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We compute the spectrum of gluons emitted by a highly energetic quark inside a flowing QCD medium,
focusing on the soft gluon limit at first order in the opacity expansion. Specifically, we derive the leading
energy-suppressed corrections to the double differential final parton distribution, and show that they are
substantial for both static and flowing matter. In particular, we demonstrate that the corrections due to the
transverse flow become large even at moderate energies and flow velocities, affecting drastically both the
shape and magnitude of the spectrum. We observe that the final transverse momentum of the emitted gluon
tends to align along the flow direction, resulting in a nontrivial azimuthal distribution. These results can be
directly implemented into the estimation of multiple observables to get a better understanding of the jet-

medium interaction processes in heavy-ion collisions.

DOTI: 10.1103/4r7w-dqxq

I. INTRODUCTION

Over the past few decades, our understanding of QCD at
extreme energies and densities has drastically improved,
specially due to the high-energy heavy-ion collision (HIC)
experiments taking place at RHIC and LHC; for a review
see e.g., [1-3]. In HIC experiments, a new extreme state of
nuclear matter is created far from the equilibrium, under-
going a multiphase evolution. After the thermalization into
a nearly ideal liquid, known as the quark-gluon plasma
(QGP), the matter continues expanding and cooling down
until it reaches the hadronization transition, and it is
observed by the detectors as a gas of hadrons. The
observation of the formation of the QGP stands as a major
breakthrough in our understanding of the QCD phase
diagram, for a review see e.g., [1-3]. More recently, the
community has focused on characterizing the dynamical
properties of the matter created in HIC experiments, see
e.g., the discussion in [2]. One of the main instruments to
achieve this goal are jets; collimated sprays of particles
formed through the branching of a highly energetic parton
originated at the initial hard scattering in the nucleus
collision. Jets travel through the medium interacting with
it throughout the different stages of its evolution. Thus,
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medium-induced modifications of jet properties encode
information about the dynamics of the nuclear matter
and can be used to probe the QGP, see e.g., [4-12].
Experimentally, the interaction of hard probes with the
medium manifests itself in the strong suppression of single-
inclusive high-p; hadron spectra and in nonzero azimuthal
anisotropies at high transverse momentum, observed from
RHIC to the LHC, see e.g., [13-17].

The interaction of energetic partons with the nuclear
matter can be described within perturbative QCD (pQCD).
Under this approach, the medium is commonly modeled by
a background stochastic color field, averaging all the
observables over its possible configurations, see e.g.,
[18-25]. In this formalism, partons get deflected interacting
with the medium field and lose energy, mostly through soft
gluon emissions. Multiple simplifications are needed to
make the calculations tractable in this framework.' For
instance, the medium is usually assumed to be static
and transversely homogeneous with a finite longitudinal
extension. Additionally, the so-called eikonal approxima-
tion, which assumes the energy of the initial parton E to be
much larger than the characteristic transverse momentum
scale L, is frequently used. As a result of these simplifi-
cations, the theoretical description of the jet decouples from
the medium evolution, and the imaging of the different

'Notice that the formalism developed here can also be used to
study medium modifications to high-energy single hadrons, see
e.g., [26] and references therein.

2Longitudinal and transverse directions are defined with
respect to the initial momentum of the leading parton.
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stages of the QGP becomes impossible, see e.g., the
discussion in [12].

There were early attempts to study the modifications of
the jet properties due to the effect of the medium flow, see
e.g., [27-34]. However, most of these works are based on
phenomenologically-motivated models and rely on strong
simplifying assumptions or focus solely on longitudinal
expansion. Only more recently, multiple formal extensions
of the jet-medium interaction framework have been presented,
accounting for inhomogeneity and flow of the nuclear
matter in pQCD calculaltions,3 see e.g., [12,41-56] and
references therein. In this paper, we continue developing
the theoretical formalism by deriving the medium-induced
soft gluon spectrum in the presence of medium flow at first
order in the opacity expansion. The calculation is done
for spin-1 gluons of the underlying gauge theory while
keeping the first subeikonal corrections, which are nonzero
even in the case of static matter, going beyond the discussion
in [12,57]. We show that the flow modifications to the
spectrum can be substantial and required for an accurate
characterization of the QGP evolution.

II. THEORETICAL FORMALISM
AND SETUP

In this work, we study the medium-induced gluon
spectrum sourced by a highly-energetic quark interacting
with flowing nuclear matter created in HIC within the
opacity expansion.4 We extend the formalism developed in
[12] to the case of a spin-1 gluon of the underlying gauge
theory, ignoring the energy-suppressed effects of the quark
spin, which appear at higher subeikonal order, thus work-
ing with scalar quarks in the fundamental representation.
For a thorough discussion, see Appendix A in [12].

The effect of the thermal matter on jet particles is
modeled by a classical stochastic color field generated
by moving quasiparticle sources. We assume the in-
medium sources to be massive, essentially treating them
as classical currents, and ignore the medium response and
collisional energy loss. Thus, as it is derived in [12], the
background field can be written a

Acxi( Zu"e xirai)io(q)(2n)

Xé(‘]O_q'ui_qZuzi)7 (1)

*Notice that there were developments on the theoretical
description of probe-medium interactions for strongly coupled
evolvmg plasmas in holography, see e.g., [31,35-40].

“The opacity expansion is a perturbative expansion which can
be related with the expected number of scatterings that a high-
energy particle will undergo in the medium before escaping. The
formalism used here was introduced by Gyulassy et al., see e.g.,
[23,58]. There are other theoretical frameworks based on the
same perturbative approach, such as the resummed formalism
introduced by Baier et al., see e.g., [19,20].

where u, = (1,u,u,) is the four-velocity of the sources
with the relativistic y-factor removed, (x;, z;) is the position
of the ith source, #¢ its color charge projection onto the
SU(N,) generators, and the sum runs over all the sources in
the medium. The single-source scattering potential v(q)
controls the interaction of the highly energetic parton with
the in-medium quasi-particles. For simplicity, we will
assume that the nuclear matter is homogeneous on the
transverse directions to the jet, therefore neglecting
the possible gradient corrections introduced by the trans-
verse structure of the matter, and focusing solely on
the correction due to the presence of local flow. For a
detailed discussion of the gradient effects, see e.g.,
[41,43,47,49,52,57].

