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Collisional broadening in QCD plasmas leads to the emission of medium-
induced radiation, which governs the energy loss of highly energetic parti-
cles or jets. While recent studies have obtained non-perturbative contribu-
tions to the collisional broadening kernel C'(b) ) using lattice simulation of
the dimensionally reduced long-distance effective theory of QCD, Electro-
static QCD (EQCD), so far all phenomenological calculations of jet quench-
ing rely on perturbative determinations of the collisional broadening kernel.
By matching the short-distance behavior of the lattice extracted EQCD
broadening kernel, we determine the fully matched QCD broadening kernel
non-perturbatively. We present results for the collisional broadening kernel
in impact parameter (Cqcp(b1))) and momentum space (Cqcep(g1)), and
employ them to determine the rates of medium-induced radiation in infi-
nite and finite size QCD plasmas. By contrasting our results with leading
and next-to-leading order perturbative determinations as well as various
approximations of the splitting rates employed in the literature, we inves-
tigate the effect of the non-perturbative determination of Cqcp(g.) on
medium-induced radiation rates.
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1. Introduction

During ultra-relativistic heavy-ion collisions, high energetic particles orig-
inating from the initial hard partonic collisions must traverse and interact
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with the Quark-Gluon Plasma (QGP) before reaching the detector. In-
teractions of highly energetic parton with the medium have been studied
extensively, and it was shown that besides the elastic interactions with the
medium constituents, multiple soft scatterings between the hard partons and
the medium trigger the partons to radiate. These soft scatterings lead to
an infinite number of diagrams, which can be resummed to obtain an ef-
fective 1 — 2 in-medium radiation rates. Several formalisms for in-medium
radiation have been developed in the literature [1-3], which encapsulate the
same physics but differ on the level of approximations. However, all these
formalisms rely on a description of the elastic scattering with the medium,
obtained using the transverse momentum broadening kernel

(27)2d3T

ClqL) = ma (1)

which describes the rate at which the hard partons exchange transverse
momentum q,; with the medium. To obtain the broadening kernel, three
treatments of the medium are widely used in the literature:
— Many random, static, screened color centers [1]: C(qL) X 3.
(g +mp)
— Dynamical moving charges at lowest order in perturbation theory [4]:
1
Clar) o a1 (q +md)’

— Many individually small scatterings, leading to transverse momentum

diffusion [5]: C(by) = 42 /4.

Recently, there has been progress in obtaining non-perturbative contribu-
tions to the broadening kernel [6, 7], using a dimensionally reduced long-
distance effective theory for QCD, 3D Electrostatic QCD (EQCD) [8]. Af-
ter a Fourier transform of the broadening kernel to impact parameter space,
lattice simulations of EQCD [6, 9, 10| can be performed to obtain the large-
distance behavior of the broadening kernel Crqcp (b ), which was matched
to the short-distance behavior of QCD to obtain a non-perturbative deter-
mination of Cqcp(by) in QCD at all scales [7]. In these proceedings, we
employ the broadening kernel extracted to obtain the in-medium splitting
rates of a highly energetic parton traversing a medium with a finite extent
and compare with results obtained using perturbative results of the broad-
ening kernels.

2. Non-perturbative broadening kernel

The non-perturbative (NP) broadening kernel (Cqcp(by )) in impact pa-
rameter space b was obtained in |7] and shown in the left panel of Fig. 1.
However, in order to compute in-medium splitting rates in a QCD medium



Non-perturbative Determination of the Collisional Broadening . . . 1-A121.3

1.8 10
= X P T = 500MeV —
= 16 ——— CNP(b) at T = 500MeV ) ° :
QO g4l —— CP(b) at T = 250Mev s U 7= 250MeV -
& 9 - - - - Long-distance O LO —
g 12 T = 500 MeV S 100 NLO —
5 1 e T =250 MeV } _— g IR limit -~
£ 08 LO - g 10 "N\ UV limit = -
2 06 NLO Ef
£ g 4
£ 04 5 10
2 02 =
g TR
& 0
—0.2 1078
0 1 2 3 4 5 0.1 1 10 100
Impact parameter: gT'b Transverse momentum ¢/ (gT)

Fig.1. Left: Non-perturbative elastic broadening kernel Cqcp(by) in impact pa-
rameter space. Data points for two different temperatures T = 250,500 MeV
are shown alongside the interpolating splines. Right: Elastic broadening ker-
nel Cqep(g, ) in momentum space for T' = 250,500 MeV. We also compare the
kernel to leading-order (LO) and next-to-leading order (NLO) determinations at
T = 500 MeV.

