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We study the interplay between the flow and hydrodynamic gradients in jet quenching at first order in
opacity. We find that the mixed flow-gradient contributions in jet quenching are enhanced by the medium
length and survive in the eikonal limit, dominating over other medium evolution effects. The resulting
modification to the jet quenching parameter and energy loss rate can be substantial, leading to ample
phenomenological implications. We also compute the leading corrections to the jet broadening due to the
flow velocity gradients and consider the leading gradient effects in the medium-induced branching for
general kinematics, extending the recent considerations of jets in inhomogeneous media. These results can
be straightforwardly coupled to matter simulations, providing new opportunities for jet tomography in

heavy-ion collisions.
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I. INTRODUCTION

In-medium energy loss and the related suppression of
energetic partons provide primary evidence for the for-
mation of collective matter in heavy-ion collisions (HICs);
for a review see, e.g., [1-3]. Jets formed through the
branching of such energetic partons interact with the
resulting matter across multiple length scales and are
sensitive to the details of the medium evolution. Thus,
the medium-induced modification of jets can be used for
imaging of the quark-gluon plasma (QGP) created in
HICs, laying the foundation of so-called jet tomography;
see, e.g., [4—12] and references therein.

Describing the interaction of energetic partons with the
medium within the framework of perturbative QCD, one
typically characterizes the matter with a collective back-
ground color field; see, e.g., [13-20]. Partons are then
deflected by the matter field and lose energy in the process,
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mainly through gluon bremsstrahlung. The matter field is
inherently stochastic, and hence all observables should be
averaged over its possible configurations. The resulting
formalisms are usually treated under multiple simplifying
assumptions, such as the eikonal approximation (the limit
of infinitely energetic leading parton) or the limit of static,
transversely1 homogeneous matter. Consequently, the
description of jet quenching decouples from the evolution
and structure of the matter (especially in the transverse
directions); see the discussion in [21].

There have been multiple attempts to extend the theo-
retical approaches to jet quenching by including medium
evolution effects with minimal modifications: from taking
matter dilution into account [22-24] or using basic kin-
ematic arguments [25-27], to treating the transverse flow
within phenomenologically motivated models [28,29].
More recently, the theory of jet-matter interactions has
been extended to the case of an evolving medium, includ-
ing the effects of flow [21,30-32] and anisotropies
[21,30,33-44]. In these works, flow- and anisotropy-
induced effects are considered separately. However, such
considerations already allow one to probe the coupling of
jets with a variety of features of the medium evolution.

"The longitudinal/transverse directions are defined with re-
spect to the momentum of the leading parton.
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In this work, we focus on the interplay between the
effects of flow and anisotropy in jet quenching calculations.
Following [21], we work within the opacity expansion and
consider jet momentum broadening and medium-induced
gluon radiation in an anisotropic flowing matter. First, we
extend the formalism developed in [21], where the structure
of matter is treated within a gradient expansion.” In [21],
the gradient effects are considered only for momentum
broadening and in the absence of flow or flow velocity
gradients. Here, we start by including the effects of all
hydrodynamic gradients at first order in the gradient
expansion into the jet momentum broadening considera-
tion, going beyond the discussion in [21,37]. Next, we
derive the leading gradient corrections to medium-induced
gluon radiation for general kinematics, extending the
results available in the literature, cf. [21,43]. Finally, we
show that the mixed flow-gradient contributions modify
the final-state parton distributions already in the eikonal
limit, and, moreover, these terms are additionally enhanced
by the medium length. Thus, they dominate over other
medium evolution effects. As a simple illustration of the
effect of these mixed terms, we show that the jet quenching
parameter in flowing anisotropic matter reads

u

0(0) = 1 -2

1 —u,
where z is the path length of the energetic parton,
the transverse gradients are compactly introduced with

.= (VGT% + Vo, 32+ Vo %), where 7 is the tem-

perature, u and u, are the transverse and longitudinal
velocity components, g is the jet quenching parameter of a
static homogeneous matter with the same local properties,
and all these objects should be understood as functions of z.
We argue that such modifications in jet quenching calcu-
lations can be substantial for characteristic evolution of the
QGP in HICs.

II. MOMENTUM BROADENING

In this work, we study the broadening and medium-
induced radiation pattern of a highly energetic parton inter-
acting with nuclear matter within opacity expansion, closely
following the formalism developed in [21,32,37,39,43].
Before turning to particular processes, let us first specify
the details of the setup used in this work. Here, we will
ignore the energy-suppressed spin effects and work with
scalar particles in the fundamental representation. In con-
trastto [21], where the medium-induced emission in flowing
matter is studied in the case of a scalar “gluon,” we focus on
the emission of actual spin-1 gluons of the underlying gauge
theory—see, e.g., [43] for a discussion.

*See also [45-49] for other applications of the gradient
expansion to probe-matter interactions.

The matter is modeled by a classical stochastic color
field generated by moving massive quasiparticle sources,
neglecting their recoil. This background field can be
written as

gA%(q) = Y _ulemi0xtai) iy, (q) (2m)

X 6(qo—q - u; — g uy), (1)

where u, = (1,u, u,) is the nonrelativistic velocity (i.e., it
is the four-velocity with the relativistic y factor removed),
v;(q) is the single-source potential, 7¢ controls the color of
the given source, (x;,z;) are the spatial coordinates of the
ith source, and the sum runs over all the sources in the
medium, while the matter properties can change from point
to point. We will use compact notation—suppressing the i
subscript—where doing so leads to no confusion.

The particular scattering potential v(g) is model depen-
dent and there exist multiple choices in the literature; see,
e.g., the discussion in [21,31] Throughout this paper, we
will use the Gyulassy-Wang (GW) model to make results
more explicit, although generalization is straightforward.
The corresponding potential reads

g 5
”z(Q) qz _ ”12 > ( )
where ¢ is the effective strong coupling inside the medium,
and y; is the Debye mass at the position of the given source.
Finally, one must specify how the final distributions are
averaged over configurations of the background field,
fixing the structure of multipoint stochastic correlators.
Following [21], we assume the color fields to have
Gaussian statistics, taking only pairwise averages into
account and enforcing color neutrality, as it is often used
in perturbative QCD calculations. The averaging over color
sources then results in

1
1y = ——5,.5%, 3

where Cj is the quadratic Casimir in the representation
opposite to the representation of the color sources. Here, we
will assume that all the sources are in the same fundamental
representation, setting Cp = N,.

