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We study gradient corrections to the transport equation for energetic light partons in dense QCD
environments. In the diffusion limit, the transport dynamics is solely controlled by small-angle elastic
scatterings, leading to transverse momentum broadening with respect to the parton’s initial direction. Such
a parton propagation is usually considered in the limit of transversely homogeneous matter. The transport
processes admit a classical description and the transverse spatial dependence of the medium properties
emerges only through the jet quenching parameter. In this work, we show that a gradient expansion of the
all-order evolution equation for the partonic Wigner function leads to an evolution equation in the
Boltzmann-diffusion form only up to the leading order in transverse gradients. At the second order in
gradients, the quantum corrections associated with nonlocal interactions give rise to a novel transport that
can be implemented in Monte Carlo simulations. In addition, using our results, we compute the gradient
corrections to the jet quenching parameter in inhomogeneous matter.

DOI: 10.1103/PhysRevD.107.L051503

I. INTRODUCTION

Jets are commonly found in the final state of heavy-
ion collisions (HICs), providing a powerful tomographic
tool to study the evolution of the quark-gluon plasma
(QGP) [1-12]. They evolve in parallel with the hot matter
and are able to probe it at different time and length scales.
Extracting the details of how jet structure is modified by
the matter is a highly nontrivial open problem, both from
the theoretical and experimental points of view [13—15].

For energetic colored particles, the interactions are
dominated by t-channel gluon exchanges. These result in
deflection of partons and consequent inelastic emission of
gluon radiation. Describing these processes in perturbative
QCD, one has to rely on multiple simplifying assumptions.
For instance, treating the parton energy as the largest scale
and assuming the matter to be uniform in the transverse
directions, one can usually make the problem theoretically
tractable in a so-called eikonal expansion, an expansion
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in inverse powers of energy. However, in doing so one
further decouples the dynamics of the jets from the
medium evolution, severely diminishing their tomographic
capabilities [6,9,11].

Only recently, it was shown that the hydrodynamic
evolution of the medium can be systematically accounted
for in the parton-matter interactions [6], if one goes
beyond the leading eikonal limit and treats the transverse
variations of the matter properties in a gradient expansion.'
Phenomenologically, the coupling of the parton evolution to
the medium anisotropies reflects itself in the generation of
odd moments of the underlying transverse momentum
distribution, related to the nontrivial azimuthal particle
distribution. So far, only the leading order gradient effects
at the level of the final particle distribution have been
computed [6,9]. In parallel, it was noticed that the same
effects could be explored via the in-medium parton Wigner
function [10]. One advantage of the Wigner function
approach, in contrast with the direct computation of the
particle distributions, is that it offers a direct connection to
the parton evolution equation.

In the case of homogeneous matter and in the limit of
small-angle in-medium scatterings, the corresponding
Wigner function is a solution of the Boltzmann-diffusion

'For earlier works introducing the hydrodynamic gradient
expansion in the probe-matter interactions, see e.g. [16-21].
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equation [22-25]. Since this regime admits a classical
description, one may expect that accounting for general
anisotropic effects would require a full understanding of the
quantum evolution of energetic partons in the medium. One
has to derive the associated quantum evolution equation
and compute the corresponding Wigner function beyond
the classical limit.

In this work, we derive the parton Wigner function, using
the results for the parton broadening in inhomogeneous
matter obtained within the Baier, Dokshitzer, Mueller,
Peigné, Schiff, and Zakharov (BDMPS-Z) approach [9].
We generalize the transport equation to all orders in matter
gradients, and show how it gets modified beyond the
diffusion approximation. Truncating the gradient expansion
up to the second order, we show that matter anisotropies are
responsible for novel quantum corrections to the transport
equation. The resulting equation can be integrated into
commonly used transport models for jet quenching phe-
nomenology [25-30], considerably enhancing their tomo-
graphic capabilities.

II. IN-MEDIUM PARTON WIGNER FUNCTION

In parton energy loss calculations, the QCD medium is
often described with a background color field induced by
stochastic color densities p?(x, z) [11,31]. Then, the lead-
ing interaction of a parton with the matter, in the limit when
no gluon radiation is produced, can be described via a
reduced single-particle propagator,

Xy 1E [L .
G(xy,L;x0,0) = Dr exp > drr
X0 0
L
x Pexp (z/ drtgrojv“(r(r),r)>, (1)
0

where we have assumed that the sources are in the same color
representation R [9,11], E is the conserved energy of the
parton, L is the longitudinal size of the matter, and
x; and x( are the initial and final two-dimensional coor-
dinates in the directions transverse to the initial parton’s
momentum. In this picture, the parton-matter interactions
are described by an effective potential v%(x,z) =
[, ¢ v(g?, 2)p" (g, z).> In turn, the elementary scattering
potential v(q?, z) corresponds to the particular matter model,
defining how the in-medium gluon field is screened at large
distances, and its z-dependence is driven by the screening
mass. The screening length is assumed to be small comparing
to the characteristic distance between the sources.

