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Medium induced gluon spectrum in dense inhomogeneous matter
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We calculate the spectrum of gluons sourced by the branching of an energetic quark in the presence of an
inhomogeneous QCD medium, focusing on the soft radiation limit. We take into account multiple soft
interactions between the partons and matter, treating the transverse variations of its parameters within a
gradient expansion. Thus, we derive the general form of the medium induced spectrum up to the first order
in gradients, and consider its simplifying limits. In particular, we show that to the leading order in matter
gradients and using the harmonic approximation for the scattering potential, the full gluon spectrum
can be written in a compact closed form suitable for numerical evaluation. The final gluon transverse
momentum tends to align along the anisotropy direction, resulting in a nontrivial azimuthal pattern in the jet

substructure.
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I. INTRODUCTION

Over the past decades, the experiments on high-energy
heavy-ion collisions (HIC) at RHIC and the LHC allowed
to explore QCD at high energies and densities; for a review
see, e.g., [1,2]. In these experiments, the nuclear matter
is produced far from equilibrium, and undergoes a multi-
phase evolution. After the initial nonequilibrium dynamics,
the matter thermalizes into a nearly ideal liquid, the quark-
gluon plasma (QGP), which continues expanding and
cooling. When the energy density is low enough, the
matter turns into a hadron gas, which is eventually observed
by the detectors. Following the initial observation of the
QGP formation, the main community efforts have been
concentrated on extracting the details of the matter evolu-
tion in HIC.

One of the evidences of the collective matter formation
in HIC is the suppression of energetic partons due to the in-
medium energy loss [3-5], known as jet quenching [6];
for recent reviews see [7-9]. Moreover, the cascades of
secondary particles produced by the branching of such
energetic partons, forming jets, are also modified by the
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matter, providing a differential tool to probe the medium at
different length and energy scales. Using jets for such
imaging of the nuclear matter and its evolution in HIC and
other experiments is often referred to as jet tomography, see
e.g. [10-27] and references therein.

Considering the jet-medium interactions in perturbative
QCD, one usually has to describe the underlying hot
matter in terms of a background stochastic color field, see
e.g. [28-35]. Moreover, to make the calculations tractable,
most works further rely on multiple simplifying assump-
tions. For instance, the medium is commonly considered to
be transversely homogeneous with a finite longitudinal
extension,' while the calculations are preformed in the large
energy limit, known as the eikonal approximation. Under
these assumptions, the problem allows for a semianalytic
treatment, but the results cannot be applied to resolve the
details of the medium evolution, and jets appear to be
decoupled from the anisotropic matter expansion [18] and,
moreover, from the large anisotropies of the initial out-of-
equilibrium phase of the matter produced in HIC, see
e.g. [18,20,36,37]. Only recently, the theory of jet-matter
interactions has been extended to the case of inhomo-
geneous nuclear matter [18,24,38,39] with the transverse
matter anisotropies treated within a gradient expansion.”

So far, the approach developed in [18,38] has been
used to describe single parton evolution, the so-called jet

"The longitudinal and transverse directions are defined
with respect to the initial momentum of the leading parton
momentum.

*See also [40-45] for applications of the same gradient expansion
approach in holographic models of probe-matter interactions.
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broadening, in dilute or dense media at the leading order in
transverse gradients, but the case of in-medium branching
in inhomogeneous matter has not been considered. In this
paper, we continue developing the formalism by deriving
the medium induced soft gluon spectrum up to the first
order in transverse gradients but to all orders in opacity. Our
main result is the double differential spectrum, which can
be written as

dl dl,

. dl,
® =w
dod*k dod*k

(& k)

where dI, denotes the gluon spectrum in homogeneous
matter, dI; gives the functional dependence of the leading
order gradient contribution on k2, resulting in a nontrivial
azimuthal dependence of the overall spectrum, and @ and k
are the energy and momentum of the emitted gluon. Notice
that in this work we have derived (1) in the approximation
of static matter (no flow), although the generalization for
flowing medium is straightforward to obtain. As in [38], we
use the Gyulassy-Wang (GW) model to make some of the
expressions explicit, and the primary matter parameters are
the number density of the scattering centers p and Debye
mass p. However, our results are general and can be directly
extended to other models for the source potential. The
corresponding transverse gradients are encapsulated in a
two-dimensional vector operator g = (Vp 5% + V2 %)
Below, we will show that the gradient terms in the spectrum
result in a deflection of the emitted gluons along g.

This paper is organized as follows: In Sec. II we derive
the generic form of the medium induced gluon spectrum
up to first order in transverse gradients for media with
finite longitudinal extension. In Sec. III, we further simplify
the generic form of the spectrum, utilizing the harmonic
approximation limit for the in-medium scattering potential.
In Sec. IV, we obtain the gradient corrections to the medium
induced gluon spectrum in the considered limit. We discuss
the properties of the spectrum in Sec. V, as well as provide
some numerical results, illustrating its behavior. Finally,
our findings are summarized in Sec. VI, where we also
discuss potential extensions of the presented results.

I1I. MEDIUM INDUCED SPECTRUM
IN THE SOFT GLUON LIMIT

A. Resummation at the amplitude level

It is instructive to briefly repeat the derivation of the
amplitude describing the propagation of a quark with initial
energy E and transverse momentum p; in a medium,
followed by an emission of a gluon, which is measured
to have energy @ and transverse momentum k in the
final state. Following [18], we will focus on the transverse
gradients of the source density and Debye mass, assuming
the matter to be static. We also assume the in-matter
sources to be static by themselves, ignoring such effects

as the medium response and collisional energy loss, which
would significantly complicate our consideration, and
require further generalization of the formalism developed
in [18,38]. Thus, the medium induced color field can be
chosen as

gAY (q) = (2m) v (q)8(4"). (2)

and the jet-medium interactions are controlled by

v(q) = / e™1@x 03 i (x 2)v(q. %, 2), (3)

where p¢ is the source color density, and v(gq,x,z) is a

single source potential, which depends on coordinates

through the local medium properties. We have also intro-

duced shorthand notations for integrals running over the
&k

full three-dimensional space as [ =d°x and [, = o and

over the transverse space as [ = [d’x and [, = [ (‘2127"

)

The single source potential is expected to be exponen-
tially screened in coordinate space, and we will generally
refer to the screening scale as the Debye mass. While the
medium induced soft gluon spectrum can be derived for the
general potential, and we will do so here, it is instructive
to consider an explicit form of v(q,x,z) as well. For
this purpose, we will follow [38], and refer to the GW
model [28], corresponding to

P
. 4
q* — 12 (x,z) +ie “)

v(gx,2) =

Here, we assume that y(x, z) varies slowly in the transverse
direction over distances of order m. Focusing on the

limit, when the characteristic distance between the sources

FIG. 1. Feynman diagram of the in-medium gluon emission
from a quark with each particle interacting multiple times with the
background field.
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is larger than m, we ignore the local modifications in

general v(q,x, z) for the given source, taking into account
only the changes in the Debye mass between different
sources.

N

»
IRy,nnN, = H {(—1)/ Bproi V" (Pu1 = Pa)
p”

n=1

d4ps (ps + ll) |
X/( 7[)4 (_l)gtzlrojiﬂ

p?-i—ie

<11

r=1

N,
<]]
m=1

=
-
—_— N

where FZZ; is the three-gluon vertex, the zeroth components
of the four-momenta have already been fixed with the
delta functions coming from the background field inser-
tions, and we have introduced additional momentum labels
PN,+1 = Pss Iy =1, and ky | = k. Notice that the
integrations in (5) should be understood as acting from
the left on the whole expression, and are distributed now for
structural simplicity.

