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ABSTRACT: Results are presented for the medium-induced, soft coherent radiation spectrum
for all 2 — 2 partonic channels in QCD, at leading-order in «as but beyond leading logarithmic
accuracy. The general formula is valid in the full kinematic range of the underlying process,
and reduces to previous results in special cases. The soft gluon radiation spectrum is expressed
in terms of the color density matriz specific to each channel, quantifying the entanglement
between the color components of the 2 — 2 production amplitude. Beyond the leading
logarithm, the spectrum depends explicitly on the off-diagonal elements of this matrix, owing
to the soft gluon’s ability to probe the internal color structure of the parton pair.
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1 Introduction

The average energy lost through gluon radiation by a high-energy parton as it traverses a
nuclear medium, and suffers small angle deflection (in the nuclear medium rest frame) due to
multiple elastic scatterings, is proportional to the incoming parton’s energy, AE o« E [1]. This
behaviour is a telltale sign of fully coherent energy loss (FCEL), the medium-induced energy
loss mechanism expected in all perturbative QCD (pQCD) processes with a fast incoming
parton and a colorful final state, which final state can be a single parton [1-3] or a composite
parton system [4, 5|. FCEL stems from an interference between the gluon emission amplitudes
off initial and final states, and the fully coherent regime is characterized by large induced
gluon formation times t; relative to the medium (target) size L, t; ~ w/k? > L (with w
and k; the energy and transverse momentum of the induced gluon, respectively). Although
the coherent radiation thus views the target nucleus as a single effective scatterer, the (k-
integrated) radiation spectrum dI /dw = doyaq/(0e dw) does depend on L via the accumulated
transverse momentum (or p, -broadening) suffered by the fast parton system when crossing the
target. At large I/, FCEL surpasses parton energy loss in the Landau-Pomeranchuk-Migdal
(LPM) regime which has a milder E-dependence [6-10]. FCEL has been shown to be crucial



in explaining quarkonium [11-13], light hadron [14, 15] and heavy meson [16, 17] nuclear
suppression in proton-nucleus (pA) collisions. It has also been shown to be an important
cold nuclear matter effect for quarkonium production in nucleus-nucleus (AA) collisions [18].
In these phenomenological studies, the FCEL effect was estimated using leading-order
pQCD, considering some 2 — 1 [11-13] or 2 — 2 [14-17] processes,! and in the latter case
by assuming that the induced radiation does not resolve individual color charges but sees
the final parton pair effectively as a pointlike color charge. In this limit, referred to as
leading-logarithmic (LL), the FCEL spectrum dI/dw exhibits a large kinematic logarithm
(see first term of (2.23)), and a color dependence fully encoded in the ‘global’ Casimir charge
Co, where « labels an allowed irreducible representation (irrep) of the final parton pair (or
more generally parton system) [5]. Thus, it was possible in refs. [14-17] to implement FCEL
as for 2 — 1 processes [11-13], by relating the differential cross section do/dFE in pA collisions
to that in pp collisions by means of a certain probability distribution, or ‘quenching weight’,
accounting for the incurred energy loss w. (The quenching weight can be constructed from
the process-dependent radiation spectrum df/dz, where x ~ w/FE is the fractional energy
loss.) In refs. [14-17], the logarithm of the FCEL spectrum was checked to be quite large
(~ 3...4) for the typical kinematic configuration of parton pair production, namely, for
E~En~ % (with € and € = 1 — £ the light-cone longitudinal momentum fractions of the final
partons w.r.t. the incoming projectile parton), justifying a posteriori the LL approximation.
However, formalizing the role of FCEL in the phenomenology of nuclear collisions will
require systematically implementing FCEL in pQCD calculations of hadron production cross
sections. To that end, extending the accuracy of the FCEL spectrum beyond LL is imperative.
This is the first step before determining the quenching weight associated to this improved
spectrum, and eventually convoluting the quenching weight with the pp cross section in
the full phase space of the final pair, 0 < ¢ < 1.2 This would make a number of model
assumptions in previous LL studies unnecessary, hence improving the accuracy of FCEL
estimations. More importantly, and as argued previously [15, 16], first implementing FCEL
in pQCD calculations and then performing nuclear PDF (nPDF) global fit analyses (using
the Hessian method [19] or reweighting techniques [20, 21]), would allow to justify the use of
hadron pA production data (which are sensitive to FCEL) in global fits, and thus to extract
more reliable (and possibly more precise) nPDF sets. The main purpose of our study is
to carry out the first stage of the aforementioned programme, namely, to derive the FCEL
spectrum beyond LL for all 2 — 2 parton processes (with massless initial particles).
Independently of its interest for phenomenology, calculating the FCEL spectrum beyond
LL for 2 — 2 processes is an interesting task in its own right, which highlights several
theoretical aspects of gluon radiation in the coherent regime. Firstly, the soft induced
radiation may probe individual color charges of the final parton pair (decomposed over

'Previous studies referred to 2 — n processes as ‘1 — n forward processes’, emphasizing the identity of the
incoming parton from the projectile. Presently, we adopt the 2 — n terminology, with the convention that the
first mentioned incoming parton is from the projectile and the second is from the target. This distinguishes,
e.g. g9 — qg from gq — qg (which suffer FCEL differently).

2We will consider 2 — 2 parton processes with massless initial partons, as motivated in section 2.1. With
this condition, 0 < € < 1 is equivalent to 0 < m? —t < s, with s and ¢ Mandelstam variables of the 2 — 2
process and m the mass of the equally massive final partons.



available irreps as a ® b = ) Ry ) and thus allow color transitions® between different irreps,
a & 3, giving the spectrum a non-diagonal matrix structure in the space of irreps. The
physics is thus richer than the LL limit, whereby each « is associated to a partial spectrum
dI,/dx contributing with a certain probability p, to the full spectrum dI/dx [5]. Secondly,
the FCEL spectrum can be negative, as previously found for the qg — ¢ process [2, 3] and
similarly for gg — qg (in the LL approximation) with a color triplet final qg pair [5] (which
has non-negligible effects in phenomenology [14, 15]). Our study shows that this is not an
exceptional case: dI/dx < 0 is possible for other 2 — 2 processes, in a given range of the
kinematical parameters = and £. A negative FCEL, or fully coherent energy gain (FCEG),*
is an interesting feature of coherent induced radiation, allowed by first principles (see [2] for
a physical interpretation of FCEG). Lastly, we also stress that our beyond-LL calculation
is done for the SU(N) gauge group, with N > 3. In particular, in the LL limit our results
reproduce those of ref. [5], where N > 1 was assumed and the results for finite N conjectured
on physical grounds. Our study thus proves this conjecture.

The paper is organized as follows. In section 2, after a preliminary discussion of the
kinematic setup and of the color structure of 2 — 2 parton processes, we derive the FCEL
spectrum beyond LL for each process. Of particular importance is the density matrix ®,4
defined in eq. (2.14), which is constructed by decomposing the tree-level amplitude M into
its available color states. This matrix is a gauge invariant, dimensionless function of £, and is
given explicitly for each process in appendix A. Our main result for the FCEL spectrum dI/dz
is stated formally in the equivalent expressions (2.20) and (2.26), with details on the derivation
of (2.20) relegated to appendix B (where the spectrum is in fact derived more generally for
2 — n processes). This is followed by an elaboration of the color matrices B,g and Eag,
which are listed explicitly in appendix C for each process. We stress that the result (2.26)
is valid in the full kinematic range of the underlying reaction, and for any finite number
of colors N > 3. In section 3, we explain how the previously obtained spectra for 2 — 1
processes [1-3] and 2 — 2 processes in the logarithmic approximation [4, 5], which turn out to
be diagonal in a particular color basis, can be obtained from (2.26). As a simple illustration,
the case of quark-quark scattering is detailed in section 3.3. Finally, in section 4, we briefly
summarize our work, and present some phenomenological perspective while emphasizing the
broad validity domain of our results in terms of kinematical variables in the c.m. frame.

2 FCEL spectrum beyond leading logarithm in 2 — 2 processes

2.1 Setup for underlying hard partonic process

Let us consider a general 2 — 2 partonic process arising when an incoming fast parton crosses
a nuclear target,” which process will be treated within a leading-order (LO) pQCD picture,
in a setup similar to that used in refs. [5, 15, 16, 18] (where however only processes involving

3The exact meaning of color transitions will come later, see the paragraphs following eqs. (2.22).

4Although the acronym FCEL is then a slight misnomer in general, we shall continue to use it as an
umbrella term for both energy loss/gain situations.

5There are various experimental situations in which this may occur, like pA or AA collisions. In the AA
case, one can view the 2 — 2 process with either nucleus as the target and the fast incoming parton originating
from the other nucleus. The equivalent pictures are related by a Lorentz transformation [18].



Figure 1. Scattering amplitude for a generic 2 — 2 partonic process. The final partons of momenta
p3 and py carry light-cone momentum fractions £ and £, and have transverse momenta —K and K,
respectively. A dashed line stands for a quark, antiquark or gluon.

a target gluon were addressed). In order to derive the medium-induced radiation associated
with a given 2 — 2 hard process, it is convenient (though not mandatory) to regard the
physics from the rest frame of the target. As illustrated in figure 1, an incident energetic
parton with light-cone momentum p; = (py",p;,p;) = (2E,0,0),% scatters off a parton from
the nucleus with ps = (0,p; ,0), to produce a pair of final partons with momenta p3 and py.

We will consider all tree-level 2 — 2 partonic channels, except those involving initial
heavy quarks @ = ¢, b. Indeed, as previously argued [16], for our purpose processes such as
Qg — Qg should preferably be interpreted as higher order flavor-excitation processes [22],
where heavy quarks typically arise from g — QQ perturbative splitting and actually belong
to the final state. This ‘fixed flavor number scheme’ allows one to keep track of the actual
hard parton system, whose properties (in particular its color structure) determine the FCEL
spectrum. In our study initial partons are thus massless,” and final partons have the same
mass m = mg = my, which is non-zero only in the case of heavy quark production (arising
from gg — QQ and ¢¢ — QQ channels).

Using the Mandelstam variables

s=(pL+p2)’, t=(p1—p3)?, u=(p1—ps)?, (2.1)
we introduce the Lorentz-invariant quantities

m? —t - m°—u

o
Il
Il

=1-¢. (2.2)

Note that these variables coincide with the light-cone longitudinal momentum fractions of
the final partons, namely, £ = p;f / pf and £ = p;f / pf, in all frames obtained from the nucleus
rest frame by a boost along the z-axis. The kinematical dependence of any 2 — 2 (and
thus dimensionless) scattering amplitude M considered in the following can be expressed
in terms of either the single variable £ (for all processes with massless final partons), or &
and m?/s (for ¢q¢ — QQ and gg — QQ processes).

In the setup of figure 1, the final partons are back-to-back in the transverse plane,
py = —p3 = K. The final pair invariant mass s and rapidity difference Ay = y4 — y3 are

5We define light-cone variables by p™ = p° & p*, and denote transverse momenta by bold characters.

"However, note that the FCEL spectrum associated to partonic processes involving initial heavy quarks, e.g.
Qg — Qg, can be easily inferred from our study. But the initial heavy quark should be interpreted as some
non-perturbative, intrinsic heavy quark component in the projectile proton. (Otherwise, the accompanying
@ arising from perturbative splitting would alter the structure of the hard process, resulting in a different
FCEL spectrum.) The effect of FCEL on such processes could be studied within the ‘variable flavor number
scheme’ [23], which uses input heavy quark PDFs.



related to & and & through

e = L _ (€>
s D1 Dy e Ay =1In ) (2.3)
where we introduced the transverse mass mﬁ_ = Ki + m?2. The typical scale of the hard
partonic process is given by m; ~ O (K ).

An essential assumption we make, as in previous FCEL studies, will be the kinematical
limit pi" = 2F — oo at fixed £ and K, corresponding to small angle, ‘forward scattering’ in
the nucleus rest frame. This limit is suitable for studying hadron production at moderate
p1 in high-energy pA collisions. Note that the assumption E, (¢E, €E > K| is not very
demanding in practice (the incoming parton energy E in the nucleus rest frame being huge
at modern collider energies), and holds from large positive down to large negative rapidities
in the c.m. frame of the collision. (The assumption E > K| would start to be invalid only
at very large negative rapidities, close to the nucleus fragmentation region.)

The second relation from (2.3) can be rewritten as

_ 1
S l4e By

1
1+eby’

3 , &= (2.4)
relating explicitly ¢ (and € = 1 — £) to Ay. In previous studies of 2 — 2 processes [5, 14-17]
we considered the FCEL spectrum for a typical configuration of the parton subprocess,
Ay SO(1) & &~ E&~1/2. As we shall see, this latter approximation is closely connected
with the LL limit. In the present study, we generalize the calculation to any value of |Ay|

(including |Ay| > 1), i.e. in the whole range 0 < ¢ < 1.

2.2 Color density matrix

In order to derive the soft induced radiation associated with a given hard partonic process, we
need to decompose the 2 — 2 parton scattering amplitude M in terms of the available color
structures. At tree-level, M can be expressed as a linear combination of either Hermitian
color projectors PP, (for those channels where the initial and final parton pairs are of the same
type, 99 — 99, q9 — q9, 9@ — qq, . .., irrespective of quark flavors), or transition operators
T, (for the remaining channels, namely, gg — ¢¢ and qq — gg).