The presence of the matter results in the broadening of
the transverse momentum distribution of the partons. This
process can be described through the corresponding parton
Wigner function [5,10], which reads

2Throughout this work, we will use the shorthand notations

[ d*q/(2z)* = [, and [d’x = [,.

W, (Y.p) = / eI PIPXIWo (X, po)

y.x.X.po

x <Q<Y+“§;X+§>GT(Y—§;X—§>>.
(2)

Here we have used shorthand notations omitting the length
dependence in the propagators, Y can be interpreted as an
impact parameter of an effective dipole formed by the
parton in the amplitude and its complex conjugate, and p is
the parton’s final transverse momentum. Also, we implic-
itly assume that the medium averaging involves a trace
over the color indices, such that (I) = 1 with I being the
identity matrix in the color space. The initial Wigner
function W (X,p,) is naturally related to the initial dis-
tribution of partons. Notice that the Wigner function should
include a gauge link. However, here this link is trivial since
the transverse field components are zero for static sources
in the Lorentz gauge [10].

The two-point correlator of the propagators entering (2)
implies an averaging over the scattering centers. In this
work and as is usually done, we assume that the medium
can be described in terms of classical background densities
with Gaussian statistics [13,32,33]

ab

T 2GR

(p*(q.2)p"(q.7)) 5(z-2)plg+q.2). (3)

where p(q + g, z) is a mixed representation of p(x, z), the
number density of the sources, and Cj is the quadratic
Casimir of the representation opposite to the representation
of the sources. We further follow [6,9,11], assuming that
the medium properties are slowly varying from point to
point. This allows one to study W using an expansion in the
transverse gradients of the medium parameters, such as the
density of the scattering centers p(x) and the Debye mass
u(x) in the scattering potential. To do so, we will Taylor
expand the parameters

1.
px)~p+x-Vp+ Ex’xJV,Vjp,
1 ..
Wrx) mp? +x -Vt + Ex‘x/Viijz, (4)

assuming for simplicity that they (and their transverse
gradients) are z-independent.

At the leading order in gradients, the two-point function
of the single-particle propagators has been previously
computed in [9], and reads

(G(x3x0)G" (%15 %0))
_ <£>2exp{iE<w i)l — b deV(u(2))}
2zL) 1+ g [FdC [§ dEEVV(u ()

(5)
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where w = £, u = x — X, V(q) is the dipole potential, and
g=Vp2 7 V,u 7 is an operator generating the gradient
corrections. The tra]ectory u.(z) is the solution of the
classical equations of motion arising in the path integral.3

The dipole potential is defined as
@ [ ber)

is the quadratic Casimir in the

Vig) = —Cp(|v<q )2 - (2m)25

C
proj
2y and Coroj

representation of the energetic parton.

We are interested in the diffusion regime, which corre-
sponds to the so-called harmonic approximation for
V(q). In this regime, the soft gluon exchanges with the
medium are captured but the hard momentum transfers

where C =

B

Viy) = / 09V (q) » Iy, (6)

where g = g, log  is the jet quenching parameter, and Q

is a free large momentum scale ubiquitous to the harmonic
approximation. The explicit form of g, in terms of medium
parameters depends on the model of the medium. Here we
will use the Gyulassy-Wang (GW) model, corresponding to
v(q*) = —¢*/(q* + p?) with g the strong coupling constant
and the bare jet quenching coefficient §, = 4xCa’p. For
other medium models such as the ones based on the hard
thermal loops approximation [34] or in holographic pic-
tures [35], Eq. (6) still holds, though the dependence of g,
on the medium parameters is different [36].