This expression can be simplified if we use the particular
kinematics of the process. Indeed, let us take a closer look
at the first product in (5). Switching to the Fourier trans-
formed in-medium potentials, and reordering the Fourier
exponentials within the product, we can write it as

N

P
H|:<_l)/ t;:oj/,)a”<xn7zt1)v(pn+l _pmxnvzn)
n=1 PnXn
X 22E - e_ixn'(p'H»l_pn)eipn.:<zn_zrl—]) e_ipY«ZZNp J(pl)’ (6)
pn i€

where we have introduced z;, = 0. One can further perform
Dy integrations by residues, collecting the corresponding
poles. We also assume that yAz > 1, where Az is the
characteristic distance between the color sources (described

|

drll
(_1)/1 tprojvdm(lerl - lm)

Using this model for the medium, we can write the
amplitude, IRN NN depicted in Fig. 1, with N, insertions
in the incoming quark line, N; insertions in the outgoing
quark line, and N, insertions in the gluon line, as

2F ]
pi+ie

(2”)45(4)(175 =L =k)J(p1)

i Nﬂrbr(kr) byb,iic, c *
<_ 5) k, mr%ﬂrﬂo (krv _kr+1)1) r(kr-H - kr) €Nt (k)

2(1 —x)E} 5

B, +ie

|

by p%), and that the single source potential has no other
poles apart from the screening ones. Thus, we neglect the
poles of the in-medium potentials, which are exponentially
suppressed in the considered limit. Assuming that the
matter is extended in the positive z direction, we find that
only the poles of the scalar propagators with p, . >0
contribute. Finally, we take the limit of small gluon energy
fraction x = ¢ <1, and neglect all the subeikonal terms
unless they are enhanced by the medium length and )—1C
simultaneously. Under these approximations, we find

P
H |:i / tg:ojaa'1 (xm Zn)en,n—le_lx".@"ﬂ_p")
p” 'x”

n=1

X €_i<p.\A2_E>ZN”J(p1 )’ (7)

where  39(x.2) = [, €PNy, 2)0(4.3.2)lg—g 0.
Fourier transforming the momentum conservation in the
emission vertex and substituting (7), we can integrate over
Py, in (5). Thus, we set p, , ~ E and impose an upper limit
on variations of z N, Now one may sum (7) over all possible

diagrams, treating the case of N, = 0 explicitly,

J(ps) + Z H |:l/ t;:oj (s (xnv Zn>9n,n—1e_ix”.(pnﬂ_p"):| QSN,,J(pI)
pYI'x’I

N,=1n=1

/ e_ixl'([’s—pl)'])exp{i/
piX| 0

Zs
drrgrojw(xl,r)}J(pl), ®)

where the Wilson line of the scattering potential in the fundamental representation can be identified

Wik i 2, 0) = Pexp {i I drt;’mﬁ%xl,r)}. ©)
0
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Similarly, looking at the other quark leg in the fourth line of (5), we readily find

S E] _
pS+l +ZH|:( 1 / pmJ (m+1 m) <12+11 :|e_l(ll‘_ —0)E Zs(ps—l-l)

N;=1m=1

where® zy = z,, the exponential e~1-% is coming from the
emission vertex, and the final momentum of the quark
Iy,+1 =L is on shell.

Now, we have to consider the third type of insertions,
attached to the emitted gluon line. Its structure is more
involved, and it is instructive to make several simplifying
observations upfront. First, one has to specify the gauge
choice, fixing the form of ¢* and N*”. The background
field (2) induced by the matter sources is derived in the
Lorenz gauge. However, working in this gauge would
considerably complicate the consideration, since the polari-
zation vector would involve auxiliary components. To
remove the residual gauge freedom, one should notice that
the particular form of (2) is compatible with an additional
gauge condition A* = 0. In this gauge, combining the two
constraints together, we can write the polarization vector in
terms of physical components,

e (k) = {%,e,o}, (11)

) oo Np
esmeten () + 3 [ [, /
N, =1 k Xy

=1 r=1

= lim ei%zfngk*‘b‘(k,ZkalaZs)e*”l(kl)7

= Ji,

where we keep the leading subeikonal contributions to the poles of the scalar propagators Q,

_/ e—ixl‘(l—ll)PeXp {l/ thprO_] (xl, )}(pT + ll)”], (10)
I1.x, s

[
while the numerator of the gluon propagator reads

R i A

where we have introduced the four-vector n, = {0,0,0,1}
entering through the gauge condition n - A = 0. Notice that
we give the on-shell form of N**, since k, , will be set on
shell by the corresponding integrations.4 Thus, one readily
finds

byb,yyc, *
N#tr (kr)l—‘”n”rj:l](; (kra _kr+1)€ Hrit (kr+1)

~ 2wgfbrbr+lcr€*ﬂr(kr)’ (13)

where we have neglected the subeikonal terms.

Noticing that (7¢),, = —if** and using (13), we can
reexpress the second line in (5), adding the contribution
N, = 0 explicitly, as

b 56 (%, 2,)0, e ke =h) 010, (2 =21 | pmiketn Hi0Zs g ()
bri1b, J

(14)

2 .
—w- ;‘—w resulting in the so-

called Landau-Pomeranchuk-Migdal phases, which are enhanced in the soft gluon limit by i Here, we have introduced a
single-particle propagator, which has the following coordinate space representation:

Xy o [ ., . [ -
G(xXs 203 Xin, Zin) = Drexp 5 dti yPexp i dzTv°(r(7),7) ¢, (15)
Xin Zin Zin

where z; has been introduced in (14) to simplify the definition of G.
Combining these three contributions and introducing x;, = x;, we find that in the soft gluon limit, the resummed

amplitude can be written as

iR _——hm/ dzs/ ~#inl J (330 )V (%55 00, z)tngW(xin;zs,O)e"%Zf[e-inng”“(k,zf;xm,zs)], (16)

W 2y~ 00

where the color indices have been renamed for simplicity.

*It should not be confused with z, in the initial quark line at n = 0.

“The propagator numerators lead to no new poles, leaving the k, integrations unaffected.
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B. Medium average

With the explicit form of the resummed amplitude, we can now turn to the medium averaging, required to describe the
medium induced branching. The final state gluon distribution N is defined as

dN
da)dEdzk 471 N,

dl

2(27)3w R|?) (17)

where we have averaged over the stochastic background field. Thus, upon squaring (16), summing over final state quantum
numbers, and averaging over the initial ones, we find that

N o [
/ dz / dz / [ (i) PTE WV (105 00, 2) 18 W (Xin3 2, 0) [V, G (K, 253 %1, 2)]
0 Xin

d. lim a

A

dwdEd’k  z~« N, o> ),

X (W(%in; 00, 2) 15, W (¥in3 2, 0) [V, 67 (K, 23 %in, 2)]) 7). (18)

2(27)*wE

where the subscript a in the derivatives runs over the two components of the transverse vector x;,,.
This expression can further be simplified if one notices that the fundamental Wilson lines can be combined to form the
Wilson line in the adjoint representation, see e.g. [46—48]. Indeed, if Z > z, then

TrV(x;,; o0, z)tpmJW(xm;z,O)W (%in3 2, 0)10 Wi (xjp; 00,7)] = Tr[W(xin;Z,z)tngWT(xm;Z,z)tng]
1
=5 Taa(xlmz Z) (19)
2
which in terms of the adjoint generators reads
WGz, 2) = Pexp {1 [ an(roy (.0 (20)
z
and we can rewrite (18) as
dN
2(2x)3 = li >R dz | d J(xm) 2V k, 253 %0, 2) W (%005 2
( ﬂ) dwdEJZk ,f_Iflo e/ Z/ Z/ | 1n axi g ( Zf5Xin Z)]W ( Xin )
[va,xingm (k’ Zf;xim Z)D’ (21)

