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ABSTRACT: We present an extension to next-to-leading order in the strong coupling con-
stant g of the AMY effective kinetic approach to the energy loss of high momentum particles
in the quark-gluon plasma. At leading order, the transport of jet-like particles is determined
by elastic scattering with the thermal constituents, and by inelastic collinear splittings
induced by the medium. We reorganize this description into collinear splittings, high-
momentum-transfer scatterings, drag and diffusion, and particle conversions (momentum-
preserving identity-changing processes). We show that this reorganized description remains
valid to NLO in g, and compute the appropriate modifications of the drag, diffusion, par-
ticle conversion, and inelastic splitting coefficients. In addition, a new kinematic regime
opens at NLO for wider-angle collinear bremsstrahlung. These semi-collinear emissions
smoothly interpolate between the leading order high-momentum-transfer scatterings and
collinear splittings. To organize the calculation, we introduce a set of Wilson line operators
on the light-cone which determine the diffusion and identity changing coefficients, and we
show how to evaluate these operators at NLO.
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1 Introduction

Jets are a key observable in the relativistic heavy-ion program [1-4]. Advances in recon-
structing jets at the LHC [5, 6] challenge our ability to understand the difference between
jet development in the hot medium created in a heavy ion collision, compared to develop-
ment in the vacuum or near-vacuum environment of a proton-proton collision. While early
theoretical studies concentrated on understanding the leading hadron in a jet (see ref. [7]
for an overview), the more inclusive jet reconstructions which are now possible experimen-
tally demand a theoretical description of the full jet evolution, including the evolution of
all radiated daughters.

Several groups have put forward modeling frameworks for doing this [8-12]. It is
fair to say that these approaches have some commonalities. Generally they separate the
excitations into high-energy partons associated with the jet, and low-energy partons or a
scattering medium with a characteristic energy scale T' (the local medium temperature).
Then, one attempts to follow the evolution of the high energy partons, which will eventually
create the hadrons reconstructed as a jet. The jet partons are considered to interact with
the medium in two important ways. They scatter elastically, and they are induced to
radiate or split. Different frameworks differ in whether both possibilities are considered,
and in exactly how the splitting processes are computed (how is long-distance coherence
handled? Is the radiated daughter assumed to have a small fraction of the energy? What
model for the medium interactions, and what other approximations are made?).

Typically the division of processes into distinct types — here elastic scattering and
inelastic radiation — is justified at leading order, but at subleading orders they often
cannot be clearly distinguished. What happens to the treatment of jet-medium interaction
at subleading order? Is it possible to pursue a next-to-leading order (NLO) calculation,
in the sense that the elastic and splitting interactions between the jet partons and the



medium are treated beyond leading perturbative order?! In this paper we explore this
question by extending a framework where it is clearly posed — the AMY /McGill/MARTINI
approach [10, 20-24], where there is a clear power-counting prescription for determining
what is leading and subleading order for the jet-medium interaction. The approach starts
with the assumptions that the medium is thermal and weakly coupled, so the interactions
between jet partons and the medium can be computed in thermal perturbation theory. One
also assumes that the medium is thick, such that the formation times of processes under
consideration are shorter than the scale of variation of the medium. This approximation
has sometimes been criticized, and it can be improved upon without overturning the rest
of the approach [25]. But for the processes which will be most interesting here — processes
involving small momentum transfer or intermediate opening angles — the scattering or
formation times are relatively short, so this should be considered a separate issue.

The philosophy of the framework is as follows. We follow one or more “hard” ap-
proximately on shell partons traversing the medium. We assume that the medium has a
local temperature T' > Aqcp, and distinguish a parton as hard if its energy F satisfies
exp(—FE/T) < 1. Particles failing this criterion are assumed to join the thermal medium;
but no attempt is made to track the back-reaction on the medium properties [26].

The jet parton evolution and jet-medium interactions are dictated by finite temperature
perturbation theory. Whereas vacuum perturbation theory is an expansion in the strong
fine-structure constant ags = g¢2/4m, this expansion is spoiled by soft-particle statistical
functions ng(w ~ gT') ~ 1/g entering in thermal Feynman graphs. These soft contributions
must be resummed to obtain a finite leading order answer, and give rise to subleading
corrections suppressed by a single power of g. We have recently shown how to compute these
subleading corrections in the context of hard real [27] and virtual [28] photon production.
Here we extend that treatment to the case of jet-medium interactions.

As a scattering environment, the essential attribute of QCD (or any gauge theory) is
that there is a large cross section for small-momentum-transfer scattering processes. These
are responsible for the high rate of particle splitting. They also cause complications when
including elastic scattering, since they give a large rate of small momentum exchanges,
both in the transverse and longitudinal components of the momentum. At next-to-leading
(NLO) order, new processes arise, which can be understood physically as overlap and in-
terference between sequential scattering processes and as scatterings with the emission or
absorption of soft (E ~ ¢gT') excitations [29]. These contribute both to transverse momen-
tum broadening and to longitudinal momentum loss and broadening. They are most easily
computed in a way which does not cleanly separate them into elastic and inelastic pro-
cesses, and indeed it is not clear that the distinction is important or well posed. And they
overlap with the infrared limits of both the elastic scattering and the splitting processes.
However, frequent and small momentum exchanges need not be separately identified and

1Some authors have used the term NLO in a different sense: for instance that the initial parton producing
processes or the final fragmentation processes are treated at NLO, though the medium interactions are still
leading order [13, 14], or within the Higher Twist formalism [15, 16], or that higher-order, double-logarithmic
corrections to the jet-quenching parameter are considered and resummed [17-19]. Here by NLO we mean
a beyond-leading-order treatment of the way the jet interacts with the medium.



tracked. In traversing enough medium to significantly modify a jet, the jet partons will un-
dergo several such soft processes, in which case a statistical description should be sufficient.
This motivates an approach in which we give a Fokker-Planck (Langevin) description of
soft scatterings, as drag and diffusion processes.

The philosophy of our approach will therefore be the following. We will introduce
infrared scales p, p. All scattering and emission processes which change a jet parton’s
momentum by more than p; | will be handled explicitly. All processes which change
momentum by less than this scale, including the NLO effects alluded to above, will be
incorporated as momentum diffusion and drag coefficients, which can be neatly defined in
field theory as correlators of field strength operators on light-like Wilson lines. We will
compute these drag and diffusion coefficients at the NLO level, as well as providing an
NLO accurate procedure for computing the larger-transfer elastic and splitting processes.
We will show explicitly how to perform a matching so that the choice of the scale p drops
out in the final results.

The drag and diffusion coefficients account for momentum exchange with the medium
through soft gauge-boson exchange. Soft fermion exchange with the medium can change
the identity of a quark to a gluon and vice versa. We call such identity changing processes
conversion processes, and introduce a medium coefficient (analogous to the transverse mo-
mentum broadening coefficient ¢ or the energy loss é) which parameterizes this conversion
rate. As with the drag and diffusion coefficients, all identity changing scattering processes
with momentum exchange greater than p will be treated explicitly, while identity chang-
ing scatterings with small momentum transfer are incorporated into the conversion rate.
The conversion rate will be defined as a correlator of soft fermionic operators on light-like
Wilson lines.

The calculation of the processes involving soft momentum transfers (drag, diffusion,
and conversions) and of the corresponding light-cone Wilson line correlators requires a
resummation scheme known as the Hard Thermal Loop (HTL) effective theory [30, 31],
which is the QCD analog of the Vlasov equations [32]. These formalisms are well known to
be computationally complex, and at first sight, any calculation beyond leading order in the
coupling would seem extremely challenging (see [29] for an example). However, Caron-Huot
has shown [33] that HTL correlators (and statistical correlators more generally) simplify
greatly when computed at light-like separations, which are exactly those that must be
evaluated to determine the energy loss, diffusion, conversion, and collinear radiation rates
of highly energetic particles propagating in a plasma.

Intuitively, these simplifications can be seen to arise because the energetic partons are
propagating almost exactly along the light cone. Hence they are probing an essentially
undisturbed plasma, at least as far as the soft, classical background is concerned. Infor-
mally, we can say that this background “can’t keep up” with the hard particles traversing
the plasma. Thus, the soft correlations that the latter probe are statistical in nature
rather than dynamical. Those simplifications, as we shall show, are at the base of the NLO
extension being presented.

A pedagogical review of these recent developments in the understanding of HTLs has
been presented by two of us in [34]. There the main results of this paper, i.e. the reorgani-



zation of the kinetic theory we have mentioned, as well as the results of the computations
to NLO of the needed rates and coefficients, have been partly anticipated. Due to the
review nature of [34], the presentation there has been more pedagogical and most details
and technical aspects have been omitted for the sake of brevity and clarity. Here we will
present the detailed derivation of the reorganization of the kinetic approach, as well as
the explicit calculations of the coefficients and rates. Furthermore, [34] was limited to a
plasma of gluons only, again for ease of illustration. We advise readers unfamiliar with
Hard Thermal Loops, and especially with the recent developments discussed before, to
explore [34] first.

The paper is organized as follows: in section 2 we present the LO framework in the
standard formulation, which divides into elastic (2 <> 2) and inelastic (1 <> 2) processes.
Readers familiar with that approach can skip directly to section 3, where we introduce
our reorganization in terms of large-angle scatterings, diffusion, conversion and collinear
processes. In section 4 we give an overview of the NLO corrections, which are dealt with
in detail in section 5 for collinear processes, section 6 for diffusion, section 7 for conversion
and finally section 8 for the semi-collinear processes, which first contribute at NLO and
smoothly interpolate between the other three. A summary is presented in section 9, to-
gether with our conclusions. Extensive technical details are to be found in the appendices,
such as the NLO calculation of longitudinal momentum diffusion.

2 The leading-order kinetic approach

Our aim is to track the time evolution of a small number of highly-energetic jet-like particles
as they propagate through a medium. We will refer to energies and momenta of order F
as hard, of order T as thermal and of order g7 as soft.> The hard particles are very
close to the mass shell, with energy p” ~ p ~ E and virtuality [py — p| < ¢*T. We will
assume that this energy is large enough that exp(—F/T) < 1 and can be neglected, but
we will not treat T//E as an explicit expansion parameter. Thus, for instance, we do not
distinguish between a rate that is of order ¢*T and one that is ¢g*vTE. Moreover, we
will often find convenience in using light-cone coordinates, specifically those defined by the
hard four-vector P. If, without loss of generality in an isotropic medium, p points in the
% direction, then for a generic vector K we can define k= = k* — k% and k+ = kO‘FTkZ. This
normalization, already adopted in [27], is nonstandard, but we find it convenient because
dk’dk* = dktdk~, and because we will frequently encounter cases in which k= ~ 0, in
which case k* ~ k® ~ kT with our conventions. The transverse coordinates are written as
k|, with modulus k.

Let us start from the effective kinetic theory developed in [21]. The Boltzmann equa-
tion reads

(8825 +v- Vm> fUp,xz,t) = —C272[f] — CX2[f], 2.1)

where f%(p,x,t) is the phase space distribution for a single color and helicity state quasi-
particle of type a (f* = dN®/(d*>zd®p)). In the collision operator, at leading order in the

2The notation and terminology used here is summarized in appendix A, and closely follows our previous
work [27].
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Figure 1. Typical diagrams contributing to 2 <+ 2 processes at LO. Double lines represent hard or
thermal particles, which have at least one momentum component of the order of the temperature or
larger. Parallel double lines without arrows can be either gluons or quarks. When particle identities
need to be specified, quarks are identified by the fermion flow arrow and gluons by the curly line.
In all diagrams in the paper, time is understood to flow from left to right.

Figure 2. A typical diagram contributing to 1 <> 2 processes at LO. The single curly line is a soft
gluon. The crosses represent the soft thermal scattering centers — see, for instance, ref. [20].

coupling g, one needs to account for 2 <+ 2 and effective 1 +> 2 processes. The 2 <> 2 rates
are given by the simple 2 <+ 2 diagrams of QCD, such as those shown in figure 1, which
also establishes our graphical conventions. The 1 <+ 2 rates describe the collinear radiation
from the jet-like particles, which is induced by multiple soft scatterings with the background
plasma, see figure 2. Although apparently suppressed by powers of g, multiple scatterings
contribute at leading order under the provision that: (a) the momenta of the hard lines
are nearly on shell and collinear to each other (i.e. § < g, where 6 is the emission angle?),
and (b) the momenta K of the soft gluons are space-like k™, k| ~ ¢T and k= < ¢*T. A
complete leading order treatment of collinear radiation must consistently resum these soft
scatterings to account for the Landau-Pomeranchuk-Migdal (LPM) effect [20, 35-38].

3 In the case where P and Q are both thermal, such as when dealing with the thermal photon rate, then
the angle is of order g. In the case of interest, i.e. P hard, there are two different possibilities. If either @
or P — @ are thermal, i.e. there is a hierarchical separation between the emitted particles, then the angle
is again of order g. If instead the splitting is more democratic, with no hierarchical separation, then the
angle can become as small as g/T/E.



In detail, the collision operator reads (dropping for brevity the spacetime dependence,
which is local)

2 /
[ 4|p|Va Z kp'k’

< {£2(p) £1(k) (11 (p')) (117 (K]

2
MB(p, k;p' k)| 2n)' s (P + K- P — K

— F0) £ [ ()] [ (R)] (2:2)
and
CE17)p) = g bz | v i el 5 = ) 5. )
<o) P WD) M) — £ D) (D) (141 (p)] |
,p,gy@ Zb:/ dq dp' §(|p| + ¢ — p") V5, (0'D; P, 4 D)

<L 110) D) £ WD) - £ )1 @)} (23)

where the sum runs over the species be(d) in the scattering/splitting event, and the splitting
kernel ;. is defined in eq. (5.1)—(5.4) of ref. [21], see also eq. (5.1). We are also using the

shorthand notation
/ = / 7d3k (2.4)
= e .

for the Lorentz-invariant integration. The matrix elements M and transverse-momentum
integrated matrix elements v will be discussed in the following. v* = 2dp is the degeneracy
of the particle a: two spin degrees of freedom and dg color degrees of freedom, where dp is
the dimension of the representation of a. For quarks it is dp = N, for gluons ds = N2 —1.
The hard particles are very dilute, and therefore we only need to track the interactions
of these modes with the thermal and soft constituents. This can be done by defining df

[P x,t) = n®(p, T(x,1), u(z, 1)) + of *(p, =, 1), (2.5)

and linearizing the Boltzmann equation in this quantity. Here n is the (local) equilibrium
distribution, written generally as a function of the local temperature T" and flow velocity
u. In the following we will work in the local rest frame where n becomes the Fermi-Dirac
distribution ny(p) or the Bose-Einstein distribution ng(p). Substituting eq. (2.5) in the
collision operator and dropping terms which are of order e ?/T yields

2
M (p,k;p' K| 2m)* W (P+ K — P — K)

2452 1
N = T 2 o

x {or*(p) n (k) [1En (p')en ()] — 6 (p) (W) [1E (k)]
ne () Of (k) [1En (k) | (2.6)



and

Ca"?16f1(p)

2|p|z,, Z/ dp’ dq' o(|p| —p" — ') V(P P'P. d'P)
be

< {or* (p) (10" () £n (¢))] = [ (0'P)n(¢) + " (0)of“(K'P)] }

I(p2|72TV Z/ dg dp" 5(|pl + q — 1') (' D3 , 4 D)
X {6fa(P)n (q) — 6F(p'p)[1£n (q)]}, 27)

These are to be used in a linearized Boltzmann equation for the hard components Jf*(p),

( 2 o vx) o (p.x.t) = —CLOof) = —~C272[sf] - CL%5f). (2.8)

In the 2 <> 2 collision integrals, soft gluon and fermion exchanges must be screened to
avoid logarithmic divergences. At leading order, the bare t— and u—channel propagators
may be replaced with their Hard Thermal Loop counterparts in the infrared to render the
collision integrals finite. This procedure (which is detailed in appendix A of [39]) provides
the leading weak-coupling description for soft exchanges, and is correct to order g2 for hard
exchanges. However, while this regularization prescription provides the correct leading
order answer, it is not easily generalized to NLO. Further, the approach mixes different
physics at different scales. In the next section we will re-examine the 2 > 2 collision rates,
incorporating soft ¢, u—channel exchanges into drag, diffusion, and conversion coefficients,
which cleanly reflect the physics of the Debye sector. Then, in section 4, we will compute
these transport parameters at NLO.

