiay dPky
X /‘” A A oy e
< [2 —2cos {gépz)gf} —2cos {g(gfz)é.f} +2cos {(g(Pz) g(()éz))é-f}]
« 1 [_Z%J_ +£2J_ kJ_]
(I=mA =y)yg~ (b, —ky ) €2,

l(AZi)’Hg)zypz)eikl-AZLG(g*)

(Pail¥r, (67, Az NI 1/ff(C s O)IPa-1), (E15)

where Q(()ZZ) is defined in Eq. (A7), g“’z) is given in Eq. (A5), and 7—[(()62“”2) is given in Eq. (A13).
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