[
where the contributions from the two regions with Z > z
and z > Z combine into the real part of the expression <
above.
We further assume that the color source densities have
Gaussian statistics, enforcing the color neutrality condition,
see e.g. [23]. Then, the only nontrivial average is given by

(g, 2)p"(@.7)) = ﬁm(z —3) [ i),

(23)

! where p(x, z) denotes the number density of the scattering
Ha P (x.7)) = — 55 (x — % -3 centers in the medium, the sources are assumed to be in the
(p(x,2)p"(%,2)) 569 (x —x)o(z — Z)p(x. 2),
R same representation R, and Cj is the quadratic Casimir
22 in the representation opposite to R. In coordinate space,
P PP P
p%(x,z) is real, and its Fourier transform satisfies
or, equivalently, p7(q.2) = p?(—q. z). Thus,

5ab i -
¢*8(z — 2) / ¢ () (2)26)(Q)
2Cr 7.0

x [1+§- (x;j+%>]v<q+%Q,O,z>v"’<q—%Q,0,z)
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where the leading gradient corrections are accounted by g,
see e.g. [38]. Taking the GW model as an illustrative
example, this average reads

ab -
(70,2006 2 = g ghole =) (14557 )

y / p(z)e )
¢ (@ +u*(2)

Even in the presence of transverse gradients, the average
(25) is still local in z. Consequently, an average of a product
of single-particle propagators with no common support
reduces to a product of averages. That allows us to
write (21) as

(25)

Sak.ke. 2y %2) =

aN

2020 wE—2
(27)’w ddEdzk

/ dz/ dz/ Xin)
xlﬂy

x [(vx . V,—c)<gbc(k, 29, 2)G1% (k, 24 %, z)>
x <g"“(y,2;x,Z)WA“’}(xm;Z,z)ﬂ

/—>0on

: (26)

X=X=Xj,

where we have used a mixed coordinate representation.

Because of the color triviality of the medium averages,
one can simplify the color structure in (26), writing the full
process in terms of an emission kernel, /C, with support in
the interval (z,Z), and a broadening kernel, S,, which
describes the evolution of the radiated gluon after being
produced. These kernels are defined to be

(G (k.zp:y.2)G" (k. 23 %.2)),

1
K, Xin, Z:%, Xin, 2) = N2_1 (G (y, 2. )W (X303 2. 2)). (27)
such that the full distribution can be compactly written as
dN 2a,Cr © [z o -
208 0E e =g Re [Tz [T [ )P WStk k00 8 K05 5 Daa, - (28)

Thus, the final soft gluon distribution factorizes into the
two correlators even in the presence of transverse gradients,
while the effects of the matter anisotropy enter each one of
them independently.

Now, we can utilize the explicit form of the two-point
correlator (25), taking into account the gradient corrections.
Here, we will focus on the case of longitudinally uniform
matter, keeping the algebra more compact, while the results
can be straightforwardly generalized. The corresponding
broadening two-point function has already been derived in
[38] up to the first order in transverse gradients, and its in-
medium part reads

SZ(k’ k,L;y,f, Z)
(L — 7 3
=2 9 u) - gv(w)

3w

—w-gV(u)(L -2)

~ e—ik-ue—V(u)(L—Z) [1 4

L=z
2w

(L-2)?,
- k-gV(u)],

g&-VV(u)

(29)

where u =y —x, w =2% +x , and L is the matter extension.

The effective in—medlum scattering potential ) is often
referred to as a dipole potential, and is given by

Vo) =G (P -5%(@) [ 10607 ). (0
where v(q) = v(q, 0, z), and in the case of the GW model
o(a) = =
also introduced an overall color coefficient C =

with p(z) being constant. Here, we have

outside the medium (z, >z > L), the broademng two-
point function is trivial, and can be obtained from (29) in
the limit V — 0, reducing to S, (k,k, c0;y,¥,L) = e~**,

The emission kernel is similar to the broadening two-
point function in its structure, but is harder to evaluate for
the general potential V. Following [38], one can write the
medium average of two Wilson lines up to the leading order
in gradient corrections as

<7>exp {i /z szT“T/“(r,T)}Pexp{—i /Z zdrT”ﬁh(xin,r)}>
:exp{—/zzdr(l+r+2xin.g)l/(r—xin)}, (31)

and the kernel can be expressed as the corresponding path
integral, cf. with the homogeneous case [29,46—48]. Thus,
it takes the form

034018-6
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K(y’xin’z;x’xin’z) :/ Dre lé‘der f dr(1 LG Xln V(r( )_xin)’
X

(32)

where the leading gradient corrections are also included.

Here we notice that, when both of the longitudinal argu-

ments in the kernel are outside the medium, it also becomes
vacuum-like,

]C(y’xim 7%, X, Z>|z>L = / ik- (y—x) 12,,(Z Z) (33)
k

dNin—in
2(27)*wE

x { [1 G Z_a)Z)2 2V0) -

. Vx}C(y + Xins>Xin» Z;x’xiﬂ’ Z)’

where we have substituted (29), and integrated by parts. We
have also introduced a broadening probability

Pt =0 1D ov) ). o

()]

which controls the broadening process for a narrow initial
distribution [38]. One may notice that the structure in the
second line of (35) resembles the shift operator introduced
in [38]. Indeed, the emission kernel /C convoluted with
the source of the parent parton J serves as a source for the
consequent broadening of the emitted gluon. However,
the broadening structure is more involved now, since the
effective initial distribution is sensitive to the center of mass
position of the color dipole w in (29), and new terms, absent
in the results of [38], appear. In turn, the in-out contribution

reads
dNin—oul ZaC
2(27)? IR / d / exnl g
Qay ol Bk w ¢ ¥in)
k VoK (K xin, Lyx, X0, 2)|
(37)

where we have explicitly evaluated the 7 integral, noticing
that the vacuum kernel is regulated to decay at the infinity.
Finally, one may notice that the out-out contribution
corresponds to the physical situation when the emission
happens outside the matter, both in direct and conjugated
amplitudes. Here, we will omit it, focusing solely on the
medium induced part of the spectrum.

while for Z > L > z it can be expressed as a convolution,

- _ ikey i (z—L
Ky, X, 25X, X0, 2) 5515 —/e’ Y o~ing(Z-L)
k

x K(k, %, L;X, x5, 2). (34)

Thus, it is convenient to split the full distribution into three
portions, coming from the three integration regions: 7 < L,
z<L <7z and L < z. We will refer to these regions as
“in-in,” “in-out,” and “out-out,” respectively, see e.g. [46].
One readily finds that the in-medium contribution is given by

Z(X CF L b4 .
=""TR dz | d “kY T (i) PPz
dodEd*k CA ZA Z[mye V6l Pr-z0)

SR (-2 Vy—gwy)(L—z)}

. (35)

X=X=X;,

III. MEDIUM INDUCED SPECTRUM
IN THE HARMONIC APPROXIMATION

In this section, we will focus on the medium induced
gluon distribution at the leading order in gradients.
However, even in the homogeneous limit, the resummed
medium induced gluon distribution has highly nontrivial
structure, and cannot be treated analytically. Here, we will
rely on additional approximations, which considerably
simplify the results and are commonly used in the homo-
geneous case, see e.g. [46-50].