3 A reorganization of leading order: large-angle scattering, drag and
diffusion, and conversions

The leading order picture we have just described, with distinct 1 <> 2 collinear processes
and 2 <> 2 processes dressed with HTLs for IR finiteness, starts to be ill-defined at NLO.
Consider the soft limit of the 2 <> 2 processes. In the case of a soft gluon exchange, as
shown in figure 3, we obtain a process which changes the hard four-momentum P by a small
amount Q) ~ g7, without changing the particle identity. We call such a process a diffusion
process, since, as described in section 3.2, they can be treated in a diffusion approximation.

In the case of a soft quark exchange, as shown in figure 4, one obtains an identity-
changing process. Here a hard gluon with momentum P is turned into a quark with
an almost equivalent momentum, up to O(g7T"). We then call these processes conversion
processes, and we will deal with them in a different way, inspired by the NLO thermal
photon rate [27].

Now consider a collinear 1 <> 2 process in the limit where one of the hard /thermal legs
becomes soft,* as shown in figure 5. In the first graph, the soft gluon emission contributes

4LPM interference is suppressed in this case [27].
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Figure 3. The soft limit of a t— or u—channel gluon exchange diagram. P is the hard momentum
and @ is the soft gluon momentum.

Q0

\

P
%I
Figure 4. The soft limit of a t— or u—channel quark exchange diagram. P is the hard momentum
and @ is the soft quark momentum.

Figure 5. The soft-K limits of a 1 <+ 2 process. The diagram on the left amounts to a diffusion
process at NLO, whereas the diagram on the right amounts to a conversion process.

to the (longitudinal) diffusion of the hard particle. Similarly the soft quark emission con-
tributes to the hard quark conversion rate. At NLO we will then need to subtract these
limits from the collinear 1 <+ 2 region and treat them as part of the diffusion or conversion
processes respectively.

To summarize, at leading order we can rewrite the right-hand side of eq. (2.8) as

— Cy08f] = —Cae[8f] — CeMaf] — Caof] — Ce o . (3.1)

Here C'2'8° is the 2 <+ 2 collision operator restricted to large momentum transfers, Q > ¢7T.
Defining this scattering rate requires regularization procedure, which we describe in the
next section, section 3.1. CUf notates a diffusion approximation to the collision integral
for small momentum transfer, Q ~ ¢7T. This is discussed in section 3.2, where the LO
longitudinal and transverse diffusion coefficients are extracted from the screened 2 <« 2
rates. Similarly, C°°™ notates the conversion processes, and the appropriate LO conversion
coeflicients are found in section 3.3. The precise value of these diffusion and conversion
coefficients depends on the regulator, but the dependence on the regulator cancels to leading
order when C'8°, C4iff and €™ are taken together in eq. (3.1). Finally, C®!! consists of



the collinear 1 <+ 2 rates C''2 after excluding (or subtracting) the diffusion and conversion-
like emissions shown in figure 5. These soft emissions (which were originally included in
the C'©2 rates) are limited in phase space to K ~ ¢gT, and their exclusion constitutes an
O(g) correction. Thus, at leading order CU[df] = C1<2[df]. We therefore will present the
explicit form of C°!! only when we describe its NLO corrections in section 5.

3.1 Large-angle scattering

In this section, we describe the integration of the 2 <> 2 matrix elements with large momen-
tum transfer, Q > ¢T', which enters in the leading order collision kernel C8° in eq. (3.1).
This is completely straightforward, but integrals of the bare matrix elements must be reg-
ulated with some scheme. The cutoff regulator chosen in this section conveniently matches
with the calculations of the diffusion and conversion coefficients in section 3.2 and 3.3.

In more detail, to evaluate Céargewf], one needs integrate the matrix elements listed
in table 1, i.e. the standard, leading-order QCD matrix elements, summed over all color
and spin indices, with the Mandelstam variables s = —(P + K)?, t = —(P — P')? and

= —(P — K')2. To regulate gluon and fermion exchanges in the ¢ and u channels we use
the integration technology of ref. [39], which treats each channel differently.

Singly-underlined matrix elements come from gluon exchange diagrams, and are those
that, in the soft limit, give rise to gluonic IR divergences, corresponding to diffusion pro-
cesses. Similarly, doubly-underlined matrix elements come from fermion-exchange diagrams
and give rise, in the same limit, to conversion processes. To illustrate the regularization
scheme, let us consider the contribution from the scattering of different quark species
q192 <> q1q2, which is given by the square of a single t-channel diagram. The ¢1q2 <> ¢q1g2
contribution to C{"&¢ [5f] reads®®

4 +o00 2p—w 2w d¢ 32 =+ u2
Clarge 5 g / d / d / dk@ _ / -

{f‘“() P (R)[1 = (p = ) = ek + )]
— [0 (0 = w) ik 4+ @) + F 2 (k + w)me(p — w)] [L = e ()]}, (3:2)

where the techniques of [39] have been followed, by (i) eliminating one of the three inte-
gration variables in eq. (2.6) with the momentum-conserving d-function, (ii) shifting one
of the remaining ones to ¢ = p — p’ = k' — k, (iii) introducing w = p —p' = k¥’ — k, and
(iv) performing the angular integrations. The remaining angle ¢ represents the azimuthal
angle between the (p, g) plane and the (k, q) plane.

The Mandelstam variables become

5= _222 (p+P)(k+ k) +q* —cos(¢)y/(dpp’ + t)(4kK + )|, t=w?—¢* (3.3)

5 N.b. the sum over c and d in eq. (2.2) yields a factor of two.

5 For ease of illustration, we are considering for large-angle scatterings a simplified case where f is a
function of p rather than of p. Details on the phase space integration in the latter case can be found for
instance in [40].



ab + cd ‘Mg3}2/g4

q192 <> 4192,
N2 < QG2 | g d3.C% (32 + u2>
Q192 < q1G2, da t2
4142 < 4142
Qq < qq, d3.C3 (s +u? sP+ 12 Cya)\ s
9191 <> 11 A 1° u” U
d%C% [(s2 +u? 12+ u? Cy\ u?
g < qq | 8L —L£ 16dp Cp [ Cp——= ) —
q191 < 141 da < 2 + 32 )+ FF<F 2>st
d2.C% (2 +u?
aq < e | 85E ( —’_2 >
dag s

2 2
W9 DI | gq. 02 <“+S> +8dp O Cag (8 ;“ )
S u

3 U t 2 4+ u?
Qg <99 | 8dpCh (t+u>—8dFCFCA< =2 >

Qg aqyg

su st tu
gg <+ gg 16dAC’i<3—2_2_)

Table 1. Squares of vacuum matrix elements for 2 <+ 2 particle processes in QCD-like theories,
summkEd over all spins and colors. ¢; and ¢ represent fermions of distinct flavors, ¢; and ¢» are
the associated antifermions, and g represents a gluon.

and p° = p/, k9 = K/ imply

w—p-q= (3.4)
It is then easy to see how the unscreened logarithmic divergences show up for w,q ~ g7 <«
k,p. To separate off the divergent region (which will match with the diffusion operator
CYH[5f] described in section 3.2), we change integration variables from w, ¢ to w,§; with

4L =+v—-t=+/¢*> —w? We can then place an IR cutoff T' > pz, > ¢T on ¢, , leaving

4 4p(p—w) 5 00 2m 2 2
Cr [P p . 4L do s* +u
Clavee[sf] 59 / d/ dq, & dk/ oo
n [ f] (27T)3 16]?2 —00 * Ba, i q J(g-w)/2 0o 2m t2

x o™ (p) me () [1 = (p — w) = (b + )]
— [0 (p = W) me (b +w) + = (k + ) ne(p— )] [L = (k)] . (3.5)

Eq. (3.5) implicitly depends on the cutoff pz, . For small §; the dominant w region is also
small, and the fermion distribution can be approximated as, np(p — w) >~ np(p).

In the small ¢, regime, the scattering rate integrated over w turns out to take a very
simple form in terms of this variable, which is the real motivation for its use. In addition,

~10 -



the physical interpretation of ¢; in this regime is the transverse momentum transferred to
the p particle; specifically, in terms of the P-defined light-cone coordinates, we have for

soft @)
2T2 2T2
“ (o)) e fee ()
D Cdp p

2 2 ~2 22
_ qJ_ =\ a7 g°T
= +4 +(’)< 5 >—w+2p+0<p2 ) (3.6)

Finally, let us analyze the power counting. Above the cutoff, when angles are large, the
contribution to the collision operator is of order g*T, up to powers of T/E. When gq,w ~
gT, the ¢-averaged matrix element is proportional to p?k%/q* ~ 1/g*, up to corrections,
which combined with dgdw ~ ¢* and with another ¢? coming from the expansion of the
curly brackets for small () make the singly-underlined exchanges contribute to LO in the
soft region, with a In(g) enhancement. The same happens (without cancellations) for the
doubly-underlined matrix elements. Non-underlined matrix elements with st or tu at the
denominator are suppressed by a further power of g2 in the soft region. Since the integration
is finite, g, can be pushed to zero there for simplicity. Singly underlined matrix elements
with a u? at the denominator present the same divergences; they can be dealt with by
swapping the &’ and p’ labels and using the same parameterization. Matrix elements with
s? at the denominator are not sensitive to the soft region; hence, at leading order, they can
be integrated without cutoffs as well.

Fermion exchanges, and in particular the log-divergent doubly-underlined ¢- or u-
channel exchanges, can be treated with the same techniques and pg, cutoffs. For illus-
tration, the ¢-channel quark exchange contribution to q1G1 <> gg scattering is

4p p—w) 0o 2w
large g qL d¢ u
Cq®[of] > (2m)3 8p? / dw / dfu*q o2 dk /0 511

% {0 () e (1) 1+ 1 (p — ) + s (k + )]
— [0 —w) sk + ) + Ok + @) ns(p —w)] [L—np(R)] ). (37)

The cancellations of the leading IR behavior in the gluon exchanges, as well as the matching
to the diffusion and conversion processes will be dealt with in the next sections and in
appendix D.

3.2 Diffusion processes

In this section we will describe the diffusion collision kernel, C4_ in greater detail. The
cumulative effect of a large number of small momentum-transfer collisions that preserve
the identity of the hard particles can be summarized by a Fokker-Plank equation [41, 42]
0 i Sra 1 82 ~7 1 1] NN AV a
~ o [np(p)p of (p)} 5 iy K 7. (p) + 50 —pp])q(p)> of (p)}
(3.8)

Cotlof) =

- 11 -



Appendix D directly shows how the diffusion operator arises at leading order from the
screened 2 <« 2 collisions kernel, eq. (2.2). There are three coefficients that enter in
this effective description: ¢ is the standard transverse momentum broadening, ¢, is the
longitudinal momentum broadening and 7, is the drag coefficient. They are defined as”

1 dp, d d

o (p) = o in) = - (AprL)*),  dulp) = o {(Ap.)?), (3.9)

where p;, and p; are the longitudinal and transverse components relative to the large
momentum p.
These coefficients can be determined through the interaction rates [41-43], i.e.

dpy, / dl'(p,p — q)
=L = _ |y —=E 3.10
i q°q i (3.10)
A z z dr b +
0t) = [ ao @y TEEED, (311)
. dl'(p,p+q
q(p) = /d2QL(ﬁ_ ( 2 )a (3.12)
d#qL

where T'(p, p &+ q) is the transition rate from initial hard momentum p to final hard mo-
mentum® p + g, with g soft. A regulator which cuts off the @ integrations is implicit,
and the values of these coefficients will in general depend on the chosen scheme. Rather
than determining I'(p,p & q) and evaluating the integrals in these equations directly, it
is convenient (especially at NLO) to use field-theoretical definitions for the coefficients in
eq. (3.8)

The transverse scattering rate dI'/d?q, at large momentum is traditionally parame-
terized by C(q)

dl'(p,p+q1) Clqu)

li = . 3.13
poros d?q, (2m)? (3:.13)

In p — oo limit the hard particle’s behavior eikonalizes, and C(g,) can be defined in
terms of a specific Wilson loop [33, 44] in the (x%,z,) plane (for propagation in the
positive z direction). Using this Wilson loop definition, C(q, ) and ¢ have been evaluated
at leading [45] and next-to-leading orders [33]. In particular, at leading order the result is

dqonz 0 - 2 7F'KLQD
278(0" — 4.) G (Q) = P CRT——"0
ry2 2O~ @) G (@) E (& +m3)

Cr(qL) = g2CR/ (3.14)
where R labels the representation of the source and m?% = ¢g*T*(N,/34 Ny /6) is the leading
order Debye mass. ¢ then reads at LO

2

d?q, 9 9 d?q, m G?CrTm? . g
T _— C = C T D == D 1 & 315
q / (27r)2ql r(q1) = 9°Cr /(27r)2 (qi“‘m%) o n my ( )

where, since we are in the p — oo limit, ¢; = ¢ and we have used pz, as UV regulator.

"These coefficients depend on the species a. However, as we shall show, to leading and next-to-leading
orders in g this dependency reduces to a simple Casimir scaling in the representation of the source a, so we
drop this label in the text for simplicity.

8Since the exchanged momentum is soft by construction, there is no ambiguity in the identification of
the hard outgoing line.
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What makes the Wilson loop definition particularly attractive is that it can be eval-
uated [33] using the (much simpler) Euclidean, dimensionally-reduced Electrostatic QCD
(EQCD) [46-50]. This made the NLO computation possible [33], and opened the door to
recent non-perturbative lattice measurements [51, 52]. These formal definitions, as well
as those for related light-front operators, are summarized in appendix B of [27] and re-
viewed in [34].

These techniques and results, like most eikonal expansions, are based on a large mo-
mentum expansion, p > T or g7T'. In appendix D we study the finite-p corrections, showing
that T'/p suppressed corrections are really corrections in g7'/p; and the first correction in-
volves vanishing odd integrands, so the first nonzero corrections from this expansion are
O(g?) even for p ~ T, and are therefore irrelevant at the level of precision we are seeking
here. Therefore we can use the leading (and later, subleading) order calculations in the
strict Wilson-line limit which we have just discussed.

To fully specify the diffusion operator C4ff in eq. (3.8) we also need to evaluate the
longitudinal diffusion and drag coefficients, ¢, and 7,. To this end, we will first compute
the diffusion coefficient ¢, and then use fluctuation-dissipation relations to determine the
drag (see below). At the practical level, we introduce a Wilson-line based definition for ¢,
in the p — oo limit, or equivalently at leading order in 7'/p.” In appendix C we will give a
more formal justification for our definition, whereas in appendix D we show that, as in the
previous paragraph, finite-momentum corrections start at (O(g?), and are thus irrelevant
to current accuracy.

Intuitively, longitudinal momentum diffusion occurs because the longitudinal force
along the particle’s trajectory has a nonzero correlator. Experience with ¢ and heavy
quark diffusion [53, 54] suggests that ¢, should be given by a lightlike longitudinal force-
force correlator. The force is determined by the electric field in the direction of propagation,
which motivates the following operator definition for ¢, in the large momentum limit:

2 +o0o
S g

=y | da™ Tr (Up(—00,0,01;27,0,0, )0,v, F* (2+,0,0,)

UR(JJ+, 0,0,;0,0,0,)F*?(0)Ur(0; —00, 0, OJ_)TJPUU> . (3.16)

Here v = (1,0,0,1) and v = (1/2,0,0,—1/2) are null vectors that are chosen to maintain
our light-cone conventions (i.e. p© = —v- P, p~ = —v - P), and F*9,v, = F*~ = E* is
the electric field along the propagation direction. We are using a matrix notation, so that
Fr = FraTs and Upg is a straight Wilson line in the representation R of the source

1
Ur(Y;X)= Pexp <—ig/0 ds(Y — X)-Ar(s(Y — X) —i—X)) . (3.17)

Gauge fields and matrices in the Wilson lines are both to be understood as path ordered.
Eq. (3.16) comes from the eikonal approximation, i.e. the replacement of the highly ener-
getic particle with momentum p with a Wilson line in the appropriate representation along
its classical trajectory. We also note that this definition of ¢, has the correct “amplitude
times conjugate amplitude” structure required to enter in a rate.