Under all these assumptions, the resulting Wigner
function can be easily obtained using (5) For pointlike

are neglected, and the dipole potential can be approxi- initial conditions, Wy(X,p,) = (27)%6 (X)8?) (p,), the
mated by final state Wigner function can be written as
48F? 4
W(Y,p) = Wexp {— QL3 (LZ 2 3ELP -Y + 3E2Y2)}
8 (AT4y _ ST 3(p2 A 20 An2 .
x |1+ ISEGLS (qL*p — SL°(p°p + 3EqQY) + 12EL*(4p°Y + (p - Y)p)
+90E3Y?Y — 9E2L(14(p - Y)Y+Y2p))}, (7)

where g is the parameter resulting from g which encapsu-
lates the matter gradients. For the GW model in the
harmonic approximation, the gradient parameter can be
written as

Vp 1 w2
= T g (8)

log= H

II1. KINETIC APPROACH
TO PARTON TRANSPORT

While we have derived the final state Wigner distribution
to the leading order in gradients (7), for many phenom-
enological applications the evolution equation defining W
is of greater importance, since it allows us to study the in-
medium parton evolution within the kinetic picture, which
is more suitable for numerical simulations. In the past, it
has been noticed that in the absence of gradients and in the

To leading order in transverse gradients, see Ref. [9], u, =
1 +ul" with u<0)( ) =7(u; —uy)/L +uy and

¢

el

0 0

ul(z)

|
small-angle scattering approximation the Wigner function
satisfies a diffusion equation [5]. In the present case, having
access to the explicit form of the Wigner function (7), we
can directly check how the leading order gradients modify
the diffusion in an inhomogeneous matter.

In the kinetic approach to the in-medium evolution of the
parton distribution f(Y,p), one usually starts from the
following reduced Boltzmann equation [22,23]:

(0045 %3 ). =il )

where C[f] is the collision kernel, involving only energy
conserving elastic processes in our approximation, and the
force terms are assumed to be vanishing. To generalize the
result to the inhomogeneous case, one has to take into
account the impact parameter dependence of the parton-
matter interactions within a detailed microscopic derivation.

It is instructive to notice the following two facts. First,
one may attempt to generalize the evolution equation in a
naive ideal-hydrodynamic way, promoting the only kinetic
coefficient g to a function of Y. Second, we already have
the solution for the Wigner function derived with the field
theoretical methods. Thus, we can substitute (7) into the

L051503-3
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naively generalized evolution equation, and, expanding

q(Y)~q+Y- Vg, we find
p qY N
(aL W2y, _%ag)W(Y,p) = 0(2g).  (10)

As expected, in the absence of the gradient corrections, the
Wigner function obeys the usual Boltzmann-diffusion equa-
tion, with ¢ playing the role of the diffusion constant.
Remarkably, the leading order gradient corrections in (7)
are accounted for by the minimal replacement § — §(Y), and
the naive generalization of the evolution equation does work
at this order. This observation indicates that the kinetic
description of momentum broadening gains no structural
corrections at the first order in gradients, and the two
approaches to the problem are equivalent at this level.

However, the naive generalization of the evolution equa-
tion is not necessarily adequate in general. Indeed, assuming
that the in-medium scattering rates are local in impact
parameter implies that the resulting transport equation has
the same functional form as the usual Boltzmann-diffusion
equation (up to a drift term), with the minimal replacement
g — q(Y). This locality assumption can be lifted if one
considers the quantum generalization of Boltzmann trans-
port, e.g. starting from the Kadanoff-Baym equations [37].
In turn, the results in [9] indicate that the higher order
gradient corrections to (5) are nontrivial, and the two
approaches should be further compared. The fact that the
given Wigner function (7) solves the particular evolution
equation is only indicative.

IV. QUANTUM CORRECTIONS
TO PARTON TRANSPORT

In the previous section, we have discussed how the
leading order gradient correction to the evolution equation
can be absorbed into a spatial-dependent jet quenching
parameter. Now, we turn to the derivation of the evolution
equation beyond the first order in gradients from a micro-
scopic consideration. For simplicity, we will focus on the
gradients of p, while y gradients can be obtained similarly.

Since we are interested in the evolution equation
governing the Wigner function, it is instructive to study
the path length derivative of the two-point correlator in (5).
For that, we consider the two-point function of the
propagators between z =0 and z =L +¢ with e < L.
Following [11], one can express it as a convolution

(Gi(k, L + €k, 0)G(k, L + €k, 0))
= /(Q*(E,L +el L)Gk.L+el L))
1l

x (G'(I, L; ky, 0)G(L, L; k¢, 0)), (11)

where we use the locality of the averages in z to break the
full evolution into two steps, both in color singlet states.

Expanding (11) to the leading order in €, one can extract
the evolution kernel. We then find that the Wigner function
in a momentum space representation satisfies

o, W(k,k) = LS 2_15]}2 W (k. k)
- _lilc(q,q LOWID),  (12)
where
K(g.g:1.1) = —(27)*Cv(q)v(q)

and p(k) is the Fourier of the source number density.