The projectors P, are represented graphically as

P = j@:, P99 = :@, (2.5)

and similarly for other channels, where o denotes some available SU(N) irrep for the parton

pair under consideration. For convenience, we adopt color pictorial rules, cf. refs. [24-27], and

thus draw color graphs (referred to as ‘birdtracks’) instead of writing explicit color indices.®

8These rules slightly vary in the literature, depending on sign and notational conventions. The rules we
will use are as follows. Edges are used to identify color indices:

P —— 7 :61;.; a o o= gp

where quark and antiquark indices are denoted by 4, j € {1,... , N} and gluon indices by a,b € {1,... , N*—1}.
(The index of an outgoing quark or incoming antiquark is written as a raised index by convention.) The vertices



This leads to the expressions of the projectors P, displayed in table 1 below, for (flavor-blind)
qq, 99, qg, and gg pairs. Results for gq and qg pairs follow trivially from complex conjugation.
In this table we also recall the dimensions K, and Casimirs C,, of the corresponding irreps a.

The transition operators T, for gg — qg, labelled by the gluon pair irreps which are
available in this channel, namely, o = {1,8,,8s}, read

1 V2 V2N
lemj}(, Tsa=ﬁW7 Tsfﬁw- (2.6)

The transition operators for qg — gg are given by TL, and the T,’s are normalized as
T, Tp =0 P¥;  To Th =P, (2.7)

where in the rightmost identity, & € {1,8} denotes the ¢q irrep which is equivalent to the
gg irrep a € {1,8,,8}. (For example, @ = 8 if « = 8, or a = &;.)

It will be convenient to trade P, T, or TL (depending on the partonic process), viewed
as operators mapping the 12 and 34 parton pair color spaces, for the vectors

F

1 i
(a = TR @2 , (2.8)
1

which are elements of the space of color singlet four-parton states (denoted as 1234). In (2.8)
the blob « denotes P, T, or "_II‘L, corresponding to an s-channel irrep « of the 12 — 34
partonic process, and the factor 1/y/K, ensures that the vectors (a| form an orthonormal
basis, («|3) = dap. In the following, the basis (2.8) will be referred to as the ‘s-basis’ of the
12 — 34 process. Note that kets |a) are obtained from bras («| by complex conjugation,

which corresponds pictorially to taking the mirror image and reversing quark arrows,’

— * 1 ; ‘
o) = (ol = o= (@), (2.9)

HHIO\

in a graph represent color tensors, associating a color index to each connecting edge. For any representation
a, let TS be the (Hermitian) generators of the associated Lie algebra. For the fundamental and adjoint

representations, let us denote their matrix elements by (t“)ij = (Tﬁ)i]- and —ifaope = (T4 )be, respectively. We
thus introduce

CE ey TE —cers T - i,
a a

a

In addition, we need the 3-gluon ‘star’ vertex,

CTETY < e = 2 {0 () + @) ()R ()} = 2(6 g o b>7

a ijk

which is fully symmetric in the permutation of two gluon lines. Note that for NV = 2, quarks and antiquarks
are equivalent objects in terms of color, and the star vertex identically vanishes (as is pictorially clear from
the r.h.s. of the above equation). In this paper we consider N > 3.

9Under complex conjugation, an outgoing parton in the bra (2.8) thus becomes an incoming parton of the
same type in the ket (2.9).



system | irrep « projector Py, dimension K, Casimir C,
_
3 -] IN(N = 1) 20y — Ni1
393
6 %[ +><] IN(N +1) 2CF + N
1
= 1 N}{ 1 0
393
1
3 o N o
328 6 . —N“PﬁE IN(IN+1)(N=-2) | Cp+N—1
15 ! N‘1]P3_E INN-1)(N+2) | Cr+N+1
8. = N2 -1 N
10 10 %[Wfl’gﬁ,‘:}—IPga L(N2 —1)(N? - 4) 2N
1
1 1 g 1 0
88 N
8 r oS N? -1 N
27 (%W+2 P )Q INYN—1)(N+3) | 2(N+1)
0 (%K—2 X)Q INY(N+1)(N—-3) | 2(N-1)

Table 1. Projectors, dimensions and quadratic Casimirs of the SU(N) irreps associated to the ggq,
qq, qg and gg systems. An SU(N) irrep is labelled according to its dimension for N = 3. We express
the arising color factors via N and Cr = (N? —1)/(2N). In the last two rows of the table, for the

projectors IPo7 and Pg of a gg pair we use the shorthand notation Q = % [K—l— ;’(U,i] -Pg, - Py.

The completeness relation

Slaal = Y 5 @ - (2.10)

)—‘Il_\?\

simply follows from the fact that {p, = |a)(a|} is a set of orthogonal projectors of rank 1
acting in the space spanned by the vectors (a|, whose dimension is the number of possible

values of «.19

108¢trictly speaking, the identity operator on the r.h.s. of (2.10) is the identity of the space V = {(a|}
spanned by the vectors (|, rather than the identity of the space W of all color singlet four-parton states.
Indeed, at tree-level there is one process, namely, gg — gg, for which V ¢ W. In a study of gg — gg at NLO,
the label « in the blob of (2.8) should list, in addition to the projectors P%?, two transition operators 8, < 8.
This would exhaust all linearly independent operators mapping gg — gg, implying ¥V = W for all 2 — 2 parton
processes at NLO.



The color decomposition of the amplitude M in the s-basis (2.8) reads

Migza =Y valal, (2.11)
[0

where the dependence of M on external color indices is contained in (|, and the kinematical,
spin and flavor dependence in the coefficients v,. Those coefficients depend on the specific
partonic channel and are given in table 2 of appendix A. (Note that v, may also depend on
the parameter N for some channels.) We expect v, to satisfy the Ward identity, for physical
polarizations, and therefore to inherit the same gauge invariance as M at tree-level [28, 29].
Squaring the amplitude of figure 1, performing the sums over external color indices (by
connecting birdtrack lines) for fixed spins/polarizations, and using the decomposition (2.11)

we can write

Ho= m MP =gl = D vl (2.12)
E af a

where the tr, symbol indicates the sum over external color indices. In our study we focus on
the FCEL spectrum associated to unpolarized 2 — 2 parton processes. Denoting the sum
over external Dirac indices by the tr, symbol, the total unpolarized squared amplitude is
given by tr,tr,|M|? which is the quantity listed in the third column of table 2 (appendix A),
for each parton process.

In what follows, we will need to evaluate ‘expectation values’ of some color operator
O (represented below by a hatched rectangle),

M* = Z Dop Onp = Tr {®-0}, (2.13)
S "

where we used (2.11), and ®,5 and O,p are matrices in the space of irrep labels a for
the partonic channel under consideration (the symbol Tr denoting the color trace in this
space), defined by!!

tr, (Va v5) tr, (va v5)
D5 = = , (2.14)
P ME T P
and
Oas = (|0]B) . (2.15)

For the color graph in (2.13), O should be viewed as an operator in the space of color
indices of the four-parton state 1234, whereas on the r.h.s. of (2.13) [and in (2.15)], it is
an operator in the space of irrep labels . Pictorially, this distinction is not so important
since the two ‘representations’ of the operator O are related with the help of the birdtrack
completeness relation (2.10), namely,

O 21N =37 |a)igigisia (a|O|B) (81727534 (2.16)
af

"'Note that in (2.14), we display vaVj, even though the v,’s are real-valued for tree-level amplitudes.



where the i’s and j’s are the color indices of the four-parton state 1234 which are respectively
incoming and outgoing in the hatched rectangle of (2.13). Alternatively we have (with
repeated indices being summed over):

(@ligiginia O i |8)71725391 = (a]O|B) . (2.17)

The matrix ® defined in (2.14) is a crucial quantity in our study. It is a characteristic of
the hard partonic process, and may be computed directly from the coefficients v, . These
coefficients are easily found in light-cone gauge (see appendix A), but we stress that ® is gauge
invariant, as shown by a calculation in all covariant R¢-gauges (namely, explicitly verifying that
there is no dependence on the gauge parameter). We supply a FORM [30] code implementation
as supplementary material attached to this paper, which uses tree-level graphs generated by
QGRAF [31], to compute ® in a general covariant gauge with Faddeev-Popov ghosts. Listed
in appendix A.2, are the expressions of the matrix ® for all tree-level 2 — 2 QCD processes.

Before proceeding, let us remark that the matrix ® exhibits the main features needed
to construct a quantum mechanical density operator ) 5 ®,s]la) (B [32], and we shall dub
® the color density matriz. In particular, ® is Hermitian (being real and symmetric) and
satisfies Tr {®} = > ®na =1, following directly from (2.14) and ensuring the normalization
in (2.13) is such that (1)1234 = 1. The diagonal element ®,,, is the probability p, for the
final parton pair to be produced through the color component « of the amplitude M,

_ t1“d|Va|2

Pa = Poo Z’y e (2.18)
It also follows from the definition (2.14) that ® is a positive semi-definite matrix. (Let us
remark that some off-diagonal elements of ® can be negative, implying that ® is not a Markov
matrix.) We see from table 2 of appendix A (last column), that for any 2 — 2 process
except q¢ — qq and qq — qq, the spin dependence of the coefficient v, factorizes (in the
same overall factor for each «). For those processes, the tr, symbol appearing in (2.14) can
be formally dropped, and ® acquires the exact form of an outer product of vectors. This
implies ®2 = ®, a criterion that characterizes a ‘pure’ (color) state [32]. For q¢ — gq and
qq — qq processes, the above-mentioned factorization does not hold, the sum over Dirac
indices in the numerator of (2.14) depends on the given values of @ and 3, and @ is not an
outer product. In these two cases, ® describes a ‘mixed’ state, of purity Tr {®2} < 1. One
may evaluate, for example, the von Neumann entropy S = —Tr {®log ®} to assess the degree
of color entanglement achieved by these particular processes.

2.3 Induced gluon radiation spectrum

We now discuss the fully coherent induced radiation associated to 2 — 2 processes beyond
the leading-logarithmic approximation.

The successive parton rescatterings responsible for nuclear p, -broadening are modelled
as rescatterings off screened Coulomb potentials [6, 7, 10, 33-35]. It is assumed that the
potential screening length 1/u satisfies 1/u < A, where X is the ‘color stripped’ elastic mean



free path,'? allowing the successive rescatterings to be considered independent. The total
broadening Ap, delivered to the final parton pair, Ap? ~ u?(L/\), is on the order of the
saturation scale Qs in the nucleus, and will be simply denoted by Qs in the following. Nuclear
p 1 -broadening induces radiation, and as a result the FCEL spectrum will depend on Q,.'?
We will assume the hard scale K| of the 2 — 2 process to satisfy K| > Q. In this limit,
nuclear p | -broadening affects negligibly the hard process kinematics, which remains well
approximated by ‘back-to-back’ production in pA collisions.

Another approximation concerns the induced gluon radiation, which is considered soft
compared to the partons it is emitted from. Denoting by k = (k™, k™, k) the radiated gluon
light-cone momentum, we have k+ ~ 2w < pf",p3,pf (implying = = k*/p] < & ¢), and
k, = |k| < K. Like nuclear broadening, the induced soft radiation does not affect the
hard process kinematics. Moreover, the induced radiation formation time t; is kept larger
than the hard process production time tpaq [1],

F 2
t ~ ’:)i > thard ~ iﬁ? — gg% < x. (2.19)

The detailed derivation of the induced radiation spectrum for 2 — 2 processes, within
the above approximations and beyond leading-logarithm, can be found in appendix B, with
the final result given by (B.33). Note that in this derivation, the spectrum is defined w.r.t. an
ideal target of zero size (in which no soft rescattering occurs), and thus vanishes when L — 0.
In order to compare pA and pp collisions, we define the spectrum in a nucleus of size L
w.r.t. a proton target of size L, which is simply obtained from (B.33) by subtracting the
same expression evaluated at L = L,. As explained in section 2.1, we will also restrict to
2 — 2 processes with massless incoming partons. In (B.33) we thus set m; = 0 [implying
m1 — 0 in (B.22)] and m3 = my = m (with m # 0 when a heavy QQ pair is produced, in
either gg — QQ or q¢ — QQ, and m = 0 in all other 2 — 2 processes).

The induced spectrum associated to a 2 — 2 process of amplitude M is thus

dl «
& _%(re E—@), 2.20
dz 7rx< ¢ O1+ LeOs ( )
the effect of multiple soft scatterings by the medium being encapsulated in the function
zK| xm L)
Le=F (2L 22 (L 51), 2.21
¢ ( En o Epu g ( p) ( )
where F(z,y;7) = 2y [ dB Jo(zB) Ki(yB)[1 — exp{—r(1 — BK1(B))}] (with J, and K,
Bessel functions), and Ay = A/N is the gluon mean free path.

2Lt us recall that p is on the order of the typical transverse momentum exchange in a single scattering,
and that the elastic mean free path of a parton (or pointlike parton system) of Casimir charge C., is related to
Aas Ao = A\/Cl.