In this section, we further derive the gradient correction
to the momentum broadening distribution within flowing,
anisotropic QCD matter to first order in opacity, going
beyond the discussion in [21]. We focus particularly on the
interplay between velocity corrections and spatial gradients
in the matter variables at first subleading order, neglecting
anything suppressed by two or more powers of the initial
energy. At first order in opacity N = 1, up to two inter-
actions in the amplitude squared, there are two types of
contributions to take into account: the single Born (SB)
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FIG. 1. The single Born amplitude M, (left) and the double Born amplitude M, (right) for transverse-momentum broadening.

contribution M; and the double Born (DB) contribution M,, see Fig. 1. Using this decomposition of the amplitude and
omitting the terms whose average vanishes, we can write its square as

(IMy1?) = (1M, ) + (MaMG) + (M3My). 4)
where M, corresponds to vacuum propagation.
A. Single Born contribution

We start by considering the SB contribution to the broadening of an energetic (scalar) quark. The corresponding N = 1
amplitude reads

[ dq i
= [ S iinger- om0

u- . 2(1 —u,)E
thl‘o_] i ( be:)E‘) /q e—z(tI-x,-+q;Zf)y(q) ﬁ](p - q), (5)
|

where we have used the 6 function in (1). In the above N 2E q-u
equation, J(p — g) is the source of the initial energetic quark Qp—q = 1+u, < Y ) (6a)
controlling the initial distribution of energetic partons—
assumed to be centered atx, = Oand zop = O—and 77, . is the
leading parton (“projectile”’) color generator. We have also _ qg-u (p—q)-p?
introduced shorthand notation for integrals running over the Qp—q = 1—u, + 2(1 —u,)E "’ (6b)
full three-dimensional space as [ =d°x (and [, = ﬂ) and '
over the transverse space as [, = [d’x (and [ = [ ;’Z‘z where we have accounted for the first terms in the

Integrating over g, by residues, we assume that J is slowly ~ €ikonal expansion. The pole Qp-q is O(E), so its residue
varying, hence there are only four poles in (5) to account for ~ Will be highly suppressed by the leading parton energy and
in the evaluation of the integral. The two poles, coming from ~ can be neglected. Therefore, the only nonvanishing con-
the scattering potential v(q), have a finite imaginary part. ~ tribution comes from the residue corresponding to the
For a sufficiently dilute and longitudinally extended  pole at Q,_,. The integration contour has to be closed
medium y;z; > 1, and so the corresponding contributions  below the real axis enforcing z; > 0. After performing the
are exponentially suppressed and can be neglected. The ¢, integration, the SB contribution to the amplitude
other two poles come from the quark propagator reduces to

. u-p e 2F 1 5
M E 1@ G S 0(z.)e 4% g=iQp-qZi J(p—
My = =1 projli ( 1 —u )E) /q <Zl)e e = U(Q) 1+ u, Q;—q _ Q;—q (r—4q)

- ’Z proji / JeT %O (1 - %) v(@)J(p— 7). (7)

where the tilde indicates that g, and g, have been fixed, and g, = (¢ -u + Q,_,u..q.Q),_ q)
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We can now square the amplitude and average over
initial and sum over final quantum numbers, as well as
average over the field configurations. We will also assume
that the sources are smoothly distributed, replacing any
sum over the scattering centers by a continuous integral

=

; x,z

p(x.2)f(x.2), (8)
where p(x, z) is the source number density. Doing so yields

(IM,?) = C/ ,H(Z)P(x,Z)e_i(q_q’)"‘e—“Q’_""_Q;*q’>Z
xX.q9.9

(1w p-a9) u-w-q)
(1-u)E (1-u,)E
xv(q)v*(q")I(p—a)T (P = 7'), 9)
where C = 5&. Note that we only explicitly show the

arguments of p(x,z) for illustrative purposes, keeping
|

P—q r—q

the arguments of the other hydrodynamic variables
implicit.

Contrary to the case with vanishing medium velocity, the
q, integration results in a shift in the argument of the
potential and initial source. Expanding these functions, one
readily finds

. q-u (p-q)’-p*ov
o) =t (14 L ) o
sp-p=sEp-o(1- A1) oy

gZ
a+p
Upon inspection of (9) and (10), one sees that all the
velocity corrections appearing in the squared amplitude are
proportional to the transverse velocity u. Hence, it is useful

to define a new vector in the transverse plane,

where v(¢?) = —

qg (P-q*-p*ov

I'(q.q)=- - —
CO=TAE - wE (1-wE o) o
g P-4¢)-po q 1o/ 4 1o (11)
(1-u)E v'(¢?) og> (I1-u)JoE (1—u,)JoE’

which enables us to write the averaged squared amplitude in a compact form,

(M, ) =c/ 0z
x.q.9

All the dependence on the matter’s spatial structure in
(12) comes from the hydrodynamic parameters of the
matter model. In our case of the GW potential, these
parameters are the source spatial density p(x, z), the Debye
mass p*(x,z), and the three components of the velocity
u(x,z) and u.(x, z). For arbitrary x dependence in (12), the
final distribution cannot be simplified further. We proceed
by noting that the matter properties are expected to change
sufficiently slowly in the hydrodynamic phase and thus
expand in hydrodynamic gradients transverse to the large
parton momentum p_, see [21]. At the zeroth order, matter
is uniform in the transverse plane, and thus the x integral
trivially results in a ¢ function, while the longitudinal z
integral is yet to be performed. Then the corresponding
contribution to the squared amplitude reads

Gy =c [* dz/ PPNEp—-q)P

x [1 +u-T(g)] + O(V), (13)

2)v(g?)v*(q2)J(E.p — q)J* (E,p — q')e a0

T 1w T (g, g (12)

[
where I'(q) =T'(q, q) and we assume that the matter has a
finite longitudinal size L.

Given weak dependence on the transverse coordinates,
any hydrodynamic variable G(x, z) can be expanded about
x = 0, resulting in

G(x,7) ~G(z) +x - VG(z) + O(V?).

Then the transverse integral in (12) can be performed
explicitly by noting that

, 0
—ilg-4)x — j(O7)2—— 5@ (g—g 14
x,e i(2m q9—q),
K (2) og—q), ( (4

where a runs over the 2D transverse space. With these
replacements, we can express the linear gradient correction
to (13) in a compact form,
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&(|M, ) :_’C/ dZ/qu2 (912)840(2)
J\E 1 J | E 1 1 2\ 1 2
a‘hz,a{ < P = Q“‘hz) < ,P—Q+§¢112>0<<Q+§q12) )U <<Q—§¢hz> )

co (1t 02 0OV [y ur (o Jane-a) ] 13

where Q = % (g+4q), q1»=q— ¢, and we have integrated the derivative acting on the § function by parts. All gradient
corrections can be derived from the same expression upon variation over the corresponding hydrodynamic variable. We use

a shorthand notation, the two-dimensional operator g, = > (VG . %) , which should be understood as summed over the
a

hydrodynamic variables. Note that if a p-dependent cutoff is introduced for the momentum integration, g should, in
principle, act on such a cutoff as well.

