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Parton energy loss and the generalized jet transport coefficient

Yuan-Yuan Zhang,l’2 Guang-You Qin,1 and Xin-Nian Wang
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lKey Laboratory of Quark and Lepton Physics (MOE) and Institute of Particle Physics,
Central China Normal University, Wuhan 430079, China
*Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

® (Received 31 May 2019; published 29 October 2019; corrected 13 March 2020)

We revisit radiative parton energy loss in deeply inelastic scattering (DIS) off a large nucleus within the
perturbative QCD approach. We calculate the gluon radiation spectra induced by double parton scattering
in DIS without collinear expansion in the transverse momentum of initial gluons as in the original high-
twist approach. The final radiative gluon spectrum can be expressed in terms of the convolution of hard
partonic parts and unintegrated or transverse momentum dependent (TMD) quark-gluon correlations. The
TMD quark-gluon correlation can be factorized approximately as a product of initial quark distribution and
TMD gluon distribution which can be used to define the generalized or TMD jet transport coefficient.
Under the static scattering center and soft radiative gluon approximation, we recover the result by Gylassy-
Levai-Vitev in the first order of the opacity expansion. The difference as a result of the soft radiative gluon
approximation is investigated numerically under the static scattering center approximation.

DOI: 10.1103/PhysRevD.100.074031

I. INTRODUCTION

In high-energy heavy-ion collisions, an energetic parton
will undergo multiple scattering in hot quark gluon plasma
(QGP) and loses energy along its path. The parton energy
loss will lead to the suppression of final energetic jets [1]
and large transverse momentum hadrons [2] in heavy-ion
collisions as compared to proton-proton collisions. This
phenomenon known as jet quenching has been observed in
experiments at the Relativistic Heavy-ion Collider (RHIC)
[3,4] and the Large Hadron Collider (LHC) [5-7] and has
been used to extract properties of the QGP that is produced
in high-energy heavy-ion collisions [8]. Similar processes
of multiple parton scattering and parton energy loss also
occur in deeply inelastic scattering (DIS) off a large
nucleus. The phenomenon can also be used to study
properties of cold nuclear matter as probed by energetic
quarks [9,10]. For recent reviews on jet quenching theory
and phenomenology see Refs. [11-14].

Since the first attempt to calculate radiative energy
loss for a propagating parton in a dense QCD medium
[15], several studies based on perturbative QCD (pQCD)
have been carried out to calculate radiative parton
energy loss induced by multiple scattering. The studies
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by Baier-Dokshitzer-Mueller-Peigne-Schiff and Zakharov
(BDMPS-Z) [16-18] consider soft gluon radiation as a
result of multiple scatterings while Gyulassy-Levai-Vitev
(GLV) and Wiedemann [19-21] assumed the leading order
in the opacity expansion for medium-induced gluon radi-
ation. Both of these studies assume the medium as a series
of static scattering centers as in the Gyulassy-Wang (GW)
model [15]. Arnold, Moore, and Yaffe (AMY) [22,23]
employed the hard thermal loop improved pQCD at finite
temperature to calculate the scattering and gluon radiation
rate in a weakly coupled thermal QGP medium. The high-
twist (HT) approach [24-27] uses the twist-expansion
technique in a collinear factorized formalism in which
information of the medium is embedded in the high-twist
parton correlation matrix elements. In the latest SCETg
formalism [28,29], the standard soft collinear effective
theory (SCET) is supplemented with Glauber modes of
gluon exchange for parton interaction between a fast parton
and static scattering centers to study multiple parton
scattering and medium-induced gluon splitting. The rela-
tions between some of the above different studies of parton
propagation and energy loss have been discussed in detail
in Refs. [30-32] and numerically compared in Ref. [33].

In most of these approaches to parton propagation and
energy loss, there are several common approximations.
Under the eikonal approximation, energy of the propagat-
ing parton E and radiated gluon’s energy w are considered
larger than the transverse momentum transfer k; in the
scattering, E, @ > k. The energy of a radiative gluon is
often considered larger than its transverse momentum
@ > [, which is known as the approximation of collinear

Published by the American Physical Society
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radiation. The mean free path for the propagating parton is
assumed larger than the Debye screening length,
A> 1/up, which determines the range of interaction in
a thermal medium. In addition, a few other approximations,
for example soft radiated gluon approximation E > o in
BDMPS-Z and GLV studies and the large angle approxi-
mation /| > k| in the HT approach, are also made in some
of the approaches. Most of the studies except AMY take
into account both vacuum and medium-induced radiations
and their interference. In BDMPS-Z, the GLV study, and
the SCETg approach, the medium is modeled as a
collection of static scattering centers. Interactions between
the propagating parton and medium, therefore, do not
involve energy and longitudinal momentum transfer. In
these approaches, the elastic scattering, the radiative
processes, and the corresponding energy loss are calculated
separately. Attempts have been made to improve these
theoretical approaches. For example, GLV calculation has
been extended beyond soft radiation approximation [34]
and with a dynamic medium through the hard thermal loop
resummed gluon propagator [35] and beyond first order
in opacity expansion [36]. The HT approach has been
extended to include longitudinal momentum diffusion
[37,38]. Further improvements such as the effects of color
(de)coherence, angular order [39-41], and overlapping
formation time in sequential gluon emissions [42] have
also been studied.

In the HT formalism [24-27], the collinear expansion of
the hard partonic part in the transverse momentum k ; of the

initial gluon requires [, > k. Here 1 | denotes the trans-

verse momentum of the radiative gluon while k | is the
transverse momentum of the initial gluon or transverse
momentum transfer carried by the gluon exchange in the
parton-medium scattering. The scattering and radiation
amplitudes are then factorized. The initial transverse
momentum k| can be integrated, giving rise to the collinear
factorized parton distributions and correlations. In this
study, we will consider multiple parton scattering and
medium-induced gluon radiation in DIS off a large nucleus
without collinear expansion in the transverse momentum
of the initial or exchanged gluons. The gluon radiation
spectrum due to multiple parton scattering can be expressed
in terms of hard partonic parts and the unintegrated or
transverse momentum dependent (TMD) quark-gluon cor-
relation functions. The dynamic picture of the parton-
medium interaction emerges explicitly with the energy and
longitudinal momentum exchange between the propagating
parton and medium. We denote this study as the generalized
high-twist (GHT) study in order to relate to the original HT
formalism [24-27] even though the concept of twist
expansion in this TMD approach is no longer valid.
Since only double and triple parton scattering amplitudes
are considered, this is very similar to the leading order
contribution of the opacity expansion in the GLV study. We
will study the similarity and difference between the GLV

result and ours. We will show that under soft gluon
radiation and static scattering center approximations, we
can recover the GLV results. We also study numerically the
effect of the soft gluon radiation and static scattering center
approximations. During the study presented in this paper, a
similar effort in extending the HT approach to a dynamic
medium has been completed in Refs. [43,44]. This study
assumes a static Yukawa potential model for an exchange
gluon field with longitudinal and transverse momentum
transfer. Using the light cone expression for four momen-
tum transfer, they assume the minus component of four
momentum transfer is of the same order as the transverse
component, and much larger than the plus component. In
our current study, we follow the high-twist approach and
assume the plus component and the transverse component
are much larger than the minus component. We describe the
gluon field from the nucleus in terms of a general TMD
quark-gluon correlation function which can be reduced to
the same result [Eq. (49) in Ref [43]] with the static
potential assumption.

The remainder of the paper is organized as follows. In
Sec. II, we lay out notations and conventions using the
single scattering in DIS as an example. The calculation of
the radiative gluon spectrum induced by multiple parton
scattering is described in Sec. III with details for one
example diagram. The full results of a complete list of
diagrams are provided in Appendix A. We also show how
to calculate the radiative gluon spectrum using the helicity
amplitude method with a soft gluon approximation in
Appendix B. The relation between the unintegrated gluon

distribution function cj)(x,lz 1) and TMD jet transport

parameter 2](12 1) is also discussed. In Sec. IV, we discuss
the results on radiative gluon spectrum in our study under
various approximations and compare to the result from
the GLV calculation. A summary and some further remarks
are presented in Sec. V.

II. SINGLE SCATTERING

The cross section of the unpolarized semi-inclusive DIS
(SIDIS) process,

e(ly) +A(p) = e(l) + h(ly) + 2, (1)

as shown in Fig. 1, can be expressed as

do — & 2t / d'ly

772 q* (27)*

where the Mandelstam variable s = (I; + Ap)? is the total
invariant center of mass energy squared for the lepton-
nucleus system, p is the four-momentum per nucleon in a
large nucleus with atomic number A, and ¢ is the four-
momentum of the intermediate virtual photon. The leptonic
tensor is

278(13) L, WH, (2)
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FIG. 1. Semi-inclusive DIS process.

1

L,uv = ETr[]f ’ lly}ty : 12}/1/]’ (3)

where 1/2 is the spin average factor of the initial lepton.
The unpolarized semi-inclusive hadronic tensor is

dwH ——Z AlJﬂ

x 2m)3(Ap — g - pz 1)
:/%wwzmwmmmwammm
(@)

where the hadronic current is defined as J#(0) =
w,4(0)7"y,(0). This unpolarized semi-inclusive hadronic
tensor, which is also referred to as the leading-twist
hadronic tensor, can be illustrated diagrammatically
in Fig. 2.

The intermediate state Z has two parts, X and S, where
X represents the spectators in nuclei while S denotes the
remaining hadronic states from the hadronization of the
final quark. The four-momentum of the virtual photon
and the initial nucleon are g = [—Q2/2q‘,q_,6 1] and
p=1[pt,0, 0 1], respectively. The Bjorken variable is
defined as xz = Q?/2p*q~. The momentum fraction of
the struck quark is x. The fraction of the light-cone
momentum carried by the observed hadron with momen-
tum [/, is z, = I;;/q~. Under the collinear approximation,
one can expand the hard partonic part of the y* + ¢
scattering in the initial transverse momentum of the quark.
The leading term of the expansion gives rise to the leading

e

o
xp
Ap

FIG. 2. Leading twist hadronic tensor in the DIS process.

twist unpolarized semi-inclusive hadronic tensor in a
factorized form,

awr,

e L C LG

where the lower index S(0) denotes that the quark
originated from the nucleus only undergoes a single
scattering with the virtual photon without corrections from

the strong interaction. The nuclear quark distribution
function is defined as,

=[5

and the definition of the quark fragmentation function is

3 4
Dy _(zn) :%Z/(§;;4/d4yellqv
xﬁ[ wwnm&ﬁmW@oﬂ
Z y iy /2
—52/5#“

xn[<ww>W$wﬂwmm} 0

einp'y % (Al () Ty (0)14). - (6)

The hard partonic part is

, 1
H{)(x) = 5Tely - py'y - (a + xp)r*1276((q + xp)’]

2w

T

(8)

Soft eikonal gluons attached to the nucleus target and the
final state hadrons can be summed as gauge links in the
quark distribution function and parton fragmentation func-
tion. They are omitted here for brevity of the notation.