The evolution equation (12) generalizes (10) for exact
transverse coordinate dependence of the matter parameters,
and is valid beyond the harmonic approximation.
Expanding (12) in gradients, we substitute the explicit
form of (4) up to the second order. Using the shorthand
notations /'(¢%) = d,2h(¢*) and p = (k +k)/2, we write
the second order evolution equation in the harmonic
approximation as

(o220 ) wirp)

V0 [ |t 0=Vl WO p=a). (19

where we have introduced x = 27%C fq v? and a new
directional potential reading

C
Viilg) == <{261i61j[7w” = v+ 0v'5;;}

- (27) 25(2)

/{21 Li[ov" — ') + m/é,,}>
(15)

The term proportional to p(Y) in (14) is a direct generali-
zation of its analog in (10). However, at the second order
the evolution equation gains additional terms of new
functional form.

Notice that these do not directly depend on the effective
scattering potential V), but rather on the in-medium elemen-
tary gluon potential v. As a consequence, Eq. (14), even in
the diffusion approximation, is more sensitive to the details
of the medium model.

L051503-4
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Another important conclusion is that assuming locality
of interactions in Y, one implies that all corrections to the
evolution equation could be taken into account with the
minimal replacement § — ¢(Y). Thus, one may conclude
that the additional terms in (14) can only be obtained if the
interactions between the matter and the jet are nonlocal in
Y. These types of interactions are linked to the quantum
nature of the evolution of the parton in the medium, and
thus the novel evolution equation also accounts for quan-
tum corrections to the classical Boltzmann transport; see
e.g. [38,39] for a recent discussion.

Finally, it is instructive to look at the second moment of
the Wigner function, since it provides access to the full jet
quenching parameter §, = d; (p*) containing power cor-
rections induced by the matter gradients. The terms in (14)
depending on the scattering rates can be absorbed into a

coefficient n = px/(27°q) +C” |, v 2v'/v]’, which can

be computed directly once a partlcular model for the
medium is chosen. Using that at the zeroth order in
gradients [y Y;Y;W(Y,p) = §;qL>/(6E*), we find the
full jet quenching parameter

. . [ qL
i=0b®) ~a+ Vit ). (9

Notice that g is the value of the jet quenching parameter at
Y = 0, and we require that (p?)|, _, = 0. This effective jet
quenching coefficient gets two types of corrections. The
first ones are the sub-subeikonal terms, which one would
expect since the gradient expansion is sensitive to the
kinetic phases [6,9]. Such corrections will compete with
other sub-subeikonal effects we did not include, although
with different parametric dependence. In turn, the #-term
on the right-hand side of (16) is independent of E, and
enters at the eikonal accuracy. Similar energy-independent
corrections have recently been observed in nonperturba-
tive real-time simulations of single parton in-medium
evolution [40]. The phenomenological implications of
these novel corrections require further study, which we
leave for future work.

V. CONCLUSION

In this paper, we have detailed the first ab initio derivation
of the kinetic equation describing the evolution of energetic
partons in inhomogeneous QCD environments. Studying
the gradient corrections to the in-medium parton Wigner
function, we have derived the all-order master transport
equation. Although the leading gradient corrections can be
accounted for in the Boltzmann-diffusion form under a
minimal replacement for g, already at the second order the
resulting equation has functionally novel terms. We have
further argued that these are associated with nonlocal
interactions, and can be considered as quantum corrections
to the classical transport. As a direct consequence of the

modified evolution, we have found new power corrections
to the jet quenching parameter. Strikingly, ¢ gets energy-
independent contributions, which could be sizeable com-
pared to radiative corrections [41-44].

The new transport equation derived in this paper has
ample applications in jet quenching phenomenology,
allowing one to include gradient effects in existing parton
transport models. Besides such phenomenological appli-
cations, it would be important to confirm that using the
formal kinetic theory approach, it is possible to recover the
master equation derived in this paper. Such an exercise
would give new insights into the role played by matter
gradients, helping to lift some of the assumptions. Another
interesting extension would be to include other subeikonal
corrections, such as friction terms, in the evolution equa-
tion. These corrections would compete with the gradient
terms and are needed to have a complete picture of in-
medium evolution.

The results derived here are applicable in the QGP phase
of HIC, but the formalism can be extended to the other
phases of QCD matter. Since anisotropic effects might be
more important at earlier times in the aftermath of HIC or in
smaller collision systems [45—48], having theoretical tools
to describe such scenarios is of utmost importance. The
inclusion of inelastic processes can also be studied using
the approach followed in this work, although its exact
kinetic formulation is not known at the moment for
inhomogeneous backgrounds.
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