%In the following, ¢ and §r. are understood to be in the infinite-momentum limit unless otherwise specified.
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Figure 6. The leading-order soft contribution to §,. The Wilson lines before and after the two
black dots, which represent the F'™~ vertices, cancel at leading order, whereas the one between the
two dots always turns into an adjoint line, which we have represented as a double line. The curly
line is a soft HTL gluon.

We now evaluate eq. (3.16) at LO: we simply contract the two F' fields, obtaining a
forward Wightman correlator, i.e. the diagram shown in figure 6, which reads

+o0 4 N
o= [ ot [ G5 (06 (@) (3.15)

where G~ (Q) is the HTL-resummed forward propagator and the integral is understood

to run over soft momenta only. The x* integration sets ¢~ to zero and, as we show in
appendix D, brings this expression into agreement with the one obtained from the rate-
based definition in eq. (3.11). Note that only the even-in-¢* part of G=(¢", ¢~ = 0,q1)
contributes to the integral. Then, using the fluctuation-dissipation theorem, G~ (Q) =
(1+np(q")p(Q) with p(Q) = Gr(Q) — G4(Q), we expand for small ¢° = ¢* ~ ¢T to find

) dg+d? . _
dr 29203/(](27T)§LT(1+(GR (¢",q1) —G1 (¢7,qu)), (3.19)

up to an O(g?) correction. Numerical integration is straightforward, using the HTL prop-
agators given in appendix B. Beyond leading order, however, one would be plagued with
intricate multi-dimensional numerical integrals. However, as we anticipated in the intro-
duction, we can perform the ¢* integration (and similar ones elsewhere) by resorting to
the analyticity sum rule techniques developed in [27, 33].19 Since retarded (advanced)
two-point functions are analytic in the upper (lower) half-plane in any time-like or light-
like variable, we can deform the integration contours away from the real axis onto Cp
(l¢"| > ¢T, Imq" > 0) and Ca (|]¢g7| > ¢T, Img"™ < 0), as depicted in figure 7. Along the
arcs the longitudinal and transverse propagators simplify greatly, i.e.
__ 1 q- 2¢Tq~ — M2,
G PV (e <1+q+> 2qtq™ —qf — M5 ler’

where M2 = m? /2 is the gluon asymptotic thermal mass. The end result is then

d2q ]\42 gQCRT 1254
~ 2 00 2 g1
qr g UR / (27_(_)2 q2 M2 92 oo 1 M ) ( )

(3.20)

where contributions smaller than 1/¢™ in eq. (3.20) are not needed, as they would only
give rise to power-law terms in the cutoff on ¢ which would then cancel against contri-
butions from larger scales. As in the § case, we have used p;, as a transverse regulator,

%The following derivation has been anticipated in [34].
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Figure 7. Integration contour in the complex g integration, and the deformation we use to render
gt > ¢gT. Gr runs above the real axis and G4 below.

since the (¢7,q.) and (w,q,) coordinates differ by O(g?) (all O(g) corrections vanish
under integration).

The sum rule we have just obtained is the bosonic equivalent of the one presented
in [27]. Let us remark that the longitudinal and transverse contributions to G (Q)
contain poles at g7 = ¢~ /24iq, (¢> = 0), which, being on both sides of the complex plane,
appear to violate analyticity. However their residue cancels in the sum of longitudinal and
transverse components. As observed in [33], they are artifacts of the decomposition into
Lorentz-variant longitudinal and transverse modes and their contribution has to vanish in
all gauge-invariant quantities.

We also remark that the same result (3.21) has been obtained in a different way in [55]
for energy loss, which is related by an Einstein relation. As shown there, once the difference
in regularization between ¢ < pg, and g < p4 is taken into account, eq. (3.21) agrees with
the numerical results of Braaten and Thoma [43] for v — 1.

Having determined ¢, the drag coefficient 7, (p) is constrained by the requirements
that the Fokker-Planck description be equivalent to the Boltzmann one and that interac-
tions with the medium tend to drive the hard excitations towards equilibrium [42, 56, 57].
Since we have taken a classical particle approximation for the hard particles, the equilib-
rium form is §f (p) o< exp(—p/T"). The drag (in a given regularization scheme) is determined
from ¢, (p) and §(p) by adjusting the value of n,(p) so that eq. (3.8) approaches equilibrium,
i.e. its right-hand side vanishes for of (p) x exp(—p/T'). Since ¢ and §, are p-independent
up to O(g?), the equilibration condition yields to following relation:

qr 1

np(p) = 5Tp + Tpg(q —2q;). (3.22)

The consistency of this condition is verified by direct computation of 1, (p) and ¢, at leading
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order in appendix D. Inserting this relation between the coefficients into the diffusion
equation, eq. (3.8), we find

[ ) | 2T +pdof(p) 1fﬁ@qA__[1dﬁ@)
Tp 20T dp? 2 d(p?)?

1 .
+=V2 f(p)| ¢

diff _ _
Ca [df] - 2p dpz 4 pL
(3.23)

which is our final form for the diffusion operator.

We end by making a few remarks about the equilibrium condition and 7. The first
term in eq. (3.22) comes from the simple Einstein relation that arises in the infinite momen-
tum limit, i.e. §, = —2T'dp,/dt + O(1/p). The relative O(1/p) terms can then be obtained
by imposing equilibration on eq. (3.8). In appendix D we will show how, at leading order,
those 1/p terms can be determined explicitly, how the diffusion picture matches exactly
with C'28¢[§f] at large @ and how different cutoff schemes can be implemented. It is also
worth stressing that the 1/p terms to eq. (3.22) and equivalently to 7, do not come from
a T/p expansion, but only from the g < 1 expansion. Up to relative O(g?), there are no
1/p? terms. Finally we remark that, in the simpler case where df is a function of p rather
than p, as in footnote 6, the contribution proportional to ¢ vanishes in eq. (3.23).

3.3 Conversion processes

The conversion-process part of the collision operator can be simplified as

C™8f) = P (PITE2 0) — 077 (p) TS ), (3.24)
C™8f) = P (PITE 0) — 077 (9) TS ), (3.25)
Ny
Ceo™af) =) {5f9(p) [F;‘;“; (p) + Loy (p>]
=1
- [61‘%' ()T (p) + of <p>rg:“;<p>} } (3.26)

representing a rate for each species to disappear due to conversion to another type, and a
rate for that species to appear due to the conversion of another type to the type in question.
The conversion rates 1I'°°™ describing these processes can depend on momentum p, and
they also implicitly depend on the regularization scheme. They do not, however, depend
on the exchanged momentum at leading or next-to-leading order. To see this, consider
eq. (3.7) for w, G, ~ g. One has that the statistical factors, once expanded for g < 1, yield

{orm @m0+ ] - 4@y a1 - el | (140 (5.2)). )

Similarly, as we shall show in more detail in appendix D.2, the HTL-resummed and ¢-
averaged matrix elements, once expanded for small @), are to leading order even in w,
up to O(w/T,w/p) corrections.!! Furthermore, the (w,q,) and (¢*,q1) coordinates are

1Non-underlined fermion exchange matrix elements, such as u/s in q1g <> q1g scattering, are suppressed
by two powers of g.
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equivalent up to another odd-in-w correction, as shown in eq. (3.6). All these odd, sub-
leading corrections vanish upon dw integration, so corrections first arise from w?/T? type
corrections or the product of two w/T" corrections, which are both safely NNLO.

At leading order the rates can simply be obtained from the aforementioned even-in-w
term in the HTL-resummed, doubly underlined matrix elements, whereas at next-to-leading
order soft-gluon loop corrections need to be considered. To this end, we find it convenient
to define the conversion rates in terms of gauge-invariant Wilson line operators, following
the work on the soft contribution to the photon rate in [27], where we showed that the
leading and next-to-leading order soft contributions were obtained from similar operators.
Physically, the amplitude for a quark to convert to a gluon involves a quark propagating
in from an early initial time, and being converted to a gluon by the insertion of a quark
destruction operator ?. The rate is the product of this amplitude with its conjugate, and
we must integrate over the time difference between the quark annihilation event in the
amplitude and in its conjugate. Eikonalizing, the propagation of the quark turns into a
fundamental Wilson line, while the gluon which propagates between the earlier and later
1,1 insertion is represented by an adjoint line. This leads to the following Wilson-line
representations for the conversion processes:

2 “+o0o
conv g . a, ;.
Lot (p) = S /_Oo da™ (Tr[Up(—00,0,0;27,0,0,)T*P(z,0,0, )¢
x Ua(z",0,0:0,0,01 )1 (0)T°Ur(0; —oc0, 0, ol)]> : (3.28)
2 +oo
conv g . a7,
Fg—ﬂl(p) = _8dAp /—oo dﬂf+ <Tr|:UA(—OO,O,OL,IL’+,0,OL)T w($+7050L)¢
x Up(z+,0,0;0,0,0, )¢ (0)T°U4(0; —o0, 0, ol)]> , (3.29)
D) =TEm),  TEe) =T m) (3.30)

The traces appearing in the rates are over the Dirac and color indices. At leading order
the rates read

2 4
conv _ 3 Cr d Q > _
reno)],, = 55 [ G [FS” (@) 2mbla)
_ 920F / d2qJ_ mgo _ g2CFmgo In Hay, (3 31)
4p (2m)2 ¢ + m2, 8p m2,’ '
nv d nv
rem(p)| = ST )| (3.32)

Lo dg 9o’
where we have used the light-cone sum rule obtained in [27, 58]. m2, = g?CpT?/4 is the
asymptotic mass of quarks. The pg, regulator is the same used in the large angle and
diffusion regions. In appendix D.2 we show how the evaluation of the appropriate part
of the HTL-resummed 2 <> 2 collision operator in this momentum region leads to the
same result.
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4 Next-to-leading order corrections: overview

The reorganization we have presented in the previous section allows us to introduce O(g)
corrections to the collision operator. For convenience we identify two different sources, i.e.
loop corrections and mistreated regions. The former arise by adding a soft gluon loop to a
diagram, which, in the finite-temperature power counting, gives rise to an O(g) contribu-
tion. The latter instead originate from integrating over O(g) regions of the leading-order
phase space where one particle becomes soft, without being treated correctly as an HTL
quasiparticle. One such example is mentioned at the end of section 3 and in figure 5, where
a soft, final-state gluon in a 1 <> 2 process gives rise to a finite contribution to the LO
1 <> 2 collision operator. As we shall show, this indeed represents an O(g) region of the
1 < 2 phase space; its evaluation, as well as the evaluation of all such mistreated regions,
requires the identification of the limiting behavior of the LO calculation in that region.
Such behavior will then have to be subtracted from the proper, HTL-resummed, evalua-
tion of that region, which, in the example of figure 5, will be done when dealing with ¢,
at NLO.

In the large-angle region, loop corrections are suppressed by a factor of g2, as long
as the momentum transfer stays large. But the LO evaluation, in the form of egs. (3.5)
and (3.7), mistreats the region where an incoming gluon is soft. This region will be properly
addressed in the semi-collinear region, which we shall introduce later on. We defer other
considerations on the necessary subtraction to that point and to section 8.2

In the collinear region, we will encounter both loop corrections and subtraction regions.
The former arise from adding extra soft gluons to the scatterings that broaden the hard
particles, inducing their splitting. They correspond to the NLO corrections to C(q1) [33],
which have been already mentioned after eq. (3.13). The asymptotic masses of the hard
particles also receive O(g) corrections that contribute at NLO. In section 5 we will discuss
in detail those corrections, as well as three mistreated regions: the aforementioned overlap
with the diffusion region, an altogether equivalent one with the conversion sector and finally
one with the semi-collinear region.

In the diffusion sector, eq. (3.8) remains valid to NLO. Its coefficients 7y, ¢, and ¢ all
receive O(g) loop corrections. Those to ¢ are known [33]. In section 6 we will set up the
calculation of the O(g) corrections to ¢, through the field-theoretical definition (3.16) and
the causality-based sum rules. The details of the evaluation will be presented in appendix F.
It requires the subtraction of a mistreated O(g) region in its LO evaluation, as well as of
the aforementioned diffusion limit of the collinear sector. Finally, 1, can be determined
through the equilibration condition (3.22).

In the conversion sector, the operators defined in egs. (3.28)—(3.30) receive O(g) loop
corrections from the addition of one extra soft gluon. In section 7 we will show how
these operators are equivalent up to NLO to their abelian counterparts. Hence, the O(g)
corrections can be extracted from the soft-sector contribution to the NLO photon rate

12° At the NLO level there is also a linear in p, divergence in evaluating ¢, which is canceled by a linear
in ) soft-gluon effect in the hard scattering regime, see [33, 59]. This divergence and mistreatment simply
cancel; so will not discuss it further, directing the interesting reader to those papers for details.
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in [27]. In this case too there are subtractions from mistreated regions in the LO conversion
and collinear rates.

Finally, a new kinematical region enters at NLO, the aforementioned semi-collinear
region. It corresponds to medium-induced splittings with larger virtuality, transverse mo-
menta and opening angle, respectively of order g7, g7 and \/§.13 Other differences with
respect to the collinear region are that the kinematics now allow the soft gluons to be ei-
ther space-like or time-like (hence the overlap with the soft limit of the large-angle region),
that LPM interference is suppressed and that the soft gluons can change the small minus
component of the hard/thermal particles’” momentum. We will deal with this sector in
detail in section 8. As mentioned, we will have to subtract the mistreated overlap regions
of the large-angle and collinear regions.

We conclude this overview by sketching the form of the NLO corrections:
5Co[0f] = SCSM[5f] + SCI[5f] + SC™ [8f] + sC5™ <ol [5f] (4.1)

Here and in what follows § refers to an NLO contribution. The first term consists of the
loop correction to the collinear sector. In the second term the form of the diffusion equa-
tion (3.23) remains unchanged, but the parameters, ¢ and §r, receive NLO corrections from
soft loops. In particular, the corrections to the longitudinal diffusion coefficient, §¢, ( ,LLIELO),
depends logarithmically on an ultraviolet cutoff, MTLO. Similarly, the momentum depen-
dence of the conversion rates remains unchanged, o< 1/p, but the overall magnitude of the
rate depends logarithmically on MIILO. This dependence on the ultraviolet cutoff in the
diffusion and conversions collision kernel cancels in the complete kernel when the semi-
collinear emission rates are included. In the semi-collinear case, MTJO serves as an infrared
cutoff limiting the semi-collinear emission of soft quarks and gluons.

To compute each of the collision operators in 6C, the phase space regions which were
mistreated at LO must be subtracted as counterterms. This replaces the mistreated
LO terms with the full NLO result, and generally removes power divergences in soft

loop integrals:

OCTM 0] = ACTTI0f] = 0CT vt (0] — FCE it cunir 0], (42)
5C§OHV [5]0] = AC;OHV [dﬂ —0 gocrgﬁ subtr. [5f] —0 goclz)‘;lv subtr. [dﬂ? (43)

5C(slemifcoll [dﬂ ACCSLemifcoH[éf] _ 6Csemi—coll [df] _ 5Csemi—coll [(5f] (44)

a coll subtr. a large subtr.

In each case, the subtraction terms arise from a mistreatment in a specific region of phase
space from one of the four LO collision kernels in eq. (3.1). For example, in the first line
ACHT treats the diffusion process with NLO accuracy by including the appropriate soft
loops, while the two counterterms arise because the LO collinear and LO diffusion collision
kernels give incomplete contributions to the diffusion process at NLO.