13To avoid any confusion that might result from the use of the word ‘saturation’ in our study, let us stress
that FCEL is fully determined by Ap, viewed as a theoretical input, independently of the details of this
input. Saturation or small-z evolution effects [36] are responsible for the x,-dependence of Ap; ~ Qs at small
z, < 1072, modifying the magnitude of Ap, in this domain of x,, but are not responsible for the presence of
FCEL. In particular, FCEL is also present at z, > 10~ 2, where saturation effects are absent (and Ap, thus
independent of z, ), emphasizing that FCEL and saturation are different physical effects.
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The coefficients O3 and O, originate from the two possible soft color connections to
the final parton pair:

Op=——1t
T et M

where the radiated gluon line carries only color indices. We stress that the spectrum (2.20) is
valid at finite N and beyond LL (a limit to be properly defined below), thus generalizing
the result of ref. [5] obtained in the LL and large N limits. Note that the function F' can
be approximated by a logarithm (which can be shown to arise from the integration over the
soft radiated gluon k) [2], allowing to rewrite (2.21) as

2 2
Qs2 ) — log (1 + ng?;%> : (2.23)

?m?
where m | was defined below (2.3), Q% = u?(L/\,)log (L/),), and Qs,,, denotes the saturation
scale in a proton.
As should be clear from appendix B, the factors £¢ and Eg in (2.20) are ‘soft factors’

Le ~ log <1 + &2

which arise by dressing the squared radiation amplitude by any number of soft rescatterings.
They also include the Lorentz part of the initial and final soft gluon emission vertices (leading
to the above-mentioned logarithm when integrating over k). As for the associated factors
©4 and O3, they are entirely determined by the 2 — 2 amplitude M, although their precise
color structure depends on how the soft gluon line is connected to the final state. We readily
see that the induced radiation may probe the color structure of the hard process, and the
spectrum can be expected to depend on the irrep of the produced parton pair.

By rotating the graphs in the expression (2.22) of ©4 and 03 (by 90°), and stretching
the soft gluon to a straight line, we see that ©4 and O3 are of the form (2.13), namely,
©4 =Tr{® B} and ©3 = Tr {® - B}, where ® is defined by (2.14) and the color matrices
B and B read [see (2.15)]

Bog = (a|B|f) = («f2T1T4|5) =

VR 220

Bos = (a[B|A) = (a2TyT3|5) = KQKB @ B). (2.25)

with T; = T} the SU(N) generators of parton i. For each partonic process, the explicit form
of the matrices By = B + B = 271(Ty + T3) can be found in appendix C.'* The physical
relevance of By will be made clear shortly.

The spectrum (2.20) can thus be expressed as
df s

— =Tr{® - S(x)}; Sz)=

- - (Eg B+ EEE) : (2.26)

14We also include the calculation of B in the supplementary material FORM code supplied with this paper.
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in terms of the density matrix ® and of the ‘soft color matrix’ S(x), for each 2 — 2 process.
For the sake of the following discussion, the two bracketed terms in (2.26) are rewritten as

Le+Lg Le—L;
%m + % B_ . (2.27)

ﬁg B+ ﬁgE =

It is evident that B and B add coherently if Le= ,Cg, implying that the soft gluon sees

the final parton pair as a pointlike object and cannot change its color state. In this case, the

spectrum proportional to By must arise only from contributions with o = 3, and depend on

the final parton pair only through its global color charge C,. Indeed, adding (2.24) and (2.25)

and using color conservation 17 + Ty = T3 + Ty = T,, (with T,, = T2 the SU(N) generators
in the irrep «), we directly find that B, is a diagonal matrix,

(B )op = (@271 TulB) = (o] T} + T = T318) = (C1 + Ca — C2) dag, (2.28)

where C; is the Casimir charge of parton 1.

If, on the other hand, B and B do not add coherently, i.e. Le # Eé, the soft gluon
can probe the individual colors of the parton pair, and thus allow color transitions between
different irreps of the pair. From (2.27) we see that color transitions are encoded in B_ .
The matrices B_ for all partonic processes are listed in appendix C, see egs. (C.7)—(C.11).
For each process, some (if not all) non-diagonal elements of B_ are non-zero, confirming
the presence of color transitions contributing to the spectrum when L # Eé. Let us point
out that some color transition may be allowed by the structure of B_, but not contribute
to the spectrum (2.26) simply because the amplitude M vetoes some particular irrep. For
instance, for gg — gg, (B- ), with a or # =10 © 10 can be non-zero [see (C.10)], but the
corresponding amplitude v, (or vg) vanishes (see table 2), leading to vanishing rows and
columns of the matrix ® for a, 3 = 10 & 10 [see (A.18)].

Note that color transitions are absent if £ = £ = % (implying L = Eg), but may also
be neglected for asymmetric final parton pairs (§ # %) in the logarithmic approximation
Le ~ Lg > 1, where |Le — Eé-\ < L¢ + L and the By part of the spectrum dominates.
Previous calculations of the FCEL spectrum for 2 — 2 processes [4, 5] were performed using
such approximations, and were thus insensitive to color transitions. The spectrum (2.26)
is valid beyond LL accuracy and can be used for any £. In particular, this will allow us
in section 3 to show that in the limit & — 0 (where parton 3 carries most of the energy),
the spectrum (2.26) matches with the results obtained previously for 2 — 1 processes [1-3].
Interestingly, having a proper matching requires keeping the B_ part of the spectrum, and
thus considering color transitions.

Let us mention that the matrices B and B defined by (2.24)—(2.25) also appear in the
study of parton pair transverse momentum broadening [37] and, more generally, are related
to the soft anomalous dimension matrix Q of 2 — 2 processes [38-50]. The relation between
Q and B_ is given in section C.2 of appendix C, see eq. (C.16).

2.4 Validity domain

We now specify the conditions under which the spectrum (2.26) is valid. Firstly, we mentioned
before that the radiated gluon should be soft compared to both final partons, x < £ and
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r < £. However, the condition z < ¢ (resp. = < €) is only required to derive the first term
~ L¢ (resp. second term ~ CE) of the spectrum, arising from a final emission off parton 4
(resp. off parton 3), see appendix B.2. When £ — 0 at fixed z, the condition x < ¢ is violated,
but this is irrelevant since the term ~ L¢ formally vanishes and the spectrum is dominated by
the term ~ Cg, with € — 1. Thus, the condition for the gluon to be soft enough for (2.26) to
be valid is simply z < max(§,§), i.e. < 1, for any . Secondly, the result (2.26) has been
obtained under the condition tf >> tharq, see (2.19). When £ is finite (typically & ~ %), ie.
when the condition (2.19) is the most restrictive, it can be shown that (2.19) holds provided
Q?/K? < 2. Finally, the calculation of the spectrum (2.20) performed in appendix B uses
the fact that in the fully coherent regime, there is a cancellation of purely initial-state and
purely final-state radiation, as demonstrated in ref. [2]. Strictly speaking, this cancellation
is not exact [3], leading to corrections to the spectrum for z 2 1/log (K /u).
Ultimately, the validity range of the spectrum (2.26) reads, for any &:

Q? 1
r L ———-—.
Ki log (K| /p)

In the limit K| > @, we are considering, we have Q?/K? < Q,/K, < 1/log (K /u),
and the domain (2.29) has an overlap with the regions * < Qs/K | (where at least one
of the two terms of (2.26) is a large logarithm) and = > Q,/K . [where both L¢ and L
are smaller than unity, see (2.23)]. In practice, due to the rapid decrease of (2.23) when

(2.29)

x> Qs/ K, the typical values of x may be on the order of the average fractional energy loss,
z ~ (z) ~ Qs/K ., in which domain max(L¢, L) ~ O (1). Being conservative, the above
discussion shows that the spectrum (2.26) is valid beyond leading-logarithmic accuracy, which
does not imply (nor exclude) the presence of a large logarithm, and is formally defined by:

max(Le, Lg) 2 O (1) . (2.30)

3 Matching with FCEL spectrum for 2 — 1 processes

Here we show that the spectrum (2.26) reduces to the FCEL spectra obtained previously
for 2 — 1 processes [1-3] and for 2 — 2 processes in the logarithmic approximation [4, 5].
The former are obtained from (2.26) by taking the limit £ — 0 (or £ — 1), and the latter
by taking £ — % As mentioned in the Introduction, the spectrum (2.26) should thus
allow implementing FCEL in the full phase space of the produced parton pair (0 < ¢ < 1),
improving the accuracy of phenomenological studies of the FCEL effect.'® As we shall see,

the above correspondence with previous results is not entirely trivial, and relies on the precise

15See section C.2 of ref. [2]. The typical ki (contributing to (2.21) or equivalently (2.23)) satisfies
ki <max(Qs,zK1). Thus, when Qs/K| <z < 1, we have z > z* > k3 /K7, and (2.19) is automatically
satisfied. When = < Q,s/K | however, (2.19) holds only if Q?/K? < .

Tn particular, previous studies of the FCEL effect on 2 — 2 processes [15, 16] focussed on the typical
kinematic configuration & ~ %, thus using the LL form (proportional to By) of the FCEL spectrum. To
estimate the theoretical uncertainty associated with this assumption, & was varied as £ = 0.50 £ 0.25 [15, 16],
however by still assuming the LL form of the spectrum, with the recipe of using the pair invariant mass [given
in (2.3)] in the logarithm. In the £ — 0 limit, this recipe amounts to neglect FCEL, and thus cannot match

with the FCEL spectrum associated with 2 — 1 processes [correctly captured by (2.26)].
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color structure of (2.26). In order to discuss the matching, it will be useful to first introduce
general orthonormal color bases.

3.1 Orthonormal color bases, and rotations between them

Let us define a rotated orthonormal basis [w.r.t. to the s-channel basis (2.8)] by

@ =" Azs (8], (3.1)
B

where A is an orthogonal matrix, i.e. A=! = AT. We use the ‘tilde’ notation to distinguish
the sets of states {(a|} and {(g|} which may be different. (This happens for instance when
the available irreps in the s and t-channels are different and A is the matrix rotating between
the s and t-bases, see (3.6) below.)

The amplitude M being independent of the color basis, using (2.11) we have

> valdl =) valal. (3:2)

e} e

This shows that the coefficients v, transform as the vectors (a/, namely,
v=A-v. (3.3)
The matrices ® and S(z), defined in (2.14) and (2.26) respectively, transform as
S=A-S-A7', ®=A.-0-A7". (3.4)

Obviously, the spectrum (2.26), dI/dx = Tr{® - S(x)}, being a trace, is independent of
the color basis.

In addition to the s-basis (2.8), we introduce the t-basis and the u-basis by exchanging
certain lines but keeping fixed the external color indices of partons 1, 2, 3 and 4. To be
concrete, define

Y (3.5)

(o S

Il
5 —

where the blob o (resp. a%) now indicates a projector or transition operator!” relevant to
the t-channel 13 — 24 (resp. u-channel 14 — 23) partonic process, with K, (resp. Kau)
the dimension of the corresponding t-channel (resp. u-channel) irrep. With this convention,
the orthonormality condition (af|3%) = d,:5: (vesp. (a*|8Y) = dqupn) directly follows from
the pictorial expression (3.5) of the basis vectors.

1"Tn some cases, the directions of quark lines and/or the position of gluons may appear incompatible with
the explicit projectors PP, listed in table 1 [or transition operators Ty defined in (2.6)]. For such cases, it is
implicit that P, (or Ta) should be supplemented by a permutation of lines, e.g.

T - TDC

which arises in the t-channel basis for gg — qq.
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The matrices that rotate between the s, ¢, u color bases directly follow from (3.1):
(Ats)atﬁ — <at’ 6) ; (Aus)auﬂ — <Ogu’ 6) ; (Atu)atﬁu — <at‘ BU> . (36)

These matrices are orthogonal and, denoting Ay = A;;' = AJ,, satisfy the ‘composition
relation’ Ay, = Ays - Asy , which implies that only two of the matrices (3.6) are independent.
Some of these color matrices have already been computed in the literature (e.g. appendix A of
ref. [48]). We don’t list them here, but our attached FORM code may be adjusted to compute
them all, using (3.6) and the birdtracks (2.8) and (3.5).

3.2 Compatibility with 2 — 1 processes

There are three special values of £, namely, £ = {0, %, 1}, for which the spectrum (2.26) is
effectively equivalent to the FCEL spectrum associated with 2 — 1 processes. For these
values of £, S(x) is diagonal in the same basis for any x. The basis {(a|} which diagonalizes
S(x) is the t-basis, s-basis and u-basis for £ = 0, £ = % and £ = 1, respectively. In each
of these cases, the spectrum (2.26) takes the form ) - ®555(x)za , where pz(§) = ®55 can
be interpreted as the probability associated with the irrep &, and S(z)gg provides a color
factor ~ Cy + C, — Cj, characteristic of 2 — 1 processes. (For other values of £, the basis
diagonalizing S(z) depends on x, the above simple interpretation does not hold, and there is

no basis where the spectrum is effectively the same as for 2 — 1 processes.)