In order to 51mp11fy our considerations, we follow [21] and assume that the initial source J and » have, at most, constant
imaginary phases Therefore, all the terms in the integrand of (15)—except for the Landau-Pomeranchuk-Migdal (LPM)
phases [50,51]—are even and regular functions of g, with zero derivative with respect to q;, at zero. This reduces the
gradient correction to the amplitude to

o) = [ e [ )| (-7 + FBD )o@ ruEp —aP [14u-T@) 16

1 —u, :

B. Double Born contribution

Next we turn to the DB diagram, see Fig. 1, which gives the second contribution to the transverse-momentum broadening
and corresponds to the double-scattering amplitude,

d4Q1 d4511
(27)* (27)*

x [igts i (2(p = 42) = q1), A% (q1)] {

iM, = [ prOJ(QP 02),A%(q)] [m]

(r—q _iqz)z_’_ie}J(P—‘h—Ch)- (17)

Unlike the case of the SB diagram, both field insertions in M, come at the amplitude level, and to the first order in opacity
the DB diagram combines with the vacuum amplitude iM, = J(p). Averaging over the stochastic fields and summing the
quantum numbers, we find that

MzM =C ( )/ e_i(‘ll+42)'xi—i(511:+112z)1[1)(q )U(Clz)
0 Z E(l —u ) q1-92 l

2E(1 —u,) 2E(1 —u,)
(p—@)* +ie(p—qs—q1)* +ie

J(p—a—aq)T"(p). (18)

where we have used the constraints coming from the external field fixing the temporal components of the two momenta. We
further note that, as in the SB case, the dominant contribution to the g, integral corresponds to the pole at

41z = =42 + Qp_g,—q, — i€. Thus,

—— <>

*Indeed, for arbitrary complex functions J and v one would expect additional contributions proportional to, e.g., Jp)V,J(p).
While nontrivial phases, controlling such structures, are not expected in the commonly used models for the source potential, the
initial source is generally less constrained. Here, we will imply this assumption, leaving the case of more general initial distributions
aside.
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u-2p-qi—q;) u

. » . O . (g +4q2) 1 o]
M-M?) = iC 0(z;)e @ 192)%i o= 00q1-0% J(E . p — g, — q,)J* 1-— (4, il
< 2 0> l Z \/q’l o (Zl)e e 2 ( p ql q2) (p) (1 _ MZ)E 1 _ uz JaE
% 2E — v(q.l)v(qZ) — — (19)
1+ u, (qZZ - Qp—qz - l(:')(qu - Qp—qz + l(:')
where the tilde serves to remind one that g, and g, are
fixed, which introduces a nontrivial ¢,, dependence into u i
(). ) v(g2): Py = ] _Zuz (u-q5) R (20b)

Turning to the g,, integration, one must also note that the
Fourier factor is independent of ¢,_, and the residues of the
scattering potential poles are no longer suppressed.
Therefore, the residues of the all six poles may contribute.
The two poles of the second scalar propagator are given by
Q5_,,» while the four poles coming from the scattering
potentials read

N o u, i
U((Zl)-P?ZQp—q,—qz—l_—Zu%("'m)imRh (20a)

z
|

M M) +c.c. = iC
(M, 0
X.q1-:92

0)p(x. I(E.p - 41 - 42)0" () (1 -

Z

where, keeping the expressions compact, we have intro-
duced the shorthand notation

Re=(1-u)(g+p*)—(u-q*>0.  (21)

Then, introducing the source number density, we can write
the full DB contribution as

u-2p—qi—q) u
(1—u,)E

(g1 +q) 10
1—u, JOE

X |:e_i(ql+qz)'xe_iQ;—41—42ZIDB — ei(ql+qz>‘xein_’—t/1—qZZI*DB:| , (22)

with

I _/quZ 2E
bE= 2z 1+uz(‘12z_

v(1)v(q2)
Q;—fh - i€) (QZZ - Q;—‘h + i€) .
(23)

At zeroth order in gradients, the hydrodynamic param-
eters are considered to be constant in the transverse plane,

[
Introducing a new transverse vector

_ ., p P g o’
Con@) =2 e T wEnd P 2

we can reexpress (24) in a compact form analogous to (13),

and integrating over x sets ¢; = —¢q, = q. Therefore, only 5
the imaginary part of the integral ImZ 5 (g, —q) contrib- (MoM) +ec. = _C dz (@) (E.p)]
utes to (22). The DB contribution then simplifies to
l+u- FDB( )]+ O(V). (26)
(:03) + e = =C [z I(E.p)P | | |
Following the same logic as before, we replace the linear
2u p u-p q*o* dependence in x by a derivative of a ¢ function
x|1= (1-u,)E - (1-u VE 12 0g> 6®) (g, + q,). Integrating by parts and using shorthand
z 4 q . . . . .
notation, we find the leading gradient corrections to (22),
+O(V). (24) which read
|
(27)%8 (2Q) 0 u-(p—0) u-Q 19/
6(M>M =C| d —_ = J(E,p—20)J* 1-2 -2
o) ee.=c [Fa: [ B0 By - 200 () (125 LS 2000
x [0 Tpy + o0t } (27)
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where Q =3 (g, + ¢») and g1, = ¢; — ¢». The structure of
this expression is more involved, and so it is instructive to
consider each contribution separately. First, when the
derivative acts on the terms in the first line of (27), the
only ¢, dependence enters through ReZpg(q,,0). Its
angular average scales as % and can be explicitly derived.
When the derivative hits the LPM phases, the integrand is
proportional to ImZpg(q,,0), and, after averaging over
the angles, the corresponding contribution looks like a
naive combination of gradient and flow corrections in [21].
|

M) +oc. =C [ / 8u0(2) [v<q2>]2|J<E,p>|2{

wa(pte R e Tl

Finally, one may notice that working with scalar quarks
we have to treat the seagull vertex present in the theory and
required by consistency. This contribution is commonly
omitted in the jet quenching calculations based on scalar
QCD, since it is expected to be subeikonal; see, e.g., the
discussion in [21]. However, it may contribute to the leading
subeikonal corrections and cannot be ignored here. It can be
easily checked that the corresponding contribution appears
only in the presence of transverse anisotropy and has the
same structure as the term in the first line of (28). This
subeikonal term is additionally suppressed by the smallness
of the gradients with no length enhancement and thus
appears to be subleading to the rest of the terms. In what
follows, we will neglect such terms, keeping only the length-
enhanced subeikonal gradient corrections and consequently
neglecting all the diagrams involving the seagull vertex.
|

dN dN(

0) L (E—p+q),2
E =F C d 1-g ~——— /&~
d’pdE dzpdE+ A Z/q{{ £a .

A (uE—p)aZ
- |:1 8 (1 - uz)E

where the terms appearing at the second subeikonal order
should be neglected. Integrating the final-state distribution
over the transverse momentum, one can show that the number
of energetic partons is unchanged as long as the initial distribu-
tion falls fast enough at infinity, as required by unitarity.