First, we ignore the initial state effects, taking a broad
source approximation and setting |J (x;,)|*> = f(E)6® (x;, ).
This allows us to simplify X, and relate the particle
distribution dN with the medium induced gluon spectrum
dI in the regular way. Thus, we write

dN dl

AN
ool GOl E g

27)2wE —_——
(27)° dod?k "~ dE

(38)

where E % = ﬁ f(E). The only dependence of the full

final state distribution on the initial condition comes from
the quark spectrum and can be trivially factorized. This
effective form for the particle distribution can be argued to
follow from the QCD factorization for soft radiation.

We further notice that the path integral in (32) cannot be
performed analytically in the general case, see e.g. [46—50]
for discussions, and even for the specified GW potential
we are using here as an example. However, to illustrate the
leading gradient effects more explicitly, we find it instructive
to consider a tractable model. To do so, let us assume that
the effective scattering potential is quadratic, V(y) = y?,
focusing on the so-called harmonic approximation. This

034018-7
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effective potential can be understood as a separate medium
model, but often it is considered as an approximation to other
models, such as the GW one, see e.g. [50] for a recent
discussion. The proportionality coefficient g is commonly
referred to as the jet quenching parameter. It is closely related
with the broadening process, and, in the general case, it is
defined as ¢ = oL 9 (p?). For instance, for the GW model, one

finds that g =

opacity. The Coulomb logarithm is dlvergent and regulated
by a momentum scale A, which can be understood as a free
parameter of the medium model. Taking g, as in the GW
model, one may consider the harmonic approximation
potential for V(y) as the leading contribution at small ply|
with a regulated logarithm. Here, we will not discuss
this relation or its phenomenological relevance further,
utilizing the harmonic potential and explicit form of g in
the GW model only as illustrations of our general results (35)
and (37).

Now, we can further simplify the emission spectrum,
expanding the broadening two-point function and emission
kernel as K ~ K@ + 6K and P~ PO + §P, where the
perturbations are linear in gradients. In the absence of
gradients, the path integral in (32) becomes Gaussian in
the harmonic approximation. Thus, it can be readily
evaluated [46-48,50], resulting in

e 7 log > with y = g 2 [, being the medium

KOy, z:x,2) = K9 (y,0,7:x,0,z2)

A; , .
= ﬁexp {iAzB(v* +x%) = 2iAzy - x},
(39)
where we have introduced A, = W‘é_z)) and B, =

cos(Q(z — z)) with Q

the leading gradient correction to the potential in (32)
perturbatively, we further find that

_1-i /4 _ :
=3 \/%, and set x;, = 0. Treating

oK (y,7;x,2) = IC(yzxz Oy, z;x,2)
=38 //dswlC . z;w,s)V(w,s)
x KO (w, s;x,z), (40)

where g, acting solely on g, has been replaced with
g= é £ q. Similarly, in the harmonic approximation, the
broadening probability is also Gaussian, and reads

Az

’Pgo)(p) = / P P O
P

. (1)

while the leading gradient correction is given by

P.p) = [ e [——vwx) )|

dr 2z <p —29z>
=_—er ——)g'p
gz 6w gz

(42)

Expanding the medium induced soft gluon spectrum to
the leading order in g we can write it with these notations as

0] =w 0] 0] + w ,
dod*k dwd*k dwd*k dwd*k dwd*k
(43)

where the gradient corrections are grouped by their origin
for convenience. While the notations for dIp and dIy are
clear, they correspond to the gradient terms coming from

6P and SKC, the last contribution in (43) has a subscript S.
This object corresponds to the terms in the second line of
(35), and it can be thought of as a generalization of the shift
operator, adjusting the argument of the initial distribution
by a gradient contribution in the case of simple momentum
broadening in [38]. Here, the effective initial distribution of
the emitted gluon is given by a convolution of K with J,
while some additional terms appear due to the dependence
of the answer on the center of mass position of the color
dipole. Finally, we notice that, since the presence of the
gradients is naturally attached to the presence of the
medium, only d/,- may be nontrivial in the in-out region.

IV. THE GRADIENT CORRECTIONS

Now, we are in the position to evaluate the novel
contributions. As a warm-up exercise, we start by consid-
ering the standard spectrum dI, appearing in the case of
homogeneous medium. Some of the intermediate calcu-
lations, which are not shown explicitly here, can be found
in great detail in the literature, see e.g. [50].

As has already been mentioned, the two different
integration regions result in two contributions to the gluon
spectrum. From (35) one readily finds that in the absence of
the gradients the in-in part is given by

/ dz/ dz/ _’kyPL -0V,

VKO (y,7:x, 2)
x=

dIm in 2a,C Fr
da)dzk w?

(27)*w

KT
4a,C L 07T
= &% FRe/ S (44)
10} 0 Q:T.—i

where we have introduced shorthand notations Qg =

g(L-%) and T, =% QZ) This is the simplest analytical
form, which can be obtalned without switching to the
numerical tools, which we will do later.
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In turn, the in-out part follows from (37), and in the absence of the gradients we readily find the standard answer

dIp—ot  2g,C
27)? thal o} d/ -lkyz—V}co L
(27)°@ da)dzk 0] / ‘ . Lix.2) x=0

8a,C ;
= FRe(1 — e T1), (45)

The dIp term accounts for the gradient effects on the late time evolution of the gluon. As a consequence, it only has
support in the in-in region. Explicitly, it can be written as

dIiP“—m 2a, CF iy o -
dod’k o* / dz/ dz/ OPL_:(y)V, - V. KOy, Z;x, 2) -

2 _ 2
_ 8aiCF” / dz/ io & (%)g - ge—itk=aP T, (46)
3qw? 05

where the remaining integral over ¢ is Gaussian, and we find

(27)*w

i 2q,C; /L _EE 2i+ (K- 20T,
=55 K)Re | dze % QOT? :
dod’k ~ 3q0* (& k)Re p e (i—-Q7T:)*

(272w (47)

The I part of the spectrum is the only gradient correction, having support in both the in-in and in-out regions, and it
results in two contributions. The in-in term is given by

d[in—ln 2a CF " )
_ K —ik-y . .
da)dzk 2 / dz/ dz/ 73 (y)Vy V6K (y,Z;x,2) o (48)

and, after some algebra, it can be written as
dl}g in _a Crq e"T 4 (0)
(27)’w = ~tirw Re dz dz P’ (k—q)

da)dzk
x ¢ (g - w)(q - W)eXp{ (qB_tv 4 Uf;_l)wz)}, (49)

(27 w

o

where we have changed the order of integration, and renamed the intermediate position s by z, while the initial z integration
has been performed. The transverse integrals can be evaluated analytically, resulting in

drpn 32asCFq —
(2ﬂ)2wdwd2k: . Re/ dz/ dze ‘772
30T BLCE(i QZTT 2123 C4 T.(K+ Q2+ ngTZ_Z)’ (50)
16C; (i — 0:7%) B,
where Cy = == ég?) Finally, one may notice that in this form the z integration is sufficiently simple, resulting in
K27
JJin—in 8a.C ei—Q?T: sin2 (Qz)
22’C—“F-kR/d 2
) odk ~ 357 & BRe | A i a0z
oo . 2(k + Q3) +3iQ3T ) _ ,(Qz
x {—wQ sin (QZ) +z[k2 +iQT. + 00; @) =< 1sin? > ) (51)
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In turn, the in-out term can be written in the form similar to (37), reading

d]in—out
da)dzk

2(1 CF

(27)*w

/ dz/ —’kyz— V5K (y, L;x, z) o (52)

and, after the transverse integrals are performed, it reduces to

in—out
dr

_ 4ay qCF
dod*k

(27)’w

e~k TL(zBLZCLZ +2K>T ). (53)
Lz

Finally, we notice that the last z integral can be treated explicitly, leading to

sin?(%F) sin(QL) k2 sin*(£L)

2

(2r)’w ~ CFq Re

dod®k 3w K’ Q3

dIiKn—oul 4 k e—ikz’TL |: .
1

— (24 cos(QL)) } . (54)

cos?(QL) wQ cos*(QL)

Now, we can turn to the dlg contribution. This term has support only inside the medium, and reads

d[in—m 26! CF
da)dzk w?