We will devote the next four sections to evaluating in turn the four contributions to
the NLO collision operator given in eq. (4.1).

13Up to respective factors of T/E and /T/E in a democratic splitting case, similarly to footnote 3.
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5 The collinear region

Here we discuss the NLO corrections, and subtractions, needed to establish splitting pro-
cesses to this order. But for completeness and context, and to set notation, we begin by
presenting the leading-order result.

5.1 Leading-order recapitulation

At LO CU[§f] = CL=2[6f], which is [22]

Feo dldg(p + w, w) dld,(p,w)
_coll — _ H) -9\ T ) _ () - 99\ )
Colaf = [ dutfyql(p+w)p) TS o g T
+5fg((p+w)P)$T coll’ (5.1)
+oo dl9,(p + w,w)
—Clsf] = p) 99\ T )
Gy ] /oo dwofy(p +w)P) dw coll
! A 0\ | e dlg(p + w,0)
|2 (a0 +00) + i +0p) ) | LTSS
i=1
dr? (p,w) dl'Ge(p, w)
. 99\ _ 299D )
6fg (p) <Nf dw coll + 0(}? 2 ) dw coll) ’ (52)

where the #-function multiplying the last term prevents a double counting of the gg final
states (equivalently one may use a % symmetry factor). I'f.(p,w) = I'(p, pw) is the rate for
a particle a with hard momentum p to emit (w > 0) or absorb (w < 0) a gluon (quark in
the case ng) with energy (longitudinal momentum) w.'* &f, 7 is either &f,, or 9fz: eq. (5.1)
applies both for quarks and antiquarks, provided a consistent labeling of w in ng is chosen.
At leading order these rates read [20, 22]'°

14-(1—x)?
dl'(p, w) 9*Cr sz;))?(}r_(fi)? - qg,
T do el = 167Tp7(1in(w))(1in(p—w)) 4 2(-0)? g —qq
2A(1— )4
o el
d’h
X 2n)? 2h-ReF(h,p,w), (5.3)

where z = w/p is the momentum fraction of the outgoing gluon or, in the ¢q final state,
of one of the two fermions. h = p x q is the two-dimensional invariant describing the
transverse separation of the final states. Note that for QCD, in the cases ¢ — ¢g and
g — qq Cr = Cp, whereas for ¢ — gg Cr = C4. F(h,p,w) determines the transverse
evolution of the system; it is to be determined through an equation which resums multiple

111 keeping with the notation in the other sections, we label w the longitudinal component of one of the
outgoing momenta.

15The distribution functions in [22] are summed over spin, color and flavor, so that the factors of da/dr
and dp/da vanish in egs. (5.1) and (5.2). However, the g — ¢q rate in [22] and subsequent references
(see [10, 24]) was missing the factor of dr/da that appears in eq. (5.3). Indeed, the group-theoretical factor
for this process should read Crdp/da = Tr = 1/2.
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soft interactions. In momentum space it has the form of an integral equation, whereas
in position space it is a differential one. The latter will be described in appendix E; the
former reads [20]

Ak Cr(ky)
(27‘()2 Cr

2h = i0E(h,p,w)F(h) + / {(CR — C4/2)[F(h) — F(h —wk, )]

C C

+7A[F(h) —F(h+pky )] + 7A[F(h) —Fh-(p- w)kj_)]}~ (5.4)
For the case of ¢ — qq, (Cr — Cx/2) multiplies the term with F(h — pk, ) rather than
F(h — wk, ). The equation depends on two inputs, Cr(k;) and dE(h,p,w). The former
is C(k, ) for a fundamental source, whereas 0E is the energy difference between the initial

and final collinear particles. It reads

SE(h, p,w) = w4 Moopmw Mooy .
(h.p,w) 2pw(p — w) T T 2(p — w) 2p (5:5)

where m?, »

eq. (B.3).

is the asymptotic mass of the particle with momentum p, as summarized in

5.2 The collinear sector at next-to-leading order

Subleading corrections to collinear splitting are treated, for the case of photon production,
in [27]; the case here is conceptually similar. We must identify any NLO corrections to
splitting for generic kinematics; and we must identify any limits of the kinematics which
contribute an O(g) faction of the total splitting rate, but which overlap with the kinematics
in another region we are studying.

The NLO corrections for generic kinematics enter as two corrections which arise when
solving eq. (5.4), specifically, O(g) corrections to C(q,) and to the asymptotic masses
entering in JE. The computation of these masses to NLO has been carried out in [60]
using Euclidean techniques and is reviewed in [27, 34]. It is only due to soft gluons and
depends on the nature of the particle (quark or gluon) through a simple Casimir scaling:

5m? gQCFT;:LTD, SM2 = — 2. (5.6)

oo = 7 27

The NLO collision kernel 6C(q) has been computed in [33], as a first application of the
mapping to the Euclidean theory. All one needs to do to treat generic momenta at NLO
is to include these two corrections into eq. (5.4). We review how to do so, using impact-
parameter-space methods, in appendix E.

5.3 Subtraction regions

Besides these generic-momentum corrections, there are also corners of the collinear-splitting
kinematics where it starts to overlap with other processes — momentum diffusion, identity
change, and 2 <> 2 scattering. Each regime represents an O(g) suppressed fraction of the
total contribution from splitting processes, so a correct leading-order treatment is sufficient.
Unfortunately, in each regime at least one approximation made in arriving at eq. (5.3),
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eq. (5.4), eq. (3.14), or eq. (5.5) breaks down. We handle this in two steps. First, we find
out what contribution the (naive) leading-order splitting calculation actually contributes in
each region. Then, we perform a more complete NLO calculation of the specific kinematic
corner of interest, subtracting the (naive) leading-order splitting contribution we have
found, since it is already incorporated via the LO splitting treatment. The remainder of this
section carries out the calculation of the LO splitting behavior in each kinematical corner.

In each relevant corner, 6E > [ d’k,C(ky), so that, physically, the formation time
1/6E of the collinear particles becomes much shorter than the time between collisions,
estimated by ([ d*k, C(k1))~!. In this case emission amplitudes associated with different
scattering events become incoherent, and it is sufficient to treat emission as a sum of the rate
arising from each scattering event (LPM suppression is small), up to O(g) corrections which
we can neglect. In the diffusion and conversion cases this happens because the denominators
in eq. (5.5) become smaller by a factor of g, whereas in the semi-collinear case h? becomes
larger by 1/g. Therefore, we first obtain the generic solution for §E > [ d?k,C(k,): if we
solve eq. (5.4) by substitution as in [27, 61] we have at leading order!®

—2h

ImF(h,p,w) = m,

(5.7)

which in turn yields

2 d2kLc3~kL Ca h h—wk |
F(h = -
e sy B (005 [yt
_|_

T s 6E}Zﬁl;i>} 5 | ) | 6

5.3.1 The diffusion limit

2 E() dE(h—(p—w)k.)

Let us now specialize to the soft gluon region, which corresponds to the diffusion limit.
Explicitly, one has w — ¢T in the ¢ <+ gq and g <> gg processes. In the case of the latter
process, there is also a (p — w) ~ ¢gT region which appears in the loss term in eq. (5.2) but
is absent from the gain term. Since its contribution is identical (the loss term and eq. (5.3)
are symmetric around w = p/2) this compensates for the relative factor of two between
g < gg gain and loss terms in eq. (5.2), yielding for eq. (5.2) a limit of the form of the
dr-proportional part of eq. (3.23).17 We then have
2 M2
2(p)er = +0(9°T), (5.9)

6The g <+ ¢ case, which has a different color structure in curly braces, is not dealt with explicitly.
17 This is a consequence of the form of eqs. (2.3) and (5.1)—(5.2). In their derivation (see eq. (2.6)

6E(h7p7 w) -

n [21]) one integrates the effective 1 <+ 2 matrix elements over the transverse momenta of the final states,
neglecting the small deviations from eikonality in the distribution functions, i.e. taking f(q') =~ f(¢'p). This
makes the diffusion limit of egs. (5.1) and (5.2) insensitive to ¢, as it also happens when Jf is a function
of p only, as we remarked at the end of section 3.2. Transverse momentum broadening would enter in the
diffusion limit of the collinear sector when taking the first correction to the eikonal approximation, which
would take the form of ¢3 V3 f(¢'p), assuming as usual p || z, and would thus be suppressed by a factor of
¢2. Interestingly, this term would be responsible for the appearance of the double logarithm that has been
recently pointed out in [17-19].
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which indeed is of order g7 and larger than the collision operator by a factor of 1/g.
Eq. (5.8) can be integrated over d?h, symmetrized and expanded for small w to become

d%h
/(2 E 2h-ReF(h,p,w )Softg (5.10)
d?q, [ d*k) Cp(ky) qL q +ki 2
o b 201 _
=ttt [ o8 [ 655, M¢M&<m+mww@’

where we have relabeled h = pq, on the r.h.s.'® and kept the subleading term in = ~ g,
which is necessary to match to the diffusion equation. Indeed, one can check that, upon
plugging eq. (5.10) in egs. (5.2)-(5.3) and expanding consistently for x ~ g, the diffusion
structure described in detail in appendix D and in particular in eq. (D.14) appears. The
subtraction term then reads

, 1 1 dsf(p)  1d%5f(p) coll
SOdiff 5l = — | —5§ - 5.11
acollsubtr[ f] [Tp f(p) + < + 2T> dp? + 2 d(pz>2 “lsubtr.” ( )
with
coll He dr coll 20T [Hw
E/ dw w? (p, ) 9Cr / / —o52h-ReF(h,p,w)
subtr. — e soft g 87Tp Lo softg
2CRCAT / / d*qy /d% Cr(q1) [ . kitqs ]2
2m)2 Cr  |¢i+M2Z  (ki+qu)?+MZ]
(5.12)

where we have dropped the statistical factor on p. The subleading term in w in eq. (5.10),
while vanishing in eq. (5.12), is critical in obtaining the necessary o< p~! terms in eq. (5.11).
te, < T is a UV regulator for this region, as the approximations we have taken for the
derivation of eq. (5.12) fail when w ~ T. Indeed, there §E becomes of the same size of
i d?k,C(k,) and the LPM effect intervenes, so that the complete leading-order rate, as
given by eq. (5.3), is finite.

5.3.2 The conversion limit

We now need to consider the ¢ <+ gq process with (p —w) ~ ¢gT" and the g <+ gG one with
either w or p — w soft, which yields again a factor of 2. An altogether similar treatment

then results in

da coll

coll
SC5 s o] = S @I )| = 8 (p) TS )

q—)g ubtr. 9—q

, (5.13)

subtr.

and similarly the antiquark and gluon terms have the same structure as their leading-
order counterparts egs. (3.25)—(3.26), with the leading-order conversion rates replaced by
subtraction rates dI'. These subtraction rates read

5 COnV(p) coll _ i CF q—g / / dQQL koJL
bW cubte. — dap 3 94,4 )2

XCF(/Q)[ qr q. +ki r (5.14)
@ +m,  (ar+ki)2+md

Subleading corrections to the expansion of eq. (5.8) are not needed in this case.

¥Due to the properties of the cross product, h and pq. have the same modulus but point in different
directions, which is irrelevant in this case.
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5.3.3 The semi-collinear limit

As we shall explain in more detail in 8, the semi-collinear regime refers to the region
where qi ~ ¢T? and no leg is soft, i.e. w >T, p—w>T. This in turn implies that
h?/(w(p — w)) ~ gT? > k%, M2, m?2,. In this case, we have

h2

which is larger than [ d’k,Cr(k1) so that the integrated and symmetrized version of

eq. (5.8) becomes
d*h d’h d’k; 2 KiCp(ky) Ca\ -
/ 2h- ReF(h) semi—coll N / (271')2 / (27’[’)2 0E? CF |: <CR B 2> W

(2r)?

Its equivalent for the g — ¢q process can be easily obtained. Since, as we shall show, the
collision operator for the semi-collinear sector is conveniently formulated in the same form
as eq. (5.2), it suffices here to derive the subtraction rates, which read

dT(p,w) collsubtr. g*Cg / g / d*ky k3 Cr (kL)
_— = 14+ 1+ —
dw semi—coll 27rp ( ’IZ(U)))( n(p W)) (27T)2 (27(’)2 Cqul_
1+(1$—$)2 [CFLUQ + CA(]. . 33)] q— qg

x ¢ E@+ (1 -2))[Cr+Caz(1-2)] g a7 p,  (5.17)
Lot (o)l o) 11— o + 2] N
z(l—x) A g g9

where we have relabeled h? = p2qi.

6 The diffusion sector at NLO
We now compute the NLO corrections to the diffusion coefficients of eq. (3.23),

Gxro = €q. (3.15) + 44, Grao = eq. (3.21) + 64y, . (6.1)
The NLO corrections to ¢ have been previously calculated, [33]:

4 3
o g "CrCAT® mp 2

so we focus on the corrections to ¢,. These corrections will be the sum of three terms:

coll diff

loop

(6.3)

L 9
subtr. subtr.

where the three 6G, encode respectively the O(g) loop corrections to longitudinal momen-
tum diffusion, the collinear counterterm obtained in egs. (5.11)—(5.12) and a counterterm
for a mistreated region in the LO calculation of §;.
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Figure 8. Diagrams contributing to dg, at NLO.
p

loo

We start with g, , the NLO soft contribution to eq. (3.16) arising from adding

loop
one extra soft gluon. A first reduction in the number of relevant diagrams comes from the
fact that, as observed in [29], we can write F't~ as F*~ = 9T A~ — [D~, A™] and use the

equation of motion of the Wilson line, D;U(aﬁ; 0) = 0, so that

Ulaa)[D™ AT @O0 D) = 20 (Ulasa ) AT UED), (64)
i.e. the commutator acts as a total derivative (d~) and can be discarded in the dz™ inte-
gration, provided that the boundary term vanishes. This is true in all non-singular gauges,
where the AT field vanishes at large ™, such as the Coulomb or covariant gauge (or,
trivially, in the singular AT = 0 gauge). Using translation invariance and shifting the
integration by —a™ the same trick can be applied to the other field strength insertion, so
that in the end in Coulomb or covariant gauge we need to worry only about

2 +oo
. g

Q=g da™ Tr (U(—o0;27)0" A~ (27)U(2;0)0T A (0)U(0; —0)) , (6.5)

where we have suppressed the trivial dependence of gauge fields and Wilson lines on the
constant ~ and x| coordinates. A second simplification comes from noting that, similarly
to leading order, at NLO operator ordering is not relevant in the soft sector in this case.
Since in a first approximation G© ~ G< ~ G, ~ Gp ~ 1/gGp, all gauge fields must
connect to the Wilson lines as r fields [29], so that we can replace the more complicated
contour in eq. (6.5) with a simpler adjoint Wilson line, i.e.

_ §*Cr

qr =

/ T g <8+A’“(x+)Uab(x+; 0)9+ A b(0)> . (6.6)
da J-oo
Its evaluation requires the computation of the diagrams shown in figure 8.19

04, j;ﬁbtr- arises from an O(g) error we have committed in the previous determination
of ¢, to LO. Namely, we have used and resummed HTL self-energies in the LO calculation,
for instance, in eq. (3.18), without worrying about the fact that the HTL loop integration
extends down to zero momentum, where the hard approximations used to simplify the

calculation of the HTL break down. In other words, the last two diagrams in figure 8 have

193_point and 4-point vertices in these diagrams should be understood as including HTL corrections.
However, after we deform the ¢+ contour to large (complex) values, the contribution of the HTL vertices
become small and they do not contribute to our final calculation.
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already been included in our LO calculation, but using approximations which are invalid
for small loop momentum. To fix this, we should subtract off the large-momentum limiting
behavior of these diagrams when we evaluate them in the NLO computation.