It is instructive to consider how a particular ensemble of
partons is modified by a flowing anisotropic distribution of
matter. To do so, we focus on a narrow initial distribution
parametrized as

} (1 +u-Tpg(q)E

Finally, when the derivative acts on the integral 7z, only

its real part contributes. Its eikonal term Re 7 g)}g is aregular,

even function of @, and its derivative at Q = 0 is zero. In
turn, the subeikonal part satisfies —ReI% (q12,0) =

—ﬁReIgl);(—qlz,O). Since the rest of the integrand in

(27) is q,, independent, the corresponding contribution to
the integral vanishes after angular averaging. Combining
these contributions, we find

1 J(E.p)P ng*\/1 —u? —u2 67
|72 op, 4u(l —u,)E [v(q)]2

(28)

C. Final parton distribution and its moments

The final-state parton distribution can be related
to the squared amplitude of the process and is defined by

N1

m=m<|M|2>, (29)

where we have chosen E and the two transverse compo-
nents of the momenta as the independent van'ables.

Introducmg the initial parton distribution E %Y 7 dE

W |J(E,p)|* and taking the combined effects of flow
and gradient corrections together, we find

dN'©
(1-u)E } 1w F(q)]Edz(p - q)dE
(0)
[P (30)
dN© E) _»~
EdzpdE - gziwz e (31)

Starting with the corresponding family of partons in the
initial state, one may understand how their distribution
changes by focusing on the leading moments of the final-
state distribution, defined as
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fp(pal Pa, Edzt%E
f EdzpdE

(p(l . 'p(l ) dN
— 2 1 n
= (2n) / E T pdE

Poy--Pa,)

(32)

The process of jet-transverse-momentum broadening is
often quantified with the so-called jet quenching parameter,
which is argued to control many of the related processes.
Thus, we start by computing the quadratic moment

given by
oo [

(33)

L
<P2>=2w2+C/ dz{ g -
0

where the first term corresponds to the vacuum part of (30)
and is fixed by the width of the initial distribution. Varying
this moment with the medium length L—understood as the
path length traveled by the parton—we find

u
1—u

a(L) = [1 14 }aom, (34)

Z
where §,(L f dl 2 corresponds to the

limit of statlc transversely homogeneous matter, and all
hydrodynamic variables and their gradients should be
|

pp*) = c/L dz/{szzg’aq—z
0 q (1 — U
0

x q* [SW2 + (10w* + ¢*)¢* —

which agrees with the results of [21,37] in the limit of static
matter at first order in opacity and can be compared to the
results of [21] in the homogeneous limit at w = 0.

III. MEDIUM-INDUCED GLUON SPECTRUM

In this section, we will derive the medium-induced
radiation spectrum in an evolving inhomogeneous nuclear
matter at the first order in opacity and discuss the resulting
modifications of the energy loss. This consideration is
technically more involved, and here we will focus on two
particular types of the medium evolution effects. First, we
will study how the transverse gradients of y and p modify
the full gluon spectrum in the absence of any flow, at the
first order in opacity, but in full kinematics, thereby
extending the results of [21,43]. Second, we will search
for the mixed flow-gradient effects analogous to the
multiplicative modification in (34), keeping only the
leading terms in the eikonal expansion. For notational

understood as functions of L. Thus, we can see that the
interplay between the transverse medium structure and flow
modifies the even moments of the final-state distribution,
including the fundamental jet quenching parameter, at the
leading eikonal order. Moreover, this modification is length
enhanced and, consequently, expected to be the dominant
effect of the medium’s evolution. This is one of the main
results of this work.

Following [21,32,37], we also consider the leading odd
moments of the final distribution, which vanish in the case
of static and isotropic matter (for isotropic initial distribu-
tion), but generated by flow and gradient effects. One
readily finds that

b

l—u E/qqz{ EE +q262][v(q2)]2’

(35)

where we recognize the same rescaling factor as in the case
of even moments combined with the averaged transverse
momentum obtained in [21,32].

As shown in [21,37], the directional gradient effects
appear only in higher odd moments of the final parton
distribution. Focusing on the cubic moment, we find

1 1 . u u,
E 2] 1w (- w)E

J'(E) 2412
+ (4w +¢*)E p(2)[v(g*)]". (36
ES | (e )
[
compactness, we will put the two types of gradient

corrections together in intermediate equations, although
one should note that the subeikonal terms sourced by the
transverse flow (and their combinations with the leading
gradient corrections) are omitted.* In the absence of u,
gradients, the longitudinal flow effects can be obtained
with the corresponding boost, and for simplicity, we will
set u, = 0.

Before turning to details, we should note that the external
field (1) has been obtained from the classical field equation
in the Lorenz gauge. However, it is convenient to impose a
stronger gauge condition, additionally requiring n - A = 0.

“It should be mentioned here that in this limit the class of
diagrams involving the seagull or four-gluon vertices can be
freely neglected. Indeed, they contribute as gradient corrections
and appear only at the first subeikonal order, lacking any length
enhancement in the absence of the transverse flow.
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In this gauge, only the two physical gluon polarizations
appear, and the consideration simplifies. This constraint is
compatible with the form of (1), and one may choose n* to
be any vector transverse to the velocity u. Here, we will
use n, = (0,0, 1), since AZ,, = O for u, = 0. In this gauge,
the propagator of a gluon is given by

—iN,, (k)

G (k) =7 T e

, (37)

where the numerator is transverse to the gauge vector n and
gluon momentum k,

k,k n,n
N (k) = 2 iy 2 'y
(k) = g + 1 (k-n)z—k2n2+ (k-n)? — k2n?
k,n, + k,n
= (k-n) =50 38
( n) (k.n)z_anZ ( )
The polarization vector now satisfies k - (k) = n - e(k) =

0 and can be parametrized as

e (k) = <%e O>, (39)

where € is the transverse pol:zu“ization,5 k= (w,k,k,), and
we keep the polarization index implicit.

Following the notation of [21,43], we consider the
leading perturbative contribution to the medium-induced
branching of the initial energetic quark to an on-shell quark
of momentum (p — k), and an on-shell gluon of momen-
tum k,, working at the leading eikonal order but to all
orders in LPM phases. We also rely on the broad source
approximation, assuming that the dependence of the initial
source on the transverse momenta is sufficiently weak.
Under the aforementioned assumptions, the vacuum emis-
sion amplitude (see Fig. 2) corresponding to the zeroth
order in opacity, reads

|

4
iRy = / (;’7‘)’ [z’gr;mj@p )
2(1 — x
= ( (k — thmj proj i /

where we have explicitly used the constraint on g,. Turning
to the g, integration, we again assume that the residues of
the scattering potential poles are exponentially suppressed.

>The transverse polarization vectors are functions of k, since
the sum over polarizations should be properly normalized.
However, up to the higher subeikonal corrections, we find that
> eieﬁ = Ogp + O(#), with @ and f running in the 2D trans-
verse space.

p? +ie

@ p

p—k

FIG. 2. The elementary vacuum splitting, corresponding to the
zeroth order in opacity expansion.

iRy = [igt;(2p — k)€™ (k)] pz P

2(1 —x)e - (k —xp)
(k—xp)?

where ¢"_. comes from the emission vertex, r is the color of

proj
the final gluon, x = % is its energy fraction, and one may
recognize the (light-front) wave function of the splitting

2(1-x)e-(xp—k
w(x.k —xp) = G0

probability; see, e.g., the discussion in [52]. In turn, at the
first order in opacity N =1, there are nine diagrams
contributing to the amplitude of the medium-induced
branching shown in Figs. 3 and 4, and we will consider
them one by one in what follows.