The next-to-leading (NLO) order corrections in the
strong coupling constant to the fragmentation process
in SIDIS are from the final state radiation, as shown in
Figs. 3 and 4.

If the identified final hadron comes from the quark, as in
Fig. 3, the NLO correction to the hadronic tensor is

=%Tr[7 prty - (g +xp)y]

iy
P [ aepymy 2,
dz, O 27

/1dz/ﬂ dis # Dyl O

where the lower index S(1)g denotes the NLO radiative
correction to the hadronic tensor from single photon-quark

074031-3
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FIG. 3. Next-to-leading order contribution to leading twist
hadronic tensor with quark fragmentation.
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FIG. 4. Next-to-leading order contribution to leading twist
hadronic tensor with gluon fragmentation.

scattering, with the final hadron from the fragmentation of
the quark. The fraction of momentum carried by the final
state quark [, is z = I /q~. The factorization scale is u,
which separates the perturbative hard partonic part from
the nonperturbative fragmentation processes (fragmenta-
tion function).

When the identified final hadron comes from the
radiative gluon, as in Fig. 4, the NLO radiative correction
to the hadronic tensor is

AW/ a,

i [[asfyia) iy () 5C
1-—

/ldz/ﬂ diz 1+(

Note that z = [~ /¢~ here is the momentum fraction of the
radiated gluon and the gluon fragmentation function is

2
Dg—)h(zh) :%Z/(ZH
S

d i4/d4yeil-y

) Dgeh(zh/z)' (10)

x (0]A%(0)[A, S) <S’h|A/}(y)|O>€a/)’(l)

- 21—2/

<0|F—(z

ey /e
)7 S)(S. h|F~4(0)[0). (11)

There are both infrared and collinear divergences in the
above radiative corrections to the hadronic tensor of SIDIS.

FIG. 5. Virtual correction at next-to-leading order.

The infrared divergence is in the splitting function of the
hadronic tensor dW / dz, in Eq. (9) for identified

hadrons originated from the quark, when the momentum
fraction of the final quark z approaches 1. To deal with this,
one has to include the virtual corrections at NLO to the
hadronic tensor as shown in Fig. 5. These virtual correc-
tions from the sum of the two diagrams in Fig. 5 are

dwry;

S(v) A w o\ Xs
= - [ axpmg 5 e

<[l [ ‘””*_Z Dysz). (12)

where each of the diagram contributes one-half. The lower
index S(v) denotes the virtual correction at NLO to the
hadronic tensor of DIS process which also has both infrared
and collinear divergences.

When summed together, the infrared divergences in the
radiative and virtual corrections cancel. The remaining
collinear divergences can be absorbed into the renormal-
ized fragmentation function D,_;(z, u?). The leading
twist hadronic tensor for the SIDIS process, including
the final state radiation and virtual correction, can be
written as

awy _ W) Wy, Ws, | Wiy
th th th th th
/ dxfAH! Dy (242, (13)

and the renormalized quark fragmentation function is
defined as

074031-4
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ldz [n d12
Dz p?) = Dyy(zy) + == CF/ /
Zh

« { [ﬁ 250~ z)} Dy(zn/2)

1+ (1=2)?

+ CF Dg—»h(zh/z)}’ (14)

which satisfies the DGLAP equation [45-47].

III. MEDIUM INDUCED GLUON RADIATION

In the process of SIDIS off a nucleus target, the outgoing
quark may undergo secondary scatterings with another
parton in the nucleus which in turn can induce gluon
radiation. Such secondary scatterings are especially impor-
tant when the initial quark and the second medium parton
originate from two different nucleons inside the nucleus. In
this case, the corresponding contributions to the hadronic
tensor are enhanced by the size of the nucleus A'/3. We will
only consider contributions with nuclear enhancement and
neglect those without, for example, when the initial quark
and medium parton are from the same nucleon inside the
nucleus.

A. Double scattering

There are many contributions from gluon radiation
induced by double parton scattering to the hadronic tensor
|

FIG. 6. Central cut diagram of double scattering and induced
gluon radiation.

of the SIDIS processes. We will focus on the processes that
have two gluon exchanges between the propagating quark
and the nucleus in the cut diagram. Processes with double
quark scattering have been discussed in detail in Ref. [27].
We first illustrate the procedures to calculate the semi-
inclusive hadronic tensor from medium induced gluon
radiation, using the central cut diagram in Fig. 6 as an
example. Calculations of other cut diagrams are given in
Appendix A.

We choose the covariant gauge for the gluon field
from the beam nucleus while the axial gauge (A~ = 0)
for the final radiated gluon. The semi-inclusive hadronic
tensor for the central cut diagram in Fig. 6 can be written
down as

urkigh 4 4 4 4 4 d4l 2 d4lh 2
Wiis = [ diyeier [ dbyy [ dy, | &'z | dizy [ S—5276() 251,32

< Py (y)wr (1) (=ig)y A (1 )w (y)w (z1) (=

X (ig)rP Agw (22) (y2) (i9)7* A, (y2 )w (32w (0)7w (0)|A)

where the lower index “D(1)

ig)V“Aaw(zl) Ay S, px><px,57 lh»l|l/_/(Z2)
Tr[[a tC tC ta]

N, (N2-1)’ (15)

g~ denotes radiative corrections to the double scattering process and the identified hadron is

from the fragmentation of the final quark. One can carry out the integrations over z; and z, which lead to the energy-
momentum conservation at the vertices of gluon radiation. Factoring out the fragmentation function and noticing that the

dominant components of the initial gluon field in covariant gauge are A, (y;) ~

[48], the hadronic tensor can be rewritten as,

dW"”F‘g6 ldz dy d
/ _Dq—>h Zh/Z)/ o d)’1d)’2/‘1{2)’1u/(2 )Lz

x e~ 1Py —ixp T —ilx—xi—xo) pTy; <A|1Z/(y‘)

(Po/PT)AT(01), A, (y2) = (p,/PH)AT (2)

lkJ_'?m_/d ﬂ@

rt . o
7A*(y1 YV10)AT(v3. 520w (0)|A)

4l 1 - -
X /()Tr[ yy”p,,p/,H"”y”]2715(15)27:5(12)5<1 -Z- _), (16)
q

42

where Yo =y — Y2,

074031-5
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2 Cr v-(up+q) , v (p+txptqgtk)

[’:1(7/7 _ i b
AN (xip g —ic’ (wptnprath)—ic 7
v-(ap+txp+qtk) v (xp+gq)
2 —7 2 . eaﬂ(l)v (17)
(xip+xp+q+ ki) +ie’ (xp+q)* +ie
and the polarization sum tensor of the final gluon is
ngls + ngl I,
) = — a'p pla 2_‘a’p 18
€aﬂ( ) gaﬂ + n- l n (n . l)2 ’ ( )

here one sum over the physical polarizations, where n = [1,07, 0 ] for the axial gauge. Using this polarization sum tensor,
the contribution from diagrams of initial gluon radiation is zero.

Following the notations in Ref. [25] for the high-twist approach to parton energy loss, the hadronic tensor can be
expressed as

dW;,wFlgﬁ I dz
—Dqﬁh (zn/2) dyl dy;

a2y Yol lkL Vil
<Alw( Dy TATOT V1A (67 Yo )W (0)|A) (HEy ). (19)
with the partonic hard part as
- dxy dx ‘ - _
HD v — ZRLEAL i pTYT pmiap Ty pmilr—x1=x0) pTy;
(Hey) /d 7 2 ¢ ¢
x/ Ll 5212052 Tl -y pop 7015 ( 1 & (20)
(2x) z 7o\ty 3 P YY" PsPpl1Y < )

Using the pole structure of the propagators in A% under the contour integration and 6(15) from the on-shell condition of
the cut quark line, one can carry out the integrations over x, x;, and x, in I,

Ic= /d @@ e~ Pty —ixaptyT—i(x—x1—x) ptyy ! !
2z 2x (x1p+q)* —ie(xp+xp +q+ky)* —ie
1 1
X 5(12
(x1p +2p + q + ki )* +ie(xp +q)* +ie ()
1 e~ X8PTY " p=ilxL+xp)pT (7 -3)
— 0(y;)0(y7 —y7), 21
(2p+q_)sz (.XL +.XD _x%)z (y2) (yl y ) ( )
where
2 KR -2k, -1, . K
X =0—F/——, Xp =———7TFT"", xXp = . 22
L 2ptga(1-2) P 2pTqz P 2ptq 22)
Under collinear approximation, one has
prop 1 ~ ep
PH"p,~y - (xp +q) ETY[}’ PHp,]. (23)
Taking the trace Tr[y~ p(,I:I"" p,) and integrating over [T and I, we get the partonic hard part,
_ , a, . 1+ 22 2xa, e 5Py il txn)pt 7 -y)
(R = [ st o) [ an Secy - a0y, (28
© T2 l-z N, (1L = (1 =2)k. ]
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where

2

v 1
Hig (x) = ETT[P yr'y - (xgp + q)7"] ﬁﬂx — Xp). (25)

The contribution to the hadronic tensor from this central cut diagram reads

dnglj(lji){gq6 ldz u dy_ _ _ n— dsz )
d—Zh_/z,, ?D4—>I1(Zh/z)/dXH(o)(x)/E/dyl /de/d y12¢/w/dﬁ

7T = PESTI, . - - + - -
x o g el o 0T (Al () A 07,1104 07, T2 w (0)1A)
1 a 1 + 2% 27a;

X = =5 CF
[L—(1-2k P27 = 1=z N

(26)

Following the same procedures, one can calculate contributions to the hadronic tensor from all the cut diagrams for
double parton scattering at a2 order whose results are given in Appendix A. Summing up these contributions, including
central, left, and right cut diagrams, the hadronic tensor from double parton scattering with hadrons from the fragmentation
of the final quark can be expressed as

dw, Id dy~ Pk, - +
D(l)g - —Z —y - -~ L ik, -y _ o \Y R
= D, dy7d IREING A ’
th /Zh Z 4 h(Zh/Z) / 271' yl y2 / (271' 2 ¢ < |l//(y ) 2 (yl le.)