3.2.1 Matching for £ =

1
29
we have L¢ = Lg = L1/, and the matrix S(z) defined in (2.26) is proportional to B [given
in (2.28)] and thus diagonal in the s-basis,

As we have seen in section 2.3, for a final parton pair in a symmetric configuration, £ =

Qs
S(x)aﬂ = 0o (C1 + Co — C2) T £1/2 . (3.7)

The spectrum (2.26) thus becomes

g
dx 52%

= Te {0 S(@)} = pa(Ci+Ca = Co) 2= Ly (3.8)

™

where p, is the probability of the s-channel irrep « (evaluated at § = %)

The expression (3.8) corresponds to the spectrum associated to 2 — 2 processes obtained
in ref. [5] to LL accuracy.'® This spectrum depends only on the global charge C, of the final
parton pair, and this situation is thus analogous to 2 — 1 scattering (with a color charge
(5 exchanged in the ¢-channel), up to the average over o (with weights p,) to be performed
in (3.8). Let us recall that the LL result of ref. [5] was rigorously obtained in the large N
limit and conjectured, on physical grounds, to be valid for any N. The present study holds
for any N and provides a proof of this conjecture.

'8Note that in this limit, the precise value of £ in the argument of the logarithm of ref. [5] is not important,

but setting £ = 1 is a natural choice in phenomenological studies [14-17].
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3.2.2 Matching in £ — 0 and £ — 1 limits
When ¢ — 0, we set L¢ — 0 and Eg — L in the spectrum (2.26), which reads

dI as _
| = 4Tr{e B} (3.9)

50 T

Using the basis-independent form of B [see eq. (2.25)],
B=2NT3 =T} +T; -T?=C, +C5 —T7, (3.10)

with T; = Ty — T3 the t-channel color exchange, we readily see that B is diagonal in the ¢-basis
{a!| introduced in section 3.1. Using (3.5) we obtain the matrix elements of B in the ¢-basis:

Boig = (o' B|BY) = (C1 + C3 — Cat) batge (3.11)

where o' labels the various t-channel irreps, and C,: their Casimir charges.
The basis-independent spectrum (3.9) is conveniently expressed in the t-basis as

df

Qg = Qs
@ =—/L Z (I)état B;tat = Z pzt (Cl +C5 — Cat) E Ly, (312)

=0 I

where pgt = (I)(itat is the probability for the ¢-channel parton pair to be produced through
the irrep of. This probability is provided by the density matrix ® in the t-basis, which is
obtained from eq. (3.4) by using the matrix ® in the s-basis (defined in (2.14), and listed
in appendix A.2 for each process) and the rotation matrix A relating the s and t¢-bases.
(See section 3.3 for some practical examples.)

The expression (3.12) encompasses the FCEL spectra associated with 2 — 1 processes
previously derived in [1-3] and used in phenomenology in [11-13]. In these studies, the
spectrum was derived assuming a single color state in the ¢-channel, i.e., pflt = 1 for some
of. Equation (3.12) is a generalization to cases where several t-channel irreps contribute
to the production amplitude M.

When { — 1, we have £ — £1 and £z — 0 in (2.26), which thus reads as for £ — 0,
up to the replacement B — B. The matrix B is diagonal in the u-basis (a*| (a* labelling
a u-channel irrep of Casimir Cyu),

B s = (0| B|BY) = (C1 + Cs — Co) S - (3.13)

Expressing the spectrum in the u-basis we obtain

g
dx

(0] a
at at

E—1 X

Let us remark that the spectra (3.8), (3.12), (3.14) corresponding to the cases € = 1,0, 1
all contain a color factor of the form C, + C, — C}j expected in a + b — ¢ processes [2].
Indeed, the effective 2 — 1 process at play for £ = %,0, 1 is, respectively, 1 + 2 — [34]q,
1+ [24]4t — 3, and 1 + [23]4u — 4 (see figure 1), where [ab]g refers to an effectively pointlike
ab parton pair in color state .
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3.3 Example: quark-quark scattering

Let us study two specific partonic channels, namely, q¢’ — q¢’ and qq — qq, to illustrate the
general expressions above. For both these channels, in the preferred basis for each of the
limiting cases £ = %, € =0, and £ = 1, the spectrum takes the form specified by (3.8), (3.12)
and (3.14), where the corresponding available irreps are a = {3,6}, o = {1,8}, and
a* = {1,8} in the s, t or u-channel, respectively. To be specific, we have

dI Ol

T T L/ [pgcg + pGCG] ) (3.15)
£=3

dl g
£—0

dl Qg w “

o = — L [p1(2CF) + pg(2CFr — N) . (3.17)
£—1

The expressions above highlight the characteristic structure of spectra associated to 2 — 1
processes, showing explicitly, for the specific cases of the q¢’ — q¢’ and qq — qq processes,
the matching demonstrated in general in section 3.2. Moreover, they allow one to observe
an interesting effect. For £ — 0 and £ — 1, the spectrum expressed in the t- and u-basis
contains some component proportional to the color factor 2Cp — N = —% < 0. This can be
attributed to a negative FCEL, or fully coherent energy gain (FCEG), as previously observed
for the qg — ¢ process [2, 3, 5]. For £ = %, each contribution to the FCEL spectrum (for
any of the s-channel irreps, a = 3 or @ = 6) is positive.

Let us first focus on the scattering of quarks of different flavors, ¢¢’ — qq’, for which the
ingredients needed to evaluate eq. (2.26) are the matrix ® in (A.12), the matrix B4 in (C.1)
and the matrix B_ in (C.7). Direct evaluation gives

dI  as 2 L
—=— | (N—= L - = 3.18
dr  wa [ ( N> ¢TN ] ’ (3-18)
from which one can readily obtain the spectra for £ = %, E=0,and £ = 1:
dI Qg 3
— = — N — — 1
dafe_1 7rx£1/2< N>’ (3.19)
-2
dr s 1
o= Sp < - ) , (3.20)
dx €550 T N
dr s 2
o= &g <N - ) . (3.21)
dx £l T N

In the s-basis, the diagonal entries of the matrix ® [see (A.12)] yield the s-channel

probabilities pz = % and pg = %, which corroborates eq. (3.19). To obtain the

probabilities in the other bases, and thus verify that egs. (3.20)—(3.21) are indeed of the
form (3.16) or (3.17), one needs the (flavor-blind) rotation matrices Ass and A, obtainable
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channel: ¢¢' — q¢ channel: ¢q — qq

1.0 T I T I T I T I T /I//\//\
0.75 - m =
w 0.5 . — =
- dl/dx >0 A - U/dz > 0 b
df/dx
0.25 | = -
L dl/d1 <0 N / d]/dl<0
0.0 iz / . // 72
0.0 0.1 0.2 0. 4 0.5 0.0 0.1 0.2 0 4 0.5
Xz T

Figure 2. Regions in the (x,&)-plane, Corresponding to energy—loss (solid gray) or energy-gain
(hatched purple). In this figure, N =3, Qs o = 4mL and Qs p = oml

from (3.6). Explicitly, they read®®

1 Dy Uy 1 [=D1 U
Ay = ——— C Ay = , 3.22
! V2N <—U1 Dl) V2N ( Ui Dl) (3.22)
where we use the shorthand notation Uy = vN + k and Dy = VN — k [48]. Using these

matrices, one can rotate ® to the ¢t and u-bases:

_ 00 _ 1 K —V K
o0 = Ay -0 A = (0 1>; O = Ay @ AL = N?<_v?{A 1 ok

(3.23)
where K4 = N2 — 1. From the above, we infer the probabilities pi = 0, p = 1, and
p¥ = K4/N?, p¢ =1/N?% (The fact that the color exchange in the t-channel is purely octet
is pictorially obvious from the expression of M for g4’ — q¢’, see table 2 of appendix A.)

For £ — 0, the spectrum (3.20) expressed in the t-basis [and thus of the form (3.16)]
depends only on the t-channel irrep o« = 8, and is proportional to the negative color factor —%
leading to FCEG. A similar effect is visible in the £ — 1 limit [see (3.17)], when the u-channel
qq pair is color octet (with probability p¥ = 1/N?). However, this negative contribution to
the spectrum is in that case overcome by a positive contribution when the ¢g pair is color
singlet (with probability p% = K4/N?), leading to the positive spectrum (3.21). In figure 2
(left) we give a more detailed chart of the sign of dI/dx in the (z,&)-plane, showing the
domains where medium-induced radiation can be interpreted as actual (positive) FCEL, or
FCEG, with a boundary between them where the induced radiation spectrum vanishes.

We now consider the scattering of quarks of identical flavor, ¢¢ — gq, and repeat the
above discussion. The matrices By, B_, Ay, Ays are flavor-blind and thus the same as for

9The birdtrack expressions of (3.6) make it clear that A:s and A,s are related by permuting two incoming
quark lines in the blob defining the ket |3). Therefore, since the irrep 3 is antisymmetric, the first columns of
the two matrices in (3.22) are related by a minus sign: (a*|3) = —(a*|3). The second columns are identical
because 6 is symmetric.
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qq¢" — qq¢’, but the matrix ® is now given by (A.13), yielding the s-channel probabilities
(which now depend on &),

(N+1)[(e-&2+e* +¢&Y (N-1)[1+&"+¢"]

(3.24)
For ¢ = %’ this gives: pg(%) — 1(1)\7]\;-_187 pa(%) = 91(0%__18). For £ — 0, we find the same ¢-channel

probabilities as for q¢' — qq’: p} =0, p§ = 1. (This follows from the fact that the contribution
to Mgq—qq Of the exchange diagram proportional to B,, see table 2, vanishes when £ — 0.)
Due to the symmetry in € < £ of the gg — qq process, for € — 1 we find the same u-channel
probabilities: p} = 0, pg = 1. Using (3.8), (3.12), (3.14), the spectra associated to gq — qq
and corresponding to £ = {%,O, 1} read:

dr R 8 — 15N + 5N3

el — 2

dz|_; — waz 1/2< N(5N —4) ) (3:25)

dr s 1

o = %o, < _ ) , (3.26)
T e T N

dr s 1

- = Y < _ > , (3.27)
Tey T N

For ¢ — 0, we get energy gain with probability p; = 1 (as for q¢’ — ¢q¢’). Due to the
aforementioned symmetry under £ <+ £, when & — 1 the spectrum has the same limit, and thus
corresponds to FCEG (with probability py = 1). Again, all those features are contained in the
spectrum (2.26), which is fully determined for any & once the matrices ®, By, B_ are given.
We show in figure 2 (right) the chart of the sign of dI/dx in the (z,£)-plane, for the qg — qq
process. Due to the symmetry in & <+ €, we now have two regions corresponding to FCEG.

The above discussion of q¢’ — qq' and qq — qq processes can be done for any 2 — 2
partonic process, highlighting the structure of the FCEL spectra for £ = {%,0, 1}, and
providing — in those three limits — a physical interpretation of the various contributions
to dI/dz (including FCEG-type contributions which occur for some partonic channels and
some values of £) in terms of the available irreps in the s, ¢, and u-bases.

4 Discussion

We have derived the medium-induced gluon radiation spectrum in the fully coherent regime
for all 2 — 2 partonic scatterings (with massless initial partons). Using (2.26), the matrix ®
given in appendix A.2, and the matrices B4 and B_ given in appendix C, the spectrum can
be obtained for any 2 — 2 channel. The spectrum (2.26) is independent of the color basis
used to decompose the hard subprocess 2 — 2 amplitude, is valid beyond leading-logarithmic
accuracy,?’ for any number of colors N, and in the full kinematic range of the underlying
process. We have noted that for & # %, soft gluon radiation can probe the individual color
charges of the pair constituents (provided the two logarithms in (2.26) are not simultaneously
large, otherwise the first term of (2.27) would dominate), and the spectrum (2.26) thus

20The precise domain of validity, and the formal accuracy of our result, is explained in section 2.4.
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involves color transitions between different irreps of the parton pair. Another feature of the
spectrum (2.26) is the exact matching with known limits for ¢ = 1, ¢ — 0 and £ — 1, for
which the spectrum is effectively the same as for 2 — 1 processes.

We thus expect the spectrum (2.26) to be applicable in phenomenology across the entire
¢ range, 0 < & < 1. Strictly speaking, the formal limit £ — 0O (resp. E=1—¢— 0) should
be understood as & < 1 (resp. £ < 1) at finite & (vesp. €), due to the kinematic limit we
considered, namely, E — oo at fixed &€ and K |, ensuring E, £E, EE > K| , i.e. small angle
scattering in the nucleus rest frame. (As mentioned earlier, this setup encompasses the
situation of production at mid-rapidity in the c.m. frame.) In the limit where £ or & becomes
very small, some final parton has a very little longitudinal momentum even in the nucleus
frame (corresponding to a very large negative rapidity in the c.m. frame), invalidating the
assumption £ > K| . In practice, however, the drastic £ — 0 limit (or £— 0) is irrelevant.

By way of illustration, let’s consider one of the simplest situations where FCEL is at
work, namely, single inclusive hadron production in pA collisions. We view this process within
collinear factorization, assuming the tagged hadron arises in our setup from the fragmentation
of parton 4 of the 2 — 2 partonic subprocess (see figure 1), with given transverse momentum
p1 = zK and rapidity y = y4 (in the proton-nucleon c.m. frame). The hadron cross section
do/(dp,dy) involves an integral over the fragmentation variable z, as well as an integral
over the rapidity y3 = y4 — Ay of the unobserved parton 3, which using (2.3) can be traded
for an integral over £. In the LO kinematics, the longitudinal momentum fractions x; and
9 of the incoming partons from the projectile and target are not independent variables:
they are related to z and & as 1 = m e+y/(§\/%) and 3 = mi e Y/((1 - &)\/5xn) >
where m; = /m?+ (pL/2)%.