We present the details of the calculation of both terms in appendix F. Here we just
mention that the general structure corresponds to what was found for the soft contribution
to the photon rate [27]. Schematically, the same sum-rule technology can be applied: the
Wilson line propagators depend only on the minus components of the momenta, so that we
can again deform the contour when integrating the plus component, which we call ¢*. This
corresponds to expanding those diagrams for large, complex ¢*. The leading contribution
should be of order (¢7)° and the subleading one of order (¢*)~!. Higher-order terms are
suppressed and can be neglected. The leading, O((¢*)?) term, once integrated along the

contour, will give rise to a linear divergence. An analogous linear divergence appears in
coll

04y L shown in eq. (5.12). As expected, these linear divergences cancel.
subtr.

A term behaving as O(1/q*") at large ¢t has an interpretation of an asymptotic mass,
which is why our LO result, eq. (3.21), can be written in terms of the LO asymptotic mass.
Therefore it is not surprising that the NLO correction is found by substituting the NLO
form of the asymptotic mass M2, — M2 + §M2,, as defined in eq. (5.6), into eq. (3.21),

o0
and then expanding to linear order in §M2 :
M2 MZ +6M3 M M

il
2 5 " 3 2 2 — 2 2
q7 + Mg, qL—i—Moo—i—éMoo qi + Mg,

(¢ +M2)?

(6.7)

From eq. (6.7) we thus obtain

coll

— AL
subtr. q

— 04y,

diff d? 26M?2
5 — gt [ G
loop

(27m)? (¢} + MZ,)?

2 2 NLO)\2
_ g*CRTSM?2 ()7
= = [m( AE 1. (6.8)

subtr.

This simpleminded argument indeed reproduces the detailed explicit calculation of ap-
pendix F.

Eq. (6.8) depends on a regulator MT_LO. As we will show, the dependence of this term
on the regulator and the dependence of the semi-collinear region will cancel. This completes
the evaluation of the diffusion sector to NLO.

7 Conversion processes at NLO

According to eq. (4.3), the NLO corrections to the conversion sector take the following form:

A A db v
C™ ] = X 4T ) - o) LT ). (7.)
b£a a
where the sum is understood to give rise to the structure of egs. (3.24)—(3.26). The NLO
conversion rates are composed of three parts, namely

_ §Tconv co — §Tcony ¢
a—b (p) a—b (p)

ST () = ST )
oop subtr.

(7.2)
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£

Figure 9. Diagrams obtained from eq. (7.3) at NLO. The double line is the fundamental Wilson
line and the black squares are the insertion of the soft fermion fields.

The first term on the right-hand side comes from the soft-gluon loop correction to the
rates, as defined by the Wilson-line operators (3.28)—(3.30). The second is the subtraction
term from the collinear region, as obtained in eq. (5.14), and the third subtracts the Hard
Thermal Loop approximated leading-order calculation, result (3.31), in complete analogy

to 44, Slllﬁbtr' encountered in the previous section.

The first and the third term can then be evaluated from egs. (3.28)—(3.30), by adding
one extra soft gluon to the LO term in eq. (3.31). A key observation is that the power-
counting arguments that lead to the simplified form for ¢, given by eq. (6.6) apply here as
well: all soft gluons must connect to the Wilson line as r fields, so that their ordering is
not relevant [29]. This implies that the fundamental and adjoint Wilson lines appearing in
egs. (3.28)—(3.30) can be simplified to NLO to a simpler antifundamental line connecting
the soft fermionic fields, i.e.

peons () = ~9-CF / " gt (T, 0,0 )8U(0,0,0:2%,0,0. )0(0)]),  (7.3)

qa—9g 8drp e
conv dF rconv
Fg%q(p) = arqﬁg(p)‘ (74)

This corresponds to an effective abelianization of these operators, which, we note, are the
same as those appearing in the fermionic sector of the Hard Thermal Loop action [31]. In-
deed, an altogether similar abelianization happens for instance when obtaining the effective
qqg HTL vertex in QCD.

The diagrams necessary for the NLO evaluation of eqgs. (7.3) and (7.4) are shown in
figure 9. However, we note that, in their abelianized forms, eqs. (7.3) and (7.4) corre-
spond, up to the prefactors, to the soft-sector contribution to the NLO photon rate in [27].
Therefore we can directly use that result, which was obtained using the same sum-rule
techniques employed in the previous section. Indeed, as we observed there, the two results
are remarkably similar, the only difference being given by the different asymptotic masses.
Here the relevant one is the quark one and we then have

2
5FCOHV(p) _ QQCF / dQQL qﬁ_ 5mgo _ gchémgo In (MTLO) -1 (7 5)
s =70 | GaR (@ vk lomp mZ 7

where dm?2, is given by eq. (5.6) and the linear divergence in the collinear counterterm
canceled an opposite one coming from the loop corrections. The logarithmic UV divergence

has been treated with the same UV regulator MTLO used in the previous section for é4y,.

—97 —



/\

Figure 10. Diagrams for two typical semi-collinear processes. In the first case the soft gluon is in
the space-like Landau cut, whereas in the second case it is on its time-like plasmon pole, represented
by the black blob.

8 The semi-collinear region

As we anticipated in section 4, semi-collinear processes can be seen as 1 <> 2 splitting
processes where the virtuality and correspondingly the opening angle are larger. Two
examples are drawn in figure 10. The scalings of this region are as follows: K ~ ¢T is soft,
whereas the two final-state particles are quasi-collinear, i.e. with an increased virtuality
and opening angle with respect to the collinear sector. The leading contribution then
comes from ¢t ~ T, q~ ~ gT, qi ~ ¢gT?, Q%> ~ gT? or, in the case of a democratic
splitting, ¢q* ~ E, ¢ ~ ¢T, qi ~ ¢gTE, Q*> ~ gTE. Naive power-counting arguments
would suggest that the semi-collinear region should contribute to leading-order, as it is the
largest slice of phase space where a soft gluon can attach to a 1 <> 2 process. However, once
all diagrams are summed and squared, a cancellation, discussed in [62] in the context of
photon radiation, introduces an extra O(g) suppression.?’ Furthermore, as we shall show,
the contribution from time-like soft gluons, e.g. plasmons, is now allowed.

The contribution 5026mi_0011 to the collision operator can be written in the same way
as the collinear one, as given by egs. (5.1)—(5.2), with the replacement of the collinear rates
with semi-collinear ones. For instance, for quarks and antiquarks it reads

peti—co e L dTGg(p+ w,w
—gCzemi=coll 5] () = / dwafq,q((erw)p)qg(m)

- ;. semi—coll + (ng((p + LL))p)@T

dw

semi—coll

— f4.q(P) (8.1)

semi—coll

The derivation of the semi-collinear rates then requires the evaluation of processes of the
form of figure 10, with p,q" > ¢, > ki, k™. Actually we have already evaluated these
diagrams using the collinear expansion, since it is precisely these diagrams which give
rise to the linear-in-collisions expressions we found in subsection 5.3.3. In particular, the

20The cancellation occurs because the transverse momentum of the split particles p? is larger than the
disturbance from the scattering ¢2. In the limit that the disturbance is arbitrarily small, we would not
expect it to induce a splitting. This cancellation can be seen at work in our derivation of eq. (5.16) from
eq. (5.8). Upon enforcing semi-collinear kinematics on the latter, i.e. h > pk, ,wk., (p—w)k., all terms in
square brackets vanish at first order in that expansion and only the next one gives a nonzero contribution.
Without that cancellation the semi-collinear rate would indeed be leading-order.
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subtraction term from the collinear region, eq. (5.17), was derived by making an expansion
in ¢* > ¢, and it still applies, under one condition. In evaluating the collision sector, we
treated ¢ ~ k| ~ ¢T, leading to 0E ~ ¢?>T. This let us neglect §FE when working out
the kinematics of the soft gluons, so that Cr(kL) (see for instance eq. (3.14)) is defined
for K~ = 0 and hence only space-like gluons contribute to it. But if qi ~gT? ¢t ~ T,
or qi ~ ¢gTE,q" ~ E, then 6E ~ ¢gT and can no longer be neglected, opening up the
time-like-gluon sector. In particular, when we put (P — @) and (Q + K) on shell, we find,
exactly as in the photon case [27], which we refer to for more details, that

5(k~ — 0F)
2|qt|

2 2
paq pay
+ 0O , 0F = S ,
(Vo) 2¢t(p—q*)  2w(p—w)

where the O(,/g) correction comes from q; - k| and always vanishes in the angular inte-

I(Q+K)%) = (8.2)

grations. We see that JF is exactly what we have used in section 5.3.3. Therefore we must
re-derive eq. (5.17) with these somewhat different kinematics. A straightforward computa-
tion?! shows that the findings in the case of photon radiation [27] generalize to the present
case. Namely, the quantity

q 1 koJ_ 9 / d*K SN2
= k ki)=[| —=0(k")k K .
9203 92CR / (27‘1’)2 is CR( L) (271‘)35( ) J_Grr ( ) ) (8 3)

physically interpreted as the transverse momentum diffusion coefficient and present in
eq. (5.17), should be replaced with its finite d E' generalization,

qoE)
g*CRr

_ / (C;I){S(S(k _5E) [kﬁGw(K) + 26 (K) (6E2 —kmElg)] L (84)

which goes into eq. (8.3) for §E — 0 and corresponds to the leading-order soft term (in
Coulomb gauge) in the evaluation of the operator

2 oo
4(6E) = gdiR / dzt e 08 (VR LY (27,0,0,)US(2F,0,0.130,0,0,)0”FL,(0)), (8.5)
—0o0
which was first introduced in the photon case [27]. In principle in the present case a more
complicated “three-pole” operator should be needed [33]. However, at leading and next-
to-leading order it would reduce to a set of three two-body exchanges of the form of (8.5),
with the appropriate Casimir factors [33].
Eq. (8.4) can be evaluated using Euclidean techniques, yielding [27]%2

Q6B _ ., / 42k, m2 k% 25E?

g2CRr - (27)2 [(ki + 0E?) (k% +0E? + m2) + k2 +6E2 |

(8.6)

2nterestingly, the computation can also be performed using standard Soft Collinear Effective Theory
(SCET) [63-68]. Indeed, we have Q = (¢7,q¢7,q1) ~ A(1,A%,)) and K ~ A(A%, )2, A?), where A is the
large scale, E or T, A < 1 is the expansion parameter, either A ~ /gT'/E or A ~ ,/g. These are then
the standard scalings of SCET;. However, due to the cancellations mentioned in this section, the O(\)
soft-collinear couplings [68-71] are necessary.

22The Euclidean evaluation combines the time-like (plasmon) and space-like (scattering) contribu-
tions. From eq. (8.4) it follows that, once k™ is integrated over the d-function, plasmons contribute for
k* > k% /(20F), while space-like gluons contribute for k™ < k3 /(26E). In order to disentangle the two
contributions one would have to proceed numerically.
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However, since this momentum region has overlap with both the collinear and the hard
regions, there are two subtractions which must be conducted, corresponding to the treat-
ments already included in those leading-order calculations. Therefore we must compute the
behavior of this momentum region under each of those limiting kinematics and subtract
them. The collinear case is treated by subtracting ¢ from G(0E). For the hard region,
we take the soft, bare limit (nz(k°) — T/k°, p(K) — pO(K) = 2w sgn(k®)s(K?)) of
eq. (8.4), yielding

q(0F)
¢*Cr

d*k,  26E?
(2m)2 k% + 0E%’

d'K (©O)rr 2
= — —0F)2 K)YE“ =T
hard /(271’)36(k 0 ) GT ( )6 /

The full semi-collinear rate is then obtained by replacing

i 40BE)  q  qUE)
gQCR - gch g2CR gQCR hard’ (8'7)
in eq. (5.17), which yields
dl'(p,w) g*CrT / d’q / k1
_— =—(1= 1+ - — | —=
dw semi—coll 27p ( n(W))( n(p W)) (27’(‘)2 (27‘()2 qjl_
B [0pa? + Call = w)] g —ag
x { G2+ (1—2)?)[Cp+ Caz(1—x)] g — qq
24 _z)4
%CA[]-_-T‘FCUQJ 999
2 k,2 2
X | ol — (8.8)
(k3 +0E2)(k3 +0E24+m2) ki +m?

We stress that the collision operator has the same form as egs. (5.1)—(5.2).

The ¢, integration in eq. (8.8) is to be understood as IR-regulated by MTLO. In
appendix G we show how the small-w-and-q | region gives rise to IR logarithms that cancel
the MTLO dependence of the diffusion and conversion sectors. We also give some details of
how the transverse integrations can be carried out analytically. The w integration remains

to be performed numerically.

9 Summary and conclusions

The main aim of this paper has been to show how the propagation of highly energetic
quarks and gluons through the QGP can be described at leading- and next-to-leading
order by a Boltzmann equation encoding the interaction between these hard particles and
the thermal and soft constituents of the plasma. Section 2 has been devoted to a brief
review of the LO kinetic approach introduced in [21] and implemented in MARTINI. As
eq. (2.1) summarizes, the two processes it incorporates are 2 <> 2 scatterings with the
thermal medium constituents and 1 <> 2 collinear splittings induced by the soft background.

In section 3 we have shown how this approach is not optimal beyond leading order,
where the distinction between the two classes would blur and the resummed matrix-element
approach to 2 <» 2 scattering would become cumbersome. With these motivations, we have
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reorganized the LO collision operator into four separate processes which provide a suffi-
cient description at NLO. They are large-angle scatterings, i.e. 2 <+ 2 scatterings with O(1)
angles or equivalently O(T') or larger transferred momentum, diffusion processes, caused
by soft gluon exchanges, which preserve the identity of the hard particles while slightly
affecting their momentum, conversion processes which instead turn quarks into gluons and
vice versa through soft quark exchange and finally collinear processes, corresponding at
LO to 1 <> 2 processes. In section 3.1 we described in detail our description of large-angle
processes, which require regularization to be kept separate from diffusion and conversion
ones, as shown in egs. (3.5) and (3.7). Section 3.2 has been dedicated to diffusion pro-
cesses, which are described by an effective Fokker-Planck equation, eq. (3.8). The three
physical effects of drag (energy loss), longitudinal and transverse momentum broadening
are encoded in three corresponding coefficients. The requirements that the Fokker-Planck
picture be equivalent to the Boltzmann one and that it approach equilibrium can be used
to write the drag coefficient in terms of the other two, as per eq. (3.22). The two mo-
mentum diffusion coefficients can then effectively be described by field strength correlators
along Wilson lines on the light-cone direction of propagation of the hard particle, as in
eq. (3.16). The calculation of the transverse momentum diffusion coefficient ¢ is mapped
to a Euclidean one [33], whereas for the longitudinal momentum diffusion coefficient ¢, we
introduce a sum rule which, through the analytical properties of amplitudes at light-like
separations, makes it sensitive only to the gluon dispersion relation close to the light cone
(see eq. (3.21)). Similarly, conversion processes are shown in section 3.3 to be described by
effective Wilson line operators (egs. (3.28) and (3.29)), which are also computed through
an equivalent light-cone sum rule mapping them to the quark dispersion relation. The UV
log-divergence of the diffusion and conversion processes cancels with the opposite IR one
in large-angle scatterings.

In section 4 we introduced the NLO extension of this reorganized approach. All pro-
cesses, with the exception of large-angle scatterings, are sensitive to O(g) corrections arising
from the interactions with the soft background. Furthermore, some care is necessary in
avoiding double countings in slices of the phase space, which were included at LO, where
some particles become soft, introducing the need for a set of subtractions. The remaining
sections are then devoted to the details of each process at NLO. In section 5 we discuss
the collinear region, which is sensitive to O(g) corrections in the interactions with the soft
background that induce the splitting, as well as in the dispersion relation of the hard and
thermal particles. We further identify all necessary subtractions.