)
x AT (y7. Yo W (0)|A)[(HRY™ + (HD)™ + (HR)™]. (27)

with partonic hard parts from central, left, and right cut diagrams,

- 5 a, 1+ 7% 27a; _
Ry = [ astiy(v) [ a2 003007 - 30

3 ag 1+ 27 2nay -
(tpy = [ ity (x >/d112”1_z N HPO = y)00T — 7).

_ 1 + 72 27a;
D\uv _ HY 2 s
(HD) /dxH(O)(x)/le_zﬂ. e

RO(T = ¥7)0(y7), (28)
where

=T (7 _}’E)e_i(x+xl+%)l7+, - Cy e_l—xDp o7 —y;)e—i(erx,_)I,er,
_ 7
zl kl 2

[ n Cr +L7¢ 1L - (1= 2)k ]
2 -k ) [ - =2k P Ne B[l - (1-2)k, ]

-C, (li - kl) i [l (1 _ Zl L]>e—i(xL+xD)p+(yl—)72)€—ixp+y:|
(1= k(0 (1 —Z)k s

_ Cy ( kL) Cy (l ki) [IL (I—Z) L]
* K (L—a)ﬁ 2 z2 2(1, —k,)? 2 (L, =k )2l -(1-2 11]2>

x el txp.k)pt (y7-y3) el’(Xﬁf%)P*yf Paitas +.‘—i’z)p*y}

Y Cali-(IL—ky) C_(ll—/i)-[ﬁ—(l—Z) 1]
+K (1 —11)24r 2 2(0, -k > 2 k 2)

+
N =07 —.Vg)e—’(xL+1 )ptyy e"xl’ y :|} (29)
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Bl k)
-k

Pl —ky)?

< — 1 li [l - (- 2i]>e—i(X%—xL)p*(yl—yz)e—ipr*y]e—ixﬂ*y‘
k
l

C_ ot 07 -yy) —itp Y e—i(X+xL)p*y]

2i 2N, lz[ll—(l—z) ﬂ

C_J_ (L_Z];L>

::.

? { {CA lJ— (ZJ- — kl) e~ PT (07 =33) pit2p 7 pilrta 12 pty”
2
2
2

e~ i =xp)p (y7=y3) p=ixeptyy e—l'xP+)’_:|

+

( LL[-(-9k] Cr Cili-(-k)
AL -(1-9k B 2 RO -k

[ ) e~ i +xp) (77 =y3) pix pTyY p—ilatx ) pty”
+ <—C;IIL : (ll — ki) - Qh : (ZL kL) + CA) e~ (7)) p—ixep Yy e—iXP*y} } (30)

i(a - Z’a)z 2 li(ﬁ - iéi.) A

A ifii__f(l e P (7 =Y7) pit2p 7 pmilatay +f—"1)p*y‘]
2 2
2 Bl —ky)

. _(C LT -(1-2k]
i

=ixy (57 =v3) i PTYT pmilatan)pty”
AN AL (1—z>m>

_M e~ iXpP (7 =y3) pixeptyy e—i(X+xL)p*y]
2 B, -2k, )?
(L = (=R Cr Cali (L =KD ey 7)oty goisp s
AN, PR, —(1-2k, 2 B 2p
B, —(1-2)k,] 1 Bl —k)

+< CAZL (ZL_Z%L) CATL (7L ki) g
2 (l _ZkJ_) 2 lz( kJ_)z i

> e~ i) pT (5703 pix Yy e—t‘@#&)fﬁ} } (31)

In order to organize the above contributions, we have reversed the sign of the initial transverse momentum k | in some
diagrams. See Appendix A for details. One can also get the hadronic tensor using helicity amplitude approximation, which
is the same as the full result from the cut diagrams in the soft gluon approximation z — 1, as was also studied in the high-
twist approach in Ref. [25]. Details of the helicity amplitude calculations are given in Appendix B. One can also obtain
virtual corrections from the unitarity requirement which will cancel the infrared divergence in the radiative corrections
listed above.

In addition to the above listed contributions, there are also contact contributions that are not enhanced by the nuclear size
due to path ordered integration. They are negligible as compared to contributions listed above. There are two sources of

contact contributions. One type of contact contributions comes from the combination of central, left, and right cut diagrams
with a common hard partonic part,

dWl‘”t " dz dy~ Pk, -
"7 contactl __ “p. Y avave | 25 R uos (Al (v
dz, /h 7z 4 h(Zh/Z)/ o Y1 Y2/ hu/(z”)ze (Alp(y™)

a _ o _ y a; 1 + 22 2na;
<A OT T O7. S wO) [ vty (o) [ a2

X HE e 00v2)0(v7 = y7) = 0(y7 —¥7)0(y3) = 0(y; —y7)0(y7 —y7)], (32)

with
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HD

— ZF —ixppT (7 -y3) p—i(xtx, ) pTyT Ca —igzppt (V7 =3) p—ilxtx, ) pTy”
Contactl_lTe v Lore B eyl 1 2e -
1

1
CA M TPt (7=3) o= iT2P YT p=ilrtx)pty”
2 B(, - ki)

CAM o-ixop* (7-7)

7) oiT2P VT pmilrtx )Pty
2 A (ZL —k.)

-

+ < Cr ! ll b = (= 2k +—= Calo- (1L - kl)) —ilxL+xp) P (V=) @iXLP T VT gl )Pty

=

li 2N, liﬁl_(l_z) J_]z 21 (ZJ_ )2
(-Gt Lot g L.~ m) i 7 -38) i i

= =+
BWR[L-(-k 2 AL~k

The combination of @ functions in these contact terms leads to path-ordered integration,

/dy?dyi 07 —y7)003) —0(y; —y7)007T —y7) =007 —¥7)0(y7)] / dyy / dyy, (34)

that limits the range of both coordinates in the integration within one single nucleon, 0 < y7 <y; <y~. These
contributions are not enhanced by the nuclear size and therefore are negligible compared to other terms that are enhanced by
the nuclear size. In the Glauber limit k; — 0 the above contact term becomes a part of the gauge link for the NLO correction
to the single scattering. Other terms in the collinear expansion of these contact contributions lead to higher-twist terms that
are not enhanced by the nuclear size.

The second type of contact contributions come from the integration region of right cut diagrams. The integration regions
of y=,y7,y; for central, left, and right cut diagrams are

Hc—/dy /dy1 /dyz yr —y7)o03) —/dy‘/ dy?% dy;
-
oL E/dy‘/dyl‘/dy59(y£—yI)Q(yI—y‘) =/dy‘ / dyy / dy;
y y

0
o 1
dy” / dyy / dyy,. (35)
0 0

respectively, where y, = y7 — y;. If the integration region for |y},| < ry is limited by the size of the nucleon ry, the three
integration regions become

S ry V- Vi
dy~ dyy / dyp, + [ / dy” / dyy [ dyi} (36)
v~ 0 0 0
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respectively. The integration in the square brackets for the contributions from the right cut diagrams is path-ordered
0 < y7 <y, <y~ for the second type of contact contribution,

dwry

ldz dy= [ " . Pk, - 1

=7 contact2 - - 2 L ik, -y _
D, - d d d V2L — (A

th /Zh Z q h(Zh/Z)/ 277: [) ylA y2/ yIZL/(zﬂ)Ze 2< ‘ll/(y )

_ = _ - v ax1+Z22”as
<P AT FIAT 03 R wO)) [ detify () [ i ST (37)
The summation of these two types of contact contributions reads
AWES e dz dy~ d*k 1
dzohm / D p(z4/2) / / / dy; /d ylu/ l elfiinL (A|1//(y )
Zh
AT (T LA (7. 5 w (0)|A) [ dxH™ dlza1+22”aHD 38
Xy (ylvyll_) (yZ’yZJ_)W( )| > X (0)(x) J_zn_ 1—z N contact» ( )
where
H g)ntact H -H g)ntactl
CA M eXoP " (7=y7) p=it2p 3] pmilxta ) pty”
2 P, -k, )
Ca L 'fli _ﬁkL) e TP (7 =07) o= TP YT gmilatas)pty
2 Bl —ky)?
_ﬁ e~ Pt (y7=y3) p=ilxtx)pty _ge—i,%leap*(yl‘—yz)e—t(X+xL)p ¥
A I
1 1
_ <CF1 + 1 li [ - (1= szi])e—iX%p*(>'l—yz)eiw*yle—i(erxL)p*y‘
! 2N 13 [IJ_ —(1=2)k,J?
Ca M =P OT=7) pixe Pt yT p=ilxtx ) pty”
2 B, - zk,)
+ CA ll (li — Zkl) ﬁlL (L —ky)  Ca e~ 1Lt P (07 =33) pixp ¥y pilatx, ) pty”
220, -k 2 B0 -k} B
+ Cr 1 ll i [ZL - (- Z)kl] Ca lL (L —ky) e~ t2)PT (=33 b Py i) Py (39)
BRI ~(1-ok P 2 B, k) '

B. Quark-gluon correlation function and TMD jet transport parameter

Before we continue to calculate radiative gluon spectra and parton energy loss, we pause to discuss the quark-gluon
correlation function in the contributions to the hadronic tensor from double scattering. The generic quark-gluon correlation
function in every term in Eq. (27) has the form

dy~ . P T
) JT
T - .
x (Al (y )EAJF(M V1O)AT(v2, Y2 )w(0)|A)YO(f1)0(f2). (40)

where the 6 functions are different for contributions from central, right, and left cut diagrams,
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0(y7)0(y7 —y7): central,
O(f1)0(f2) = ¢ 0(yz —y7)O0T —y7):  left, (41)
(7 —¥7)0(y7): right.