, which controls the branching

A. Single Born contributions

1. The amplitude level

Let us start by computing the simplest contribution to the
medium-induced branching, R4, which corresponds to the
initial-state scattering. This amplitude reads

lit6. (2P — 9),9A(q)] mf (P—q)
igxia.)  (29E)v(q) B
i -+ —J(p—a), (41)

In turn, the poles coming from the quark propagator are
given by

q-u

Um0 Xk (=N =g
2x(1 —=x)E '

(42b)

(42a)
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k
k—q
@ pP—q
S Pk
%

FIG. 3. The three single Born diagrams contributing to the medium-induced radiation at the first order in opacity.

while the initial source is assumed to result in no new poles. Thus, collecting all the relevant contributions, we can write the
initial-state scattering amplitude as

21 -
iRy = —ig 2 (X

_Xp —iqx; ,—iQ,_4Zi
thmj proj 1/ z;)e e Qritiv(q®)J (E.p — q). (43)

The next diagram corresponds to the final-state scattering process in the quark line, and its amplitude reads

i
(p—k—q)*+ie

J(p - Q)7 (44)

4
iRa = [ Gt (20 = 1) = 0), 942

X[igtioi(2(p — q) — k) €™ (k)] p—aftic

which, after both g, and ¢, integrals are evaluated, can be rewritten as

o 2(1—-x)e- (k—x(p — . _
IRB - lgztprqt?t[r)roj/ t)e_lq'xi ( (k)f X((P - ‘Igl))2 q)) |:e_lQP—qu —¢ S }D(q ) (E,p a q)’ (45)

where we have used the explicit form of the poles of the second quark propagator

; k—q ~2(1 -x)E <1 —ﬁ> (46a)
_r_ 2
kg Ut v kz(;])_ x)g] k) (46b)
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(d)

FIG. 4. The six double Born diagrams contributing to the medium-induced radiation at the first order in opacity.

Turning to the last SB contribution in the amplitude, corresponding to the final-state scattering in the emitted gluon line, we
write

i

mf(l? —q). (47)

. d4q . a _lNﬂy(k - q) abc ba *
e = / T2yt (P K= Dl e Vo (K = 42 4. ~R)gA™ (@) (k)
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where I'é%¢(k — ¢, g, —k) is the three-gluon vertex defined as

Tivs(k, pq) = 9f gk =), + 90p(P = @), + Gpulg — k)., (48)

with all the momenta going toward the vertex. Since N**, ¢}, and Agl are all transverse to n, = (0,0, 1) by construction, the
product of these three objects and the three-gluon vertex is independent of the z components of momenta, resulting in no

new poles. Performing both the g, and ¢, integrals, we can write R as

(1-x)g —xp)

- 2(1-x k—
= ngam gmj i / O(z;)e 4% ( (k)e (

(1 -x)g —xp)*

where the poles of the gluon propagator have been used,

+ q-u

k=g _2XE<1 —m), (503)

_ k—q)’ -k
Qk_q:q'll‘i‘%. (SOb)

2. SB contributions to the squared amplitude

Now we are in position to obtain the full SB contribution
to the amplitude squared. As done in the case of jet
broadening, we have to average over initial and sum over
final quantum numbers, as well as perform the medium
averages.

Let us start by squaring R4, which after averaging but
before integrating over the transverse coordinates results in

C% ,4(1 —x)? (4=
RLI2) = _F927/ 0(z)p(x,z)e a-Dx
IR = 3N e =) g PP
x e Q=% 7y ()0 (g?)
xJ(E.p—q)J*(E.p—q). o

where the color factors combine into an overall multiple

CZ
sy~ In the case of a transversely homogeneous matter,

corresponding to the zeroth order in the gradient expansion,
we can readily evaluate the x integral. It results in a

(IRsl?) Jeriaa

A1 -x)’(k—x(p—q)) - (k—x(p - q))

o(g?) [ — U J(Ep — ), (49)

[
constraint (27)?8*)(q —§), and integrating over one of
the momenta, the standard form of the leading contribution
is obtained. In turn, treating the gradient corrections as in
the broadening case, one may note that only the LPM
phases contribute to the momentum derivative atqg — g = 0.
Thus, up to the first order in gradients and in the eikonal
limit for the flow-induced terms, the corresponding con-
tribution to the amplitude squared reads

= o [ e ()

Xﬂ@ﬂ%q)]U(7p—qﬂ- (52)

It should be stressed that if the subeikonal flow corrections,
scaling as O(%), were added here, they would mix with the
eikonal gradient terms, scaling as O(|u|z), giving contri-
butions of order O(|u|* £ z), which are formally of the same
smallness as the subeikonal (but length-enhanced) gradient
corrections, scaling as (’)(%z). These are the terms that we
omit in our consideration, focusing on the two limits
described above: (i) keeping the terms scaling as O(%z),
but with no transverse flow, and (ii) keeping only the
eikonal gradient corrections in the presence of a trans-
verse flow.

Squaring Rz and averaging the result over the back-
ground field configurations, we find

3t

« [e—z(Q,y_q—Q/H—l)z +€—t( kg~ Ppkg)? —e

(k—x(p—q))*(k—x(p—q))

—i(Qp-g=Q; 4 5)2

v(q)v(q)J(E.p —q)J*(E.p — q)

— (=% )? } (53)

Accounting for the fact that this SB contribution involves two LPM phases, we find that up to the first order in gradients the
corresponding contribution to the amplitude squared reads
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(IRsl?) C%z/ dz/k i(;x,ﬁ [ g"(" szq p(lfx)?:”)}

y [1 o (%z)}p@){v(fﬂzuwm e (54)

The last SB contribution R, corresponding to the final-state scattering process in the emitted gluon line, also involves
two LPM phases, and, after squaring and averaging, it reads

CrCy 2/ i(q—q)x
(IRcI?) = BT MG(Z) p(x,z)e™

4(1=x)*(k = (1 = x)g —xp) - (k = (1 = X)§ — xp) ) * )
x (k- (1 - x)q—xp)z(k_ (1 -x)§ —xp)? v(q)v(q)J(E.p —q)J" (E.p—q)

As in the cases of R4 and R g, the only nonvanishing contribution to the linear gradient correction comes from the derivative
acting on the phases, and we find

l—x . p—q k—q
d 1—-g- —_—
(IRl ch/ Z/k (1—x)q - xp)[ § (" 2E - =E)°

x [1 — cos (U‘ - : ’fz);"”) z>]p<z>[v<q2>]2|J<E,p ~q)P. (56)

The three SB interference terms can be computed following the very same procedure—the x dependence of the matter
parameters is expressed through the corresponding momentum derivatives. However, the light-front wave functions are
structurally different in the direct and conjugated amplitudes, and that results in a new class of gradient corrections. For
instance, the interference term (R,Rj) can be written as