of finite size, it is more preferable to work in momentum space. Therefore,
we perform a Fourier transform to obtain the non-perturbative broaden-
ing kernel (Cqcp(g1)) in impact parameter space ¢ which is shown for
T = 250,500 MeV in the right panel of Fig. 1 (¢f. [11] for details of the
procedure). We find that both data sets at T' = 250,500 MeV display very
similar behavior when expressing TCqcp(¢q1)/Cr as a function of g /gsT
in momentum space, or C(b;)/g?TCRr as a function of gsTh; in impact
parameter space. When comparing with leading order (LO) and next-to-
leading order (NLO) perturbative broadening kernels, we find that while
they all follow the same ultraviolet (UV) behavior ~ 1/ qi and, respectively,
~ b2 log(b, ) behavior, the infrared (IR) behavior of the NP and NLO ker-
nels is markedly different from the LO. The NP and NLO kernels in UV
follow a ~ 1/ qi’_ and, respectively, ~ b, . However, the slopes of the kernels
differ by a prefactor due to the difference in the string tension ogqcp.

3. In-medium splitting rates

Employing the different broadening kernels and following [3|, we obtain
the rate of medium-induced radiation %, the rate of quark with mo-
mentum P radiating a gluon with momentum zP after a time ¢ spent in
the medium. The results for momenta fraction z = 0.05 and z = 0.5 are
shown in Fig. 2 as a function of time ¢, where we used the LO, NLO, and
NP broadening kernels to obtain the square, circle and triangular points,

and we show the ratio to the LO curve in the lower inset of each panel. Ini-
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Fig.2. (Color online) Splitting rate for the medium-induced emission of a gluon
from a parent quark with energy P = 3007 in an equilibrium plasma with the
temperature T' = 500 MeV as a function of the evolution time ¢ for different gluon
momentum fraction z = 0.05,0.5. (top) Different curves in each panel show the
results for the different, leading order (LO), next-to-leading order (NLO), and
non-perturbative (NP) momentum broadening kernels in Fig. 1. (bottom) We com-
pare different approximations of the in-medium splitting rate, namely the opacity
expansion at N = 1 [1], the resummed opacity rate of [12] (N = X), and the
NLO expansion around the Harmonic Oscillator [13] (NLO-HO) to the full result
(T = 500 MeV). Note that all results are obtained with the non-perturbative colli-
sion kernel. The lower panel of each plot displays the ratio to the full rate.

tially, we observe a linear behavior of the rate which saturates rather quickly
at later times and recovers the infinite medium rates which were obtained
earlier [7]. We find that the non-perturbative result starts lower than the
LO rates before it settles above the LO and below the NLO, which can be
explained by the fact that the early times radiation are driven mainly by
single hard scatterings with large momentum exchange (¢ > mp), where
the NP kernel is below the LO. At late times, multiple soft scatterings with
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small momentum exchange (¢, ~ mp) are more important, and the NP
kernel in this IR behaves similarly to the NLO kernel. Overall, the results
obtained using the NP kernel do not depart from a band of +50% around
LO, while the NLO results can become over 2x larger than the LO result.

Additionally, we computed the in-medium radiation rates using several
approximations developed in the literature:

— First order opacity expansion, which considers a perturbative expan-
sion in the number of re-scatterings with the medium. Here, we take
only a single scattering (N = 1) [1].

— Resummed opacity expansion (N = X), which re-sums the opacity
expansion by employing a cut-off to the momentum exchange of the
scattering, the collision integral of subsequent scatterings can then be
exponentiated (cf. [12]).

— Harmonic oscillator expansion (NLO-HQO) where using an opacity ex-
pansion, a single hard scattering is considered as a perturbation on top
of fully resummed multiple soft scatterings computed in the diffusion
approximation |13].

Extensive details of the calculation of each approximation are given in [11].
We employ these approximations to obtain the in-medium splitting rate for
the same NP broadening kernel Cqcp(g1 ) at T = 500 MeV and show a com-
parison in Fig. 2. While the naive first order opacity expansion reproduces
the linear behavior of the rate at early times, it breaks down later on when
the time is large enough to allow for subsequent scatterings. Conversely, the
resummed (N = X)) opacity expansion is able to reproduce the rate even at
late times. For the NLO expansion around the HO, we observe that it can
be quite accurate throughout the evolution, especially for quasi-democratic
splittings (z ~ 1/2).

4. Conclusion

In these proceedings, we presented our results for in-medium splitting
rates computed using the non-perturbative collision kernel and compared
them to the calculations using leading and next-to-leading order perturba-
tive collision kernel as well as to different approximations of the in-medium
splitting rates. We find that approximations to the splitting rate calcula-
tion are quite effective in reproducing the rate within their respective range
of validity. Conversely, we observed considerable differences between the
results for different collision kernels. Since the differences between the non-
perturbative and the LO kernel, which is usually used in phenomenological
studies of jet quenching, can be of the order of 30%, it will be interesting
to further explore the phenomenological consequences. In this context, it is
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important to point out that the collisional broadening kernel and in-medium
splitting rates obtained in this study can be easily integrated into models of

jet quenching using a kinetic approach or Monte Carlo simulations [14].
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