Section 6 is dedicated to O(g) corrections to diffusion. In treating ¢, we employ the
NLO determination of [33], whereas for ¢, we perform the calculation using the light-
cone sum rules introduced before. The details are to be found in appendix F. The result
is surprisingly simple: it just amounts to considering the soft correction to the gluon
dispersion relation close to the light-cone (see eq. (6.7)). Similarly, conversion processes
are dealt with using the fermionic analogue of the same sum rule and require the inclusion
of the soft correction to the quark asymptotic mass, as in eq. (7.5). Both ¢, and the
conversion rate at NLO show an UV logarithmic divergence, which is removed once a new
process, which only starts to contribute at NLO, is considered, the semi-collinear process.
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As illustrated in section 8, this process appears as a bridge between the diffusion/conversion
sector on one side and the collinear on the other. Indeed, while retaining a collinear
kinematics, it shows relaxed constraints, going beyond strict collinearity and allowing the
interactions with the soft background to be not just space-like (soft scatterings) but also
time-like (plasmon absorption/emission). For its evaluation a modified form of ¢, G(JF), is
introduced in eq. (8.5). It accounts for the changes in the small light-cone component p~,
which are no longer negligible. Euclidean techniques are used for its computation, as per
eq. (8.6).

We would like to emphasize the importance of Euclidean techniques, which map the
calculation of C(k1), ¢, G(6E), M2, and dm?, into simpler calculations in dimensionally-
reduced EQCD. Similarly, light-cone sum rules reduce the computation of ¢, and of
the conversion rates to the determination of the gluon and quark asymptotic masses at
leading- and next-to-leading order. Without these recent theoretical developments, rooted
in the causal properties of amplitudes at light-like separations, the calculations presented
here would have required extensive, cumbersome numerical integrations over the intricate
structures of loops composed of HTL propagators and vertices. Furthermore, as we have
mentioned, Euclidean techniques also allow lattice determinations. The first measurements
of ¢ and C(x ) have recently been reported [51, 52], opening up a new avenue of research.
All other Euclidean operators can be computed on the lattice in the same way, creating
the tantalizing possibility of a factorized approach to kinetics, where perturbation theory
is used at the thermal and hard scales to compute the large-angle scatterings and the
splittings, whereas the 3D lattice is employed at the soft (and ultrasoft) scale to deter-
mine non-perturbatively the transverse diffusion processes and the scatterings leading to
collinear radiation.

A very important point we have not addressed in this paper, leaving it to future work, is
the impact of the NLO corrections we have introduced on calculations of jet modification
and their comparison to experimental data. As we mentioned, the Monte Carlo event
generator MARTINI implements a kinetic approach corresponding to the one described
in section 2. This makes it an ideal candidate for the inclusion of the NLO corrections.
Indeed, the reorganization of the LO collision operator in terms of large-angle, diffusion,
conversion and collinear processes is underway, as well as the implementation of the NLO
corrections. This could also be easily complemented by the inclusion of non-perturbative
input, such as the existing determination of ¢ and, should they become available, future
determinations of ¢(6F) and of the asymptotic masses. It would also be interesting to
study the angular structures of jets with this numerical implementation and compare it
with the recent order-of-magnitude perturbative estimates from [72].

We remark that it is difficult for us to gauge a priori the impact of NLO corrections
relative to LO. The recent NLO calculations of the thermal photon [27] and low-mass
dilepton [28] rates, which include many of the features presented here, such as Euclidean
techniques, light-cone sum rules, semi-collinear and collinear processes, showed how the
NLO corrections naturally grouped into two classes of large, and largely canceling, contri-
butions. The positive corrections were due to NLO modifications to the collinear processes,
caused by the increased soft scattering rate and the reduced asymptotic masses, while semi-
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collinear and conversion processes decreased the rate by a similar magnitude. The large
cancellation between these contribution is mostly accidental and furthermore depends sig-
nificantly on the details of the medium, such as the numbers of colors and flavors. So,
while we anticipate similar cancellations for the present energy loss case, we are at present
unable to quantify their impact in more detail.

Finally, we believe that the approach presented here should go much of the way towards
making possible NLO kinetic theory calculations of the shear viscosity and other transport
coefficients of QCD. However, we have not resolved the issue of keeping track of where the
energy from a soft scattering shows up amongst the other (thermal) particles, which so far
prevents us from a true NLO calculation of QCD transport coefficients. We hope to return
to this issue in the future. We do note, however, that for cases where the momentum
dependence of the off-equilibrium distributions is isotropic, such as studies of isotropic
thermalization [73, 74], an extension to NLO appears within reach.
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A Notation

We now summarize our notation. We will use capital letters for four-vectors, lowercase
italic letters for the modulus of the spatial three-vectors, and the mostly-plus metric 7, =
Diag [—+++], so that P? = p? — p3.

For convenience we will mostly work in the Keldysh, or r,a, basis of the real-time
formalism for the computation of thermal expectation values. The two elements of this
basis are defined as ¢, = (p1+02)/2, ¢o = ¢1— P2, ¢ being a generic field and the subscripts
1 and 2 labeling the time-ordered and anti-time-ordered branches of the Schwinger-Keldysh
contour respectively. The propagator is a 2 X 2 matrix, where one entry is always zero and
only one entry depends on the thermal distribution, i.e.,

. (arr Dm> _ ((; £n(p")) (Dr ~ Da) DR> , (A1)
Da'r Daa DA 0

where Dp and D4 are the retarded and advanced propagators, the plus (minus) sign refers
to bosons (fermions). n(p°) is the corresponding thermal distribution, either nz(p®) =
(exp(p®/T)—1)~1 for bosons or ny(p?) = (exp(p®/T)+1)~! for fermions. We also define the
spectral function as the difference of the retarded and advanced propagators, p = Dr—D 4.
We will denote the gluon propagator by G and the quark one S.

We will adopt strict Coulomb gauge throughout. The treatment of soft momenta
in propagators and vertices requires the use of Hard Thermal Loop (HTL) resumma-
tion [30]. For convenience we list the Coulomb gauge retarded HTL resummed propagators
for fermions and gluons in the next section.
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B Hard Thermal Loop propagators

In this section we detail our conventions for the HT'L propagators. Fermion propagators are
most easily written in terms of components with positive and negative chirality-to-helicity
ratio. The retarded fermion propagator reads

Sr(P) = hi SE(P) + h, Sp(P), (B.1)
where
Si P) = i — : )
r(P) T E+EEE%p) m2, "Fp, (P +p
P F P+ 1— In | =5
2p 2p P’ =D PO—p0tic
(B.2)

where the upper (lower) sign refers to the positive (negative) chirality-to-helicity compo-
nent. The projectors are hit = (7° F 7 - p)/2. Here m2 is the fermionic asymptotic mass
squared, defined such that the large-momentum dispersion relation for helicity=chirality
fermions is p% = p?+m?,. We similarly define the asymptotic gluonic mass M2 . At leading
order, their values are

2

m 2T2 N 2T2

where we have also shown the relations to the more commonly used Debye mass mp and
quark “mass” my.
Gluons are described in the strict Coulomb gauge by
i

GR(Q) = ~ (B4)

2 2 ¢, ¢ +qtic

¢ +mp|l—g-InF5——

2q ¢ —q+ie

GR(Q) = (07 = §'¢)GR(Q) =

2 2 0 0 :
2 (4 q q ., q+q
q q 20 4°=q) lpo—qotic
(B.5)

The other components of the propagators in the r, a basis can be obtained through eq. (A.1).

C Longitudinal momentum diffusion from Wilson lines

Eq. (3.16) is based on eikonalization, which naturally happens since p is considered infinitely
larger than all other scales at leading order. As such, it can be easily verified that the
perturbative expansion of eq. (3.16) agrees with the rate-based definition (3.11) at leading
and next-to-leading order. We believe that, in the presence of a consistent UV regulator?

ZWe use a UV cutoff x4, in this paper; for a more rigorous treatment we could use dimensional regu-
larization, or the introduction of a mass with the limit p — oo taken holding m/p small but finite, which
produces a “dead cone” which renders radiative effects finite.
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eq. (3.16) is correct to all orders in g at the leading order in 1/p, up to possible Wilson lines
along the x~ direction at 27 = —co. Indeed, we believe that eq. (3.16) can be rigorously
obtained in dimensional regularization using SCET, analogously to what has been done
in [44, 75] for . We sketch here a simplistic derivation. Since we are interested in the
differential-in-¢* rate for a fast particle propagating with p® = p?, it is natural to expect
from the eikonal approximation a correlator of the form

dr’ dr o1 = iata— 1 o )
(27r)dqz = (27r)dq—+ :nggoL/dm e %<TrU(—L/2,L/2,:1: YU(L/2,—L/2;0)),
(C.1)
where we have used the fact that in the infinite-p limit ¢* = ¢ and for simplicity we have
introduced .
U(at,bT;¢7) = Pexp (zg/ dl+A_(l+,c_)> , (C.2)
bt
and for further convenience
U(a=,b;¢") = Pexp (zg/ dlAJr(l,ch)) . (C.3)

The Wilson line at x— = 0 is supported on the time-ordered branch of the Schwinger-
Keldysh contour and conversely the other one is supported on the anti-time ordered branch,
corresponding to the amplitude and conjugate amplitude entering the definition of the rate.
Indeed, so far the techniques used in [44, 75] are exactly applicable here as well, so that
eq. (C.1) is also formally justified within SCET. It is however not gauge-invariant. Following
the steps of [44], we conjecture this form for its gauge-invariant dressing:
(27T)a;lqur = Lh_r)]go % /dx_eiqmle([‘rﬁ(—oo,x_; —L/2)U(-L/2,L/2;2™)
x U™, —00; L/2)U(—00,0; L/2)U(L/2,—L/2;0)U(0, —00; —L/2)). (C.4)

The operator defined by eq. (C.4) is sketched in figure 11. This particular ordering corre-
sponds to having the upper three connected Wilson lines on the anti-time ordered branch
of the Schwinger-Keldysh contour and the lower three on the time-ordered one. The “han-
dle” on the bottom right corner can be trivially annihilated, but the same is not true for
the one at the bottom left, since time-like separated fields appear between the two vertical
Wilson lines there.

Finally, by using the definition of ¢, and convoluting eq. (C.4) with (¢*)?2, the latter
can be replaced by derivatives which, when acting on the Wilson loop, introduce the FT—
electric fields. Once the ¢ integration is taken (with infinite cutoff, hence the strict validity
in dimensional regularization only), the Wilson line operator (C.4) is squeezed to the form
of eq. (3.16) plus a surviving “handle” along z~ at 27 = —oo. This handle is irrelevant
in non-singular gauges and even in the light-cone gauge A~ = 0 it can be neglected at LLO
and NLO.?* The same would not be true for dp, /dt (in the p — oo limit), where we would

*Tn the A~ = 0 gauge the leading-order term arises from the < 8~ A" (z7)d~ AT(0) > propagator. At
NLO only soft gluon corrections to that propagator can contribute. Soft gluons connecting the propagator
and the handle cannot contribute: as we have remarked, in the soft limit G= ~ G< ~ G ~ 1/gGr, so
that these soft gluons have to connect to the handle as r fields and their contribution cancels between the
two branches of the handle.
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(=L/2,27) - (L/2,27)

(=L/2,0)y > \ (L/2,0)

(—L/2,—00) (L/2,—0)

Figure 11. The Wilson loop giving rise to ¢,. The horizontal axis is the 4+ axis and the vertical
one is the — one. The points are given in (z,27) coordinates, the constant transverse one is
not shown.

encounter a single F*~ insertion (at ) and the handle would be critical in obtaining a
gauge-invariant leading-order result.

D Leading-order matching

In this section we shall prove how the diffusion+conversion+large-angle scattering is equiv-
alent to the dressed 2 <+ 2 processes of [21].

D.1 Diffusion matching

For simplicity, we only consider diffusion matching for the q1g2 <+ ¢q1¢2 contribution previ-
ously illustrated in eq. (3.2). In the prescription of [21], that process is treated by using
the identity

s24u? 1
2 2

(s—u)’ (D.1)

+1
2 2

and the replacement

Gouf | Gh (PP (P4 P KK
$2

where G®(Q) is the retarded HTL propagator, as given by egs. (B.4) and (B.5). Upon
plugging this into eq. (3.5), putting the IR regulator to zero, introducing instead an UV

(D.2)

regulator T' > pg, > ¢T and consistently expanding for w,q; ~ g7, we get

Cpgt [+ [ra
Cie g 3593 / o / qu " dhne (B) [L = np (k)] x (D.3)

{(2\@*@(@2)\ +%]G£(Q)\ >k[k+w<1—’;>] +(9(w2,cﬁ)} X
WwT — w?(1—np(

WT — w2 (1-2n,(k)) o T - k)) dofe(p)  w® dofe (p)
[ e o) 4 = by g ]
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where G(Q) is understood to be G(w,q = /w? + ¢ ) and we have omitted the stimulation
factor and its derivatives on the outgoing hard leg, as they are all exponentially suppressed.
Up to higher-order corrections we can put the lower integration limit for the k£ integration
to zero.?”> The terms within the first set of curly brackets come from the expansion of the
¢-averaged matrix element, whereas those in the second set come from the expansion of
the distribution functions. We remark that the square moduli of the propagators on the
first line are even functions of w. Hence, the terms that would naively be of leading order
in this expansion in g, i.e. those multiplying Jf and its first derivative on the third line,
vanish in the integration. Keeping only the surviving, even-in-w pieces and performing the
k integration we have

g*T? C +°° Hay -
CEe(gf] O — 355 / / dj, . 2 (Q)

wz{gfql(p);+d(5;;(p) [<1+2§)] +Td5dj;2(p)}. (D.4)

where we have also used the following relations, based on the explicit form of the propagator
in egs. (B.4) and (B.5):

PH(Q) = GH(Q) - G(Q = mni “|ck?
Q) = GEQ) - Gh(Q) = wmigq ( ) o7 (D.5)

We also remark that the next terms in the soft expansion, i.e. those O(wg,q~i), which
naively would contribute to relative O(g), give rise again to a vanishing odd integration
and thus contribute only to O(g?). For this reason they can be neglected.?® Similarly, the
next order in the expansion of the distribution function is also odd and vanishes. Hence, a
genuine O(g) correction can only arise from adding soft gluons to these diagrams.

An analogous expression can be obtained in the case of a p-dependent df. It reads

g*T? C +°° Hay -
T =

6 3272
) 2 dof(p) o7\ T
) {5f " T [‘”2 1+ p) -]
5f 7
4T <w26m + %v;afm (p)) } (D.6)

Z5The same is not possible when there are bosonic degrees of freedom associated with k, due to Bose
enhancements. There, one needs to consider this region with care; this region is part of the semi-collinear
processes.

26In order to obtain the explicit form of these O(w?, ¢% ) terms, the prescription illustrated in egs. (D.1)
and eq. (D.2) is no longer sufficient, as Hard Thermal Loops need to be included also on less IR-sensitive
terms. However, on general grounds, the expansion can only give rise to even powers of w at that order, as
we have checked explicitly.
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Now let us look at the coefficients entering eq. (3.8), as defined in egs. (3.10), (3.11)
and (3.12). The differential rates appearing there can be easily inferred from the loss term
of the collision operator (3.2). Applying the same steps that led to eq. (D.4) we have that
the contribution from scattering with a quark gy to dp,/dt for a quark reads

4 +oo ' ~ o0 4
X k [k +w (1 - l;)] + 0 (w?,d7) }np(k) [1—ng(k+w), (D.7)

where we have for clarity left the stimulation factor [1 — ny(k + w)] unexpanded in w ~ g.
Using eq. (3.6), i.e. ¢ = w+G> /(2p), one sees again that the naive leading order in g leads
to a vanishing w integration, which is at the base of the Einstein relation relating dp, /dt
and ¢, in the p — oo limit. The leading, even-in-w terms then yield, upon performing the
k integration and using again eq. (D.5)

dpy, ¢*T? Crg? +°0 Hay (Q) 2T\ | »T
i) R —— D.
i D T 392 / / dq, q (u » +q1— » (D.8)

where we have again not considered the O(g?) correction from the O(w?,¢? ) terms in the

expansion of the matrix elements and from the expansion of the distribution functions.
Returning to §,, it is immediate to see that, at leading order, only the w? term in
(¢?)? contributes and other terms are actually suppressed by a factor of g2. Hence ¢, reads

at LO 2 ; .
T3 Crg? > Hay QP”(Q)
. 6.2 / / dg, qLw (D.9)

qL

Similarly, for ¢ one has qi = cﬁ, up to odd corrections or O(g?) terms, so that one obtains
the well known result (see eq. (3.15))

g*T3 C +°° KaL -
o [ [ a2, (D.10)
a1 2

We furthermore remark that in ¢, and § corrections in 1/p enter only at O(g?), due again
to the O(g) term being odd in w. For this same reason the evaluation in (w,q,) and
(q%,qL) coordinates is equivalent. This justifies our evaluation of the (p-independent)
NLO corrections to ¢, and § in the latter coordinate set.