The form of the field in (1) is obtained solving the
classical field equation in the Lorenz gauge d,A" = 0
However, it is convenient to work in the ax1a1 gauge’
n-A =0, in which only the two physical gluon polar-
izations appear. The two different gauge conditions
can be satisfied by (1) at the same time by considering a
reference frame® in which u, = 0, making A, = 0. This
way, choosing n, = (0,0, 1) ensures that the field satis-
fiesn-A=A,=0.

The specific form of the single-source scattering poten-
tial is model dependent, and there are several options
discussed in the literature, see e.g., the discussion in
[45,59,60]. Even though most of the discussion in this
paper is general for any screened scattering potential, we
will consider the Gyulassy-Wang (GW) model [18] to make
the results explicit. The potential reads

v(q) = qf’ . (2)

where g is the effective in-medium strong coupling, and y is
a screening scale (Debye mass) controlled by the temper-
ature of the matter. We assume the medium to be
diluted and extended enough so that u(z; —zo) > 1.
Therefore, the contribution of the poles coming from the

>Since the calculations presented in this work are performed
under a fixed gauge, one must expect the results to be invariant
under gauge transformations, as the underlying quantum field
theory itself. Due to the subtleties of gauge invariance, a direct
comparison with the results obtained for a different gauge fixing
condition would be very educative. However, the axial gauge
simplifies the calculations enormously, and reproducing it for a
different gauge choice becomes extremely complex. Thus, we
leave the direct comparison for a separate study.

®0One should notice that boosting on any transverse direction
mixes the energy of the particle and the transverse components of
its momenta, breaking the eikonal expansion. Nevertheless,
longitudinal boosts are allowed and would enable us to obtain
the u, corrections directly from our final result. However, the
technical implementation of such a boost is rather complex and
will be omitted in this work.
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scattering potential are exponentially suppressed and can be
neglected.

As it is usually done in pQCD jet calculations, the
stochastic color field is assumed to have Gaussian statistics,
and therefore only pairwise averages are nonzero.
Furthermore, we assume that the jet-medium interactions
are sufficiently local and there are no correlations between
different sources. Thus, the averaging over the field
configurations enforces

1
<t?f?> = 2—Ncéab5ij’ (3)
where in-medium sources have been assumed to be in the
fundamental representation of SU(N,.).

The energy of the initial quark E is assumed to be much
larger than the characteristic transverse momentum scale L
and the Debye mass, following the eikonal expansion on
powers of E. It is convenient to introduce the energy
fraction carried by the gluon x = %, where w is the total
energy of the emitted gluon. We will consider the soft gluon
limit, i.e., we take x << 1, but with @ still being much larger
than L and the medium characteristic scale. Under these
assumptions, only the subeikonal terms enhanced by

inverse powers of x up to O(% (XL—;Z)") with n >0 are
kept, and any possible correction beyond that is neglected.
One should notice that, since the Landau-Pomeranchuk-

Migdal (LPM) phases are also enhanced by the length of
the medium, they involve terms scaling as (ﬁ 2)" ~O(1)
and must be kept to all orders. With this, the 4-momentum
of the initial state quark and final stater gluon can be
written as

k2
~(E,p,E) and k~|wk o——], 4
p=(Ep.E) (0ko-3) @
respectively.
In the axial gauge that we are using, the gluon propagator
is transverse to the axial vector n and the gluon 4-
momentum k. It can be written as

—iN,, (k)
G, (k) = ——=, 5
;u/( ) k2 + ie ( )
where the numerator is expressed in terms of these two
vectors,

k,k n,n
N (k) = 2 KV k2 MY
/ll/() g/w+n (k‘n)Z—k2n2+ (k.n)Z_anZ
k,n, + k,n
— (k- n) A 6
( n)(k.n)z_k2n2 ()

The polarization vector, which satisfies n - ¢*(k) = 0 and
k-e*(k) =0 in this gauge, is given by

e, (k) = (%eo> (7)

with e being the transverse polarization vector, k being the
final transverse momentum of the gluon, and the polari-
zation index being omitted. Even though the transverse
polarization is in general a function of the whole
4-momentum € =e(k), one can see that ), ere; =
s + O((%)?), with a and $ running in the two-dimen-
sional transverse plane and the correction to the delta being
beyond the accuracy of our discussion. This can be proven
by using the two other conditions satisfied by the polari-
zation vector; (i) orthogonal €*(k) - €™ (k) = 0 and (ii) nor-
malized €*(k)-e*(k) = —1. Using the form of the
polarization vector (7), these two constraints can be
rewritten in terms of conditions for the transverse polari-
zation vector as

‘o ket k
(i)€ k€2 eet=0
0
A.kﬂ_k
(i) & k’j —t et =1 (8)
0

Choosing one of the transverse polarization vectors, noted
e“, to be along the direction of the final transverse
momenta; the other one, noted €, to be orthogonal to
that direction and a reference frame such that k = |k[($° %),
the latter conditions impose

sin 1 cosa
eL:( ) and 6'”27( . ), 9)
—cosa 1 _k_z2 sin a

and the sum rule shown above becomes trivial.

Finally, we will take the so-called broad source approxi-
mation, where the initial source J, which carries the
information about production of the initial energetic quark,
is assumed to have a sufficiently weak dependence on the
transverse components of the momentum.

III. MEDIUM-INDUCED GLUON SPECTRUM

In this section, we compute the medium-induced spec-
trum for a highly energetic quark traversing a flowing
medium and radiating a soft gluon up to the first order in
the opacity expansion. Let us start by considering the
branching of the initial quark into an on shell quark with
momentum (p — k), and an on shell gluon with momentum
k, in the vacuum. This diagram, shown in Fig. 1 at the
zeroth order in the opacity expansion, reads

i

iRO = [igt;roj (2p - k)ye*y(k)] pz +ic J(p)
2¢ -k
& =gl TJ(P)’ (10)
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@ p
p—k

FIG. 1. The vacuum vertex of gluon emission from a quark. It
corresponds to the zeroth order in the opacity expansion.

where 7., is the color generator of the energetic quark

(“projectile”) from the emission vertex, with r being the
color of the final gluon, and J(p) is the initial source of the
leading quark. Medium-induced radiation is sometimes
discussed in the literature in terms of light-front wave

function of the elementary branchings. In particular,
the light-front wave function of the splitting in the
vacuum can be read from the latter equation, being
wix.k) = -

At first order in the opacity expansion N = 1, there are
10 different diagrams, shown in Figs. 2 and 3, that
contribute to the amplitude of this process; three single-
Born (SB) diagrams and seven double-Born (DB) dia-
grams. In what follows, we will study them all following
closely the procedure in [12,57].