G o PR o )
o (5 () (S )
(= G (S %) e ER=0F, 6

where the sine phase structure has no explicit length enhancement since it involves no momentum derivatives of the LPM
phases. In turn, the two other combinations read

(RARE) +c.c. = —Crg? / dz/ xp) ((lk_ x()lq_ Xx);l) Xp){[l g-uz {l—cos <(k _2()1((_1 )i);;)(p)z Z)]
i e (’”;;z+’; Eq )cos ]
(= = == = )
wcsin (E LN )P Ep -, (59)
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and

Ao — Lo [20=xPk—x(p—q))- (k= (1—x)q—xp)
(RoR) e = =Cri | dz/q (c=x(p—q)P(k— (1 —X)g = xp)?

x{[l—g-uz]{l—l-cos ("'<2k_<1_2x)q_2x1’)z)

_ (k—(1-x)g—xp)* _2)((1_(2)1(11—11))2
COS( 2x(1 - x)E Z) COS( 2x(1 - x)E Z)]

+

s {p—qz_ <p—qz+p—k—q )COS ((k—X(P—q))ZZ>

E 2E “ T 2(1-x)E° 2x(1 —x)E
(e ) (et
(G e ) o (C e )]
& (00 G S Sy =) G T =)
i) [ (S E )
(B (¢t )
X Q@) (E.p - a). (59)

where the color factors can also be verified in the limit of homogeneous matter.

B. Double Born diagrams

Here, we consider the six DB contributions in the amplitude of the gluon radiation, see Fig. 4. Following [21], we note
that, after averaging over medium configurations, the propagator poles, governing the g, integral, cancel g, in the
exponential factors (except for a part of R;), and the contour can be closed in both directions. The scattering potentials are
needed for convergence and should be taken into account explicitly.

Starting with Rp, corresponding to the case of two initial-state scatterings, we find its contribution to the squared
amplitude,

.C}
(RpRg) +c.c. = tN—ng/ 0(z)p(x.z)
X.q1.92

c

R (Ep =i ~a:)I(E:)

X [e—i(‘ll+‘Iz)'xe—ig;—ql—quID — ei(QI+42)'xeig;—q1—qQZI*D} , (60)

where the integral 7, is defined as

dq,. Ev(g2)v(q1)
Ip= , 61
P / 2z (QZZ - Q;—qz - ie)(QZz - Q;—qz + i€) ( )

with gy, = (u - q1.4,,—q>, + Q,_4,—,,)- This integral can be explicitly evaluated, and since it involves no length-enhanced
terms, we keep only its eikonal part. Then,

T (g, ~q) = ; ("))

(u-q)* —3(u-q)(¥* + 4% (@)L, (62)

2
ReID(qv _q) = 8R’§
0
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where R is given by (21) at u, = 0. One should also note that ( Narra) ReZp = 0, and it results in no eikonal gradient

91=—q
corrections. Thus, keeping only the terms with nonzero angular average, we find

(RoRi) +ec. =~ SE [“a / 1-»° - (u-2)e cos(%Qp@[v<q2>]2|J<E,p>|2. (63)

Similarly, for the contribution to the amplitude squared with two final-state scatterings in the quark line Rp,
we find®

. _ G 4(1=x)*(k —xp) - (k= x(p — ¢, — q0))
(RER() +c.c. = N 7 [ql . 0(z)p(x,z2) k—xpPk—x(p =41 —42)

c

J(E.p)J(E.p—q, —q>)

X [e_i(‘ll+¢12)‘x (e_iQ;—ql—qzz ~1Q ey qzz)IE — eilgi+a2)x (eig;—ql—qzz — eiQ;—/‘—‘l]—‘IZZ)I*E:| s (64)
where
d 1-x)E g
IE :/ 2?ZZ +( X)- v(qZ)v(qlz . (65)
T (G2 = Lppg, ~ 16)(q20 = Qpeg, 1 i€)

with gy, =(u-q1.91,—q>. + Qp PR ). Evaluating this integral, one may note that at the leading order in the eikonal
expansion Zp ~7p, and we can again utilize (62). Thus, expanding in gradients, we find that

(RERE) + .o = — / / 2(1_’? { — & uz)
X[“C%( 25e)] e (e b ()
xp

. k- .
+xg‘(k 0)’ sin (2x(1 “XE Z> }P(Z)[ (a*)P1(E.p)[>. (66)

Turning to the contribution with two final-state scatterings in the gluon line, we have to deal with a product of two gluon
propagators and two three-gluon vertices. As in the case of R above, this product does not depend on the z component of
momenta since N**, u,,, and €, are transverse to n,, resulting in no new poles. Averaging the corresponding contribution to
the amplitude squared, we write it as

8(1 —x)*(k—xp) - (k= (1-x)(q: +q2) —xp)

.C .
(RER§) +c.c. = —lTFgZ/ 0(z)p(x,z) J(E,p)J*(E.p —q1 — q2)

X419 (k—xp)*(k— (1 —x)(q, + q2) — xp)*
x |:e_i(ql+q2)ix (e_ig;"“’ﬂz - €_iQ;qliqzz>IF - ei(qﬁ‘h)‘x (eiQ,’H“,qzz — eiQk:qrqzz>IfV:| ’ (67)
where
dq, XEv(qy)v(q;)
Ir= / : . - — (68)
") 2m (g - 9, —i€) (a2 - Opy, + i€)

with g, = (u - q1.41. —q2, + Qf_ 0 2). At the leading order in the eikonal expansion, one finds that 7, ~ 7, and we can
again utilize (62). Expanding in gradients and treating x integral in the same fashion, one finds

Takmg the first g, integral, we pick up two residues, corresponding to the poles Q,_, _,, and Q. At eikonal order, the
scattering potentials look the same for both residues and the Fourier phases can be pulled out as a common factor for Zp.
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(RER§) +c.c.=—=Crg? / dz/ (1-x)° { -g-uz {l—cos (%zﬂ +8- (&Z—%ZCOS (%Z))

R . (_(k—xp)
~ =0 s <2X(1_X) ) bl P ED)P (69)

Now we can turn to a more involved diagram, having two final-state scatterings in different lines. The corresponding

contribution to the amplitude squared can be written as

4(1 =x)(k=xp)- (k—q, —x(p —q1 — q»))

Cr
(RGRE) +c.c. = igz/ 0(z)p(x.z)

0 2 x.q1-9> (k - Xp)2

X J(E.p)J*(E.p — 41 — q) [e—"<ql+qz>~ ( R L e-fQ;-ql-q2z>ZG

_ i@t (e"@E 0t Gpiea))? eiQF-ql-qu)IE} , (70)

where Z; = ( Qg+ Lty )7 e_iQr_H/]fqu) _ITG, and
To= /dQZz Ev(q,)
2z (qZZ - Qljr—qz - ie)(qZZ - Ql:—qz + i€) (qZZ - Q;—m—% + Q;_k_ql - ie)
[ p(gp)e " O (1= x)0(g))e™ Orae? (71)
o + Q;—k—lh - Q;—ﬂh—l]z —ie —q; + Q;r—th—qz - IJ)r—k—‘h —ie]’

(u-q1.91.—q>, + Q}_, _,,)- Evaluating this integral, we close the contour

with ¢}, = (u-q1.4,, Q) _,) and Gy, =
below the real axis so the explicit exponential factor can be utilized. In the eikonal limit, we further find that

1 (1 =x) o(a®) (a2
ImIG(qlqu) (k g, — X(p q, — qz))z (ql) (q2>’
(72)

ReZ;(q1,92) = 0.