If we neglect the correlation between parent nucleons of
initial quark and medium gluon, and define the effective
impact-parameter-dependent nuclear quark distribution
function f4(x,y] ) as

ng(xvxth)

where the overall factor C depends on the integration
region of y7 and y; [see Eq. (36)] with C =1 for the
central cut diagram and C = 1/2 for the left and right cut
diagrams, f4(p'", p’ 1, y7, V11 ) is the single nucleon phase
space density distribution [49,50], and the nucleon density
is given by

- dp'td*p’ -
pa(y™.¥1) Z/T)Lff;(p’ﬂpl,y Vi), (44)

d . e i} _
/ ylz/ Frope P etkiTel (p|F * (375, Y120 ) FF(0,0, )| p).

2zpt

one can simplify the quark-gluon correlation function as
To,(x.x1,x) = —x

where we assume the nucleon size |y; — yj| is much

smaller than the nucleus size, p(y,)=~p(y7), and the

averaged momentum of the single nucleon is p’ ~ p.
The unintegrated or TMD gluon distribution function

P(x, k 1) in the factorized quark-gluon correlation function
can also be related to the TMD jet transport parameter. The
jet transport parameter is defined as the averaged transverse
momentum broadening squared per unit length,

. d*c

where p is the density of the color source, while (doy) is the
differential cross section for scattering between a jet parton
in color representation R and medium partons from the
color source averaged over the color source momentum.

dp’*dzp - N
/dy Y 1pa(y™, Y1) ff (x, )’J_)/ dyl/ ,ifA(p’*,p’l,yl,yL)/

x / 251y, et Vet T (pf | AT (3T, §15 1 )AT (v7, 0, ) p) elmrP Tyt

/ dy=dy  pa(y~.y1)f5(x.51) / dyip(yy.V.1)e

+

e (Al (y) Sy (0)|4)

s =[5

1 - . -
Ez/dy_dzprA(y ,yL)f;‘(x,yL), (42)
the correlation function can be factorized as
dyp,
(43)

|
which is normalized as

/ dy~d*5 1 pa(y=. Y1) = A.

By converting k2 ATA™ into gluon field strength F, " F**
through integration by part and defining the unintegrated
gluon distribution function ¢(x, k) as

(45)

j(x_x]),ﬁy]— ¢()€2, kJ_)

, (46)
K

[

For the DIS process, the medium color source is the
nucleon inside a nucleus.

In order to relate the medium TMD gluon distribution
function to the jet transport parameter g, we consider jet
parton scattering off the medium color source as illustrated
in Fig. 7. For unpolarized jet parton and medium color

xp+k|
K k'
— X Y e
|

FIG. 7. Scattering between jet parton and medium color source.
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source, the initial spin is averaged and the final spin is
summed. For color fields from the medium color source,
the dominant component is A% and therefore, A#~
(p*/pt)AT. The momentum of the medium color con-
stituent is p’ = [p'T,0, 0 1], the jet parton momentum
is / = (0,17, 0], and the momentum transfer of the scatter-
ing is xp’+k,. Note that we consider energy and
|

2\ C(R) & [d*,
dop = | dxs|x ——= 2
r / ! (x 2p’+l-> N%—lzp/+/ (27)?

where the quadratic Casimir of the jet parton is denoted as
C,(R) [C4 = N, foragluon and Cr = (N2 —1)/2N, fora
quark], the colors of the jet parton and the medium gluon
are both averaged. Averaging over the momentum of the
color source, we assume the momentum of the color source
can be approximated by its average value p’ = (p’) = p.
According to the definition of the jet transport parameter in
Eq. (47), one obtains from the above cross section

2 -
4r(y) = / %mm,w,

. K\ 47%a,Cy(R -
an(Ery) = [ dxé(x—zpi,_> O )

(49)

where the unintegrated or TMD gluon distribution ¢(x, k | )
[50] is defined in Eq. (45). The TMD jet transport
parameter §(k,) should depend on the jet parton energy
I~ and the average momentum of the color source p*
through x in ¢(x, k). It is also proportional to the local
density of color source p(y). In the limiting case when the
energy transfer is small, ie., x~0, the jet transport
parameter becomes

4n’a,C,(R) d*k, -
q N——— 0,k;). (50
() ~ T2 00) [ E5 000, (50)
a(p c(p') a(p c(p')
b(k) d(k") b(k) d(k")
FIG. 8. Elastic quark-quark and quark-gluon scattering.

[ et L A 07 5104 O)1)

longitudinal momentum transfer between the jet parton
and the medium. The medium color source is therefore
dynamic rather than static as in the GW static color-
screened Yukawa potential model. Given the above kin-
ematics and assumptions about the medium, the differential
cross section for scattering between the jet parton and
medium is

(48)

|

Under small angle scattering approximation, the elastic
cross section for jet and medium parton scattering, shown
in Fig. 8 for quark-quark and quark-gluon scattering as an
example, can be written as

_ GRC(T) 4

do N2 -1 1

dt,

(1)

where C,(R) and C,(T) are the quadratic Casimirs for
jet and medium parton, respectively, and t = (p — p’)? =
(k — k')? is one of the Mandelstam variables. Including the
Debye screening mass u2 in the exchange gluons, it can be
related to the transverse momentum ¢~ —k3 — y3, if one
neglects the energy and longitudinal momentum transfer.
According to Eq. (47), the jet transport parameter g for the
jet parton scattering with a medium of partons with density
p in color representation 7 is

. C2(R)Cy(T)
qR—p/dki N

2
Ara;

(k1 + pp)?

K. (52)

The corresponding unintegrated gluon distribution
function with zero longitudinal momentum and energy
transfer is

4a;

$(0.k,)
GRS

= G(T)
K

(53)

C. Radiative gluon spectrum

With the factorized quark-gluon correlation function,
one can express the differential hadronic tensor from
double parton scattering in the SIDIS processes in terms
of the TMD medium gluon distribution function or jet
transport parameter as
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uy Uy HY
Wpi) _ Whay Wiy,

th th th ’
dWW /w N,

th / dx / dy~d?y 1 pa(y™.y1)fq(x. 1) Hg (x) / Dyon(za/2) / e dlzd
dwlw dZ dN

v 2
th /dx/dy dylpA(y yL)fq('x YL)H( )( )/?Dq—)h(Zh/Z)/dlldlzd (54)

One can interpret the above as the hadronic tensor for hadron production from quark or gluon fragmentation in which the
quark was first knocked out from the nucleus at position (y~, y; ) and scatters again with another gluon from the nucleus at

(y7,y1) with induced gluon radiations. The radiative gluon spectrum an

T —2~ and dﬂ has a relation

dN, dN,
9 _ 1-2). 55
Bz~ aga:* 7T (53)

The radiative gluon spectrum dN ,/ dlzldz, which depends on the initial production position of the quark (y~,y}), is

dN,  x a1+ (1-2)2za, [dk,
dildz — fA(x)2n z N. | (2z)?

. N P T
[ avioator. s |me 3 ap + g, (56)
g

with

> Cy Xp Ca G(xp. k)
(S 2) G5

c k-1 c 17,-(1, —zk

+[<[—2F+CA2*L > ;T = 2+N_é*(L ELZ)
L Bl =k (I —zky) (1, —zky)
(I —ky)- (- Z%¢)>¢(XL T xD’kl)f (x)}
(I =k )* (1 — 2k, )? k2 !
+[<_ Ca +ﬂ7¢‘(7¢—/z¢)+ﬂ(a—lzﬂ‘(L—Z/a)>
(Ip—k > 2 Bl —k)> 2 (L =k )*(Iy —zky)?

« ¢(XL + llcszD, kJ_) ’(xl+f_g>p+~yff‘3 <X+XL n Xp >:|

n K_ Cy LG Cali-(IL—k)) LG Ca(l,—k)- (I, - ZEL))
(1L - kL)z 25 (l ki) 2 (I - kL)z(lL - Zki)z

¢ X ,k Zilxy 422y pty
% % (x5 p YfA(x)| g (57)
~ C 7 . (TJ_ _%L) XD o+~ XD —jED - ¢(XD7I_€)J_)
HP = {|:AJ- _ - =P YT A — e P A X+ x RN Slat 4
‘ 2 Bl - k) i -z faben) g
1 I _Zigl)> d)(x%_vakL) —ix, pty- A
+ | =( Cr— = ixyp y]f X
[ ( "B TN BT, -k, ) k3 o)
Cali [l = (1 =2k ] p0xh —xp.ke) iy fA(x>]
2 R[ -(1-gk P K '
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-

n 1 lL —Zkl] ﬁ_&il'(L_l_éL) ¢(XL +1%ZXD’kl)eiXLp+yffA(x+x )
2N ] lJ_ -k P B 2 Bl -k K ! !

+ CA lJ_ <1 - Z)kJ_] glJ_ _glJ_ kJ_) 4+ A CA ¢(XD7 kJ_) —lep+yl—fA(x) , (58)
2 A lJ_ —(1-k 2 2 A -k A kL !

~ C 7 (7 —]_é ) XD +o— XD - X ¢( XD> kj_)
HD — A#( —itEP YT A (x 4 _ Pty A( +x, 4P )) 1—z
! { { 2 Bl =k fabetx) —e Ja\x+u -z k3

1T (1 =2k p(xh. kL)
+ -\ Crz = = p
17 ZN‘lz(lL—ZkL)z k7
LG Caly [l — (1= 2)k ] (. k)
2 k2
2 IL[ZJ_ - (1= Z)kﬂ
{_( 17 - (I, —zky) + Cr Cali- (- L)) ASE xp k1)

eiXLP+YIf‘3(x + xL)

leP+yl_f2 (x + xL):|

einLP T fA(x)

=

NI, —zk,)> B 2 B(I -k.)? K

_gl-[ﬁ—(l—zwi] Caly - (I - ’;L) ) $(x + xp. K1) oixLP YT A ]} 59
( 2 Pl —(-k) 2 R0 -K) B 2 P fgleta)| e (59)

Note that the 1/2 factor before A% and A? is from the constant C in the quark-gluon correlation function. One can find the

corresponding expression of A for each cut diagram in Appendix A.
The radiative parton energy loss can be expressed in terms of the gluon radiation spectrum as

AE—E/”Zdﬂ /ld 4N, (60)
N 0 L 0 ZdlidZZ.

IV. SOFT AND STATIC APPROXIMATIONS

In order to simplify the final results for the radiative gluon spectrum in this study and compare to past results, we will
consider three approximations: static scattering center approximation, soft radiative gluon approximation, and the
combination of these two. At the end of this section, we will also numerically compare results under these approximations.