A. Single born contributions

1. The amplitude level

Let us start with the simplest contribution to the
amplitude, R4, where the branching occurs after the
scattering of the background field. This amplitude reads

d*q i i
R4 = gt .(2p — k) e (k)| ———[it® .(2p — AaH J(p—
Ly / (271_)4 [lg pro]( 4 )u€ ( )] p2 + e [l pro]( p Q)ﬂg (Q)] (p — q)2 T e (p C])
2¢ -k : (29E)v(q)
= — T e 1 —i(gixitq.z) I A g, , 11
k2 Z: proj “proj ¢ /IV e (p _ q)2 + i€ (p ('I) ( )

where we have performed ¢, integration using the delta
function in (1), and J(p — ¢q) is assumed to be produced by
a hard scattering event at x, = 0 and zy = 0. We have
also used a shorthand notation for integrals running over

the whole three-dimensional space [ = [d°x [and
L= %], and over the two-dimensional transverse

space [ .= [d’x [andszf(g%z.

B

@

k
k—q
S _pk
%q

FIG. 2. The three single-Born diagrams contributing to the medium-induced gluon emission at the first order in the opacity expansion.
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FIG. 3. The seven double-Born diagrams contributing to the medium-induced gluon emission at the first order in the opacity
expansion.

In order to perform the integration over ¢, we assume  the integral is controlled by the two poles of the quark
that J is slowly varying, so that only four poles, two coming  propagator, which are
from the propagator and two coming from the scattering

potential, can contribute to the integral. As we have already b_g = 2E, (12a)
discussed in the previous section, we assume the medium to
be diluted and extended enough, with the poles coming _ k2

p_qﬁq'u—ﬁ, (IZb)

from v(q) being exponentially suppressed. Consequently,
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keeping corrections to the leading order (LO) terms up to
O(s%). Thus, we can rewrite the initial-state scattering
amplitude as

Ry = lg k2 Zt;tgrqt?/ zq~x,e—iQ;,,,z,€(Zi)

«(1-

where we have expanded the scattering potential and the

Ku-q 1 ov(q)
xE v(q) oq>

)v<q>J<E,p _g). (13)

initial source to our working accuracy after the integration,

and v(q) = has been introduced.

q2+ 2
The next diagram corresponds to the final-state quark
interacting with the medium, and its contribution to the

amplitude reads

iRB:/(;ﬂTc)[‘;[ ity (2(p—k)— )ﬂgAext}m
x [igtrs(2(p = a)=K),e™ (k)]

me(p—q). (14)

Using the constraint from the field to integrate over g, and
performing ¢, integration as it has been done for R4, this
amplitude can be written as

Ry =i0 " Sttt | 17012

X e_iQJ_r—qu 1 —k “q ! al)(g) Qn k=g %
xE wv(q) oq

x v(q)J(E,p —q), (15)

where the poles of the second propagator relevant for this
diagram are

g = 2E, (16a)
g (16b)

The last SB contribution to the amplitude of the medium-
induced spectrum at N = 1 corresponds to the final-state
gluon interacting with the nuclear matter. It reads

: d'q
lRC:/(zﬂ') (2p k— q) J° proj

—iN/’”J(k ) ‘aoc
XWFD(}IJ/)(IC q.q,—k)
XA (@ (R e (=) (1)

with T%¢(k — q,q,—k) being the three-gluon vertex,’

vop
defined as

Tivs (k. p.q)
= gfabc[g;w(k - p)p + gup(p - q)/,z + gpy(q - k)y]v (18)

where all the momenta go towards the vertex. As it was
discussed in the previous section, N**, ¢, and A, are all
transverse to n, = (0,0,1), so the product of these three
objects and (18) is independent of the z-component of the
momentum, and no new poles can arise from it. Hence,
taking both g, and ¢, integrals as in the previous cases, R,
can be written as

lRC — ngabctath / 9 —qu < (k(k _g)

-q)
k(k—q)-u—e- u( q)'q)
(k —q)*xE

o[ (1 -Fn 1o

_2¢

xE v(q) og°
_ 0 u- q(k2 — (k- q)z) 1 ov(q)
( E i) o )]
x v(q)J(E.p — q), (19)

where the poles of the gluon propagator entering in this
diagram are

i/
Q,j_q:ZxE(l—gx—E), (20a)
k—q) -k
0p ~gqut EZO K 2"2E . (20b)

2. SB contributions to the squared amplitude

In order to get the SB contribution to the squared
amplitude of the process at N = 1, we must average over
initial quantum numbers, sum over final ones and perform
the medium averages. In addition to squaring each diagram
individually, we have to take into account the interfer-
ence terms.

"The 3-gluon interaction vertex can be found in a multitude of
different quantum field theory textbooks, see e.g., [61].

014037-6
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Let us start by squaring R4, which can be written as

RaP) = P oS [ ot
Ku-q 1 av(q)_ku~q 1 dv(t]))

x <1_ xE v(q) og* xE v(q) 0g*
x v(q)v(q)J(E.p —q)J*(E.p - q),

—i(Qp—g=0Q,_5)zi

(21)

. . c?
where the color matrices combine to an overall factor of 53
c

For convenience, we will take the continuum limit for the
sum over all scattering centers, replacing it by an integral
over the number density of in-medium sources as

S-(5)-

Since the medium is assumed to be homogeneous in the
transverse plane, nothing depends on the transverse posi-
tion x apart from the Fourier factor. Thus, integrating over it
one gets (27)5°(q — q), which allows for a trivial integra-
tion over g. After performing these two integrals, R4
contribution to the squared amplitude at our working
accuracy reads

2 2 o(a)?
) =SE2 % [ aate) [ (1-50 L2
<oaPU(Ep )P, )

N{f) = / PR (@)

where we have assumed matter to have a finite longitudinal
size L. Under the broad source approximation, we can
average the integral in (|R4|?) over the angles, canceling
the second term inside the brackets. Thus, there are no
subeikonal corrections coming from this contribution.