It follows that in the LO kinematics, {min < € < &max Where min = mye¥/, /s and
{max = 1 —mye ™/ /5 . The exact matching limits for the spectrum at { =0 and { =1
therefore cannot be reached, so long as we are considering single hadron production with
a non-zero m, . In other words, the limit where the spectrum (2.26) exactly matches with
2 — 1 processes is only accessible asymptotically at large |y|. As an example, let us consider
Von = O(10TeV), taking m; = 3GeV and y = —5, to represent values attainable at
the LHC. This gives &min ~ 2 x 1079, showing that the asymptotic 2 — 1 case is not
merely academic for the observable under consideration, and emphasizing the relevance of
the spectrum (2.26) (which encompasses this limiting case). Furthermore, the longitudinal
momentum of parton 4 (in the nuclear rest frame) is then pj ~ {x1Ep = {minEp ~ 100 GeV
[using Ep = sy /(2mp) ~ 5 x 107 GeV]. Thus, parton 4 is fast in the nuclear target down to
quite large negative rapidities. This validates the use of the spectrum, which was calculated
assuming both final partons to be fast in the nuclear target, in a broad rapidity range. We
stress that this rapidity range encompasses mid-rapidities as well as negative rapidities (defined
in the c.m. frame), where the hard process looks like 90° scattering and backward scattering,
respectively. However, as mentioned in section 2.1, both these situations correspond to
small angle, forward scattering in the nucleus rest frame, which is the main condition for
the validity of our results.

As mentioned in the introduction, the induced spectrum d//dz should ultimately be
used to determine the specific energy loss probability distribution (or quenching weight) valid
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beyond LL, in order to predict the effect of FCEL on hadron production pA (or AA) cross
sections without restricting to a typical £ value as in previous LL studies. The new features
of the spectrum that arise beyond LL, in particular the presence of color transitions, will need
to be incorporated. The explicit construction of the quenching weight and its consequences
for phenomenology will be addressed in later studies.
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A Color structure of 2 — 2 partonic channels

In this appendix, we discuss the SU(IV) structure of the hard, leading-order 2 — 2 scattering
amplitudes, and how to construct the matrix ® defined in eq. (2.14). The calculation of ®
and of the required coefficients v, in (2.11) is a self-contained task, unrelated to the physics
of soft gluon radiation discussed in the main text.

A.1 Color decomposition of amplitudes

In table 2 we give the color decomposition of the amplitude M for each partonic channel. In
contrast with table 1, here flavor matters, and we denote by ¢ and ¢’ different quark flavors.
Observe that for qg — qg, g9 — gg and gg — qq channels, for the pictorial form of M given
in the second column of table 1 we chose the s-channel and t-channel color graphs as the
independent color structures to express it. (Of course, using color conservation another choice
could be made to obtain equivalent expressions of M.)

As an illustration of how the coefficients v, of the last column of table 2 are obtained,
we consider below the case of a few specific channels.

Example 1: qg — qq channel. The amplitude for the scattering of two quarks of same

M= B, £ + B, ¥, (A1)

where the graphs stand for color factors only, and B; and B, are given by:

flavor reads

2 2
By = L fa(pa)y"u(py)] [a(pa)yau(pe)] 5 Bu = =2 [a(pa)yu(py)] [(ps)yupo)] . (A2)

with u(p;) and u(p;) the usual Dirac spinors for particle i. Using the Fierz identity

2 f = -+, (A.3)
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we can express the color graphs of (A.1) as linear combinations of the projectors IP5 and Pg
of a gq pair (given in table 1 in the 3 ® 3 entry). One obtains

1 [N+1 N -1

M:_Q{W(Bu_lgt)IPﬁ"i'W(Bt“‘Bu)IPG} R (A4)

which yields the coefficients v, (last column of table 2) for this channel.

Example 2: gg — qg, gg — gg and gg — qq channels. These three processes, for
which the incoming parton from the target (parton 2) is a gluon, can be treated on the
same footing. The gauge invariant amplitude M is most easily derived in A* = 0 gauge,
and for each process, there are a priori three possible different color graphs in M. As is
readily obtained from color conservation (viewing the target gluon as the generator of an
infinitesimal color rotation), only two of the latter are independent, leading to the entries of
the second column of table 2 for those processes. In addition, the spin/helicity dependence
factors out and is encoded in the factors F,G,H given by

g’ g g :
F=—"=¢-U!; G=—"=¢-U); H=—"=¢e-Ul. (A.5)
vee ! vee vee
Here € = ey (A = £1) is the target gluon transverse polarization vector (taken to be

orthogonal to the z-axis in AT = 0 gauge), and U3 is also orthogonal to the z-axis.
The vector U (which depends on & and on the helicities of partons aj, as and ay4) is
different for the three processes, but it satisfies the general property

N U =2V() 67 (A.6)
hel.

where V,%3(§) is the ‘color-stripped’ splitting function of parton a; into parton a3, namely,

1+& (1-¢€)° i 3 2

e 7 (&) =4 @ VAE =ViE) =2(+€). (A7)
Using (A.5), (A.6) and (A.7), one easily recovers the textbook expressions of tr|M|? for the
three processes, given for convenience in the third column of table 2.

In order to obtain the coefficients v, of the color decomposition (2.11) of M, we proceed
as in the qq — qq case described previously. For each channel we express the color graphs
appearing in M (second column of table 2) as a linear combination of the projectors P, (given
in table 1) or transition operators Ty, [given in (2.6)] corresponding to the accessible color
states in that channel. For the qg — qg channel, this is straightforward. For gg — gg, we use

Zpreedy — NPg, and :}X = > baPa, (A.8)

where by projecting the latter equation on IP,, we readily interpret —2b, as the ‘color
interaction potential’ of a gluon pair in color state « [25] and thus get

bo = —%(ca _9N). (A.9)
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Table 2. For each partonic channel, we give the production amplitude M, where the graphs stand
for color factors only, and the coefficients A, B;, B, C, ... for the Lorentz structure. In the next
column, we give the square of the amplitude, tr,tr |M|?, summed over spins, helicities and colors of
all partons. We then list the coefficients v, (normalized by /K, ) of the color decomposition (2.11) of

M, for each irrep a of the channel under consideration.
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From the above equations we readily obtain the coefficients v, of the gg — gg amplitude.
Note that the coefficient of the antisymmetric octet (v = 8,) is odd under the exchange
¢ + £ of the two final state partons, and the coefficient of 10 @ 10 identically vanishes (for
the gg — gg amplitude at leading-order). For the gg — ¢¢ amplitude, the coefficients v, of
the decomposition (2.11) in terms of the transition operators (2.6) are obtained by using

T = L e 4 L e

VNZ2—1 VN VNZ—4
—ngJFz\[T +2FT (A.10)

The derivation of the coefficients v, for all other channels of table 2 goes along the
same lines.

Let us mention that for the process gg — QQ with massive quarks (not listed in table 2)
the results are the same as for gg — ¢q (last row of table 2), up to a modification of the
helicity dependent factor, H — H', leading to a modification of the squared amplitude:

2

1 = 4m2K Cr
v Mg — QQ)I* = 1+§§—(€2+5—§)52] (&2 +¢€7) <§§—N> (A.11)

Here ¢ and € are still given by their Lorentz-invariant definition (2.2) (with now m # 0),
and K2 = &€s —m? [see (2.3)]. In the present study we only need the coefficients v, to be
used in the expression of the density matrix ® defined in eq. (2.14). Since for gg — QQ, all
V,’s are proportional to the same helicity dependent factor H’, the latter drops out in the
expression of ®, which is thus the same for gg — QQ and gg — ¢¢. A similar remark applies
to g7 — QQ as compared to g7 — ¢'¢, due to the triviality of this process: the amplitude
being given by a single Feynman diagram, there is only one helicity dependent factor (say, D
for q¢ — ¢'q’ and D’ for g7 — QQ), leading to the same density matrix for the two processes.

Finally, let us recall that in our setup (see section 2.1), we do not need to consider those
2 — 2 processes where some of the initial parton is a heavy quark. For our purpose, the
list of channels in table 2, complemented by ¢¢ — QQ and gg — QQ, is thus complete.
(The processes q¢" — qq', G4 — qq, qg — qg are trivially obtained from ¢¢' — q¢’, qq — qq,
qg9 — qg by complex conjugation, and the process q¢ — gg from gg — qq by time reversal.)

A.2 Explicit form of matrix ®

Here we give the density matrix ® defined in (2.14), for each of the partonic channels of
table 2. Note also that the diagonal elements of ® are the probabilities p, defined in (2.18),
which for some of the processes (namely, g9 — qg, g9 — gg and gg — qq) were evaluated
previously [5, 15, 16].

For each partonic channel, we define the matrix ® by ordering the irreps « as in the second
to last column of table 2. The hard production amplitudes M are given in lightcone gauge,
but the gauge invariance of the expressions below may be demonstrated in a general covariant
gauge. A FORM [30] code implementation is attached as supplementary material attached to
this paper, using tree-level graphs generated by QGRAF [31] and including Faddeev-Popov
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ghosts. With the notation Uy = N + k, D, = VN — k and K4 = N? — 1, the matrices
are given by (recall that ¢ and ¢ denote distinct quark flavors)

1 N+1 —Kgu
P — A12
(I)qq —qq 2N ( _\/E N — 1) ’ ( )
P = 4+£4+£2+£2)
(5 —£)? +54 +&Y —VEA(E -0 —55)) (A13)
—6(1-¢9) (N —1) [14&* + ¢
1 Ka —VKga
(I)qé’aqé’ = m (_m 1 ) ; (A14)
00
Pogogq = (0 1) ) (A.15)
o 1
N[+ 82+ (82 + 82)] + 2682
y ( 20 (§2 +1) —VEA[] 4 (14 NE)E?] ) (A16)
—YEAN + (1+ NOE] £[1+ 1+ N&? + N2
1
Pyg—q9 = Cpe? +N§
_ 2
cr (64" 4 (o) -2 (4 )
1D2 (¢ N(N-=2 2Do
Ug\? (5 + 1%;) 4((N—1)) IZ glgl ’ (A.17)
N(N+2
G (e ) ER e
o _ 1
99—99 — m
F\2 20 Us(6—€) Ds(€—¢
(€-970 P (g PEY PEY
0 0 0 0 0 0
2(£-¢) 0 A 22U 2Ds
% \/H Ka VvVKa Ulm DivKa (A 18)
c_ 2 1 _Us Ds ’ '
(é‘ g) m U, D
Us(£-¢€) 2U3 _Us N+3 U3z D3
Uy UivEKa 1 N+1 U1 D,
D3 (£-¢) 2D3 D3 UsD3 N-3
Dl Dlx/KA D1 U1D1 N-1
1
Pygsqq = (€2 +€—2)
1 N(E=¢) UsDo
V2 V2
% N(\E/gf) %NQ(é _ 5)2 %NU2D2(5_ f) . (A.lg)
Uf/% SNU2Dy(E =€) 4(N?—4)




It is apparent from egs. (A.12)—(A.19) that all the matrices ® satisfy Tr ® = 1, as they
should. Furthermore, for the channels which depend on a single helicity-dependent factor
(i.e., all channels but ¢¢ — gq and ¢qq — ¢q) the matrix ® has the property that every 2 x 2
‘sub-determinant’ vanishes (implying Det & = 0). This directly follows from (2.14) because,
for those channels, the sum over quark helicities acts similarly for any matrix element and can
thus be effectively removed. In those cases ® can be rapidly constructed from the knowledge
of its diagonal elements, and by noting that the sign of a non-diagonal element ®,3 is given
by the sign of v, v3, which is directly inferred from the last column of table 2.

The 2 — 2 matrix elements obey crossing symmetries which enable certain matrices
to be related to one another by interchanging external particles. Specifically, using i to
denote the antiparticle of ¢, one has

Mios34(p1, 025 P3,P4) = Myz_54(P1, —P35 —P2,P4) (A.20)
= Myi53(p1, —pas p3, —p2) - (A.21)

The first equality (A.20) amounts to exchange s <+ t (or { — %) in the original scattering
amplitude, and the second equality (A.21) amounts to exchange s <+ u (or £ — {_%) However,
when it comes to ® we also need to change the orthonormal color basis in accordance
with (3.4). Hence we obtain, for example,

1 _
(1)13—>§4 (5) = Ags (1)12—>34 <£> : Atsl ) (A'22)

where Ay, is the rotation matrix relating the appropriate bases as discussed in section 3.
What plays the role of the s-channel basis for 12 — 34, is the t-channel basis for 13 — 24.
Similarly, the second crossing relation (A.21) leads to

£ _
q)lzl_);ﬁ (5) = Aus : ¢)12~)34 (5_1 : Ausl . (A'23)
Another trivial crossing relation stems from exchanging particle 3 with particle 4, which
does not require any change of color basis:

P (5) = <D12a34(1 - 5) ’ (A'24)

corresponding to t <> wu.