A. Static scattering center approximation

For static scattering center approximation, we consider the energy transfer in the scattering between jet and medium
parton negligible as compared to the hard scattering energy scale, xz > x;, xp/1 —zor Q? > 12 /[z(1 = 2)], k3 /[z(1 = 2)]
and y] —y, ~y~. Under these approximations,

B 0K (150 ) =R % 41050

f;‘(xB + XL +1XTD> ~ f(xg +x) = ff(xp). (61)

The radiative gluon spectrum is

dN;‘aItic a1+ (1- z)2 2na; [ d’k, 1, . 1, . #(0, ]_‘)J_)

dlidz - ”ﬂ z Nc (271') /dyl Pa (yl ’ yl) |:(HD)static + 5 (Hf)static + E (HRL?)static ki_

(62)
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Summing up contributions from central, right, and left cut diagrams, one finds that many terms cancel and gets the final
gluon spectrum as

dNste a; 1+ (1 -2)22ra, [ d*k, / { [ 1 1 ]
=S s d : Crl=——=—-+
ik N | @0y yip(YT-¥i1) i -4y &

2 I,-(, -k I, —k)-(, -zk
+CA[q _ 2_§_§L _}Lz)_(L L)ZEL ELZ](I—COSKXL+ ) )p*yf])
(I —ky)” B —ky)® (Lo—ky) (I —zky) I-z

v M—i — cos[x; p* M
+NC [l 2 (1, — 2k, )? I_ZJ(I [xLp y1])} e (63)

B. Soft radiative gluon approximation

Under the soft gluon approximation z < 1, one only keeps the leading terms when z — 0. The splitting function becomes
P, (z) = [1 4+ (1 — 2)*]/z ~ 2/z. The radiative gluon spectrum is

dN*°t Toa 2na, [ d*k - 1, . 1, -
= s P e [ O [ dyipa07.50 % |(BR)un + 5 (w5 (FR)us| . (64
1 q c
where
- Cy X c #( xD,kL)
T e
( C) ft (IL—kL) l—Z l%_ q( L) ki
i A ki ¢(XL+1ZZxDakJ_) A(X):|
(L —ky) K !
_ - - z -
) O ¢(XL+1;ZXD’kL)e"<XL+T—Z>P*ny‘2 <x+xL+ all ﬂ
Bl —ky)? ki l-z
I ko -1 k
+ |-c, . K-l 2¢(x132 J_) e~ i t2)p >1fA( )]} (65)
Bl —ky) ki

~ l . l _I_C) .X _ I_C)
(D)ot = { PM (e' 280 ff‘( X+ +1x—fz> — TP f (x +xL>) %}
1

[ CA 1 ¢( — XL, kl.) ""LP+)’1_f2(x) + QTL i (71_ B %L) ¢(XOD — XL, kJ_) —lep+yl—f2(x):|

28 K 2 li(ﬁ_igly K
Co k2 =T, -k, g +15xp.k -1, -k k .
[ Bl — L2¢( - 5 ok erep VlfA(x+XL)+ A — ¢(XD2 l) emhep y‘f/q%(X)} }’
2201, -k) kl B —k)? K
(66)
7 C 7 : (71_ - ]_éj_) _iXD - XD 4~ Xp 4)(1 xDaki)
HR) o = { [—Aﬂiq TP fA (x4 xp ) — €T fA x4 xp + =
( R) ft 2 li(ll—kL)z q( L) q L I_Z ki
Ca 1 9 KL) 4o Cyl,-(I, - kl)¢(xD,zL) e ]
+ | =— e P N fU(x +xp) + = el N fo(x +x
[ 22 i gt x) += Pa %y R a(x+xp)
7 -k xp, k . .
[ Ca k3 =1, - ky (= L ki) eI () + C, =1k ¢l +2xD,kL) iy ynfg<x+xL)H.
280, -k K B —ky)? ki
(67)

074031-15



ZHANG, QIN, and WANG PHYS. REV. D 100, 074031 (2019)

C. Static scattering center +soft gluon approximation

Under the static scattering center + soft gluon approximation, the radiative gluon spectrum is

dNstatic+soft a, 2ra Jlkl B L - 1 - 1 - ¢(O, ]_C)J_)
ﬁ = ﬂﬂ qu(Z) N, (271_)2/ dyl Pa (yl ) yi) |:(Hg)static+soft + E (H?)slatic+soft + 5 (Hg)static+soft:| ki ’
(68)

Similarly as in the static scattering center approximation, many terms in the central, right, and left cut diagrams cancel.
One can get a simple expression for the radiative gluon spectrum,

dNsptctsoft g 2na; [ Pk 2%k, -1 X $(0.k,)
9 —%5p s i/d_ - 3.)C Ll 1 D o K1)
dlidz ”27[ LI!}(Z) Nc (Zﬂ)z Y1 pA(yl yJ_) A li(ll _ kl)z Cos XL + 1— Z Py kzl

(69)

The above result is very similar to the GLV result under the first opacity approximation [19,20]. To have an exact
comparison, we also consider a static screened potential model for scattering between the jet and medium parton. Under this

model, we will substitute the unintegrated gluon distribution with zero longitudinal momentum and energy transfer ¢(0, k 1)
from Eq. (53) in the above expression and obtain

sttatichsoft CQ(T)CA koJ_ i o
W = 8na? TN, Py(2) / (27)? / dyipa(y7.¥1)

ky -1, < [( xp ) B 1
X——=——|(1=cos|x; +—— |p"V]| | 55— (70)
Bl —ky)? l-z Y (K 4 up)?

The radiative gluon number distribution from the GLV result in the first order opacity approximation can be cast in a
similar expression [51],

dNSWY C,(T)C dk, N ki-1 1
I — 8pad —2 AP /—L— dyop — = (1 —cos|w —, 71
dzdli r N. qg( ) (27_[)2 AL leP()’lO) li(lj_ B kj_)z( [ lyIOD (ki +/'420)2 ( )

where the scattering kernel in the static color-screened  The density p(y,g) in the GLV result is the normalized
Yukawa potential is distribution of N number of scattering centers over the
transverse area A . It can be related to the color source

> 4mag (72) density in our calculation as

o(ky) = T
RN

The arguments in the cosine function are N _ -
E/ dyop(y10) = /dyIpA(yI’yL)- (75)

o = (Eli )_12¢+ (I —ky)?
2w(E—w) 2w 2w
2 @22 % Under these approximations, our result in Eq. (70)
= L B q_l L recovers that of GLV in Eq. (71) in the first order opacity
25 z(1-2) 2 Vs approximation.
XD
=2 trV2 + 7
\/_(XL +x0)p \/_<XL + 1- Z>p - (73) D. Numerical comparisons of soft and static
V- approximation
Yio=Y1=Yo= \/—15, To investigate the effect of soft gluon and static scatter-
ing center approximations numerically, we define a
x . . .
cos|w, y1o]  cos {(xL L ) pt ]—]. (74) d1n.161?s10nless scaled spectrum N o for the induced gluon
1-z radiation per mean-free path,
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g CA
=P, (2) N,
2r ¥ li g

dN e o\ 2mag
! / dyy [pA 0T V)7 (76)
y c

_ i} $(0.k.)
dl dz

- (27 K
where the azimuthal angle ¢ between the transverse momentum k . of the initial medium gluon and TL of
the radiated gluon is averaged in N,. According to Eq. (50), the integrant inside the square brackets in the
first line in the above equation is the inverse of the mean-free path of the quark-medium interaction or the

scattering rate.

Under the static scattering center approximation, the scaled spectrum is

. 2 2 7 . 7 __> 7 __' ._> — T
N?“°=;/§fé?{Ch[a q z_lL (lL—Fky) (I knsz {@%]<1_Cm{<xL+l??>p+ﬁ}>
LA (I —ky) (ly —ky)* (1 —zky) 2

Bl —ky)?
L [ﬁ (L —zky) 1

N li(ﬁ—zli)z i

|0 —costupryn < [ﬁ—ﬂ } (77)

With both static scattering center and soft gluon approximations (GLV result in the first order opacity expansion), the

atic-ts dp 2k, -1, Xp _
Nstdllc-‘rsoft _ / - — (1 — Cos |:( + + i 78
g 2 (I, —ky)? LTT)Pn 78)

scaled gluon spectrum is

The first term in Eq. (77) comes from the induced
gluon radiation off the initial gluon (with three-gluon
vertex). The spectrum inside the square brackets has a

collinear divergence at TL =k | when the intermediate
gluon (gluon propagator) is collinear to the initial quark.
Note that

xw (k)
1-z 2ptqgz(1-2)

Xy, + (79)

The cosine function from the Landau-Pomeranchuk-
Migdal (LPM) interference [52,53] in this term regularizes
the divergence at TL =k . when the formation time
of the intermediate gluon 7, =1/[x; +xp/(1-z)]p" =
2¢=z2(1—z)/(I, —k,)? becomes infinite.

Similarly, the second term in Eq. (77) comes from gluon
radiation off the quark lines (both initial and final) during
the quark-gluon interaction. The divergence of the spec-
trum inside the square brackets at 1 | = 0Ois also regularized
by the cosine function from LPM interference when
the formation time of the final gluon 7, = 1/x,p" =
2g7z(1 —z)/13 is infinite.

In general, terms with 1/ arise when the final gluon
from the initial state radiation during the quark-
gluon scattering is emitted from the struck quark after
photon-quark scattering. When 1 | = 0, the radiated gluon
is collinear to the struck quark. Similarly, terms with

1 /(Zl -k )% come from the final state gluon radiation

of quark-gluon scattering. When TJ_ = 7k 1, gluon’s
momentum /= (1% /(zq™),2q",11]=2k1/q",2q".zk] is
collinear to the final quark which has a momentum /[, =

(ki =10)*/(1=2)q7),(1=2)g~ k. =1, ]=[(1-2)k1 /q",
(1—z)q‘,(l—z)la]:(l—z)l/z. These terms cancel with
each other when z = 0. One is left with gluon spectra in
Eq. (78) from gluon radiation off the three-gluon vertex
and its interference with gluon radiation off quark lines.
For finite gluon momentum fraction z, contributions
from gluon radiation off the quark lines do not vanish.
The collinear divergencies at il =0 and YL = zk | may
be regularized through renormalization of the quark-
gluon correlation function and the final quark fragmen-
tation function.