Let us obtain the complete leading-order dp,/dt, ¢, and §. To this end, one has
2(Ny — 1) quarks and antiquarks that are distinguishable from ¢;, and hence 4(N; — 1)
contributions in the form of eqs. (D.8), (D.9) and (D.10), the extra factor of 2 coming
from the sum over final states (see footnote 5). The contribution from giq; scattering
accounts for two times those equations, as the u-channel contribution is identical, and the
q1q1 accounts for another two due again to final state symmetries. Hence the contribution
from all quark scatterings account for a factor of 4Ny. Using altogether similar steps one
can show that the contribution from ¢;¢ scatterings amounts to a factor of 8 V., so that

— 38 —



the complete leading-order expressions are

dpL _Crg® / e / Hay - (Q) 2T\ | »T
= d dq [— = D.11
e o2 w g q” » +qu ; (D.11)
. Cpg® [T Pag T
= d d - D.12
Q| = G2 /Oo w/o qLqLw”—p~(Q), (D.12)
N Crg® [T T A
= d d - D.1
i, -5 [ e [ Canaasr. (D.13)

which agree with egs. (3.21) and (3.15). In the case where the hard particle is a gluon, one
obtains the same expressions with C'r replaced by Cy.

We can now see explicitly, by comparing egs. (D.11), (D.12) and (D.13), that the
equilibration condition eq. (3.22) is obeyed at leading order. Finally, let us take eq. (3.8),
and substitute the equilibration condition. This yields, for a p-dependent Jf,

diffrsp _ dr dof(p) . (1 1 1. d*0f(p)
C(z [df] — 7T7p5f(p) - dp qr <p + 21_,) - §qL dp2 y (D14)

which matches with the structure of eq. (D.4). In the p-dependent case we recover instead
eq. (3.23), which also matches with eq. (D.6). We have thus explicitly shown how the
effective diffusion picture of eq. (3.8) matches exactly at leading order with the standard
treatment of dressed matrix elements.

D.2 Conversion matching

Let us consider more in detail the t-channel quark exchange to the ¢1q1 <> gg process,
as introduced in eq. (3.7). The resummation of HTLs in the ¢ propagator, as per the
prescription of [21, 39], gives

2m
|75 5 [0 i @51 e s5@8:(@) (140 (5.2
o 2mt q T p
(D.15)
where we have used our parameterization (B.1) of the quark propagator. Although not
immediately obvious in a naive expansion, all O(g) corrections do take the form of an odd
function of w, whereas the leading order, i.e. the terms in square brackets, are even. By

using the explicit form of the propagator in eq. (B.2) the expression above simplifies to

2w
d¢u 2pk w ow
—— — — _ D.1
| - wn@+ arap@l(1+0(5.9)). 00
where p1(Q) = S’;(Q) - Sj(Q). Similarly the expansion of the statistical factors, as in
eq. (3.27), leads to odd terms in w as the only possible O(g) corrections.

Hence, summing all contributions,?” the conversion part of the collision operator for a

*"This amounts to the u/t and t/u terms for ¢:q1 « gg, as well as the s/u one for qig <> q1g. The
non-underlined u/s there can be easily shown not to contribute at leading and next-to-leading order in g,
whereas the t/u and s/u terms become identical to eq. (D.16).
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quark ¢ reads

o0 = G (o)~ i)} [k 1) [ [ e

8mtm3,p oo
x [p+(Q) (1 - ‘;’) +p-(Q) (1 + ‘;)] (1+0(5%)), (D.17)

and corrections are naturally suppressed by g2 because of the even w integration. Carrying
out the k integration leads to

2
S i) [ [T daa
7T

X {m(Q) (1—q> + p-(Q) (1+ q)} (1+0(g%), (D.18)

o™ of] =

Finally, the w integration can be performed using the sum rule in [27, 58], leading to

m2

f (D.19)

Mg,
el = S o) -} [ aaas
0
which matches with egs. (3.24) and (3.31).
The conversion operator for gluons can be easily checked using the same approach.
The case of a p-dependent distribution function is also a straightforward generalization. It

too matches with the results of section 3.3.

E Solving the integral equation in position space at LO and NLO

The most convenient way to solve eq. (5.4)%® is by Fourier transforming h and q, into
impact-parameter variables, as first proposed in [45]. In this way the convolution over the
collision kernel C(k, ) diagonalizes, turning an integral equation into a differential equation.
Furthermore, the source on the left-hand side becomes a boundary condition at b = 0
and the desired final integral, eq. (5.3), becomes a boundary value of the ODE solution.
Specifically, defining

2
F(b) = / (;lﬂi)lQeib'hF(h), (E.1)
we have 2
Re / G2 F(b) = 1m(2Y), - P(0)), (B.2)

and eq. (5.4) becomes

7

_2ZV52(b) = m (p(p - w)mgow +pwmgop7w - w(p - w)mgop - v%) F(b)
B AP C LI LN AL PSR

28 The g > ¢ case is again not dealt with explicitly.
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with

2
Ch(lw|b) = / é 7’:;2 (1P )en(h) (E.A4)

As we mentioned in section 5.2, for generic kinematics O(g) corrections enter then in

two places: the effective thermal masses squared m2, » and the collision kernel C(k ) get
O(g) corrections which modify eq. (E.3),

mgop,LO+NLO - mgop + 6mc2>opa (E5)
Crrotxro(b) = Cr(b) + 6CR(b). (E.6)

The NLO thermal masses have been given in eq. (5.6). The NLO collision kernel is com-
puted in [33] in momentum space; the Fourier transformation into impact parameter space
has been performed in [27]. The expressions are sufficiently cumbersome that we have
decided not to repeat them here. In [33] it was also explicitly shown that “three-pole”
contributions are absent at NLO, so that the sum of two-body (dipole) interactions on the
second line of eq. (E.3) still holds.

Eq. (E.3) is then solved perturbatively, by treating F(b) formally as an expansion
in powers of dmu,0C; F(b) = Fo(b) + Fi(b) + ..., and expanding to first order. The
zero-order expression is just eq. (E.3), while at the linear order the expression reads

) ((p(p - w)mgow +pwmgop—w - w(p - w)mgop - V%)

0T <2pw(p—w
ity - A0, CABID) | Call— )
+ <,L) ((p(p - w)(smgow +pW5mgop7w - w(p - w)émgop>

2pw(p — w
oC(Jw[b) | dC(lp[b)  C,(Ip — wl[b)
T T T 2

+6Ch(jw]) R, (ED)
where the leading order solution Fy(b) acts as a source term in the differential equation for
Fi(b). We refer to [27, 28, 76] for details on the boundary conditions and the numerical
evaluation of these equations.

F Longitudinal momentum diffusion at NLO

In this appendix we present the details of the calculation of ¢, to NLO. We will not
explicitly consider diagrams with HTL vertices: as in the photon case, their contribution
can be shown to be suppressed once the contour is deformed away from the real axis.
Furthermore, when performing such deformations, we will not explicitly keep track of
contributions from certain causality-violating poles at ¢t = ¢~ /24 iq, (¢* = 0), which are
artifacts of our gauge choice and cancel in the final sum over diagrams, as they must [27].

F.1 The rainbow diagram

Let us first go through the diagrams shown in figure 8, contributing to 64, | (we will drop

oop
the 10p label to avoid clutter). We will label first “rainbow” diagram, shown in figure 12,
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Figure 12. The rainbow diagram.

r. Its contribution reads

4
K
— —g4CR/ dx™ / dx'H/ d aad ? (Cé Ji
r T
x gm0 T T @ =T (2 G (Q)G“(K), (F.1)

rr

0qr

where, as we remarked in section 6, the specific ordering of the two propagators is not
relevant to NLO, as long as they receive a Bose enhancement. The Wilson line integra-
tions yield

d4 d4K 7 +32

04, , = 94CRCA/ (2;)24 / (QW)AL <(q— 4 ie)2§3—>+ B+ ’ie) - adv) G_r_ (Q)Gr_r_ (K)v

(F.2)
where “adv” stands for the advanced —ie — +ie counterpart of the first term in round
brackets. As in section 3.2 and figure 7, we set out to perform the ¢* integration in the
complex plane. The integral is very sensitive to large ¢ due to the (¢*)? in the numerator;
but, contrary to the leading-order case, ¢~ is not fixed to be zero; also, G,,” (Q) contains
the statistical function n5(q°) ~ T/¢° = T/(q* +q~/2). Applying some numerator algebra
to these terms, we obtain

T(¢")?* . . Tq T(q")?
5 14 — t T o (F.3)
gt +q7/2 2 4t +aq/2)

The first term yields the contour deformation, the second will vanish as we shall show

(no poles and no contour contributions) and the third can be dealt with using Euclidean
technology.

We start with the contribution from the first term, with additional label (a) for arc.
Upon deforming ¢* away from the real axis, the retarded propagator turns into eq. (3.20),
so that

@ BQ [ d*K i
@ . )
Ou|, =9 OrCa /c (o)1 (2ﬂ)4<(q_+ie)2(q_+k_+i€) adv)

__ i q 2¢Tq™ — M2,
XG. T (K)—/ |14+ — Ca, F4
e )q+(+q+>2q+q‘—qi—M§ocR+ 4 (F-4)

where Cr and C 4 are the retarded and advanced deformed contours, as defined in section 3.2.
The contribution from the latter is not shown explicitly. Let us define dFEq and, for later
convenience, 0 Fq i and gy as

¢} + M2
2¢t

(ar +ki)*+ M2
2q* ’

(L —ki)?+ Mgo_

§Eq 5ot

§Eqix = 0Eq i =

(F.5)
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When deforming above the g™ axis we can then close the ¢~ contour in the lower half-plane,

picking the pinched ¢~ = §Eq retarded pole (and conversely for the C4 contribution).
This yields
(a) dgtd?q, [ d*K i
5G| = —ig'CrCAT -
q], 1 REA /CR (2m)3 / 2m)4 \ " SEZ(6Eq + k— — ic)

_ i §Eq\ ¢
The final expression, up to order 1/¢" terms, reads

(@) _ d? d*K @G, (K _ 6 F,
ol " =tencar [ 50 [ 5 [ aor (00 5 g 00
(F.7)

where we have used the symmetries of the integrand to express the leading-order term as

a d-function of k™.
We now inspect the second term, labeled (s)

(s) 94CRCA dQ [ d*K i o -
B 2 / (2m)* / (2m)4 <(Q+ie)(Q+k + i€) _adv> Prr (Q)Goy (I((F).s)

5QL

When deforming on Cr and C4 we have

] = £ /. Elzq;/ dgijgl/ é;)i (=)

dq.
__ i q- 2qtq™ — M2,
X Grr (K) (¢7)? (1 " q*) 2qt(q™ — 0Eq + ie) o (9)

The ¢~ integration can be performed as before, yielding

56 (s) __Z.Q4CRCA/ dq*/quJ_ / d*K i
P 2 Jo, @m) ) @m)2 ) @m)E \(0Eq)(6Eq + k — ic)

_ i ¢\ 4

(q+)?
which goes like 1/(¢")? and hence is irrelevant. This can be easily understood by noting
that the pinched poles in ¢~ force ¢~ ~ 1/¢™, so that the factor of ¢~ /¢ of this term with
respect to eq. (F.4) behaves like 1/(¢*)2.
Finally, we look at the Euclidean term, labeled (e), which reads

. 4 2y
o] = g'Cnca [ Gk [ Gt A6 QG (). (Pa)

This term will be canceled by an opposite term in another diagram.
F.2 The crossed rainbow diagram

The amplitude of this diagram, shown in figure 13 and labeled + for cross, reads

+00 xt xt d4Q dAK
84,| = +g*'CrC d+/ d+’/ d+”/ /
o + rotn A/—oo ! 0 ! 0 ! (2m)* ) (2m)*

% e—iq_(m+—z+//)e—ik_m+’q+k+G;—(Q)G——(K). (F.12)

rr
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Figure 13. The crossed rainbow diagram.

The sign is opposite to eq. (F.1) because of the different ordering of the color matrices.
Doing the " integrations we obtain

d*Q d*K i
5G| = —g*'CrC —ad
0], = =o'cnca | (2! / (2m)* <<q— Fi(k +i(a Tk +ie V)
xq kTG, (Q)G, (K). (F.13)
Again G, (Q)G,,~ (K) contain statistical functions q:op% = (Qq,ﬂf‘%kﬂrkﬂ. We handle
this by performing the following algebra:
AT2qT T2q~ T2}~ T2k~
qk S B B qk . (F.14)
(2qF+q7)(2kT+k7) 2t +q—  2kt+k— | (2¢t+q )2kt +k)
The first term will not contribute: deforming the ¢© integral

o, , [ d'Q [ d'K i _
00c|, =9 CrCaT /c @t | @) <<q——ie><k— —z‘e)(q—w——ie))”” )

i q 2¢Tq™ — M2
X —= 14+ — X +Cy, F.15
(q+)? ( q+) 20" (¢~ = 6Eq +ie) " (F-15)
the ¢~ integration can be closed below, yielding
d + 72 4 :
qd(ﬂ/dK —— — | P (K)
(2m)4 \0Eq(k~ —i€)(k~ + 0 Eq — i€)

1
54, W _ —ig*CrCAT? /
+

¢, (2m)3
. — 2
i a\ 4
— (14+ZL )AL . F.1
><(q+)Z< +q+> 2q++c’4 (F.16)

The k~ integration can be closed in the upper half-plane, giving
dqtd?q, / dkTd?k, i

e L .
8dr, . = ¢*CrCAT? / (G~ (k™ =0) — Gy~ (k™= — 6Eq)]

Cr (271')3 (27T)3 5Egl
: - 2
o 7 ) 4L
X 2 <1+q+> 2q++CA' (F.17)

This vanishes on Cr, because the square bracket is at least linear in §Fq.
The second and third term are identical to eq. (F.8) and thus vanish. Only the last
term contributes, yielding

4 4 T — _
——s'enca [ 54 [T e @e w0, @y

04z

+

which cancels eq. (F.11).
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Figure 14. The cat-eye diagram.
F.3 The cat eye diagram

The diagram is shown in figure 14, and will be labeled ¢ for cat-eye. Using only the bare
vertex, the graph yields

d4Q

84.| = g*CrCa dac+’

SRR 0 (—Q, — K, Q+K)
xq+<q++k+>[ YQ+E)C (K)G Q) + G QKGR (K)C(Q)
n G;”(Q+K)G;”(K)G§“(Q)] ,

where we have defined the three-gluon vertex as

gfach,ul/p<137 Q, K) = _gfabc [g,ul/(P _ Q)P + gVP(Q _ K)N + gPM(K _ P)V} ) (FQO)

P, @, K are all inflowing in the vertex, P is associated with a and g and similarly for the
others. The T and x" integrals yield

HQ [ &K 1
=o' [ s | oyt (v ) el R 04)

xqt(q" + k") [GA”(QJrK)GT?”(K)G;“(Q) + G (QTK)GR(K)GHQ)

n GTTP<Q+K>GT:<K>G§“<Q>} |

(F.19)

5(1L

(F.21)
Let us look at the r/a structure of the propagators. Suppressing Lorentz indices and using
Grr(K) = np(K)(Gr(K) — Ga(K)), np(K) ~

T/k°, the last two lines can be rewritten as
Tq"Grr(K)[Gr(Q)GR(Q+K) — GA(Q)GA(Q+K)]
+T%p(Q) [Gr(K)GRr(Q+K) — GA(K)GA(Q+K)]