Following the same procedure done for (|R|*), we can
perform the averages, take the integrals over x and g, and
write R squared as

Cr ,2
(RAR;) +cc. = N—§g2 o

[“azpte) [ (1-oos (a57) )@ Ep -0l

(IR5/?)

Ci L4 [L K>

=L 1-— -
.Y ,‘,;A dzp(Z)/q( cos <2XEZ)>
X

v(q)*|J(E.p - q)|*. (24)

where the latter expression has already been averaged over
the angles, canceling the odd subeikonal flow corrections.
The amplitude of diagram (15) has the contribution of two
different poles, which results in the appearance of a cosine
of the LPM phase after taking the square.

The last amplitude obtained in the previous subsection
can be squared and averaged in the very same way,
resulting in

(Ref) = oot [ dznte) [ G (1 , %)

u-q(2k’ — (k—q)*) 1 00’
w(1- o
2xE v? oq®

x <1 — cos <<k2;g)2 z) ) v(q)*[J(E.p —q)|*.
(25)

As in the previous diagram, the contribution of two
different poles results in the cosine of the LPM phase.
The dependence of the phases on ¢ in (25) results in two
nonvanishing subeikonal flow corrections; one comes as a
global factor, while the other is a modification of the
scattering potential.

The three SB interference terms are computed following
the very same procedure; after averaging over initial
quantum numbers one should integrate the expression
over x, assuming the thermodynamic parameters to be
independent of the transverse coordinates, and getting
(27)?6®) (q — ), which forces the transverse momenta
exchanged with the medium in amplitude and conjugated
amplitude to be the same. Doing so, we can write the first
interference term as

(26)

which also coincides with the contribution in the absence of any medium flow. In turn, the other two interference terms do
get modified due to the presence of the flow and have several nonvanishing subeikonal corrections. They read

(RARE) +c.c. = =Crg? AL dzp(z) / i

q k—¢1)2
><<k-(k—q)_k2(k_q)'"+k.u(k_‘1)'q <1 k’q - uldv)
xE xE xE ’U aq

<[i- <1+q-u<k—q>

2xE

o) eos (o) etaren-ar @)
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and

<RBR*C> +c.c.= —Cpg / de /

(k—q)

k-(k—gq)— k22" D "% g
X(( q) T

2xE V- 0q

It may be instructive to notice that the difference between
the scalar and the spin-1 gluon emission for SB diagrams
comes from the interaction of the gluon with the medium
field in R.. For real spin-1 gluons, the light-front wave
function of this diagram is more complex and results in
richer structures.

B. Double born diagrams

Now, we turn to studying the seven DB contributions to
the amplitude of the soft gluon emission, shown in Fig. 3.
The diagram with a 4-gluon vertex® is usually ignored in the
literature since it does not contribute to the leading eikonal
accuracy, see e.g., the discussion in [12]. Nevertheless, the
4-gluon vertex diagram contributes at O( (£22)"), and
must be taken into account to get the correct next-to-
eikonal order description of the gluon spectrum. On the
other hand, the contribution of R; is structurally very
different to the other DBs and can be treated separately.

As it is thoroughly discussed in [12,57], after taking
medium averages and performing the g ,-integral picking up
the propagator poles, exponentials lose their dependence on
q», (except for a part of R). Hence, while performing g,,-
integral, the contour can be closed in either direction and the
residues of the poles coming from the scattering potentials
must be taken into account explicitly for convergence.

Let us start by the simplest DB diagram R ,—two initial-
state scatterings with the medium. The amplitude of this
diagram can be written as

iRp = / da, &g, 1910 (20 = ), ()] —

(2 )4( ) p + ie
x [igt;’mj(Zp - Q2)yAg§t(QZ)}
i

R tb (2 _ Aex ]

X (p _ q2)2 + ie |:lg pI'O_]( (p q2) ql)a t(QI)
i

X —J(p— a1 — q2), (29)

(p— a1 — q2)* + i€ b

The 4-gluon interaction vertex can be found in a multitude of
different QFT textbooks, see e.g., [61].

o5 (%Z)] v@Pl(E.p - )

(k—q)-q Ku-q 1 00
u———=)(1-
xE xE vzaq
q-ulk—q)° 1 0v
X|‘1—(14’2XE2aq2 Cos

N <1+q-u(k2+(k—‘1)2)iza_”2>c

(k—q)

2
-1
2xE Z) <

2xE v? 0q® 2xE®

(28)

with the corresponding contribution to the squared ampli-
tude reading,

<RDR* +c.c.
Vo [Cdee) [ SrEr-a-a)(ED)
= Z,D ) P —q1 — 4> ,
N a0 K
% { (‘IlJFQZ) —1Qpg,- qzz_’z' —e! (q|+q2)x Qg qaZI*:|
(30)
where the integral 7, is defined as
d E q1
ID _/ q2; - U(IQZ)v(ql) — _ (31)
2r <QZZ - Qp—qz - l€) <q2z - Qp—qz + l(:')
with Gy, = (u-q,.91.—q2. + Qp_4,—y,)- The poles

appearing in these two equations can be obtained from
(12) by momentum replacements, e.g., Q)_, _, ~2E

and Qp—ql—qz = (ql + q2) u- 2];_)5

Since the nuclear matter is assumed to be homogeneous
in the transverse coordinates to the jet, the Fourier factors
are the only functions of x. This way, the integration over
the transverse coordinates results in (27r)25(2) (41 + ),
which allows removing the integral over one transverse
momentum. After that, the integral in (31) can be taken
explicitly, resulting in

P—q1—

v(g)> k*((q-u)*+6(q-u)*R*=3R")0v’

Tr~i s
D=l 64RIXE g

(32)

where R = +/q*> + 4> — (q - u)* comes from the poles of
v(g). The bar in (32) indicates that all the terms that vanish
under angular averaging of the integral ¢ have been
omitted.” Thus, the contribution to the squared amplitude
reads

°For a detailed discussion of this integral, see [12,57].
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* C% 2 2 L k2
<RDRO> + c.c. = —N—Cg p/) dZ/)(Z) /I |:COS <ﬁ2>

_K((g-u)* +6(q-u)’R* = 3R*) 1 ov® _ (k2

- _ 2 2
16R°XE Zog ZXEZ)]U(q) P (33)

In the presence of the flow and keeping subeikonal corrections, the real part of the integral (32) is nonzero. This real part
couples to the imaginary part of the exponentials of the LPM phases, giving a novel contribution proportional to their sine.
A similar behavior has been observed in [12,57], where the gradients acting on the LPM phases are the ones coupling to the
imaginary part of their exponentials. This will be a common feature for all the DB contributions to the radiation process, as
we will see below.