(27) e

Re [Vaz [a: / eikypl)

Oy, z; x, z)’

of[i52 P av0) v, -2 o)L -2)|%, - v - 2)

(55)

Evaluating the z integral, we bring it to a particularly simple form:

dIlIl 1Il a CFq
da)dzk 2rw

(27) e

Re [“az [emoet oo -a)i- 3 (1457 ) [ew. o)

The remaining Fourier transformation can be performed analytically, and one finds

dlg““1 _
dod*k

(27)*w®

Here, one should also notice that all the final expressions
[(47), (51), (54), and (57)] are proportional to (g -k),
leading to the term (g -k)dI; in (1). Thus, on average,
the emitted gluons have their momenta aligned with the
direction of g.

Turning to the further analysis of the analytic results
above, we notice that the gradient corrections to the gluon
spectrum have some similarity with (44) and (45). Indeed,
the same exponential factors and similar polynomials of Q?
and 7 appear in the results of this section, leaving the
possibility that the gradient corrections can be obtained
with an operator acting on the leading contributions.
Another immediate observation is that the leading correc-
tions depend on the same dimensionful scales, while the
new scale introduced by the gradients is factorized.
We leave these opportunities to deeper understand the
qualitative properties of the results for future work, and
focus on the overall behavior of the full spectrum in the
next section.

K2T-

[ (1 +54 7)(k2’]’ —20%T.+2i) - (i- Q%TZ)2]

4
_ aSCF (gk)Re/ dZQZTZ xQT
w 0

(- QT 7

V. THE SPECTRUM AND ITS PROPERTIES

In this section, we will focus on the properties of the
medium induced soft gluon spectrum and its gradient
corrections in the harmonic approximation. Despite all
the simplifications, the last Z integration in the in-in
contributions, (44) and (45), is pretty involved even in
the homogeneous limit, and usually treated numerically,
see e.g. [46-53]. Here, we choose a set of phenomeno-
logically relevant parameters [38], although the considered
limit of the medium induced gluon spectrum is over-
simplified and used for illustrative purposes. First, we
define the medium to have L =5 fm and 7 = 0.3 GeV,
and assume that V7' < 7?2 for hydrodynamically evolving
matter. If we treat the harmonic oscillator approximation
as our model, then the only other parameter is ¢, and its
characteristic value can be chosen to be about § =~
1 GeV2fm™!, see e.g. [47,48,50]. On the other hand, to
illustrate the logarithmic dependence in ¢, which affects the
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FIG. 2. The medium induced soft gluon spectrum is given for three gluon energies, ® = 0.04w,., ® = 0.06w,., and ® = 0.08w,.. The
solid lines denote the spectrum in the homogeneous limit. The dashed and dash-dotted lines correspond to the full spectrum with
gradients along (6 = 0) and opposite to (f = x) the direction of k, respectively. The gradients are quantified with y; = 0.05 (left) and

yr = 0.01 (right).

definition of the gradient vector g, one may attempt at
treating the harmonic effective potential as a crude approxi-
mation of the GW model. For this purpose, we set
y =275, 4 =0.6 GeV, and choose A> = Eu with char-
acteristic jet energy of 100 GeV, cf. with [18,38]. Then, one

readily finds that § = ’%zlogf ~ 1 GeV?fm™!, and the two
values coincide. Finally, turning to the gradient vector, we
notice that the form of g is controlled by the powers of
temperature, entering into the scaling § ~ T3 logﬁ—z2 [38].
For instance, for the naive scaling of the jet quenching
parameter g = 3%, while if one takes into account the
logarithmic dependence as in the GW model with the given
form of the cutoff it reads g = ¥ (3 — log™ ~). However,

the characteristic value of A corresponding to our choice of
g is such that the logarithmic factor in the GW model is
sufficiently large, resulting in g ~ 2.8 V—TT, and, for simplic-
ity, we will use g =3 V—TT for all our estimates.

The medium induced soft gluon spectrum has an angular
dependence controlled by g - k, and we will focus on the
two limiting cases, when the angle between the two vectors,
0, is either 0 or z. We will measure the gluon frequencies
with respect to the critical medium frequency o, =
gL?* ~ 125 GeV, which in the case of no gradients can
be identified with the typical frequency for gluons with
formation length of the order of L. We will also introduce
a dimensionless gradient parameter y; = |VT/T?|, which
controls the strength of the hydrodynamic gradients and
distribution anisotropy.

In Fig. 2, we show the full spectrum up to first order
in gradient corrections for w = 0.04w,., ® = 0.06w,., and
o = 0.08w,, further differentiating for y; = 0.05 (left) and
yr = 0.01 (right). For 6 = 0, the gradient effects suppress
the gluon radiation at small values of k, while when 6 = r,
it is enhanced. One can notice that the gradient effects in

Fig. 2 become stronger for softer gluons, and may be
substantial even for sufficiently small y;. This behavior is
in line with the properties of the gradient effects in
broadening [38], where the anisotropic contributions are
suppressed by the energy of the leading parton. Since the
energy of soft emitted gluons is smaller than the energy of
the leading parton, the gradient effects become more
important. However, one should notice that very soft gluons
lose their energy on shorter timescales, and the single gluon
spectrum cannot describe the evolution of the system
reliably in this case.

In quantifying the effect of the resulting anisotropy in the
medium induced radiation, one may also consider integral
characteristics of the spectrum, such as its moments, see
e.g. [21-23,38]. Indeed, the gradient corrections to the
spectrum are proportional to g - k, being otherwise func-
tions of k2, and, thus, its directional odd moments are
nonzero, quantifying the average transverse momentum
transmitted with the gluons. To illustrate this point, we
focus on the differential average transverse momentum,
defined as

dk a1 dl
“NVN= | Pkk——=-g | PPkK>—L, (58
<dw> /r dodk 2% /r dok Y

where I is a particular phase space region, which should be
specified to interpret the physical meaning of (%). Here,
we set the lower limit of |k| integration to zero, pushing the
applicability of the harmonic approximation to the limit.
However, one may readily check that the numerical results
are only weakly affected if we would require |k| > u. We
further focus on the three particular upper cutoffs:
Kmax = 10V/GL, kyox =3, and ky,x = fo, plotting the
numerical results for 3T§ - (4) in Fig. 3. Notice that 3T§ :
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FIG. 3. The differential average transverse momentum is given

dk
dw

the upper cutoff k,,, in (58). The curve corresponding to the
w-independent choice of k,, is shown with a solid line for
sufficiently large energies @ > 1/20gL, and continued with a
lighter dashed line beyond that point. The particular limiting
value (indicated with a vertical gray dashed line) corresponds to
the point along the spectrum plot, where it is visually close to
zero, k* = 204 L. The remaining parameters are taken to be the
same as in Fig. 2.

by its dimensionless projection 37 é- (4% for three choices of

(4k) is independent of the value of [VT|, and normalized to
give [(4k)| when its absolute value is multiplied by y7.