Since the azimuthal angle between k 1 and TL is
averaged over in N o the dimensionless scaled
spectrum should be a function of the scaled transverse
momentum

7&1 =k, /1, (80)

scaled propagation length

) Wh oot
== 81
Y 2q7z(1-2z) 7y (81)

and momentum fraction z, where 7, = 2¢~z(1 —z)/13 is
the gluon formation time.
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=
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FIG.9. The scaled gluon spectrum N, in GHT calculation with
static scattering center approximation (dashed, dot-dashed, and
dotted lines) and with static + soft gluon approximation (solid
lines) with different momentum fraction z as a function of the
scaled transverse momentum k,; with fixed scaled propagation
length (a) y, =4 and (b) 8.

We plot in Figs. 9(a) and 9(b) the scaled GHT gluon
spectrum NN, with static scattering center approximation
(dashed lines) and static scattering center + soft gluon
approximation or GLV result (solid lines) as a function
of k,, for fixed propagation length 3, =4, 8 and
different momentum fractions z = 0.1, 0.2, 0.5. The
static + soft approximation or GLV result for fixed
scaled propagation length y, does not depend on
momentum fraction z as shown by the solid lines.
One can see the difference between GLV and GHT
results with static scattering center approximation is
very small for small momentum fraction 7z < 1. The
difference becomes appreciable for large values of z as
the scaled transverse momentum k ; approaches 1/z, the
location of the collinear divergence in the final state
radiation when the radiated gluon becomes collinear to
the final quark. The oscillatory behavior comes from the
cosine function in the spectrum due to the LPM
interference. We also show in Figs. 10(a) and 10(b)
the scaled gluon spectrum N s as a function of the

kil = 02
0.35
—— soft+static
0309 ___ z=0.1, static
0.254 —+= z=0.2, static
...... z=0.5, static
0.20 A
.201 0.15 A
0.10
0.05 A
0.00 1 =g
—0054{ = (a)
5 M 2 6 8 10
Yt
k=028
150 — soft+static
. --- z=0.1, static
1.25{ —:= z=0.2, static .
e z=0.5, static )
o044 =T
< 0.75 -
0.50
0.25 A
0.00 A
—0.25 A (b)
0 2 4 6 8 10
Yt

FIG. 10. The GHT scaled gluon spectrum N, in this study with
static scattering center approximation (dashed, dot-dashed, and
dotted lines) and with static + soft gluon approximation (solid
lines) with different momentum fraction z as a function of the
scaled propagation length ¥, with fixed scaled transverse mo-
mentum (a)k,; = 0.2 and (b) 0.8.

scaled propagation length , for fixed k,, = 0.2, 0.8,
and different momentum fractions z = 0.1, 0.2, 0.5. The
difference between GLV and GHT results with static
scattering center approximation again becomes appreci-
able at a large momentum fraction.

V. SUMMARY

We have revisited parton energy loss in the eA deeply
inelastic scattering process. In our study, one does not
carry out collinear expansion of the hard partonic part of
the parton-medium scattering and induced gluon radia-
tion as in the collinear factorized approach. The final
radiative gluon spectra induced by multiple parton
scattering can be expressed in terms of a convolution
of the hard partonic part and TMD gluon distribution
density inside the nucleus. In general, the final GHT
results on radiative gluon spectra can include the effect
of a dynamic medium with both energy and transverse
momentum transfer between the propagating parton and
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the medium. We have considered several limits of the
final results under the static scattering center approxi-
mation, the soft gluon approximation, and the recombi-
nation of the two. Under static scattering center + soft
gluon approximation, we recover the GLV result in the
first opacity approximation. We have also examined
numerically the effect of the soft gluon approximation
and find the difference between GHT and GLV results
with static scattering center approximation appreciable
at moderately large momentum fraction and long propa-
gation length.

The TMD gluon distribution density can be related to the
TMD jet transport parameter and encodes the properties of
the nuclear medium as probed by the propagating parton.
This general feature of our study can be used to incorporate
different models of the dynamic medium in the calculation of
parton energy loss and the jet quenching observables. It can
also be incorporated in the Monte Carlo simulation of jet
transport and propagation such as the linear Boltzmann
transport (LBT) model [54-56] for both cold and hot QCD
medium.
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APPENDIX A: HARD PARTS OF MULTIPLE
PARTON SCATTERING AND GLUON
RADIATION

In this Appendix, we list contributions to the SIDIS
hadronic tensor from all cut diagrams for gluon radiation
induced by multiple scattering. We categorize the diagrams
according to the position of the cutline: central, left, and
right cut diagrams. The kinematics for the SIDIS process in
our convention are

P = [p+7076j_]’
I T
q_ I 2q_5q 7OJ_ )
T I S 7}
7_2(1—1)(1_’ ZQ7J_7
[E -l .
)= |—,0, , Al
et = [ =5 0. (1)

where the last line is the polarization vector for radia-
tive gluon.

With the above kinematics, the final gluon radiation
spectrum is given as in Eq. (56), except that here the
momentum fraction are defined as z = [ /¢~ carried by
the final quark [z =17 /¢~ in Eq. (56) is the momentum
fraction carried by the gluon]. We list A2, AP, and A%
from each cut diagram labeled by the type of radiation
amplitudes it contains according to the convention given
in Appendix B.

1. Central cut diagram

The H2 of central cut diagram 11 and 22, see Fig. 11

P(x, +xp, k)

T1p Tp

Ap Ap

FIG. 11.

T= =0

f4(x), (A2)

K

1P

Ap

I

Y2 X
[
I

(a) Central cut 11 and (b) central cut 22.
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q q
- C ¢(xD7kJ_) é M A
HD __F I
= 2 flx+xp) e b%
q
kD) |
_d)(xL "]’;D L) eixLp ylf(erxL) . Top+ k : T3p + ko
o -
t I |
¢(XD’kJ_) omixLp T d(xp +xp.ky) l
L) s ) 4 P )| w | »
20 7 D 7 ==
(A3) |

- . . FIG. 12. Central cut 33.
The H? of central cut diagram 33, see Fig. 12

Ca Pl xp. ko) xp \ ¢l +xp.ky) Xp
HP.. — -z el (L H2)pty
3 = (l kL) { ki f x+xL—|—1_Z k2 L f )H—)CL+1_Z
’k k
AR it ot R ) (a4
1
The Hg of central cut diagram 12 and 21, see Fig. 13
~ 117 1- k k .
Hglz - 1 [ ( ZZ ] |: (xL +2xDv J_)f(x) _ ¢(xL +2xD’ J-) lXLp Mf(x +XL):| ’ (AS)
2Nc lJ_[lJ_—(l—Z)kJ_] kl k
" V1[I - (1=2)k k k .
iy, = L L Ul Clnd) Lj [¢(XL +2XD L)f(x) _¢(x02 ko) o—ixip .vlf(x)]_ (A6)
2Nc ZL[ZL—(I—Z)]{J_] kL k
The H2 of central cut diagram 13 and 31, see Fig. 14
~ [, —k.)-[[,—(1-2)k k k
HLC)13:CA (_,L fL)z [_{J_ ( Z)_'J_]z [¢(XL +2xD’ ) ol +2)p }‘f<x+XL+ >_¢(XL +2XD, J_)f(x):|’ (A7)
2 (I =ky [l = (1=2)ky] ki 1= ki
- Cy(l,-k)-[I,-(1 k D XD,kJ_) il ¢(x; +x ,l_c'
ey = et U O (PR ) i g - P 0] g | )
(I =k )l = (1= 2)k, ] at at
The Hg of central cut diagram 23 and 32, see Fig. 15
1l [

zip Tip

|

|

|

| |

| |

| |

Ap ! Ap  Ap !

20 P }( Ui == @l P 4'5( ==
| |

FIG. 13. (a) Central cut 12 and (b) central cut 21.
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&

)

I
I
I
T1p Tp T1p | x3p+ ko |y

I
I

Ap Ap Ap ‘ Ap
|

E=¢ == E=@ v X ==
I

FIG. 14. (a) Central cut 13 and (b) central cut 31.

zip zip

Ap Ap
E=E [ )[( Ui = FCO B )[( Y1 ==
| |

FIG. 15. (a) Central cut 23 and (b) central cut 32.

I:Ig23 = —gl{ <ll~_ 1) ¢(XD£ L) ei%fy?f x+x,+ ) - L2 +ZXD’ ko) ei<xL+fTDz)p*y?f x+x; + oLt
2 (I, -k k5 1- k1 -z
P k1) iy oy, POt 30 KL)
R f () P () (A9)
1 1
~ Cil (TL —/zl) |:¢(%xkaJ_) Dy P(xL +xD’%L) ix; pyT
AR, = - AL L = e N fx+x) - ——————Fe"P N f(x 4+ x
2 2 (0 -k )8 2 ( L) ) ( L)
“x ,]_C) . XD\ - a]_é
—74)(1‘3{5) ) gttt () 4 At ooks) 2 ”fw]- (A10)
1 1
2. Right cut diagram
The I:I,lg of right cut diagram 1 and 2, see Fig. 16
3 1. %) . .
R =—Cy memm] Flx+xp), (Al1)

Bk

eMLP f(x + x,) —

flx +x1_)]. (A12)

AN R - (1= 2k K K
The H? of right cut diagram 3 and 4, see Fig. 17
3 1 k) o k
HI% — CFIT [%e”‘”’ Mf(x+x) - %]&(X + XL):|7 (A13)
1 1 1

~ Cj‘i_]_g O,]_é . + ., x+ixal_€. . + -

HE, :7“ é ﬁ[ 172 Lj [(/ﬁ(x@ l)e’mﬂ M f(x+x;) —¢( L }(;Z D L)e”‘”’ y'f(X+XL):|. (A14)
Bl —zk,] 1 1
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xTrp xrip
Ap  Ap :
== == 0 ¥ g1 X ==
|

FIG. 16. (a) Right cut 1 and (b) right cut 2.

== =

FIG. 17. (a) Right cut 3 and (b) right cut 4.

xrp Tip
Ap Ap :
== ==C10 % U1 X ==
I

FIG. 18. (a) Right cut 5 and (b) right cut 6.