The next DB term in the squared amplitude corresponds to the two medium interactions with the final-state quark. The
amplitude of this diagram is

i
(p—k—qy)* +ie
i
(p—k—q,—q2)* + i€

i
—J(p—q1 — q2). (34)
(p—q1—q2)* + i€ b

; d*q, d*q; T. § a
e = / (27)* (2n)° [lgtproj(z(P —k) = Qz)ﬂAm(qz)]

x [igtﬁroj@(p —k—q,) - ql)DAé’it(qﬂ}

% |19t (2(p = 41 = 42) = ), (B)|

with its contribution to the squared amplitude being

. C: 8 [L
ReRi) + o =izt [V deple) [ 11~ TiuEDP (39)
2N.” k” Jo q
where we have integrated over the transverse position and one of the transverse momenta to fix ¢ = ¢; = —¢,, and the
integral 7 is defined as
dq, Ev(q)) —io i —k
= / Z - : . [e “rru(qy) — e u(q) ﬂv (36)
E 2z (q2z - Qp—k+q + le)(QZZ - Q;r—kJrq - l€) : :

with q{’ﬂ =(q-u.q.—q, + Q,) and q’fﬂ_k = (¢ u.q,—q>. + Q,_). The poles appearing in the latter equations can be
obtained from (12) and (16) by momentum replacements, p. e. Q;_k g = 2F and Q;_k g =g u This integral can
be performed explicitly, taking into account both the poles coming from the propagator and the poles coming from the

scattering potentials, and reads

_ _ o v(@)? .- K ((q-u)* +6(q-u)R>—3R*) 0v?
T —j(] = 102y M 4 ,i052 —, 37
pi(l =) = e GARXE o (37)

where all the terms vanishing under angular averaging have been omitted, see e.g., [12,57]. This way, the R g contribution to
the squared amplitude is given by

* C%’" 2 2 L k2
(RER) +c.c. = —N—Cg I?A dzp(z) /1 [1 — cos (ﬁz>

K((g-w)* +6(g- PR =3k 1 0° (I I )2
- 16R'XE o " (ﬁZ)] @ VEPI
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The next diagram to be considered is the one with the two interactions in the final-state gluon, with its amplitude being

(k= 2. 2. —k)A%% (g2)e™ (k)

o [ d*q d*qy (ZDNYV (k= q))
ZRF_ 4 4 2 . Fv’a’a
on) 2a) (k—qu) + ie
—DN"(k =g, —
o SON"( 0 ?2)F;‘3;,
(k=g —q2)" + i€

(k— 91 —42-41, —(k— 612))14353(%)
i

pP—qi—q) +ie

X itgmj(Zp—k—ql —qz)ﬂ( J(p—aq1—q). (39)

In the latter, the two 3-gluon vertex are multiplied by u,, and €* (k) , Which are transverse to n,,, just as the numerator of the
gluon propagator N** itself. Thus, the whole product in the numerator becomes independent of the z-components of the
momenta and new poles cannot arise from it, exactly as it happens with R . After averaging over the quantum numbers and
background field configurations, and performing both x and ¢, integrals, fixing ¢ = q; = —¢q,, Ry contribution to the
squared amplitude can be written as

“ ~NCCF 8 L k-u .
(RiR)) + . =i L7 [Maeoto) [ (12252 ) e~ Ty (40)
where the integral 75 is defined as
dq, XEv(q,) _io _io-
= / Z RN ———— [T 0(q)) — %0 (qh)], (41)
! 27 (QZZ - Qk+q + l(:‘)(qu - Qk+q - le) ! !

with qlfﬂ = (q-u.,q.—q,, + Q; ). Taking into account the poles coming from the scattering potential, the explicit result of
(41) at our working accuracy is

- (g, . ot k-ug’ 1 ov?
IFﬁ 4 |:(—l)(1—e sz)(l - “E ?a—qz

1 1 0v?

ToRE o T e™'%)2((q - u)° +5(q - u)'R* +3(q - u)’R* — R

—q*((q-u)* +6(q-u)*R* = 3R*)] + e k*((q - u)* + 6(q - u)*R* = 3R*)} |, (42)

where all the terms vanishing under angular averaging have been omitted, see e.g., [12,57]. The poles appearing on the latter
equations can be obtained from (12), (16), and (20) by momentum replacements, p.e. Q,:rq ~2xE(1 +Z%) and

2xE
2— 2 . . . .
Qg=—q u+ %. After some algebra, Ry contribution to the squared amplitude can be written as

> (L k-u k-ug’ 1 ov?
* L= — 2_ 1_2— 1_———
(RRG) +cc. = =Crg 15 ; dzp(Z)/q( XE)( xE 2 0q*

X

s () L CaR(g )+ 6lg PR 3RY ~ 4R (g )~ R) 1 0v®
2XE” 16R3XE v? og®

x sin (;—Ez)l v(q)*|J(E,p)|*. (43)

The following diagram comes from the scattering of the two different final-state particles with the medium, and its
amplitude can be written as
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d4Q1 d4‘12 i {
2r)* 2n)* (p —k — q2)* + ie

—)N*(k —q .
W Zgg(k q1-491,— k)Aé’,‘("[(ql)e (k)

iRg = it (20 = k) = 42)pA% ()|

i
“(p—q1—q2)* +ie

xits (2(p = q2) =k —q1) J(p—q1— q2) (44)

Averaging over quantum numbers and medium configurations, and performing both x and ¢, integrals in the same way as it
has been done in the previous cases, the corresponding contribution to the squared amplitude reads

N.Cr 8 (L Ku-(k+q)+k-uq-(k+q)
* — iR le=F O . -
(RGR§) +c.c. = ig IN. sz dzp(z)/q <k (k+q) E
X [Zg—-TgI(E,p), (45)

where the integral 7 is defined as

.= / dg,, Ev(qy)
2m (QQZ - Ql:rq - ie)(QZz - Ql:+q + ie) (QZZ - Q; + Q;—k—q - ie)