The first choice of k., is independent of w, and
accounts for all the emitted gluons with |k| < 10\/gL.
The soft gluon spectrum quickly goes to zero for large
momenta, see Fig. 2, and a sufficiently large upper cutoff,
such as k,,, = 10,/¢L can be freely replaced with infinity.
However, for smaller gluon energies, the gluons contrib-
uting to (%) are not necessarily on shell (and not eikonal),
and (58) cannot be used as a measure of the averaged
emitted transverse momentum. The two other choices
account only for the on-shell emitted gluons, although
slightly pushing the results obtained under the eikonal
approximation to the limit. These cutoffs applied in (58)
account only for the gluons emitted within smaller conical
segments around the leading parton momentum, simulating
jet cones. Moving from harder to softer gluons, we notice
that the averaged transverse momentum first grows in
absolute value, since the leading gradient effects are sup-
pressed by the gluon energy. Thus, as expected, the softer
gluons are more sensitive to the matter anisotropies.
However, later the spectrum is slightly depleted, while
the maximal transverse momentum of contributing gluons
is smaller, and the averaged emitted transverse momentum
decreases. This results in the peaks on the curves with
w-dependent cutoffs in Fig. 3.

Thus, combining insights from this work and the
previous studies for single parton broadening [18,38],

one may summarize the picture of jet evolution in inho-
mogeneous matter in the following way. The partons inside
a jet propagating through the matter broaden and radiate
in an anisotropic way. The harder partons in the core of the
jet are less affected by these directional effects caused
by variations in the medium parameters, while the softer
radiation can be affected substantially and possesses an
imprint of the medium structure. The distribution of the
emitted gluons is highly nontrivial, and, for instance, the
differential averaged transverse momentum may be parallel
or antiparallel to the temperature gradient, depending on the
particular integration limits in (58). However, for wide
enough conical segments () is negative as is illustrated

dw
in Fig. 3.

VI. CONCLUSION AND OUTLOOK

In this paper, we have derived the double differential
medium induced soft gluon spectrum in a dense static
transversely inhomogeneous medium with finite longi-
tudinal extension. The spectrum is obtained within a
gradient expansion up to the leading first order. As in
the case of the jet momentum broadening [38], the gradient
effects only enter the final distributions upon averaging
over the stochastic background field configurations.
In addition to the general form of the spectrum in (35)
and (37), we have considered its behavior for quadratic
V(y), the so-called harmonic approximation, evaluating the
path integrals explicitly. In this regime, the full spectrum
can be written in a form suitable for numerical simulations,
and its structure results in no additional computational
complications, comparing to the homogeneous case. This
indicates that the full soft gluon spectrum can be imple-
mented in the jet quenching phenomenology and simu-
lations for more realistic model potentials, see e.g. [50-52]
for related discussions in the homogeneous limit.

In the harmonic approximation limit, we numerically
evaluate the soft gluon spectrum and its leading odd
moment (%), and present our results in Figs. 2 and 3.
The medium gradients distort the softer part of the jet
substructure, while the harder radiation is less sensitive to
the underlying medium structure. The spectrum is depleted
for the transverse gradient vector g parallel with k, and
enhanced for the opposite situation, for most of the phase
space. However, there are parametric regions, where the
ordering is modified, and the spectrum is enhanced for k
parallel with g. Thus, we find that the medium induced soft
gluons are preferably emitted along the temperature gra-
dient but the particular direction depends on the region of
the gluon phase space. We further study how the average
transverse momentum of the medium induced gluons is
distributed with energy and what fraction stays within a
conical segment aligned with the initial leading parton
momentum, see Fig. 3.
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The present theoretical results should be further supple-
mented with a well-thought set of jet observables sensitive
to the medium structure. However, searching for such
observables is a nontrivial task, since they are sensitive
to the medium anisotropy and are expected to be con-
taminated by the soft part of the particle spectrum. To
overcome this issue, one may focus on substructure
observables with less sensitivity to the correlated soft
particles. Presently, the jet substructure techniques applied
in the jet quenching phenomenology are still under devel-
opment, but it is already possible to gauge the sensitivity
of particular observables using simplified models for the
jet in-medium evolution. Another potential option is to
compute some global jet observable (e.g. jet shape) as a
function of rapidity. Since in a real event the gradient
effects substantially change with rapidity, the difference
between such measurements could provide a better access
to the medium structure. We leave the study of these
questions for future work.

One should notice that this work makes only the first
steps along the discussion of jet-medium interactions in
evolving matter, and our results could be extended in
multiple ways. For instance, it would be natural to consider
higher order gradient corrections within the framework of
the present paper. As have been shown in [25,39], in the
case of momentum broadening, such terms may arise at
the leading eikonal accuracy, while the directional gra-
dient corrections to the final distribution are suppressed
at larger energies. Thus, we expect that such higher order
terms may significantly alter the medium induced soft
gluon spectrum. Therefore, it would be interesting to
derive the medium induced spectrum up to the second
order in gradients, although such a calculation will be
challenging.

In exploring the particle spectrum, it is necessary to
account for more realistic spacetime profiles of the

medium. For example, there is an ongoing effort to
implement the flow effects in the pQCD description of
jet-matter interactions [18,21,23]. However, in the case of
the medium induced branching, such studies have so far
only been applied to the dilute limit. Including higher
opacity corrections and gradient effects in a single jet
quenching framework is critical to describe jets in realis-
tically evolving matter, and this is an essential step to
further develop the tomographic toolkit in HIC. Such a
framework can be implemented along with realistic hydro-
dynamic and/or kinetic theory simulations of the nuclear
matter in HIC, providing further insight into the details
of jet-matter interactions; for recent efforts in this direction
see [21,54,55].

ACKNOWLEDGMENTS

The authors would like to thank C. Andres, N. Armesto,
F. Dominguez, Y.-J. Lee, M. Sievert, K. Tywoniuk, and
B. Wu for fruitful discussions and comments on the
presented results. This work is supported by European
Research Council Project No. ERC-2018-ADG-835105
YoctoLHC; by Maria de Maetzu excellence program under
Project No. CEX2020-001035-M; by Spanish Research
State Agency under Project No. PID2020-119632 GB-100;
and by Xunta de Galicia (Centro singular de investigacion
de Galicia accreditation 2019-2022), by European Union
ERDF. The work of A.S. is also supported by the Marie
Sklodowska-Curie Individual Fellowship under JetT
project (Project Reference No. 101032858). J. B. is sup-
ported by the U.S. Department of Energy, Office of
Science, Office of Nuclear Physics, under Contract
No. DE-SC0012704. A contribuciéon de X. M. L. contri-
bution to this work is supported under scholarship
No. PRE2021-097748, funded by MCIN/AEI/10.13039/
501100011033 and FSE+.

[1] W. Busza, K. Rajagopal, and W. van der Schee, Heavy ion
collisions: The big picture, and the big questions, Annu.
Rev. Nucl. Part. Sci. 68, 339 (2018).

[2] L. Apolindrio, Y.-J. Lee, and M. Winn, Heavy quarks and
jets as probes of the QGP, Prog. Part. Nucl. Phys. 127,
103990 (2022).

[3] C. Adler et al. (STAR Collaboration), Centrality Depend-
ence of High p; Hadron Suppression in Au-+ Au
Collisions at +/syy = 130-GeV, Phys. Rev. Lett. 89,
202301 (2002).

[4] K. Aamodt et al. (ALICE Collaboration), Suppression of
charged particle production at large transverse momentum
in central Pb-Pb collisions at /syy = 2.76 TeV, Phys. Lett.
B 696, 30 (2011).

[5] K. Adcox et al. (PHENIX Collaboration), Suppression
of Hadrons with Large Transverse Momentum in Central
Au + Au Collisions at /syy = 130-GeV, Phys. Rev. Lett.
88, 022301 (2002).

[6] J. D. Bjorken, Energy Loss of Energetic Partons in Quark-
Gluon Plasma: Possible Extinction of High p(t) Jets in
Hadron-Hadron Collisions, https://inspirehep.net/literature/
181746.