Thus, the corresponding contribution to the amplitude squared reads

(RGR0)+CC—CFg/ dz/ 1_x qu(k—;;) )
fi-seaafo (q~ <2;§1—_xg;; ) (200 )

. (pP—k—q k+gq q-(2(k—xp) +q) s P
* '(2(1— OES T xE Z)C°S< 2x(1 = X)E Z) _g‘EZC°S<2x(1—x)E

( ) < k+q—xp k—xp )
(k+q=xp) (k—xp) (k+q—xp)
o (LCED L) i (20 ) @t PE 73)

where the gradient corrections have been treated in the same way as before
The two remaining DB diagrams are not expected to contribute in the eikonal limit, since they have the gluon emission

vertex in between the two interactions, attached to the same source. Starting with the case of initial- and final-state

scatterings in the quark lines, we can write the corresponding contribution as
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41— x)*(k —xp) - (k —x(p — q»))

.C
(RyR§) +c.c. = zN—ggz/ 0(z)p(x,z)
X.q1.92

c X(k - Xp)2
X [€_i<q‘+‘12)'xe_i95-ql—qzzfﬁ - ei(ql+‘12)"‘ei917-‘11—42zz*ﬂ] J(E.p)J* (E.p — q1 — q2), (74)
where
B dq,, EU(?h)U(Qz)
IH - + . _ . + . _ . bl (75)
27[ (‘Dz - Qp—(h - le)(‘hz - Qp—(h + le)(‘hz - Qp—k—q2 - le)(‘hz - Qp—k—q2 + l€)

and §,, = (u-q,.q,.—q>. + Q,_, _,.). Bvaluating this integral, we indeed find that it is energy suppressed Z, = O(<),
" 4 P=41=9> E

and Ry does not contribute in the considered limit.
Similarly, turning to the last contribution with initial-state scattering in the quark line and final-state scattering in the
gluon line, we write it as

41 =x)(k —xp) - (k = (1 = X)g> = xp)

(RiR§) +cc. = —i%gz/ 0(z)p(x,z2)

X419 (k—xp)?
x [e_i(q'+q2)'x€_ig;“’"“QZI1 - ei(‘“*"2)*6@7"""”77} J(E.p)J*(E.p — q1 — @), (76)
where
7, - /dqu Ev(g1)v(q2) (77)
27 (q2: — Qj—g, — i€)(q2. — Qp—g, +i€)(q2, — k+_qz —i€)(q2; — Qi_,, +i€)’

and gy, = (- q1.91,—qo, + Qp_q,—g,)- One may readily show that this integral is also energy suppressed and cannot
contribute to the squared amplitude in the considered limit.

C. Final distribution and its properties

The final-state parton distribution can now be expressed through the emission amplitude squared as

AN 1 1

dzkdxdzpdE = [2(2”)3]2 X(l _ X) <‘RN:1|2>7 (78)

where the superscript indicates that only N = 1 terms are included. It depends on the source of energetic quarks and allows
for the study of how an ensemble of quarks radiates while propagating through the matter. In this work, we assume that the
dN'© AN g dNY)
d*pdE d*(p—q)dE — = &*pdE’

In what follows, we use a set of shorthand notation in order to make the final expressions more compact. First, we
introduce the characteristic LPM phases, entering the final-state distribution,

initial distribution E

is a slowly varying function of the transverse momentum, setting £

_(k=x(p—q))? 5 (k= (1-x)g —xp)’
9= 2x(1 —x)E “ 9= 2x(1 —x)E “

_ (k—xp)? _q-Q(k-xp) +q)
o= 2x(1 - x)EZ’ Po = 2x(1 =x)E

It is also convenient to reexpress the light-front wave functions through their normalized arguments,

o k—x(p-q) oo k-(1-x)g—xp
(k—x(p-q))* (k—(1-x)g—xp)*’
k—xp _ k+q—xp

Ko=—7—7", Kg=—7""3>.
O (k—xp)? 7 (k+q-xp)
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Finally, we associate the particular momentum structures in the gradient corrections with the diagrams where they appear
for the first time,

P—q p—-q_  ,p—k—gq p—q_  k—gq
D, =57 Dy = A T
ATTE © 8= 58 CTO—0E” = %F ‘T e ”

P p—k k p—-k—q k+gq
D, =%z D, = , D,=—z D
p=E® EZ1—x)E® T 60 —0ES T xE

Let us now focus on the limit of static inhomogeneous matter, setting # = 0 and keeping the leading subeikonal (but
length-enhanced) terms. The resulting distribution extends the consideration in [21], where the gradient corrections to the
jet broadening were studied within the opacity expansion, to the case of in-medium branching. It is obtained in the full
kinematics, although only up to the first order in opacity, extending the recent results for the all-order soft gluon spectrum in
inhomogeneous matter in [43]. Combining the contributions to the amplitude squared derived in Sec. III at u = 0, we find

E dN' D :(1—x)g2c_% / /
d*kdxd’pdE ~ (27)’x N, dzpdE

X{K(Z)(1+§'DA)+2K2(1—COS¢)( +g- DB)+2C—K2(1—COS¢)( +2-D¢)

+2K2,)F; {2(1 —cos¢h) +28 - (Dy —Dgcosp) —xg - (ZK—KZK;C—(')K> sinqb]
_ZNTFKO [2(1—cos¢)+2g (Dy —Dccos ) + (1 —x)g - (21c sz?f() sin@}
_ZCCFK E[Z(l+cos(¢—éﬁ)—cos$—cos¢)
+2¢ - (Dy—Dpcos¢p —Dccosd + (Dg +Dc —Dy) cos (¢ — )

&2
-g- <2(1 —x)lc—:—2£+2x1<> (sin ¢ — sin ¢ — sin ((p—ffb))]

— k3 cos do(1 + & - Dp) — k3[(1 = cos hy) +& - (D — Dy cos o) + X - Ky sin ]

i5[(1 = coshy) +& - (D —Dp cos ) = (1 = x)8 - K sin ¢h]

CF
+ %Ko K¢ {(COS ¢ = cos o) +& - (D cos g = Dp cos o)
F
+ (=g (o 2 Jing + singo)| b o) (79)

Taking the limit of homogeneous matter with ¢ = 0, we can readily check that this expression agrees with the result for the
N =1 in-medium branching; see, e.g., [52].