—k— —i(Q” +q5. -
v(gy i)e i P-k-: ql).z _ U(‘I_f)e ’iﬁz | (46)
Gro+ Qg — Ly —i€ —qr. +Q,—Q, 4, —ic
with g7 77 = u,q, + O . In contrast to the integrals for the previous DB contributions, the Fourier factors
q1, q-u.q,—q,; p—k—q g p

inZg have not lost the dependence on g,, completely. Due to the remaining exponential factor, we evaluate the integral by
closing the contour below the real axis, obtaining

2 . . 2
Io~ i(e—iQ;z —e” Q9,2 ) U(q) 5 1— q-uq (2k + q)iza_v2
2(k +q) 2xE v? oq
(q-u)* +6(q-u)°R*—3R* 90’
32RXE og*’

+ 719 (47)

where, in order to capture all the O(Z) corrections of Zg, the pole Qp L+, must be kept to O( 252) being

Qs g2 u+ <k+2qx)z_k2 + (k;xqz);?'", while the others can be obtained from (12), (16), and (20) by momentum replace-

ments. For a detailed calculation of this integral, see [12,57]. With that result, the contribution of this diagram to the final
squared amplitude is given by

RoRy) + .= Crg? [ dente) [ o taPlE D)

X<k k+ )_ku (k )J;g uq - (k+q)>

(k+q)* — k? K’ q-uq-(2k+q) 1 0v?
wrq4) % ) _ A [ i B S B Vi
x l(cos < e ) T\ E® 2xE v? oq
K\ (k+q)*((q-u)* +6(g-u)’R*=3R*) 1 0v°
16R*XE v? og*

. (48)

It is well known that the two diagrams with the first interaction in the initial-state and the second one on a final-state
particle do not contribute to the leading eikonal order, and are usually not considered. Moreover, in the scalar “gluon”
radiation in A¢? theory, these two diagrams do not contribute to the first subeikonal correction (assuming the LPM phases
are small), as it has been shown in [12]. However, both R and R; will contribute to the first subeikonal correction to the
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emission of spin-1 gluon, and must be taken into account here. The amplitude corresponding to the first diagram, where the
final-state interacting particle is the quark, reads

i
(p—k—q))* +ie

4 4
R = [ G g (2p =) - 42,40

i
(p—q)* +ie

L
X[it"m~(2(p—q)—q)AZ£‘(q )} :
prel 2 AT U (p— g1 — q2)* + e

% [i9t4y (2P = @2) = K) e (K]

J(P—q1 — q2)s (49)

with the corresponding contribution to the squared amplitude being

: ¢ L -iQ, Q7T *
(RuRy) + ce. = i o8 A dzp(2) / (19T, — 9553 ]|J(E, p) - (50)
c q

The latter result has been averaged over quantum numbers and medium configurations, both x and ¢, integrals have been
performed, and the DB integral 7 has been defined as

7, - /quzE v(g1)v(g2) '
2z X (QZZ - Q;-&-q + ie)(qZZ - Q;—‘rq - ie)(Q2z - Q;—kJrq + i€)(q2z - Q;_]H_q - 16)

(51)

Performing the integral in (51) explicitly while taking into account the poles from the scattering potentials, Z; can be
expressed at our accuracy as

_(qg-u)* +6(g-u)’R* = 3R 9*
32R*xE oq*’

Ty - (52)

where all the terms vanishing under angular averaging have been omitted. Using this result, the contribution of Ry to the
final squared amplitude is

(g-u)* +6(q-u)°R*—3R* 00’

5 sin (k72z>|J(E,p)|2. (53)

Cp , [L
RaRE) +ce. ==L [ dz
(RuRg) +c.c N%gA Zp(z)/,, SR3XE oq

The other contribution of this class is given by R;, where the final-state interacting particle is the gluon, with its
amplitude being

. d4(]1 d4612 cr ca *o
lRI = / (2”)4 (2”)4 lejaa(k — 42,92 _k)Aext(qQ)e (k)

(=))N"(k = ) i
(k—gq2)* +ie (p—qp)* +ie

l
x ity (2(p = 42) = 41), A% (a1)|
[l prO]( (p qZ) ql)u ext(ql) (p —q, - q2)2 +ie

X itgmj(2p —k—q)s

J(p—aq1 = q2). (54)

As we discussed computing R and R, the product of the gluon propagator with the 3-gluon vertex, the external field and
the final polarization vector cannot introduce any new pole. Thus, after averaging over quantum numbers and medium
configurations, and performing both x and ¢, integrals, the corresponding contribution to the squared amplitude reads,

,CeN. 8
AN, K2

L A N
(RyR;) + c.c. — —ig [ dzp@) [ ks @l T, - e T p)
0 q

Z, (55)

where the integral Z; is defined as
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! 2z (QZZ - Q1_7+q + ie)(QZz - Q;+q - ie)(QZZ - Q;_w + i€)(qZZ - Qk++q - i€)

Taking into account the poles coming from the scattering potential, the explicit result of (56) at our working accuracy is

q-uov* (q-u)*+6(q-u)’R>—-3R* 0
~i—— — —.
'™ "4xE og® 32R3XE g2

(57)
With that, R; contribution to the squared amplitude can be written as

L
(RiR§) +c.c. = CF92/0 dzp(z)

k-uq® 2 (q- u)4 +6(q - u)2R2 —3R* | k> 1 ov?
- — —— |J(E.,p)|%.
x/q { cos< r z> SR sin{ 5 B xE g [J(E.p)|". (58)

The final DB contribution to the squared amplitude comes from R ;, where the final-state gluon interacts twice with the
medium via a 4-gluon vertex, instead of two 3-gluon vertices as in R . Similarly to the previous two diagrams, R ; is usually
not considered in the literature because it is subdominant in energy. However, it contributes at the first subeikonal order and
must be studied to get a complete description of the soft gluon emission at N = 1.