The FI? of right cut diagram 5 and 6, see Fig. 18

X +,— ’]_g I ty-
¢TI f(x + xp ) — %e’w Mif(x +XL)] : (A15)
1

b — QTL Sy [45(1%1)%, k)
R5 — = =
2 B[l -k 51

> Caly-[IL—k] [fﬁ(xD,];L) —ED ety P(xe +1%XD’];L) ix, pty
HY = 2= = _ e =PI f(x 4 xp) — z PP f(x 4+ x.)]. Al6

The H? of right cut diagram 7, see Fig. 19

. 1 [p(xg +%XD71_$J_) : - ¢(%XD»I_€L>
HI% - CAIT [ ;{zz Pty flx+x)— 1 zkzif(x —|—xL)], (A17)
1 1 1

We reverse the sign of k | for right cut diagrams 4, 6, and 7.
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FIG. 19. Right cut 7.

3. Left cut diagram
One can obtain contributions from left cut diagrams from
the hard parts for right cut diagrams by the following
variable changes,

HY =HR(yy =y —y3.y; =y —»y).  (Al8)

APPENDIX B: HELICITY AMPLITUDE

In this Appendix, we calculate the hadronic tensor
within the helicity amplitude approach in which the helicity
of the propagating quark is conserved in the scattering
amplitude when the transverse momentum of the fast quark
is neglected as compared to its longitudinal momentum.

Assuming the dominant component of a fast quark’s
momentum is the minus component, [, = [0,1;,0,], we
have under the helicity amplitude approximation,

Tp t a3p+ ko
aj,

Yy Y1

FIG. 20. Double scattering 1 with x = xp, x3 = x; + xp.
@ (1,)pu (1) ~ 2015 7 5,

where r and s are helicities of quarks, and n = [0, 1, 0 1]

In the calculation of the scattering amplitude in this
helicity amplitude approach, we assign initial quark and
gluons from the nucleus as

. dx;, . . _ = -
initial quark — u(p) /Z’elxi]fr)i —ik i
7

o (B1)

initial gluon — p, / ﬁeiwwf‘iki'?ﬂ.
The normal Feynman rules apply in the rest of the
calculation of the scattering amplitude. We also take the
soft radiative gluon approximation, z — 1.

There are three kinds of diagrams for double scatter-
ing. We calculate the amplitude of the double scattering
in Fig. 20 in detail as an example. The black dot in
Fig. 20 denotes the off-shell parton before the radiation
vertex. One can write down the scattering amplitude
according to the Feynman rules defined for this helicity
amplitude method,

d ) . dx . . _
MY, (y.y1) = / %5 giori-ihsi / S (x4 xs)p 4 g+ k]
T T

i[(x+x3)p + 4 + K1

i(xp +4)

x (ig)y*T €, T

x+x3)p+q+k)*+ie

(i9)y’T,, (—iy")u (p). (B2)

(xp+q)* + ie

Using the approximation mentioned in the helicity amplitude approach and the final quark on-shell condition
S([(x +x3)p +q+k, —1)*) =2zptq 6(x + x3 — x5 — x;, — xp), one can simplify the amplitude as

= 7 N =5 v,
MY (v, ) = 2(\/2)3g€l12 Iy TCTalei(xB—s-XL)P*y‘eixDle_et’nl)*(&'?‘f)g‘*r?uig@(yl_ —-y7) w(xpp +2q)}/ u (p) . (B3)
1 /4
Under the soft gluon approximation z — 1, one can rewrite the amplitude as
v dx =5 v,,s v/
Mpy(v.y1) = [ 5-6(x=xp) [ dxsd(xs —xp = xp)u (xp + q)7*u” (p)Mp1 (y. 1),
_ e -1 e
Fp (3.31) = 295 T Ty e e ehutieigh(yy - y7)
1
e -1 o s
_ 2g €111 TcTa| ezx8p+y ez(xL+xD)p+yl e—szvylll'ge(yl— _ y—). (B4)

B
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Contribution to the hadronic tensor of SIDIS from the above amplitude is

AW,

2

A JE ey e e W T
- —D,, ——dy7d d’ ikiVior (A A )
dz) /z,, 2 Damnlan/?) | 5o dyidyy [ dny 22 ° (Al (y7) O >iL)

x AT (y3,y21)y(0) |A>ng(1)q’

where the hard partonic part is

ng(l)q ;N N2 / o )427z5 12
splncolor
BN
72NC(N%—1 bpmlor
x Mpy(0,y,)Mp, (v, y1)

aiz 1
dxH" (0,
/x /l—z/ 27:22N(N2—1 D> Mo (0.y)M

spin,color

2
— (g i
= /dxH(O)/dzl —

In the above calculation, the initial spin and color indices
are averaged and the final state spin/color indices are
summed. In the soft gluon approximation z — 1,

1+22 2 1

-z 1-z7

FIG. 21. Single scattering with x = xz + x; .

/ dlie_ixBl’W* e~ i t+xp)pt (37 -y7) i s C

(BS)

M7, (0,)’2>Mg1 (7. y1)8(x 4 x3 = x; = x2)278([(x + x3)p + g + k1 — []?)

/ &'l 2ﬂ5(lz)/;i—2ﬂ5[(xp + q)?1a* (p)r*u* (x,p + q)it* (xp + q)y*u’ (p)

(B6)

|
the above contribution to the hadronic tensor in the helicity
amplitude approach is the same as the complete result
Eq. (26) from the cut diagram in Fig. 6. In this work, we use
results from the helicity amplitude approach to cross-check
the complete result calculated from cut diagrams. Below we
list the helicity amplitude for single, double, and triple
scattering.

1. Single scattering amplitude

The amplitude for single scattering in Fig. 21:

My(y) = /;l—x5(x —xp —x)it’ (xp + @)r*u’ (p)Ms(y).

l _
Mg(y) = 29_&12 = TelCrtalp'y”,
1

(B8)

FIG. 22. Double scattering 2. (a) Double scattering 2a with x = xp, x3 = x; + xp. (b) Double scattering 2b with x = xp + x;,

X3 = Xp.
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2. Double scattering amplitude
(1) Double scattering 1 in Fig. 20:
v dx =5 v,,s 1/
My (v.y1) = [ 5-6(x =) [ dxsdlxs —xp —xp)u* (xp + q)7*u’ (p)Mp1 (y. 1),
e -1,
B

Mpi(y.y1) =29 T T, o0y elbtol 'yt q=ihidie jgf(y — y7). (B9)

(2) Double scattering 2 in Fig. 22:

dx _ , _
MyD2a(y’yl) = /2”5()‘ - Xp) / dx38(x3 — x;, — xp)i’ (xp + @)y u’ (P)Mpra(y. y1),
g -1
51

Mpy(y.y1) = =29 T, Toe™P Y eittsn)r sy g=ikiFisjgh(y= — y7),

dx _ , _
Miny(30) = [ 50 =35 = 10) [ sl = xp)a(ep + )’ ()s (1),

-

_ e -1 . I
Mooy (y.y1) = zgiTL TalTCez(xBﬂL)my e XpP Yy e~ T igh(y™ — y7),
1

Mpo(y.y1) = Mpog(y. y1) + Mpoy(y.y1)
g -1,

7 T, T, [ei(xBerL)p*y‘eixDp*y,' — eipr*,v‘ei(xLHn)p*yl‘]e—iHiuigg(y— —y7). (B10)
1

(3) Double scattering 3 in Fig. 23:

dx _ , _
Mﬁna()”)ﬁ) = /55(?( _xB> / dx35(x3 - XL —xD)“S(xP =+ ‘])VUMS (P)Mma(y’h),

_ e (I, -k o N
MD3a(y’yl) — zgw [Tal , Tc]ezxglfry ez(xL+xD)p ] e_lki'yul'ge(y_ _ yl_)’

(I —kp)?
dx X z s g _
Myy(n) = [ 2o(x=xm=x =2 ) [ o (xa 10 ) o+ P (DBl )

_ e, - (I, -k ‘ By e e a2
Mpsp(y. 1) = —ZQ%[TWTC]E’(XB““‘-DZ)”W e TP T eI igh(y™ — yy),
L=k

Mps(y.y1) = Mp3,(y. y1) + Mpsp (v, 1)
€ (I —ky)

- - T, [eiXBPJr)’* el L txp)p T _ pilxpta 1) ptyT e_il%zxm#yl_]g_ikryliigg(y_ - y7)-
(I —ky)?

[Ta,.

(B11)

FIG. 23. Double scattering 3. (a) Double scattering amplitude 3a with x = xp, x3 = x; + xp. (b) Double scattering amplitude 35 with
X =Xxp+ X, 7%, X3 = =15 xp.
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The sum of the double scattering amplitude is

Mp(y.y1)=Mpi(y.y1) +Mpy(y.y1) +Mps(y.y1).
(B12)

3. Triple scattering amplitude
(1) Triple scattering 1 in Fig. 24:

dx
M”Tl(y,yum):/2—5(X—XB)/dx35(x3—X%)/dx25(

Mz (y,y1,2)
1

where x, = Zk%
(2) Triple scattermg 2 in Fig. 25:

dx
M4, (¥, 31, ¥2) :/ﬂ5(x—x3)/dx35(x3

Mopra(y,y1.y2) = 29 €L lJ-T T.T, elep Y i +x0)P VT p=ixpp*y; =ik (i —21) (—g2)6(

12

=2g €L liT T,T, ethp Y el 5P Y o t(X%—xL)p*y;e—i/ﬁ-(?u—yh)(_92)9(),1—
2

C
q /662(7

Z’gp—}-]ﬁ_ l’gp-i—]{u_

xp b | a2
Y Y1 Y2
FIG. 24. Triple scattering 1 with x=xp, x;3 =%,
Xy = x% — X
— x4 x) it (xp 4+ q)y*u” (p) Mz (v.y1.2).
—y3)0(y™ = y7), (B13)

XL —XD)/dx25(x2 — xp)it* (xp + @)y*u” (p)Mr2q(y. y1. y2).