B FCEL spectrum beyond leading-log for 2 — n processes

The purpose of this appendix is to derive the expression (2.20) of the FCEL spectrum
associated to hard 2 — 2 partonic processes (viewed as 1 — 2 forward processes) studied in
this paper. We first rederive (section B.1) the medium-induced spectrum found in ref. [2]
for hard 2 — 1 (i.e., 1 — 1 forward) processes in a more synthetic way, in particular by
making use of color conservation at a certain stage of the calculation. We then show how
this generalizes to 2 — 2 processes (section B.2), thus obtaining the associated induced
spectrum beyond logarithmic accuracy (2.20), as well as to 2 — n processes with n > 2. In
particular, a conjecture of ref. [5] made within logarithmic accuracy for the induced spectrum
of the latter processes is validated.
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B.1 Reminder of 2 — 1 processes

Here we consider a simple theoretical setup where the underlying hard partonic process is
q9 — q, viewed as forward quark scattering mediated by a single ¢-channel gluon exchange [2].
This case will be sufficient to infer the FCEL spectrum associated to any 2 — 1 process, given
by egs. (B.21)—(B.22). The derivation below follows the lines of ref. [2], but presents several
simplications, which will make the generalization to 2 — n processes quite straightforward.

First, we define the qg — ¢ process as a special kinematic limit of the qg — qg pro-
cess, namely, when the final gluon (corresponding to parton 4 of figure 1) has a negligible
longitudinal momentum, pj{ ~ 0:

q
Mg,y = T (Mye,,) = 0, (B.1)

P2 pi~0

In the £ — 0 limit, the gg — qg amplitude is dominated by a single diagram corresponding to
a gluon exchange in the t-channel. (This is consistent with the color structure of the qg — qg
amplitude when & — 0, see the first column of table 2.) The “qg — ¢ amplitude” (B.1) is
thus well-defined and, in particular, gauge-invariant. In (B.1) and the following, a red gluon
will always denote a gluon carrying the hard transverse momentum scale. For example, the
final gluon in (B.1) has pJ ~ 0 but carries the hard transverse momentum —q.

Due to the presence of only one energetic parton in the final state, the calculation of the
induced spectrum associated to qg — ¢ is simpler than in the general case of 2 — 2 processes
(with no kinematic restriction) addressed in the next section. In particular, we may think
of (B.1), viewed in the target rest frame, as an incoming quark with light-cone momentum
p1 = (2E,0,0) undergoing a transfer of momentum ¢ = (0,¢~, q),?' drawn as

M, = qTé . (B.2)

Here the red gluon highlights the hard transverse exchange with the incoming quark, which is
crucial to keep track of the color structure of the process, and the red blob hides partons 2 and
4 [parton 4 being the final recoil gluon of transverse momentum —q in (B.1)], whose kinematic
details are irrelevant for the calculation of the radiation spectrum in the present section.
The final quark of momentum p3 = p; + ¢ is assumed to hadronize into a tagged
hadron of sufficiently hard transverse momentum p, implying that ¢ = p/z (with z the

fragmentation variable) is hard, |g| = ¢, > A However, throughout this study we focus

QCD*
on moderately large q, , namely, ¢, < E, corresponding to small angle (forward) scattering
in the target rest frame.

The squared matrix element for the hard qg — ¢ process (referred to as the ‘vacuum’

process in what follows) may be illustrated as

Ml = 1@, (B.3)

where the upper and lower halfs (separated by the dashed horizontal line) represent the
amplitude and conjugate amplitude respectively.

21Unlike ps and p4, which are on-shell, the four-momentum g is virtual.
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In the case of a nuclear target of finite size L, the above picture for qg — ¢ scattering is
altered by multiple rescatterings, contributing to the final hadron transverse momentum p.
However, when p, is much larger than the average transverse momentum broadening, the
parent quark with K = p/z must undergo a single hard exchange q (since the probability of
a second hard exchange is power suppressed), accompanied by in-medium soft rescatterings
£; such that £ = ), ¢; satisfies |£| < ¢, implying K = q + € ~ q. This is the regime
entailed by our initial assumption Qs < K (see section 2.3), where the saturation scale Qs
is of the same order as |£|. Although soft rescatterings modify negligibly the kinematics of
the vacuum process, they affect the color field of the energetic parton, resulting in induced
gluon radiation. Compared with (B.3), in-medium parton propagation will be denoted by a
blue rectangle, encoding the additional rescatterings £; (which may occur in any ordering
w.r.t. to the hard exchange q),

me g
st - [ w

For the next step, consider gluon radiation associated with this specific process and
kinematics, carrying away a momentum k = (k*,k?/k, k), and assumed to be soft (z =
kT /(2E) < 1) and emitted at small angle (|k| = k; < k™). The radiation spectrum can be
obtained by resumming to all orders, as done in the BDMPS-Z [7, 9] and AMY [51] formalisms,
the number 72 of scattering centers (located at longitudinal positions z;) on which the energetic
quark has rescattered. The zeroth order term corresponds to the spectrum associated with
the vacuum process, and the expansion in terms of 7 is called the opacity expansion [33].
Here we are looking for the additional, medium-induced spectrum, obtained by summing over
n > 1 the radiation spectrum for a given 7, which reads (see appendix A of ref. [2])

AI™ oy A2k [ [ dz [
== /= V(&) | Calk,a), B.
T L:Hl/mg/deszz)]cm @ (B.5)

k

2 éq
Ca(k,q) = ———5 & £ & x| - (B.6)
M, :

In eq. (B.6) and in the following, within any blue rectangle a sum is implicitly performed
over all possible connections of rescattering gluons to the hard quark and antiquark lines
and to the soft radiated gluon. Note that the color structure of graphs is evaluated using
the pictorial rules recalled in footnote 8.

A few comments on eqs. (B.5)—(B.6) are in order [2]:

(1) The rescatterings £; are modelled as a sequence of individual scatterings off static
centers [denoted by crosses in (B.6)], typically separated by the elastic mean free path
A1 of the fast parton of Casimir C; [52]. An average over £; is performed using the
screened Coulomb potential V' (£;) = p2/[r(€2 + p?)?] (normalized as [ d2£V (€) = 1).
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With the screening length 1/p of the medium satisfying 1/pu < A1, the potential is
screened enough so that successive rescatterings may be treated independently. Note
that p is the typical magnitude of a single transfer, |£;| ~ u. Averages over the £;’s will
be implicit in the following.

(2) We do not need to assume L > ;. Resumming all orders in opacity should encompass
the typical cases of a large nuclear target (L > A;) and of a small proton target
(L ~ A1). In the latter case, the spectrum will be simply dominated by the first term
(linear in L) of the opacity expansion. Note that defining § = p%/),, with A, the gluon
mean free path, the estimate of the average broadening /gL = um holds at both
small and large L.

(3) The factor N4 in (B.5) arises independently of the type of parton which propagates
in the medium [2], and can be viewed as the ‘color stripped’ elastic mean free path
A = N\, = CpAy. This explains why the spectrum (B.20) below turns out to depend on
the gluon mean free path (due to the fact that C;(k, q) oc N, see egs. (B.8) and (B.16)),
for any partonic process.

(4) The specific setup under consideration leads to important simplifications [2]: i) the
induced radiation spectrum arises from large gluon formation times ¢ty > L, corre-
sponding to the emission vertices in the amplitude and its conjugate being outside
the nuclear medium, ii) diagrams where the hard t-channel gluon couples to the soft
radiation are negligible (which follows from &k, < ¢, ), and iii) purely initial and purely
final state radiation cancels out in the induced spectrum, leaving only a contribution
from interference terms [of the form drawn in (B.6)].

For a given n > 1, we now derive the quantity Cj defined by (B.6). The derivation is
similar to that of ref. [2], but with important technical simplifications. First, there is no
need to consider quantities depending on the medium size L, since the integrals over the
longitudinal positions of the scattering centers in (B.5) are trivial, and just provide a factor
L"/(7!). We simply draw crosses [in (B.6) and the diagrams below] to remind that the
n rescatterings are ordered. Second, the treatment of the color structure of (B.6) will be
simplified, making the generalization to 2 — n processes easier (see section B.2).

Since the soft scatterings £; affect negligibly the final quark momentum, C;(k, q) is
always proportional to the factor —¢y(k — xq)* (arising from the final gluon emission vertex
in the conjugate amplitude), where 1y(k — xq) is the light-cone wavefunction of the final
quark-gluon fluctuation (in a parent quark of momentum q). For a quark of mass m the
function (k) reads

volk) = k-e

_ , B.7
k% + 22m? (B.7)

with e the polarization of the radiated gluon. Importantly, the wavefunction of g — g + g(k)

is given by (B.7) with m = 0 and the variable z appearing in ¥y(k — xq) and in (B.7) is
the radiated gluon momentum fraction w.r.t. the parent parton.
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We can thus rewrite Cj, as

Ci(k,q) = —to(k —zq)" - Ti(k), (B.8)

RO

Fﬁ(k) = W P -

9—q

where the small circular blob outside the blue rectangle indicates that the final emission
vertex now depends only on color indices, and we also anticipate that I'; depends only on k.
I'7 (k) can be obtained recursively as follows. First, in absence of rescatterings we find:

k
2 2 ©
Fo(k):W**” - = »éwo(k) - (B.10)

a9—4q

In the latter graph the only remaining Lorentz dependence is the factor V'(q), which cancels

vac

il ®. Thus I'o(k) is independent of g and reads

with the same factor contained in ‘/\/l
Fo(k) = ¢0(k§) 21115 = Q/)Q(kt) (01 + C5 — CQ) , (B.ll)

where Ty and Cy = T? (resp. T3 and C3 = T%) denote the SU(N) generator and Casimir of
the incoming (resp. outgoing) parton, and Cy = (T} — T3)? the Casimir of the color exchange
in the ¢-channel. (In the particular case qg — ¢, we have C1 = C3 = Cr and Cy = N.) Then,
supposing I'; (k) is known, I';+1 (k) can be obtained by inserting an additional rescattering just
after the last one in the graphical representation (B.9) of I';(k), namely, by inserting the blob:

ol W]g k_rn!;rwwli k—2£ k k k k k k k k k
T o= Oy + % + + + (B.12)
: s Xk

Here the graphs only represent color connections, but the momenta of the radiated gluon
entering and exiting the blog are also indicated, to properly keep track of the transverse
momentum flow when inserting (B.12) in (B.9). The last soft exchange £; 11 = £ is attached to
the blue cross which denotes the last scattering center. The diagrams where this attachment
occurs either only above the cross (in the amplitude) or only below the cross (in the conjugate
amplitude) correspond to the so-called virtual corrections in the multiple scattering process.
Inserting (B.12) in (B.9) we obtain

Taa(k) = N [ @eV(O[Ta(k ~ £) - Ta(h)]. (B.13)

where on the r.h.s. the first term arises from the first two terms of (B.12) and the second term
arises from the last four terms of (B.12). To reach (B.13) we used the fact that at any given
time (specified by a vertical line) between two successive rescatterings in the blue rectangle
of (B.9), the overall gqg state is color singlet, Ty + >, T; = 0, where T; and T; denote the
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SU(N) generators of the gluon and of all other partons (here i = ¢, q), respectively. Thus,
the first two terms of (B.12) sum up to the color factor (recall our conventions in footnote 8)

RO g

+ %" = -T,-> T, = T; = N, (B.14)

and the last four terms of (B.12) sum up to
VA + +

1
¥ 5 A % N 2
- 3 (negn) +n e

—ZTzTJ

i

T +> 17
7

— 2 _
— -T2 = —N. (B.15)
Using (B.11) and (B.13), it is clear that I';(k) is of the form
Ti(k) = 2T1T5 N" (k) (B.16)

where 15 (k) satisfies the recurrence relation

Uniall) = [ V(O [valk ~ &) ~ n(k)] (B.17)

with initial condition ¥y(k). Equation (B.17) can be solved exactly by going to impact
parameter space to obtain:

2
unll) = [z (B V() — 17 e (B.13)

where V(b) = bu K (bu) and 1g(b) is given by

ik, . b-e

Yo(b) = /ko wo(k) e kb = _2mbT xmbKj(zmb) . (B.19)
Using (B.8), (B.16) and (B.18) in the expression (B.5) of the spectrum at order 7 in opacity,
and then summing over 72 > 1, we obtain for the medium-induced spectrum (with » = L/\,),

dI  as d®b o L (1—
= STy [ ety (b) o (b) [1 - e VO] B.20
v = ST [ e (b)) [1 e (B.20)
The summation carried out above is valid for all 7, which supports item (2) on page 29.
This is very different from the case of parton energy loss in the LPM regime, where the
opacity expansion may not converge at large-L [53, 54]. Using now (B.19), summing over
the radiated gluon polarization, and attributing masses m; and ms to the incoming and

outgoing quark, we get
dl  as - xqr . rm;

- - 1,1, M3, 7) =" gy = B.21
T 7T(C’:s—i-CH Co) o(qu,ma,ms,r); 4L . T p ( )
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where the function o(g,,my,ms,r) is defined as

00 412

J(ql, ml, Thg, T‘) == 0 dB% Jo(CjLB) ’ﬁLlB Kl(mlB) ’I”th K1 (’ﬁLgB) [1 —e " (1_BK1(B))} .
(B.22)
In the case of qg — ¢ scattering, we have m; = ms. But it should be clear from the derivation
that the result (B.21)—(B.22) holds for any 2 — 1 scattering (including cases where the
initial and final partons have different masses). In particular, using m; BK;(m;B) — 1
when m; — 0, we check that (B.21)-(B.22) encompasses the results of ref. [2] for ¢gg — ¢

(mp = mg = mg =0) and gg — Q (m; = mg = 0 and mg # 0).