The amplitude of this diagram is given by

d4Q1 d4Q2 ( i)Nﬂ/M(k 91 q2)
R, = [ t“2p —k — - /:| ‘/afcg
ey / <2 )4 (2 )4 g ( p q1 qQ)M (k : 2)2 ic Y272

x €' (k)A? (q2)A™ (q1)

i
(p—q1—q2)* + i€

J(P—aq1—q). (59)
where the 4-gluon vertex is defined as

Vidps = =i’ [f f (g g7 — gg”) + fe fP (9" g = ¢7g")
+ ol free (g g - grg)L. (60)

Similarly to what is done for the other DB diagrams, we must multiply by the vacuum amplitude R, and average over all
possible configurations of the background field. This average will bring a factor §°¢, which forces two colors of the 4-gluon
vertex to be the same, simplifying its structure. Since the numerator of the gluon propagator and the background fields are
orthogonal to the axial vector n, the tensor structure is independent of the z-component of the momenta and cannot bring
any new poles. Averaging over initial and summing over final quantum numbers, and performing both x and ¢, integrals,
the corresponding term reads,

(1 -u? k-u)y? [L O o
(RyRy) + . = —i?2Cp ¥ ‘;{3}(? “) / dzp(2) / [(e7195% = )T, = (/%% = DT | W(Ep)P. (61)
0 q
where the integral is defined as
dgy; (R + (q-u)*)?
Z,= /2—;0@1)”(42) :T”(‘I)z, (62)

with G, = (q - u.q.—q,;). Thus, the contribution of the 4-gluon vertex diagram to the final squared amplitude is

(RyR3) + . = Cpp =) + (k-u)’ A " dzp(2) /,, <R2+(q-u)2>zy(q)zsm(k2 >|J(E,p)|2. (63)

K*xE R’ 2XE*©

Working with scalar quarks, we should also consider a seagull vertex in the theory that may be needed to get a correct

description of the process. Diagrams containing this vertex are usually omitted in scalar QCD jet quenching calculations
L

because they do not contribute to the leading eikonal order. In fact, their amplitudes are of the order O(3 (Zz)"), which is
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beyond the accuracy of our consideration, see the dis-
cussion in [12]. Hence, there are no contributions coming
from these seagull diagrams to our result in this paper.

C. Final parton distribution and its properties

The final-state parton distribution can be expressed
through the squared amplitude of the process as

dN<1) 1 1 )
= —(|Rn= 64
d’kdxd* pdE [2(2ﬂ)3]2x<|RN_1| ) (64)
|
AN 1 1 dN©
d’*kdxd’ pdE B 2(2ﬂ)3 X JEdL

+k-qq-u<2k2—(k—q)2)

1 ov
v? og

Jrlk-u 4 , 1 0v? |~ cos k>
xE k? 77 oq> 2xE
1 2

+
#((g-u)* +6(q - u)’R?

where R y_; is the full amplitude at first order in the opacity
expansion, and we have included the corresponding final-
state phase factor in the soft gluon limit.

The initial parton dlstnbutlon is defined through the
source as E ij —=55-|J(E.p)|*>. Hence, the broad
source approx1mat10n winch assumes J to be a slowly
varying functlon of the transverse momenta, implies that
Edz(i)Nq)d ~E
reads

P dE This way, the final parton distribution

er [ dzot0 [ o

k-q 2 1
429 = 0(k—g) uk®+2%k-ulk—gq)-

05
9)

)

“3RY) 2R(g w' —RY) 107 (K
AR3XE i 2ag? M\ 2xE”
1 21 —u?)+ (k-u)? (R>+(q-u)?)? . [ K
1E1-w). L (65)

where the LO term can be easily identified as the usual
GLV result under the soft gluon approximation,
cf. Eq. (113) in [23].

The final-state parton distribution (65) obtained in this
paper extends the GLV result for the radiation of a spin-1
gluon at N = 1 under the soft approximation by including
the novel subeikonal corrections in flowing nuclear matter.
Going to the limit considered in [12], where corrections of

the type =[1 — cos (& z)] and sin (sz) are neglected,
the subelkonal terms in (65) Vamsh and the final parton
distribution reduces to the usual GLV result. This does not
agree with the conjectured result in [12], obtained by
replacing the QCD light-front wave functions in the final
parton distribution computed for emitted scalar gluons.
Notice that, in principle, different theories may exhibit
distinct light-front wave function behaviors. Namely, con-
tributions from single interactions on either side of the
branching, i.e., Ry and R;, vanish for scalar but not for
spin-1 gluon emissions at the corresponding order. Thus, it is
essential to keep all diagrams in this order when performing
the replacement of light-front wave functions between
different theories. Indeed, keeping Ry and R; contributions
while doing the replacement leads to Eq. (51) in [12] losing
the dependence on the flow and reducing to the GLV result,
in agreement with the (65) in the same limit.

Given the explicit form (65), it is obvious that the final
state parton distribution can be factorized into the initial
quark distribution and the medium-induced emmission
spectrum, which is defined as

dN' azV _dN©
E 5 =X E
Lkdxd®pdE ~ ~ dxd®k  dEdp

(66)

In order to learn more about the medium-induced spec-
trum, let us first start with the static matter limit # = 0. Then,
the only nonvanishing subeikonal corrections are the ones
proportional to the sine of the LPM phase coming from the
DB diagrams. Hence, the gluon spectrum reads,

az
X =
dxd*k|,_,

sty |} et f oo
w1

k-q
4—— 1
X{ Kk q

1 1 /3
2 (2o -2m5) 12

TneR 2
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with Ry =R|,_o = \/q* + u*>. The corrections in (67),
whose structure is governed by the details of the particular
potential v(g), do not stem from the spin-1 nature of the
gluon nor from the presence of medium flow; rather, they
arise solely from carrying the eikonal expansion to next-to-
leading order. In this sense, (67) extends the GLV spectrum
under the soft gluon approximation beyond leading eikonal
accuracy. Following [23,57,58], we can treat the z integral
analytically by choosing a smooth longitudinal profile for
the source density p(z) = 2pge™t. Then, the spectrum is
given by

dz
X
dxd?k

_ dagNylL / I
u=0 T q (q2 +ﬂ2)2
L(k—-q)°

X kJ
K> L*(k—q)* + 16x*E?

1 1
— (3u*R, — 4R3 ,
(31°Ry 0)q2 + u? L2k* + 16X2E2}
(68)
|

- 2 +,M2)2

dz")  2ayN u*L / 1
X _
dxd*k n e (q

K2 XEK?

. 4 .
where the opacity, y = %L, has been introduced.

Notice that, after integrating over the longitudinal coordi-
nate, both the leading and subeikonal contributions exhibit
the same suppression in energy. However, the leading term
acquires an additional power of the dimensionless scale L_L
compared to the subeikonal correction. Since L is assumed
to be parametrically large in this work with L1 > 1, the
leading contribution still dominates the spectrum.