To make the features of the final-state parton distribution more apparent, it is instructive to consider the small-x limit
of (79), where the distribution is known to take a particularly simple form in the case of homogeneous matter [18] In this
limit, ¢ = ¢pg, g = ¢|q_,_q ¢y, K =Ko, and kg = f<|q_, . Keeping only the subeikonal terms that scale as we set
D, =Dy =Dy =D =0, then

dNt) 7 Cp dN O\ L
E— 5 = | E—5 dz
d°kdxd*pdE  (2z)°x \ d*pdE) Jo q
2% - q (k—q) g-k—q)\ gk[z 1. /(K
A S I w4 AL VS I S L
X{kz(k—q)2< COS( xE © e ¢ 2 |xe” k2" \oxe”

e (e ag) (<k2;g)2 o)|Jerare. e

E’
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The (rescaled) medium-induced soft gluon spectrum is plotted for two energies E = 50 GeV (left) and E = 100 GeV (right).

The colors distinguish the medium length, while the mean free path is kept fixed (y = 3 at L = 5 fm). The solid lines correspond to the
homogeneous (or no transverse flow) limit, while the dashed lines correspond to # and VT being parallel or antiparallel.

This expression can be compared with the results of [43] and, after some algebra, one can show that (80) precisely agrees
with the N = 1 part of the small-x resummed parton distribution.

Turning to the flow-gradient effects, we take the eikonal limit and note that only the same multiplicative factor in the
integrand of the amplitude squared survives. Then, the final-state distribution reads

dN

(1-x)?C% (. dN'© /L / .
dkdxd*pdE ~ (2z)*x N.\ d*pdE) Jo ‘ q( §-uz)

N _
X {K% +2K%(1 — cos ¢) —|—2C—;f<2(1 —cos¢) +tc

F
N

c

One readily observes that this modification of the distri-
bution results in a multiplicative modification of the
radiation rate due to the jet-medium interactions and,
consequently, in a modification of the induced radiative
energy loss, cf. [18].

Estimating the effect of the mixed term in the spectrum,
we focus on the small-x limit. Then, the final-state
distribution can be factorized into the initial quark distri-
bution and an emission spectrum dZ(!), defined by

dNt)

dzM  aN(©)
xXE
d’*kdxd’pdE

X E .
dxd’k ~ d’pdE

(82)

Following [18,53], we choose a smooth longitudinal profile

for the source density p(x, z) = 2po(x)e™, treating the z
integral analytically. The resulting medium-induced gluon
spectrum reads

c K3(1 = cos ¢pg) + %Ko - k¢ (cos g — cos qﬁo)}p(z)[v(qz)}z.
F r

Ky K N, _ -
ON (I —cos¢) —C—K()-K(] —cos¢)

FiVe F

—%K-I_C(l + cos (¢ — ¢p) — cos @ — cos ¢p) — k3 cos ¢y — k5 (1 — cos ¢y)

(81)

dzV)  4ayN, / 2k - q Lk —q)?
X =
dxd’k m Jg k(g + u?)? L*(k — q)* + 16x*E?

)t

1 -z
x { - <L2(k —q)* + 16x°E* 2
(83)

. : 4
where we have introduced opacity y = %L and
.

(¢*+1%)
po ~ T3 and pu ~ gT, neglecting gradients of the transverse
flow wu.

In Fig. 5, we plot the spectrum (83) for two energies
E =50 GeV (left) and E = 100 GeV (right), while for
each energy we also show two different medium lengths

L =5 and L = 2.5 fm, keeping the mean free path 1 = )%

fixed. We set a; =0.3, y = 0.6 GeV, and x = 0.1 and
assume that y = 3 at L =5 fm. For a qualitative estimate

replaced g by g :V—TT (3 - ) assuming that
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of the mixed flow-gradient term, we take |u|=0.3,

WT—ZT‘ = 0.1, and T = 0.3 GeV. One may readily see that

the modification of the spectrum could be substantial even
for moderate flows and anisotropies, especially for larger
systems.

IV. DISCUSSION AND CONCLUSIONS

In this work, we have studied the mutual effect of the
transverse flow and matter gradients on jet momentum
broadening and in-medium branching processes. We have
derived the momentum broadening distribution up to first
order in gradients, including the gradients of the longi-
tudinal and transverse flow velocities and keeping the
leading subeikonal corrections. We have also evaluated the
leading gradient corrections to the medium-induced
gluon spectrum in the full kinematics. These results are
obtained within the opacity expansion framework, follow-
ing the logic of the formalism developed in [21] and
extending it.

As we have shown, the interplay of the flow and gradient
effects results in the leading modification of the final
parton distributions and their even moments. For instance,
the jet quenching parameter ¢ is rescaled by an overall
factor (34), which may substantially modify its value in the
homogeneous static limit. Indeed, let us focus on the
contribution proportional to the gradient of the source
density Vp. Assuming that p ~ T3, we set @ = 3 g. In the
hydrodynamic phase, one expects that LT > 1 with
% < 1, but the change in the matter properties over the
matter size is not required to be small L—¥T ~ 1. Thus, for

relativistic velocities % ~ 1, our crude estimate indicates

that the modification in g can be as large as the leading
contribution. For instance, taking the same moderate
estimates for the transverse flow and temperature gradients
as for the L =5 fm curve in Fig. 5, one readily finds

that L~ 0.775.

The physical picture behind these larger modifications
can be made more transparent if we attempt keeping the full
x dependence in p(x, z), e.g., in (12). Assuming that only
the Fourier factors are varying fast enough in ¢ — ¢, we
find that the corresponding contribution to the amplitude
w2z z). This

I—u,

squared is proportional to p(—

change in the local density along the leading parton
trajectory agrees with (16) up to first order in gradients
and can be identified with the shift of the matter in the
transverse direction over the traveling time z; see the
illustration in Fig. 6. One should note that the source
number density is positive, and higher order gradient
corrections ensure that (34) is positive. While the other
hydrodynamic parameters enter the amplitude squared in a

FIG. 6. The rectangles represent a medium element traveling
along the transverse direction and pictured at three different
moments. The leading parton traveling along the z direction at
x =0 penetrates the matter element at different transverse
positions at different times due to the medium transverse motion.
Since the medium has transverse structure (introduced by the
temperature gradient), the jet sees different local properties, while
the matter is assumed to be longitudinally uniform in this
illustration.

more involved way, the related gradient corrections as well
as the full momentum dependence in the integrand are
already taken into account in (30) [and in (81) for the
medium-induced branching].

The presented results should be further included in
phenomenological considerations of particular observables.
The possible substantial modification in g and the energy
loss rate can considerably affect the existing simulations of
jets interacting with evolving backgrounds; see, e.g.,
[31,33,54-60]. It would also be interesting to see if the
mixed flow-gradient effects leave clear signatures in more
differential observables, discussed in the context of the
evolving anisotropic matter; see, e.g., [44,61-64]. We leave
all these considerations for future work.
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