[71 Y. Mehtar-Tani, J. G. Milhano, and K. Tywoniuk, Jet
physics in heavy-ion collisions, Int. J. Mod. Phys. A 28,
1340013 (2013).

[8] G.-Y. Qin and X.-N. Wang, Jet quenching in high-energy
heavy-ion collisions, Int. J. Mod. Phys. E 24, 1530014
(2015).

034018-13


https://doi.org/10.1146/annurev-nucl-101917-020852
https://doi.org/10.1146/annurev-nucl-101917-020852
https://doi.org/10.1016/j.ppnp.2022.103990
https://doi.org/10.1016/j.ppnp.2022.103990
https://doi.org/10.1103/PhysRevLett.89.202301
https://doi.org/10.1103/PhysRevLett.89.202301
https://doi.org/10.1016/j.physletb.2010.12.020
https://doi.org/10.1016/j.physletb.2010.12.020
https://doi.org/10.1103/PhysRevLett.88.022301
https://doi.org/10.1103/PhysRevLett.88.022301
https://inspirehep.net/literature/181746
https://inspirehep.net/literature/181746
https://inspirehep.net/literature/181746
https://doi.org/10.1142/S0217751X13400137
https://doi.org/10.1142/S0217751X13400137
https://doi.org/10.1142/S0218301315300143
https://doi.org/10.1142/S0218301315300143

BARATA, MAYO LOPEZ, SADOFYEV, and SALGADO

PHYS. REV. D 108, 034018 (2023)

[9] J.-P. Blaizot and Y. Mehtar-Tani, Jet structure in
heavy ion collisions, Int. J. Mod. Phys. E 24, 1530012
(2015).

[10] L. Vitev and M. Gyulassy, High p; Tomography of d + Au
and Au + Au at SPS, RHIC, and LHC, Phys. Rev. Lett. 89,
252301 (2002).

[11] E. Wang and X.-N. Wang, Jet Tomography of Dense and
Nuclear Matter, Phys. Rev. Lett. 89, 162301 (2002).

[12] J. Xu, A. Buzzatti, and M. Gyulassy, Azimuthal jet flavor
tomography with CUJET2.0 of nuclear collisions at RHIC
and LHC, J. High Energy Phys. 08 (2014) 063.

[13] M. Djordjevic, B. Blagojevic, and L. Zivkovic, Mass
tomography at different momentum ranges in quark-gluon
plasma, Phys. Rev. C 94, 044908 (2016).

[14] L. Apolindrio, J. G. Milhano, G.P. Salam, and C.A.
Salgado, Probing the Time Structure of the Quark-Gluon
Plasma with Top Quarks, Phys. Rev. Lett. 120, 232301
(2018).

[15] M. Arratia, Z.-B. Kang, A. Prokudin, and F. Ringer, Jet-
based measurements of Sivers and Collins asymmetries at
the future electron-ion collider, Phys. Rev. D 102, 074015
(2020).

[16] Y. He, L.-G. Pang, and X.-N. Wang, Gradient Tomography
of Jet Quenching in Heavy-lon Collisions, Phys. Rev. Lett.
125, 122301 (2020).

[17] L. Apolinério, A. Cordeiro, and K. Zapp, Time reclustering
for jet quenching studies, Eur. Phys. J. C 81, 561
(2021).

[18] A.V. Sadofyev, M.D. Sievert, and 1. Vitev, Ab initio
coupling of jets to collective flow in the opacity expansion
approach, Phys. Rev. D 104, 094044 (2021).

[19] Y.-L. Du, D. Pablos, and K. Tywoniuk, Jet Tomography in
Heavy Ion Collisions with Deep Learning, Phys. Rev. Lett.
128, 012301 (2022).

[20] S. Hauksson, S. Jeon, and C. Gale, The momentum broad-
ening of energetic partons in an anisotropic plasma, Phys.
Rev. C 105, 014914 (2022).

[21] L. Antiporda, J. Bahder, H. Rahman, and M. D. Sievert, Jet
drift and collective flow in heavy-ion collisions, Phys. Rev.
D 105, 054025 (2022).

[22] A.V. Sadofyev, M. D. Sievert, and 1. Vitev, Jets in evolving
matter within the opacity expansion approach, SciPost Phys.
Proc. 8, 046 (2022).

[23] C. Andres, F. Dominguez, A.V. Sadofyev, and C.A.
Salgado, Jet broadening in flowing matter—Resummation,
Phys. Rev. D 106, 074023 (2022).

[24] Y. Fu, J. Casalderrey-Solana, and X.-N. Wang, Asymmetric
transverse momentum broadening in an inhomogeneous
medium, Phys. Rev. D 107, 054038 (2023).

[25] J. Barata, X. Du, M. Li, W. Qian, and C.A. Salgado,
Medium induced jet broadening in a quantum computer,
Phys. Rev. D 106, 074013 (2022).

[26] S. Hauksson and E. Iancu, Jet polarisation in an anisotropic
medium, arXiv:2303.03914.

[27] K. Boguslavski, A. Kurkela, T. Lappi, F. Lindenbauer, and
J. Peuron, Jet momentum broadening during initial stages in
heavy-ion collisions, arXiv:2303.12595.

[28] M. Gyulassy and X.-n. Wang, Multiple collisions and
induced gluon bremsstrahlung in QCD, Nucl. Phys.
B420, 583 (1994).

[29] B. G. Zakharov, Fully quantum treatment of the Landau-
Pomeranchuk-Migdal effect in QED and QCD, JETP Lett.
63, 952 (1996).

[30] R. Baier, Y. L. Dokshitzer, A. H. Mueller, S. Peigne, and D.
Schiff, Radiative energy loss of high-energy quarks and
gluons in a finite volume quark-gluon plasma, Nucl. Phys.
B483, 291 (1997).

[31] U. A. Wiedemann, Transverse dynamics of hard partons in
nuclear media and the QCD dipole, Nucl. Phys. B582, 409
(2000).

[32] U. A. Wiedemann, Gluon radiation off hard quarks in a
nuclear environment: Opacity expansion, Nucl. Phys. B588,
303 (2000).

[33] M. Gyulassy, P. Levai, and 1. Vitev, Reaction operator
approach to non-Abelian energy loss, Nucl. Phys. B594,
371 (2001).

[34] M. Gyulassy, P. Levai, and 1. Vitev, Reaction operator
approach to multiple elastic scatterings, Phys. Rev. D 66,
014005 (2002).

[35] P.B. Arnold, G.D. Moore, and L. G. Yaffe, Photon and
gluon emission in relativistic plasmas, J. High Energy Phys.
06 (2002) 030.

[36] M. E. Carrington, A. Czajka, and S. Mrowczynski, Jet
quenching in glasma, Phys. Lett. B 834, 137464 (2022).

[37] A. Ipp, D. 1. Miiller, and D. Schuh, Anisotropic momentum
broadening in the 2+ 1D Glasma: analytic weak field
approximation and lattice simulations, Phys. Rev. D 102,
074001 (2020).

[38] J. Barata, A. V. Sadofyev, and C. A. Salgado, Jet broadening
in dense inhomogeneous matter, Phys. Rev. D 105, 114010
(2022).

[39] J. Barata, A.V. Sadofyev, and X.-N. Wang, Quantum
partonic transport in QCD matter, Phys. Rev. D 107,
L051503 (2023).

[40] M. Lekaveckas and K. Rajagopal, Effects of fluid velocity
gradients on heavy quark energy loss, J. High Energy Phys.
02 (2014) 068.