YT = ¥3)00y" = y7),

dx _
My 31039 = [ 2—5<x—x3> [ xsatas =) [ s = sy + 300 ap + @ ()3 31:32)

MT2b(y )’1,)’2) 29 L2
1

1 . - - e
LT ZTCTalethp*y e XDP T =iy =X )P y; ek G=ian) (—g?)0(y7

-y7)0(y™ = 1),

Mo (v, y15¥2) = Mraa(y, y1,¥2) + Moy (3, y1, 32)
- ZQQT T.T, [e™8P"Y ¢l Gt30)p"s7 o=ixpp"y; _ oixap’y oixpp"yi g=ilp=x1)p" 53]
ay
1
x e (—g?)0(yy = y3)0(y™ = ¥7). (B14)
N ¢ N ¢
1 f{éz 1 ,(éz
x3p+ kil vop+ ki x3p+kid vop+ ki
xp ta | a2 zp Y ay | a2
Y Y Y2 Y Y Y2
(a) (b)
FIG. 25. Triple scattering 2. (a) Triple scattering 2a with x = xp, x3 = x; + xp, X, = xp. (b) Triple scattering 2b with x = xp,

X3 :)COD, X2 :XOD—)CL.
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N C N C
/7 /7
x3p+ kid xop+ ki x3p + kg Top 4 ki
ta | G2 Yy | G2
n Y2 Yy n Y2
(a) (b)

FIG. 26. Triple scattering 3. (a) Triple scattering 3a with x = xz + x;, X3 = Xp, x, = xp. (b) Triple scattering 3b with x = xp,
X3 = X + Xp, X, = Xp.

(3) Triple scattering 3 in Fig. 26:

dx _ / _
M?3a()’,)’1,)’2) = /2—5(x —Xp — XL) / dx35(x3 - XD) / dx25(x2 - XD)“S(XP + ‘I)qus (P)Mmz(y,)ﬁ,yz),

l . _. . o .
MT3a(y y1vy2) _ 29 L T zTa, TCel<XB+XL)p+.V P YT p—ixppty; e—zkl'(}’u—yu)(_gz)e(yl— — y;)g(y_ — yl_)’

i

dx _ , _
Mlhb()’v)’l,)’z) = /2—5(x - XB) / dx35(x3 — XL — XD) / dx25(x2 - xD)”S(xP =+ 9)7””3 (P)MT3b(y7Y1,y2),

_ 1
MT3b(y,y1,y2) _ _zgeJ_l 1 T T T eleP o el(XL+XD>p i e—lXDp Yy e_lkL <y1L yZL)( gz)g(yl_ —yi)g(y_ _y1_)7
1

Mr3(y, y1.y2) = MT3a(y V1. Y2) + Mr3p(y.v1.v2)

1 o o - , - - _
= 29 : J-T T, T.le i(xg+xp) Pty oixpp YT p=ixpp™y; _ pixgpTy” pilxptxp) Pty e—lxm?*.vz]
1

X g—lkj_'()’u_—yu)(_gz)g(yl— —-y3)0(y™ —y7). (B15)

(4) Triple scattering 4 in Fig. 27:

Misa(voiom) = [ §2ate =) [ drsatey =) [ dradles =y 00)i (xp -+ @ (p)WHa3:31.32),

_ (1, =k . _ _
Fralronnn) =20 LK) (7 s gt gshon 5 B8 )07 5500 - 37),

(I —ky)

dx z
MY, (v. 1. ¥2) _/E‘S(X—XB)/‘Z@&(’@_XL_l_ZXD)
X/de5<.X2—

e - (I —ky)
(lJ_ - kJ_)
X (=g*)0(y7 = ¥3)0(y™ = y7).

Mrs(y,y1.¥2) = Mrag(y. 1, y2) + Mrap (v, y1.52)

U

z _ -
_ ZxD> i#*(xp + q)r'u® (p)Mrap(y. y1.y2),

[ @ ]T el<xBf’ Yo el(xL+1 XD)p }]e_ll XDP yz e_lkL ()’]L_}ZL)
2

Mgy (v y1.y2) = —29°%

(T, T.T, [eipr*y‘eixgp*y]’e—i(xg—mp*y; _ eixBﬂ*y‘ei(xL+ﬁxD)p*y(e—il%'szp*y§]
2 1

(T —k.)?
x e G2 (=)0 y7 — y3)0(™ = y7). (B16)

We have made the variable change k — —k in the above.
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&
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! £

xsp — kJ_ xop — k1 x3p — kol wop — ki
ta | a2 Tp ta | a2
Y Y2 y Y1 Y2
(a) (b)

FIG. 27. Triple scattering 4. (a) Triple scattering 4a with x = xz, x3 = x%, x, = x¥, —x,. (b) Triple scattering 4b with x = xp,
X3 =X, + 1= xD, Xy = 1= sz.

N ¢
e

T3p+ kg wop+ ki x3p+k Top + k.
Tp T ay l as T a1 l as
Y [ Y2 Y2
(a)

FIG. 28. Triple scattering 5. (a) Triple scattering 5a with x =xp, x3 =x; +xp, x, = xp. (b) Triple scattering 5b with
X=Xz +xL+]"fz,

1= ZXD, Xy = Xp.

(5) Triple scattering 5 in Fig. 28:

dx

M;‘Sa(y’ylvyZ) :/Zﬂé(x XB)/dx35 —XL—XD)/dx25(x2—xD) (XP+Q) (p)MTSa(y Y1,y2)

_ € (I —k . - -
Mysa(y. y1.y2) = 29M T4, [Ta, T]e™s? > etutmolr ot gmivor 'y

(I — ki)
inD> /dx25(x2 —Xp)

X e—ikt_'(;'u—iu)(_gz)g(yl— _ yi)g(y— _ )’1_)’
dx X

M?Sb(%)’l,h) = /E5<X—x3 — XL — 1 _DZ> /dx35<X3 + I

MTSb (y, Vi, )’2) = —2QM Ta2 [Tal , Tc}ei(xB+xL+f—ﬂ)p+y— e—il%'zxpp+yl— e_ixDp+y2—

(I, —k.)?

x i (xp + Q)yyuS/(p)MTSb(y’ Vi.Y2)s
x e~k =520) ()0 (y7 — y7)0(y™ — y7).

Mrs(y,y1.92) = Mysa (v, y1,y2) + Mysy (v, y1.52)

— €1- (lJ- — kJ-) [T T ][eixﬁp+y_ei(xL+xD)p+y1_ e_ixDp+)';
URS I
_ ei(x3+xL+f_?z)p+y e—l—xDp Y1 e~ P y2] —ik(F11=921) ( g )9()’1_ _yE)H(y_ —yl_)_ (B17)
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c c
/’

T3p — /ﬁ Top — ki r3p — ]ﬁ Top — ki

ta | a2 ta Va2

Y1 Y2 Y yl Y2

(a)
FIG. 29. Triple scattering amplitude 6. (a) Trlple scattering amphtude 6a with x = xp, x3 = x + 75 xp, X3 = 75 xp. (b) Triple
scattering amplitude 6b with x = x5 + x; + 22 72, X3 = —Xp, X2 = {5 Xp.

(6) Triple scattering 6 in Fig. 29:

dx
Ml]/"ﬁa(yvyh)’Z) :/55()‘—?53)/05535(?53—&—

x @ (xp + q)r*u (p)Mrea(y. y1. 1),

£ xD>/dx26<x2— < xD)
-z -z

f(li-k) (T, T.e ixpp™y” QX Exn) PV pmitiropty;
- = )
(1L —kp)?

x R BT ()07 = 37)007 = 7).

dx X
M7, (¥, 1. y2) = /56<x—x3 =X _1——Dz> /dx35(x3 +XD)/dx25<x2 ~1

x w(xp + q)r*u® (p)Mrep(y. y1.y2),

My6,(y.y1.y2) =2g

z
XD
-z

_ g (I, -k . . o . B
Mrep(y.y1.32) = —29 == ( = ;) [T, T]e/ st a2p s p=iop sy g=irzxop’y;
(I —ky)
x e~k G1i=520) (=) 0(y7 — ¥3)0(y™ = y7).
Mre(y,y1.¥2) = Mrea(y. 1. ¥2) + Mrep (v, y1.¥2)
- gi(l%:k;) [T, T |[eisP Y elbutrzinlp s g=itzior'yy
(I —ky)

- ei(xﬁxﬁ;‘—i)p*y‘e—ixnp*y,‘e—il%szp*y;]e—il?l-(iu—iu)(_g2)9(y1— —y7)0(y™ = y7).

We have made the variable change k — —k in the above.

\

T3p — /q Top — k.
ta | a2
y Y

1 2

(B18)

FIG. 30. Triple scattering 7. (a) Triple scattering 7a with x = xp + xz, X3 = 1%, xp, X = 1% xp. (b) Triple scattering 7b with x = x3,

X3 =Xxp +1= xD, Xy =12 ZxD.
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(7) Triple scattering 7 in Fig. 30:

My, (v, Y1, ¥2) = /621;5()6 —Xg —xp) / dx35<x3 -
X ﬁs(w + @)r*u’ (p)Mraa(y, y1,52),

Mro4(y.y1.y2) = 2 12 L P | e e e
x e B0 (—g)0(y7 - y3)0(y™ = ¥7).

dx Z Z
M2, (¥, y1.y2) = /55@—)@3)/‘“35(% XL —1—_ZXD) /dxzé(xz 71 _ZXD>

x #*(xp + q)r*u (p) My (3. y1.y2).

By (3,31,32) = =2 L [T, [T, T b0 etz i gz

ay

12
1
x e~ k=520 (—g?)0(y7 — y7)0(y™ — 7).
Mp7(y,y1.¥2) = My7,(y. 1. y2) + Mr7(y, y1. 32)

T, T,y T ol iioson ™7 gmitmnn s

_ eiXBPer* ei(x,#%_"_xn)p*yl‘ e—iﬁxnlfr)’{]e—i’a'(yu—f’u)
x (=g*)0(y7 = y7)0(y™ = 7).

We have made the variable change k — —k in the above.
The sum of triple scattering amplitudes is

My(y,y1.y2) = Mpi (3, y1.2) + Mpa(y, y1.2) + Mp3(y, y1.¥2) + Mpa(y, y1. y2)
+ Mps(y,y1,y2) + Mrs(y,y1.v2) + Mr7(y,y1.32).

The hard partonic part of the hadronic tensor is

HY /dxH””/l_Z/ i % 12 0 > [Mp(0,y2)M)y(y, 1)

spin,color

N (N
+ Mp(0,y5,y,)M(y )+Ms(0)1‘71;(y yi.y2))s

(B19)

(B20)

(B21)

where M, (0, y,)M},(y.y;) contains all central cut diagrams, while left cut diagrams are in #(0)M(y. y,.y,) and right

cut diagrams are in M (0, yz,)’1)M§()’)-
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