In order to illustrate the novel correction obtained in
(68), we plot the spectrum in the static limit for a range of
physically relevant medium parameters and gluon kinemat-
ics, cf. [57]. In particular, we show both the leading eikonal
part (dashed) and the full spectrum (68) (solid) for two
energies £ =50 GeV (left) and E = 100 GeV (right),

L

keeping the mean free path A = Yy fixed and assuming y =

3atL =5 fm. Weseta, = 0.3, u = 0.6 GeV and x = 0.1.
Figure 4 proves that subeikonal corrections to the spectrum
may become relevant for gluons emitted with small trans-
verse momentum k even at moderate energies.

The same analytical treatment of the z integral can be
applied to the case of flowing matter (65), with the
medium-induced spectrum becoming

x{{4k'q—ii <2(k—q)~uk2—|—2k-u(k—q)-q

+k-qq-u(2k’ - (k—q)°)

L(k—-q)*

-2
g + uz)] L?(k - q)* + 16x°E?

Lk>

T (4+2 _2>
_.u
E qq2+ﬂ2

1 42((g-w)* +6(g u)’R*=3R*) —2R*((q-w)* —RY) -2

L?k* + 16x*E?

R3 Lk* + 16x2E?

(1 —u?) + (k- u)?
K’R?

which boils down to (68) in the static matter limit
u=0.

In Fig. 5, we plot the spectrum (69) for two energies
E =50 GeV (left column) and E = 100 GeV (right
column), and two magnitudes of the transverse flow
|u| = 0.3 (top row) and |u| =0.5 (bottom row). The

mean free path A :f is kept fixed assuming y =3 at

L =5 fm, and the spectrum is plotted for L =35 fm
(green) and L = 2.5 fm (blue). The remaining parameters
are set to the values used in Fig. 4. Three curves are
shown for each set of parameters; the solid line
corresponds to the static limit # = 0, the dotted-dashed

(¢* +u?)?

g +u?

4
L?k* + 16x*E? } (69)

line corresponds to k and u being parallel (¢ = 0), and
the dashed line to them being antiparallel (6 = ). It is
easy to see from Fig. 5 that the angle 0 between u and k
regulates the effect of the flow correction to the
spectrum. If the transverse momentum of the gluon
and the flow are parallel on the transverse plane, the
gluon radiation gets enhanced, while if they are anti-
parallel it gets depleted. Thus, one can affirm that
the final transverse momentum of the emitted gluons
tends to align along the flow direction. Note that the
static-medium limit does not coincide with the limit in
which the transverse momentum k of the emitted gluon
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K211P
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1 10 100
k2//.l2

1000

FIG. 4. The medium-induced spectrum is plotted for two energies £ = 50 GeV (left) and £ = 100 GeV (right), and two medium
lengths L = 5 fm (green) and L = 2.5 fm (blue). The dashed lines correspond to the spectrum at leading eikonal order (GLV), while the
solid lines include the subeikonal corrections to the medium-induced spectrum for static matter.

is orthogonal to the transverse flow wu (satisfying
k-u =0). This is because the medium-induced spec-
trum depends on the transverse flow not only through
k-u, but also through ¢-u and u?. Consequently, the
curve at @ =7 does not coincide with the solid line,
but would instead correspond to a new curve lying
between the two dashed lines. However, for the chosen
set of parameters, the curve corresponding to 6 =7 is
nearly indistinguishable from the w =0 -case; for

this reason, it is not displayed in the figure. A more

detailed exploration of parameter regions in which
the difference between the u; =0 and 6 = 7/2 cases
becomes more pronounced would be interesting and
could provide additional insight into the phenomeno-
logical implications of the present framework, which we
leave for future study. The change in shape and
magnitude of the spectrum plotted in Fig. 5 shows
that the flow corrections become significant even at
moderate energies and flow velocities, especially for
larger systems.
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FIG. 5.

The medium-induced spectrum is plotted for two energies E = 50 GeV (left column) and £ = 100 GeV (right column), and

two magnitudes of the transverse flow |u| = 0.3 (top row) and |u| = 0.5 (bottom row). The mean free path A = % is kept fixed assuming

y = 3atL =5 fm, and two different lengths L = 5 fm (green) and L = 2.5 fm (blue) of the medium are plotted. Solid lines correspond
to the static limit # = 0 of the spectrum, dotted-dashed lines correspond to k and u being parallel (9 = 0), and dashed lines to them being

antiparallel (6 = 7).

IV. DISCUSSION AND CONCLUSIONS

In this work, we have studied the effect of the flow on the
branching process of a highly energetic quark, obtaining
the double differential medium-induced spectrum of soft
gluons in the presence of a flowing homogenous medium.
The spectrum is computed at first order in the opacity
expansion, including the leading subeikonal corrections for
a real spin-1 gluon, extending the formalism developed in
[12,57]. Apart from showing the analytical form of the

spectrum (65), we have evaluated it for different energies,
medium lengths and flow velocities.

As it has been seen above, the subeikonal corrections do
not vanish in the case of static matter, extending the usual
GLYV result beyond the leading eikonal order, and enhanc-
ing the spectrum substantially at low transverse momenta
of the emitted gluon. In the presence of transverse flow,
both the shape and magnitude of the spectrum get modified.
The angle 6 between the final transverse momentum of the
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gluon k and the transverse flow u modulates whether the
spectrum gets enhanced or depleted, while it is observed
that k tends to align along the direction of the flow. The
dependence of the spectrum on the transverse flow is not
linear, and therefore & = 7 does not coincide with the static
case, in contrast to what has been observed for the gradient
corrections, see e.g., [52,57].

The presented results contribute to the ongoing
efforts to improve the theory of jet-medium inter-
actions, and, moreover, could be extended in multiple
ways. First, it would be interesting to get the sub-
eikonal flow corrections for the medium-induced spec-
trum in the dense regime, resumming multiple
scatterings, although such a calculation will be chal-
lenging. In addition, the theoretical framework devel-
oped in this paper could be implemented into
phenomenological considerations to provide a more
realistic description of the jet interaction with the
evolving QGP, cf. the discussions in [41,45,53,62-64].
For instance, having the spectrum with flow in hand, one

can study the sensitivity of jet angularities and other
shape observables to the flow, starting with the simplest
geometries, see e.g., [53].
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