[41] K. Rajagopal and A. V. Sadofyev, Chiral drag force, J. High
Energy Phys. 10 (2015) 018.

[42] A.V. Sadofyev and Y. Yin, The charmonium dissociation
in an “anomalous wind,” J. High Energy Phys. 01 (2016)
052.

[43] S.Li, K. A. Mamo, and H.-U. Yee, Jet quenching parameter
of the quark-gluon plasma in a strong magnetic field:
Perturbative QCD and AdS/CFT correspondence, Phys.
Rev. D 94, 085016 (2016).

[44] J. Reiten and A. V. Sadofyev, Drag force to all orders in
gradients, J. High Energy Phys. 07 (2020) 146.

[45] LY. Aref’eva, A.A. Golubtsova, and E. Gourgoulhon,
Holographic drag force in 5d Kerr-AdS black hole, J. High
Energy Phys. 04 (2021) 169.

[46] J. Casalderrey-Solana and C.A. Salgado, Introductory
lectures on jet quenching in heavy ion collisions, Acta
Phys. Pol. B 38, 3731 (2007).

[47] Y. Mehtar-Tani, C.A. Salgado, and K. Tywoniuk, The
radiation pattern of a QCD antenna in a dense medium,
J. High Energy Phys. 10 (2012) 197.

[48] J.-P. Blaizot, F. Dominguez, E. Tancu, and Y. Mehtar-Tani,
Medium-induced gluon branching, J. High Energy Phys. 01
(2013) 143.

034018-14


https://doi.org/10.1142/S021830131530012X
https://doi.org/10.1142/S021830131530012X
https://doi.org/10.1103/PhysRevLett.89.252301
https://doi.org/10.1103/PhysRevLett.89.252301
https://doi.org/10.1103/PhysRevLett.89.162301
https://doi.org/10.1007/JHEP08(2014)063
https://doi.org/10.1103/PhysRevC.94.044908
https://doi.org/10.1103/PhysRevLett.120.232301
https://doi.org/10.1103/PhysRevLett.120.232301
https://doi.org/10.1103/PhysRevD.102.074015
https://doi.org/10.1103/PhysRevD.102.074015
https://doi.org/10.1103/PhysRevLett.125.122301
https://doi.org/10.1103/PhysRevLett.125.122301
https://doi.org/10.1140/epjc/s10052-021-09346-8
https://doi.org/10.1140/epjc/s10052-021-09346-8
https://doi.org/10.1103/PhysRevD.104.094044
https://doi.org/10.1103/PhysRevLett.128.012301
https://doi.org/10.1103/PhysRevLett.128.012301
https://doi.org/10.1103/PhysRevC.105.014914
https://doi.org/10.1103/PhysRevC.105.014914
https://doi.org/10.1103/PhysRevD.105.054025
https://doi.org/10.1103/PhysRevD.105.054025
https://doi.org/10.21468/SciPostPhysProc.8.046
https://doi.org/10.21468/SciPostPhysProc.8.046
https://doi.org/10.1103/PhysRevD.106.074023
https://doi.org/10.1103/PhysRevD.107.054038
https://doi.org/10.1103/PhysRevD.106.074013
https://arXiv.org/abs/2303.03914
https://arXiv.org/abs/2303.12595
https://doi.org/10.1016/0550-3213(94)90079-5
https://doi.org/10.1016/0550-3213(94)90079-5
https://doi.org/10.1134/1.567126
https://doi.org/10.1134/1.567126
https://doi.org/10.1016/S0550-3213(96)00553-6
https://doi.org/10.1016/S0550-3213(96)00553-6
https://doi.org/10.1016/S0550-3213(00)00286-8
https://doi.org/10.1016/S0550-3213(00)00286-8
https://doi.org/10.1016/S0550-3213(00)00457-0
https://doi.org/10.1016/S0550-3213(00)00457-0
https://doi.org/10.1016/S0550-3213(00)00652-0
https://doi.org/10.1016/S0550-3213(00)00652-0
https://doi.org/10.1103/PhysRevD.66.014005
https://doi.org/10.1103/PhysRevD.66.014005
https://doi.org/10.1088/1126-6708/2002/06/030
https://doi.org/10.1088/1126-6708/2002/06/030
https://doi.org/10.1016/j.physletb.2022.137464
https://doi.org/10.1103/PhysRevD.102.074001
https://doi.org/10.1103/PhysRevD.102.074001
https://doi.org/10.1103/PhysRevD.105.114010
https://doi.org/10.1103/PhysRevD.105.114010
https://doi.org/10.1103/PhysRevD.107.L051503
https://doi.org/10.1103/PhysRevD.107.L051503
https://doi.org/10.1007/JHEP02(2014)068
https://doi.org/10.1007/JHEP02(2014)068
https://doi.org/10.1007/JHEP10(2015)018
https://doi.org/10.1007/JHEP10(2015)018
https://doi.org/10.1007/JHEP01(2016)052
https://doi.org/10.1007/JHEP01(2016)052
https://doi.org/10.1103/PhysRevD.94.085016
https://doi.org/10.1103/PhysRevD.94.085016
https://doi.org/10.1007/JHEP07(2020)146
https://doi.org/10.1007/JHEP04(2021)169
https://doi.org/10.1007/JHEP04(2021)169
https://doi.org/10.1007/JHEP10(2012)197
https://doi.org/10.1007/JHEP01(2013)143
https://doi.org/10.1007/JHEP01(2013)143

MEDIUM INDUCED GLUON SPECTRUM IN DENSE ...

PHYS. REV. D 108, 034018 (2023)

[49] C. Andres, L. Apolindrio, and F. Dominguez, Medium-
induced gluon radiation with full resummation of multiple
scatterings for realistic parton-medium interactions, J. High
Energy Phys. 07 (2020) 114.

[50] J. Barata, Y. Mehtar-Tani, A. Soto-Ontoso, and K.
Tywoniuk, Medium-induced radiative kernel with the
improved opacity expansion, J. High Energy Phys. 09
(2021) 153.

[51] X. Feal and R. Vazquez, Intensity of gluon bremsstrahlung
in a finite plasma, Phys. Rev. D 98, 074029 (2018).

[52] X. Feal, C. A. Salgado, and R. A. Vazquez, Jet quenching
test of the QCD matter created at RHIC and the LHC needs

opacity-resummed medium induced radiation, Phys. Lett. B
816, 136251 (2021).

[53] S. Caron-Huot and C. Gale, Finite-size effects on the
radiative energy loss of a fast parton in hot and dense
strongly interacting matter, Phys. Rev. C 82, 064902 (2010).

[54] L. Barreto, F. M. Canedo, M. G. Munhoz, J. Noronha, and
J. Noronha-Hostler, Jet cone radius dependence of R, and
v, at PbPb 5.02 TeV from JEWEL + TRENTo + v—
USPhydro, arXiv:2208.02061.

[55] D. Zigic, 1. Salom, J. Auvinen, P. Huovinen, and M.
Djordjevic, DREENA—A framework as a QGP tomogra-
phy tool, Front. Phys. 10, 957019 (2022).

034018-15


https://doi.org/10.1007/JHEP07(2020)114
https://doi.org/10.1007/JHEP07(2020)114
https://doi.org/10.1007/JHEP09(2021)153
https://doi.org/10.1007/JHEP09(2021)153
https://doi.org/10.1103/PhysRevD.98.074029
https://doi.org/10.1016/j.physletb.2021.136251
https://doi.org/10.1016/j.physletb.2021.136251
https://doi.org/10.1103/PhysRevC.82.064902
https://arXiv.org/abs/2208.02061
https://doi.org/10.3389/fphy.2022.957019