— 155G (Q) [o(K)GA(Q+K) + p(Q+K)GR(K)]

L ; B G () [p(Q)CA(QK) + p(Q+K)GR(Q)]
—rtt E G (Q+E) [p(Q)GR(K) — p(K)GR(Q)]
7 (¢ +k)

n y {GT,,(Q) [Grr(K)GA(Q+K) 4+ Gr(K)Grr(Q+K)]

; GM<K>GM<Q+K>GR<Q>}. (F.22)
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We start by dealing with the first line, which has the highest power of ¢ in the numerator.
We label its contribution (1). It reads

o, d'Q [ d'K 1 _
il = _ T + 14
0qr . g CRCA/ o / i <(q_ g P adv> ¢ GV (K)

X T (~0, K,@+K>[GR“<Q>GRP<Q+K>—GA“<Q>GAP<@+K>]. (F.23)

Having obtained a fully retarded (advanced) function of ¢* we can now expand on Cg
(C4). Similar comments about pinching poles apply here as well: we expect Gﬂ(Q) and
G%(Q—FK) to introduce poles for ¢~ = 6Eq and ¢~ + k7 = 0Eg4k respectively. Indeed
we obtain

(1) dq~ dqu/ d*K < 1 )
= ¢'CrCAT —ad
-9 R / / 2t (¢ +ie)g +h +ie)

x [2@3 L k)GHQGHQK)G (K) + 0 (qﬁ) } Lo (F21)

6QL

Expanding the transverse propagators to order 1/(g*)? we have
1
2¢T(q= — 6Eq + i€)’

. .
GL(Q+K) — ! <1— q > F.25
R(QE) 2q* (g~ +k~—0Eqgixtie) qt (g~ +k~ =6 Eqiktie) (F.25)

GH(Q) —

and considering only the (1/¢%)° terms in eq. (F.24) we have

e dqg~ dqu_ d*K 1
- T _
00|, = ~4"CrCa / / / )i \(@ +i)g +h +ig Y
" [ (QL"FQJ_‘kJ_)Grr (K) <1_ q¢ +k” >]
2(¢T)% (¢~ —0Eq + t€)(q+k~—0Eqix + i€) (g~ +k~—0Eqik+ie)
+Ca. (F.26)

Rewriting the terms in round brackets as é-functions gives

e dq—d? d*K 1 o _
50| = —ig"CRCAT / / ot / 2P e (07 +£7) = 5(0)
% |: (qJ_ +qy - kJ—)GT’T (K) <1 . q + k~ > :|
2(qT)*(q~ —0Eq +i€) (¢ +k~ =0 Eqix + i€) (g~ +k~—0 Eqiictie)
+Ca, (F.27)

where P denotes the principal value. This yields

(1) d? + k)G, (K
Vg CRCAT/ / Cu/ (QJ_ qé(qﬁ)) —(K)

0qr

=
P— 1-—
o [(5E (k= — 5Eq+k + ie) < qt (k——(SEquk—i—ie))

1
A Z,e)éE%J +Ca. (F.28)
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With some algebra and making pinches explicit we have

1) . d2qL d4K (@3 +au- kJ_)G ~(K)

(€
0qr,

ca

k_ 2 . —
X [5Eq(/€_ — 0Eqqx + i€) <1 T g (k——éEq+k+i€)> (k— T e + 2mid(k ))
1 2
— 2mio(k” F.2
T 1 0Bq — i0)0Bqrn <k— —. — 2mio(k )>] +Ca, (F.29)

which gives, upon expanding the non-pinched denominators

(1) d?q, [ d'K (¢} +aq1 k)G, (K)
ca - _Zg CRCAT/ / / 4 (q+)26Eq6ECI+k

0qr

OBk, 5Eq
(b +ie)2 ' (b —ie)?

X [ —2mid(k™) + } +Ca. (F.30)
We have dropped terms that are O(1/(¢")?). The terms suppressed by one further power
of 1/¢* in eq. (F.24) turn out to be either completely independent of ¢~ on Cg, and hence
vanishing when its integration is done, or proportional to the terms in eq. (F.26) times
k=/q", ¢ /q* or k*/q". From the previous calculation it should be clear that the only
way they could contribute at order 1/¢™ on Cg would be if both pinches (¢~ and ¢~ + k™)
were taken. In the first two cases that is not possible, because the factors of ¢~ or £~ at
the numerator eliminate either of the two pinched poles and in the last case the resulting
kT integration is odd once k™ is set to zero.
We now consider the second line in eq. (F.22), which we label (2):

1@, Q[ d'K 1 ~ )
oqr, =9 CRCA/(QW)4/(27T)4 ((q—+ie)(q_+k_+i6) adV) T°p Q) (F.31)

< Tp(-Q K, QHK) |G ()G (@4 K) - G (R)G(Q+ )|
We can now deform the kT integration, obtaining
dktdk=d%k | d*Q 1
54 ——4CCT2/ / < —d>
ele =79 R T 2t eri\(¢ tiolg +hk +ig

2(k2 + k1 - qu)GHK)GEQ+K)p(Q)
k+ ’

(2)

(F.32)

which is very similar to what we had before, due to the symmetries of the vertex. Higher-
order terms in the expansion will not be relevant, as this contribution is one power smaller
on the arc. Hence, replacing the transverse propagators with their leading-order expres-
sions (F.25) and rewriting the terms in round brackets as d-functions we have

(2)

dktdk—d?k d4Q
N o .4 2 1 _
Mﬂz—+wCﬂMTLR o Q/@ﬂ2ﬂ%<&q+k> 5(g7)

(k2 + ki -q1)p(Q)
* (k)3 (k — 0Bq+ie) (k- +q — 5Eqik + ie)’ (F.33)
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Figure 15. The loop diagram on the left and the tadpole diagram on the right.

which yields
2

[

@) k- 2(kT)3

5 dzﬁdkd21ﬁ/dq+c12qL 1 (K 4k -qu)
L

-4 2
= —ig - CrCAT /
e (2m)t
o I GLTANY1Y p~ (0,4, q1)
(k= —0Eq +i€)0Eqix (k= —0Eq +ic)(k~ — 0Eqyx + i€) |

(F.34)

The second term on the bottom line vanishes under the ¢* integration, as it is odd. Simi-
larly, the first term yields

(2)

C

dktd%k dgtd? k2 +k, -
54, ——g4CRCAT2/ L/ qgrd®qr (k1 +ki-qi)

¢ @P ) T@0? 2k P0EqndEy

X [GR(—5Eqaq+,qm - GR(an+aQL)], (F.35)

which vanishes, as the ¢ integration can only pick up the residue of the Coulomb gauge
poles, which is O(6Eq) and thus makes the kT integration vanish.

Finally, terms with ¢~ or ¢~ 4+ k= at the numerator in eq. (F.22) vanish again for
the loss of ¢ at the numerator and of a pinched pole at the denominator. The last term
trivially vanishes. The entire result is hence given by eq. (F.30).

F.4 Self-energy diagrams
We analyze separately the two diagrams show in figure 15, the loop diagram on the left
and the tadpole diagram on the right.

F.4.1 The loop diagram
The amplitude is labeled by [ and reads

4 + 72 4
. g*CrCy [ dq qu/dK "
= T FV s —ZS,KF/V//— 3 K,_K
wl, 2 / (2m)3 (2m)4 T L@, =0 Wi (=@, QO )

X {GE"(Q)G;“'(Q) [GY (Q+K)G (K) + G¥ (Q+K)GYY (K)] — adv} R
(F.36)
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where 1/2 is a symmetry factor. We now perform a shift K — K — @ in the first term in
square brackets on the second line. In principle one should be careful in performing such
operations, as the integrals here are not finite. Indeed, as we anticipated, we will need to
subtract the HT'L counterterm, which, however, is obtained by performing the same shift,
as we will show in section F.5. We then have

4 + 42 4
g CgCA/dq(z;i)gL / éﬂf)( Tq* {G "Q)Gr H(Q) (F.37)

5QL 1 =
‘ [FW,J(Q, CQ K K\ (—Q, QK —K)GY (Q+ K)GE (K)

+FWA@—KJ(_@EWW@QJQ—K+meﬂKx@WK—Qﬂ—mw}
q—=0

We are now free to deform the contour, since in this case there are no statistical factor
poles, as ¢~ is set to zero. We then have

2 4 2
S| = g CRCA/C /d“/”(m i [(GE(KWHGE(K—Q))

QJ_ + M2 )
x G (K) — (kz—;fk) (Gh(K — Q) — GR(K +Q)) GT'(K)
GP(K) (1 (qu-ky)?
+i0 (3 ) rowa | ven (%

Terms that had a linear term in the azimuthal angle at the numerator have been neglected.
Since there are no pinching poles in k= we can safely expand the K + @) propagators,
yielding for their sum, up to order 1/(g*)?

-y i [ OE SEq +
moh7) | 1 [( atk  OPqi 2k Pl}, (F.39)

T T = -
CRIK+Q+CRK-Q) = =3 - ie? (=i gtk

whereas the difference is

7 1 1
GL(K-Q)-GLK+Q) = —qTPF+O ((q+)2>. (F.40)

Plugging this back in eq. (F 38) we obtain

i (5Eq+k 5Eq,k 2k+ (k* + 2kT) 1
— — Pi Y K Pi
* <(l<: +ie)2 (k- —ie)2 ¢t k- + 2q+ G (K) k—
GF(K) (1 (qL-kyi)? 2
S 1 . F.41
i <2 2R +0(1/(g%)?) ¢ +Ca (F.41)
F.4.2 The tadpole diagram

The amplitude, labeled by ¢, reads

5QL

;4 + 72 4
A g CrCa dg™d QJ_/ d*K + | —v po
b = / e | G0 |G QIR @)GH (K)
X (2gul/gpa — up9vo — g,uagup) - adV:| . (F.42)
q~=0
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Expanding on Cr we have

sin|, = [ [ sy |67
—<qi+(qﬂ€;‘i)> Gy (K )+(9<(q1) )] +Ca. (F.43)

F.4.3 Summary

Summing eqs. (F.41), (F.43) we obtain

dQQJ_ d4K q2
~ 4 1 rr
0qr, et =g CRCAT/ / / 27_[_ 4 4(q+)25E21{G++( )27T5(k )
2i0 EqG'Y, (K) z' k2 G”( ( 2k k2
T —ir T e =2 L6 (2- 2 —ie)
+Ca, (F.44)

where we have used the fact that dEqix = 6Eq + k2 7/(2¢™), up to vanishing terms in
the azimuthal integration and that the square bracket on the second line, which can be
identified with the NLO contribution to Z; in Coulomb gauge [27, 60], is purely real, so
that the prescription used for the £~ poles at the denominator there is irrelevant.

F.5 The subtraction term
diff
We now turn to the computation of the subtraction counterterm 44, . i.e. the soft part
subtr.
of the HTL self-energy. To this end, we need only the gluon loop, as soft fermions are not
Bose enhanced and do not contribute to relative O(g). The contribution from the loop

diagram is, after the previously-discussed shift

dift 94CRCA/ d'Q
(

~ lsubtr. N 2 27’[’)
x {G?(Q)G;"’(Q) [G&? " (QEE)GOP (K) + GO (1) GO (K—@)] - adv},
(F.45)

A~

/(2 ji TG T (0, =K, KTy (0, K, —K)2765(q ™)

where the vertices are treated in the HTL approximation, i.e. Q < K, and the G
propagators on the second line are bare and in the soft approximation, ny (k%) — T/k°.
This yields

sa " 1g*CrCAT
a lsubtr._ g RYA /CR(27)3q+

where we have used the fact that in Coulomb gauge the bare longitudinal spectral density

dgtd?q, [d'K GWT(K) [ 5 (quL-ki)?
- F.4

vanishes and the transverse one puts K on shell. Furthermore, consistently with the HTL
approximation, in G(O)ppl(K + Q) one has only to keep the leading terms in K > Q, i.e.
(Q+ K)? - +2Q - K, (q+k)? — k2. Other terms in the propagators and vertices do not
contribute, as discussed in [27].
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The tadpole contribution is trivially obtained from eq. (F.43) by replacing the re-
summed K propagator with its bare counterpart, i.e.

dgtd2q, /d4K GOTE) [, L (aL k)
2m)t (2 +M2)2 [ k2

diff

0L

= ig*CRrCAT /

e R0 } +Ca, (F.4T7)

t subtr.

so that the sum is
diff

5, +Ca. (F.48)

subtr.

= ig*CRrC T/ dq+d26ﬂ/ 'K 243607 (K)
TR Je T @mE ] @n)t gt (M2
F.6 Summary

Summing the contributions from all diagrams and subtracting the counterterm (F.48)

diff 2 4K
=g CRCAT/ /d ‘“/d (F.49)
o G (B (k i (¢ +ai-ki)
(q7)20Eq 5Eq 5Eq ik

s [ o (1 g Y] e

where 6G = G—G is the difference between resummed and bare propagators; in Coulomb

we obtain

_ 5qAL

oop

0L

gauge eq. (F.48) is equivalent to the bare part of eq. (F.44). After subtracting the collinear
counterterm?’ given in eq. (5.12) and performing the K and ¢* integrations as in [27, 33]
we obtain eq. (6.8).

G Semi-collinear integrations

NLO on ¢, which is the

Let us consider eq. (8.8). As mentioned, we put an IR cutoff p}
same cutoff used for the diffusion and conversion processes . We find it is simpler to use
OF as an integration variable, so that, after performing the d?k, integration and the JF

integration with cutoff §E, = (u)°)2|p|/(2|w(p — w)|) we have

/ dqL 1 / k. m3 k3 o om
@n)2qt ) @2 (2 +6E%)(K2 + 0B +m2) K2 +m2,

mpp OB, 5Eﬁ +m?  m, m? OB,
=— = |-2 | 1 4 arctan —=
3212 |w(p — w)| T mp . SE2 + OE, . OE2 +m3, +4arctan mp
Mpp 0E,
= 1 G.1
st () (G0
so that eq. (8.8) turns into
dl'(p,w) g*CrTmp 0B,
—_— = ——F(1+£ 1+ I
dw semi—coll 647(’3‘(,0(]) — w)] ( n(w))( n(p W)) + mp

1+(1‘;ac)2 [CF$2 L OA(1 - x)] 74— qg

x{ @+ (1—2))[Cr+ Caz(l-2)] g—>qq p. (G.2)
4 N4
H T Call—a e gy

29 A shift in the integration variable is necessary, see footnotes 9-11 in [27].
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Let us now explicitly obtain the logarithmic sensitivity to the diffusion region. Upon
expanding eq. (8.1) and its gluonic equivalent around w ~ 0 we find

semi—co 1 1 1 déf(p) 1 d25f(p) ~
6Ca50ftglugn[6f] - [Tpéf(p) " <p * 2T> dp? 2 d(p)? 00 semi—coll’ (G-3)
where
5 _/ dww294CRCAT2mDI (HTLO)2 (Ga)
a semi—coll n |w] <rT 32773]w3| L 2|w\mD ’ ’

i.e. the expected diffusion structure (see for instance eq. (3.23) or appendix D) has appeared.

Regulating the dw integral with an O(T) UV regulator®® and expanding for small ,uTLO

one obtains

0qr

_ 9'CrCAT?my [ (pH0)’
semi—coll 872

0 ()] (@)

which indeed cancels the Y dependence of eq. (6.8).

Similarly, as in eq. (5.13), we can take the small-w (or small p — w) limit for the final-
state quarks in eq. (8.1) and examine the overlap with the conversion sector. We take as
example the ¢ — ¢ rate, the opposite being the same times dp/d4. We obtain

2
_ / oS CETmy_y () (G.6)
semi—coll lp—w| < T 12871'3])‘]? - OJ‘ 2’]) — w]mD ' '

ST (p)

Performing the same integration and expansion as before we then have

5FCOHV (p)

_ 0BTy [ (0P
a—g

2mpT

semi—coll o 327T2p + o ((MELO)Q)] ) (G7)

which removes the O dependence of eq. (7.5).
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