B.2 Generalization to 2 — n processes

Here we derive the FCEL spectrum for n > 2 particles in the final state, confirming a
conjecture in ref. [5]. For illustration we consider the same 2 — 2 process as in ref. [5] (called
1 — 2 forward scattering in that reference), namely, qg — qg scattering, however without
restricting to the large N limit, and in a way that makes obvious the generalization to any
2 — 2 partonic process, as well as to 2 — n processes with n > 2.

The picture for gg — qg scattering simply follows from the model for gg — ¢ scattering
considered in section B.1, by promoting the recoil gluon drawn in eq. (B.1) (and carrying the
transverse momentum —gq) to an energetic gluon. The qg — gg amplitude is of the form

pP3
Magrgg = M = T, £ TR 4 o (B.23)

where the final quark and gluon transverse momenta are denoted as pg = —K and py ~ K
(K, playing the role of the hard scale), and their longitudinal momentum fractions as
G3=1—-¢6=¢(, 6 =¢ (in conformity with the notations of section 2.1, see figure 1). In
eq. (B.23) (as in eq. (B.1)), the gluon in black is the incoming gluon from the target. As
mentioned earlier, when & — 0 the first (¢-channel) term of (B.23) dominates, and (B.23)
then coincides with the “2 — 1 amplitude” (B.1).

The square of (B.23) is given by the sum of graphs

T L A L i
A(CER - T 55) o

Similarly to (B.4), in a medium the hard process is supplemented by additional rescatter-

ings, denoted by a blue rectangle. The rescatterings £; [averaged with the Coulomb potential
V' (£;)] being soft compared to the inverse transverse size of the qg pair, |[€;| ~ n < K ~ 1/r,
the pair behaves as a pointlike object w.r.t. soft rescatterings. The derivation made in ap-
pendix A of ref. [2] for 2 — 1 processes also applies to 2 — 2 (and 2 — n) processes,
resulting in an expression for the medium-induced spectrum similar to (B.5)—(B.6), up to
the following modifications: the graph in the denominator of (B.6) is now replaced by the
sum of graphs (B.24), and in the numerator of (B.6) the additional soft radiated gluon
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k (with z = k*/p] < 1) can be added to any of the diagrams contributing to the hard
process. equation (B.6) thus becomes:

£ —K
2 mll:llk{gll :1111:1111111}.11‘@7
Calk, K) = 1 § o[ Rk n +oy, (B.25)

where inside the bracket we have drawn the contribution associated to the last diagram
of (B.24), and the dots stand for the contributions arising from the other diagrams. The small
ellipse denotes the two possible attachments of the soft gluon in the conjugate amplitude,
either to the hard gluon or to the hard quark. Finally, as in section B.1, all connections
of rescattering gluons £; to the hard partons and to the soft radiated gluon are implicitly
accounted for in the blue rectangle.

Let us now focus on the first term in the bracket of (B.25) and its contribution to
Ci(k, K), and see how the hard part of this diagram [given by the last diagram of (B.24)] is
‘dressed’ by multiple soft rescatterings. We first consider the attachment of the soft gluon
to the final hard gluon in the conjugate amplitude. Factoring out the final emission vertex
in the conjugate amplitude and using the notational convention of section B.1, this specific
contribution to (B.25) reads

Tk, K) - (k: - ”Z_K) , (B.26)

where the upper script ¢ on ¢ indicates that we should use here the g — gg wavefunction,
given by (B.7) for m = 0, and I';(k, K) is defined by

£ —-K
2 L('(z\ll:lll\\[glllgllll:llllllll}.&r{-/
Fn(kaK) = ‘M’Q N g}; Ezg_ _E_ }%’_ ;g‘ K (B27)

where the circular blob represents the final emission vertex as in the 2 — 1 processes. One
can show similarly to section B.1 that I';(k, K) obeys the recurrence relation (B.13), however
with the initial condition

, (B.28)

where 1g(k) is the initial ¢ — gqg wavefunction, obtained also from (B.7) by setting m = 0.

The crucial point in proving that T';(k, K) obeys (B.13) is that the systematics of
egs. (B.14) and (B.15) holds independently of the number and type of hard partons accom-
panying the soft radiated gluon. Each rescattering will always provide a factor N in the
recurrence relation (B.13). This is a consequence of color conservation: the energetic parton
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system in the amplitude and that in the conjugate amplitude, together with the radiated
gluon k, always form an overall color singlet system.
Since I'; (k, K) satisfies (B.13) we define, analogously to (B.16),

, (B.29)

and observe that (k) obeys (B.17) with initial condition ¢ (k), and is thus given by (B.18).
The specific contribution under consideration thus contributes to the spectrum as

o (xKJ_ Tmi Tma >
— 0 ) 9 , T
m §p o p Ep

(B.30)

Here m4 = 0, but we keep it to make the generalization to any 2 — 2 scattering transparent.
Let us emphasize that the variable x appearing in the final ¢ — gg wavefunction ¢y(k —zK),
with 1o defined by (B.7), should be interpreted here as x /€. Thus, ¢o(k—zK) — o(k—zK /)
and x — z /€ in the denominator of (B.7). Thus, when my # 0 both K| and my are rescaled
by £ in (B.30).

Adding now to (B.30) similar contributions (with the soft gluon still attached to the final
hard gluon in the conjugate amplitude) arising from the other terms of (B.25) (represented
by the dots), we obtain

Qg <:L‘KJ_ Tm1 Tma 7 (B.31)

_ ) ) , T
Ep o po Ep

g
™

where the opaque grey rectangles stand for the complete hard amplitude (B.23).
The calculation of the contribution to the spectrum arising from the attachment of the
soft gluon k to the final quark (in the conjugate amplitude) is completely analogous, up to

the change —f(k — K /€)* — —io(k + 2K /€)* for the final emission vertex. Adding this
to the previous contribution we obtain (for a final quark mass ms # 0):

de as 2 (xKl rmi Tmg .
q4. = T 9 2 5 s s
de 7 M Ep’ op Ep

K M
+o (“T Lorm xm?’,r) 7777777 gm Y B3
T e

Clearly, the derivation of the spectrum (B.32) associated to qg — gg would be exactly
the same for any other type of 2 — 2 process. The spectrum associated to a generic 2 — 2
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P3
D1 ‘
D2

Pn+2

Figure 3. Labelling convention for 2 — n processes.

partonic process thus reads

dI oy 2 (fEKl rmy xmy
T~ = — 75 g ) ) , T
de 7 |m|? Ep’op T Ep

K MO
+o (x L 2 rms ) : (B.33)

= ) 9 =~ 7T
En o B &

where parton 2 from the target is now drawn entering from the left, to emphasize that the
spectrum, although derived in the target rest frame, is actually frame independent and can
be used e.g. in the c.m. frame of the collision. It is also understood that in (B.33), the soft
radiated gluon line carries only color indices, all the Lorentz (kinematical, spin) dependence
being confined to the amplitude M. Setting m; — 0 and mg = m4 = m in (B.33) leads to
the initial expression of the spectrum used in our study, egs. (2.20)—(2.22).

Finally, the generalization of (B.33) to any 2 — n process with n > 2 (as depicted in
figure 3) is straightforward,

df
r—

dx

n+2
_— Z o (l‘pu_’ xml’ xmi,r) O;, (B.34)
2on TS Sip o &ip

where &; = pj / p{r and p; are the longitudinal momentum fraction and transverse momentum
of parton ¢ in the multi-parton final state (with 2?232 & =1 and 2?232 p; = 0), and O,
is a graph analogous to the graphs appearing in (B.32) (multiplied by 2/ |/\/l|27 with M
the 2 — n amplitude), with the line of the soft radiated gluon attached to parton ¢ in
the conjugate amplitude. equation (B.34) shows how the Lorentz structure of the soft
radiation can be ‘factorized’ from the hard scattering, provided that the hard scattering
amplitude (embedded in ©; or ®) is known. We stress, however, that evaluating ©; is
itself a non-trivial task in general.

In this respect, let us mention that for 2 — n processes with n > 2, the Lorentz
dependence does not fully cancel between the numerator of ©; and its denominator |M|2.
This is because already for 2 — 2 processes, (B.24) contains several terms [in contrast
with (B.3)], which have different Lorentz dependences. For 2 — 2 processes, the Lorentz
dependence can be fully encompassed by one scale (e.g. p1, ) and one dimensionless parameter
(€), and the scale dependence does cancel between each graph of (B.32) and the denominator
|M|?. This is why in the present study, the color density matrix ® defined by (2.14) may only
depend on the kinematical variable £ (see appendix A.2). However, for 2 — n processes with
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n > 3, the partonic final state depends on at least two independent transverse momentum
scales, and we expect the generalization of the ®-matrices to depend not only on the &;’s,
but also on ratios like po) /p11, for instance.

C Color matrices By

Since B and B are pure color matrices, the calculation of By = B4 B only requires specifying
the type of process under consideration, namely, q¢ — qq, ¢¢ — qq, q9 — qg, gg — gg or
g9 — qq, irrespectively of quark flavors. In addition, B and B are symmetric, real matrices,
and the expressions of B4 for g¢ — qq, g9 — qg, q@ — gg, are easily shown to be the same
as for q¢ — qq, g9 — qg, g9 — qq, respectively.??

We first recall that B is a diagonal matrix for all channels, see eq. (2.28), where C,
may be copied from table 1. For convenience, we explicitly list them here:

BY7 = diag(20p — &2, 20F + ), (C.1)
BY79 = diag(0, N), (C.2)
BY¥ 7% = diag(2Cp — N, 2Cp — 1, 2Cp + 1), (C.3)
B9 = diag(N 2N, 0, N, 2(N+1), 2(N-1)), (C.4)
BY 7Y = diag(0, N, N), (C.5)

with the ordering of irreps according to table 2

Note that the process gg — gq, corresponding in our notational convention to an incoming
gluon from the projectile proton, is associated to a matrix B which is different from the
process qg — qg (where the incoming gluon is from the target nucleus), because the incoming
partons have different Casimir charges. We thus complement the above list with the matrix
B, for this process:

Biq%gq =diag(N, 2N —1, 2N +1). (C.6)

As for B_, its expression following from (2.24)—(2.25), for each 2 — 2 partonic process, can
be obtained using the birdtrack pictorial technique [24-27], or alternatively using FORM [30].
(Note that the birdtracks (2.24)—(2.25) also appear in ref. [37], from which the expression of
B_ can be borrowed for most partonic channels.) The matrices B_ are listed in section C.1,
and we recall the relation of B_ to the soft anomalous dimension matrix in section C.2.

C.1 B_ for all partonic channels

We list below the matrices B_ for each process (recall that Uy, = VN +k, Dy, = VN — k
and K4 = N? — 1), with an ordering in « that follows the layout of table 2.

99—99 __ 0 _\/K7A
B _<_m 0 ) 1)

22More precisely: Bi‘gﬁqq = IB?E % (with a,8 € {3,6} and &, € {3,6}); Big[?qg = B (with

a,B €{3,6,15} and a, B € {3,6,15}); BYS 7 = BLL799 (with o, B € {1,84,8.}).
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B9 — 1 ( 0 2m> ’ (C.8)

N \2v/K4 N?—4
__N241 __\2NU1D> _ V2ND1Us
NK Ka Ka
—q9 _ V2NU, D 2N-—1 NUyD
B = | — KA1 : N(N-1) N U12D12 ’ (C.9)
_V2NDUs _ NU3Ds 2N+1
Ka U1 D1 N(N—‘rl)
2N N U D
0 0 U1D1 2 Ui? ﬁ?
0 0 0 V2N Ui1D2Us D1UzDs
U2D2 Usv2  Dav2
BY9999 — _9 U21]1\g1 0 0 0 0 0 (C.10)
- T 7% N N ’ '
5 0D, 0 0 0 0
Us UiDoU:
U? (1]2\2/53 0 0 0 0
D3 DiUsD
D—i’ 523/53 0 0 0 0
0 —2v/2 0
B9 = | —2\/2 0 —V/N2 -4 . (C.11)
0 —vVN2-4 0

Finally, as far as the process gg — gq is concerned, by examining the birdtracks involved
one easily finds that its matrix B = %(IBJr + B_) is the same as for the process qg — qg.
Thus, its matrix B_ directly follows from (C.3), (C.9) and (C.6):

BYIIT — BIY | BITY _ BIIIT (C.12)

C.2 Correspondence of B_ with the soft anomalous dimension matrix

For a given 2 — 2 process, the matrix IB_ is directly related to the soft anomalous dimension
matrix [38-50], which reads [48]

Q TP+ T3 +b(TE-T2)], (C.13)

:ﬁ[

where T; = T7 — T3 and T, = T} — T} are the color exchanges in the ¢t-channel and u-channel,
respectively, and b some ratio of logarithms [48]. Indeed, using

T? =T} + T2 - 21013 = C, + C3 — B, (C.14)
T2 =T} +T7 - 2T0WTy = C, + Cy — B, (C.15)

and the relation (2.28), we obtain (in the orthonormal s-basis |«))
1
Qus=(]QIB) = 5 {b(IB_ g +0as [01—|—Cg+(1+b)03—|—(1—b)04—0a]} . (C.16)

Thus, using the expressions of B_ listed in section C.1, one can recover the soft anomalous
dimension matrix for any 2 — 2 partonic process. (For instance, for the gg — gg process,
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using C; = N for i = 1...4 and B_ given by (C.10), the expression (C.16) coincides with the
Q-matrix derived in ref. [48] for this process.) Note that since B_ is a symmetric matrix, the

matrix Q defined by (C.16) is also symmetric, as must be the case for anomalous dimension

matrices when expressed in an orthonormal basis [55, 56].

Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.

References

1]

[2]

F. Arleo, S. Peigné and T. Sami, Revisiting scaling properties of medium-induced gluon radiation,
Phys. Rev. D 83 (2011) 114036 [arXiv:1006.0818] [INSPIRE].

F. Arleo, R. Kolevatov, and S. Peigné Coherent medium-induced gluon radiation in hard forward
1 — 1 partonic processes, Phys. Rev. D 93 (2016) 014006 [arXiv:1402.1671] [INSPIRE].

S. Munier, S. Peigné and E. Petreska, Medium-induced gluon radiation in hard forward parton
scattering in the saturation formalism, Phys. Rev. D 95 (2017) 014014 [arXiv:1603.01028]
[INSPIRE].

T. Liou and A.H. Mueller, Parton energy loss in high energy hard forward processes in
proton-nucleus collisions, Phys. Rev. D 89 (2014) 074026 [arXiv:1402.1647] [INSPIRE].

S. Peigné and R. Kolevatov, Medium-induced soft gluon radiation in forward dijet production in
relativistic proton-nucleus collisions, JHEP 01 (2015) 141 [arXiv:1405.4241] [INSPIRE].

R. Baier et al., Radiative energy loss and p, -broadening of high energy partons in nuclei, Nucl.
Phys. B 484 (1997) 265 [hep-ph/9608322] [INSPIRE].

R. Baier et al., Radiative energy loss of high energy quarks and gluons in a finite-volume
quark-gluon plasma, Nucl. Phys. B 483 (1997) 291 [hep-ph/9607355] [INSPIRE].

B.G. Zakharov, Fully quantum treatment of the Landau-Pomeranchuk-Migdal effect in QED and
QCD, JETP Lett. 63 (1996) 952 [hep-ph/9607440] [iNSPIRE].

B.G. Zakharov, Radiative energy loss of high-energy quarks in finite-size nuclear matter and
quark-gluon plasma, JETP Lett. 65 (1997) 615 [hep-ph/9704255] [INSPIRE].

R. Baier, Y.L. Dokshitzer, A.H. Mueller and D. Schiff, Medium-induced radiative energy loss;
equivalence between the BDMPS and Zakharov formalisms, Nucl. Phys. B 531 (1998) 403
[hep-ph/9804212] [INSPIRE].

F. Arleo and S. Peigné, J/i Suppression in p-A Collisions from Parton Energy Loss in Cold
QCD Matter, Phys. Rev. Lett. 109 (2012) 122301 [arXiv:1204.4609] INSPIRE].

F. Arleo and S. Peigné, Heavy-quarkonium suppression in p-A collisions from parton energy loss
in cold QCD matter, JHEP 03 (2013) 122 [arXiv:1212.0434] [INSPIRE].

F. Arleo, R. Kolevatov, S. Peigné and M. Rustamova, Centrality and p, dependence of J /i
suppression in proton-nucleus collisions from parton energy loss, JHEP 05 (2013) 155
[arXiv:1304.0901] [INSPIRE].

F. Arleo and S. Peigné, Quenching of Light Hadron Spectra in p-A Collisions from Fully
Coherent Energy Loss, Phys. Rev. Lett. 125 (2020) 032301 [arXiv:2003.01987] [INSPIRE].

— 38 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1103/PhysRevD.83.114036
https://arxiv.org/abs/1006.0818
https://inspirehep.net/literature/857150
https://doi.org/10.1103/PhysRevD.93.014006
https://arxiv.org/abs/1402.1671
https://inspirehep.net/literature/1280546
https://doi.org/10.1103/PhysRevD.95.014014
https://arxiv.org/abs/1603.01028
https://inspirehep.net/literature/1425955
https://doi.org/10.1103/PhysRevD.89.074026
https://arxiv.org/abs/1402.1647
https://inspirehep.net/literature/1280543
https://doi.org/10.1007/JHEP01(2015)141
https://arxiv.org/abs/1405.4241
https://inspirehep.net/literature/1296845
https://doi.org/10.1016/S0550-3213(96)00581-0
https://doi.org/10.1016/S0550-3213(96)00581-0
https://arxiv.org/abs/hep-ph/9608322
https://inspirehep.net/literature/422025
https://doi.org/10.1016/S0550-3213(96)00553-6
https://arxiv.org/abs/hep-ph/9607355
https://inspirehep.net/literature/420877
https://doi.org/10.1134/1.567126
https://arxiv.org/abs/hep-ph/9607440
https://inspirehep.net/literature/421287
https://doi.org/10.1134/1.567389
https://arxiv.org/abs/hep-ph/9704255
https://inspirehep.net/literature/441901
https://doi.org/10.1016/S0550-3213(98)00546-X
https://arxiv.org/abs/hep-ph/9804212
https://inspirehep.net/literature/468893
https://doi.org/10.1103/PhysRevLett.109.122301
https://arxiv.org/abs/1204.4609
https://inspirehep.net/literature/1111737
https://doi.org/10.1007/JHEP03(2013)122
https://arxiv.org/abs/1212.0434
https://inspirehep.net/literature/1205150
https://doi.org/10.1007/JHEP05(2013)155
https://arxiv.org/abs/1304.0901
https://inspirehep.net/literature/1226809
https://doi.org/10.1103/PhysRevLett.125.032301
https://arxiv.org/abs/2003.01987
https://inspirehep.net/literature/1783884

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[28]

[29]

[30]

F. Arleo, F. Cougoulic and S. Peigné, Fully coherent energy loss effects on light hadron
production in pA collisions, JHEP 09 (2020) 190 [arXiv:2003.06337] [INSPIRE].

F. Arleo, G. Jackson and S. Peigné, Impact of fully coherent energy loss on heavy meson
production in pA collisions, JHEP 01 (2022) 164 [arXiv:2107.05871] [INSPIRE].

F. Arleo, G. Jackson and S. Peigné, Depletion of atmospheric neutrino fluzes from parton energy
loss, Phys. Lett. B 835 (2022) 137541 [arXiv:2112.10791] [INSPIRE].

F. Arleo and S. Peigné, Quarkonium suppression in heavy-ion collisions from coherent energy
loss in cold nuclear matter, JHEP 10 (2014) 073 [arXiv:1407.5054] [INSPIRE].

H. Paukkunen and P. Zurita, PDF reweighting in the Hessian matriz approach, JHEP 12 (2014)
100 [arXiv:1402.6623] [INSPIRE].

W.T. Giele and S. Keller, Implications of hadron collider observables on parton distribution
function uncertainties, Phys. Rev. D 58 (1998) 094023 [hep-ph/9803393| [INSPIRE].

R.D. Ball et al., Reweighting and unweighting of parton distributions and the LHC W lepton
asymmetry data, Nucl. Phys. B 855 (2012) 608 [arXiv:1108.1758] INSPIRE].

M.L. Mangano, Two lectures on heavy quark production in hadronic collisions, Proc. Int. Sch.
Phys. Fermi 137 (1998) 95 [hep-ph/9711337] [INSPIRE].

M. Buza, Y. Matiounine, J. Smith and W.L. van Neerven, Charm electroproduction viewed in the
variable-flavor number scheme versus fized-order perturbation theory, Eur. Phys. J. C 1 (1998)
301 [hep-ph/9612398] INSPIRE].

P. Cvitanovi¢, Group Theory: Birdtracks, Lie’s, and FExceptional Groups, Princeton University
Press (2008) [D0I:10.1515/9781400837670] [INSPIRE].

Yu. L. Dokshitzer, Perturbative QCD (and beyond), in the proceedings of the Strong Interactions
Study Days Kloster Banz, Germany, October 10-12 (1995) [iNSPIRE] [DOI:10.1007/BFb0105858].

S. Keppeler, Birdtracks for SU(N), SciPost Phys. Lect. Notes 3 (2018) 1 [arXiv:1707.07280]
[[NSPIRE].

S. Peigné, Introduction to color in QCD: Initiation to the birdtrack pictorial technique, in the
proceedings of the 6th Chilean School of High Energy Physics, Valparaiso, Chile, January 16-19
(2023) [arXiv:2302.07574] [INSPIRE].

B.L. Combridge, J. Kripfganz and J. Ranft, Hadron production at large transverse momentum
and QCD, Phys. Lett. B 70 (1977) 234 [INSPIRE].

R. Cutler and D. Sivers, Quantum chromodynamic gluon contributions to large-p, reactions,
Phys. Rev. D 17 (1978) 196 [inSPIRE].

J. Kuipers, T. Ueda, J.A.M. Vermaseren and J. Vollinga, FORM version 4.0, Comput. Phys.
Commun. 184 (2013) 1453 [arXiv:1203.6543] [INSPIRE].

P. Nogueira, Automatic Feynman Graph Generation, J. Comput. Phys. 105 (1993) 279 [INSPIRE].

L.D. Landau and E.M. Lifshitz, Quantum Mechanics, Butterworth-Heinemann (1981)
[DOI:10.1016/C2013-0-05654-X].

M. Gyulassy, P. Levai and 1. Vitev, Reaction operator approach to non-abelian energy loss, Nucl.
Phys. B 594 (2001) 371 [nucl-th/0006010] [INSPIRE].

M. Gyulassy, P. Levai and 1. Vitev, Non-Abelian Energy Loss at Finite Opacity, Phys. Rev. Lett.
85 (2000) 5535 [nucl-th/0005032] [INSPIRE].

-39 —


https://doi.org/10.1007/JHEP09(2020)190
https://arxiv.org/abs/2003.06337
https://inspirehep.net/literature/1785509
https://doi.org/10.1007/JHEP01(2022)164
https://arxiv.org/abs/2107.05871
https://inspirehep.net/literature/1883006
https://doi.org/10.1016/j.physletb.2022.137541
https://arxiv.org/abs/2112.10791
https://inspirehep.net/literature/1994980
https://doi.org/10.1007/JHEP10(2014)073
https://arxiv.org/abs/1407.5054
https://inspirehep.net/literature/1306904
https://doi.org/10.1007/JHEP12(2014)100
https://doi.org/10.1007/JHEP12(2014)100
https://arxiv.org/abs/1402.6623
https://inspirehep.net/literature/1282605
https://doi.org/10.1103/PhysRevD.58.094023
https://arxiv.org/abs/hep-ph/9803393
https://inspirehep.net/literature/468349
https://doi.org/10.1016/j.nuclphysb.2011.10.018
https://arxiv.org/abs/1108.1758
https://inspirehep.net/literature/922415
https://doi.org/10.3254/978-1-61499-222-6-95
https://doi.org/10.3254/978-1-61499-222-6-95
https://arxiv.org/abs/hep-ph/9711337
https://inspirehep.net/literature/451101
https://doi.org/10.1007/BF01245820
https://doi.org/10.1007/BF01245820
https://arxiv.org/abs/hep-ph/9612398
https://inspirehep.net/literature/427603
https://doi.org/10.1515/9781400837670
https://inspirehep.net/literature/867864
https://inspirehep.net/literature/413230
https://doi.org/10.1007/BFb0105858
https://doi.org/10.21468/SciPostPhysLectNotes.3
https://arxiv.org/abs/1707.07280
https://inspirehep.net/literature/1611314
https://arxiv.org/abs/2302.07574
https://inspirehep.net/literature/2632804
https://doi.org/10.1016/0370-2693(77)90528-7
https://inspirehep.net/literature/120351
https://doi.org/10.1103/PhysRevD.17.196
https://inspirehep.net/literature/120143
https://doi.org/10.1016/j.cpc.2012.12.028
https://doi.org/10.1016/j.cpc.2012.12.028
https://arxiv.org/abs/1203.6543
https://inspirehep.net/literature/1095412
https://doi.org/10.1006/jcph.1993.1074
https://inspirehep.net/literature/315611
https://doi.org/10.1016/C2013-0-05654-X
https://doi.org/10.1016/S0550-3213(00)00652-0
https://doi.org/10.1016/S0550-3213(00)00652-0
https://arxiv.org/abs/nucl-th/0006010
https://inspirehep.net/literature/528435
https://doi.org/10.1103/PhysRevLett.85.5535
https://doi.org/10.1103/PhysRevLett.85.5535
https://arxiv.org/abs/nucl-th/0005032
https://inspirehep.net/literature/527227

[35] M. Gyulassy, P. Lévai and 1. Vitev, Jet quenching in thin quark-gluon plasmas I: formalism,
Nucl. Phys. B 571 (2000) 197 [hep-ph/9907461] [INSPIRE].

[36] F. Gelis, E. Iancu, J. Jalilian-Marian and R. Venugopalan, The Color Glass Condensate, Ann.
Rev. Nucl. Part. Sci. 60 (2010) 463 [arXiv:1002.0333] [INSPIRE].

[37] F. Cougoulic and S. Peigné, Nuclear p, -broadening of an energetic parton pair, JHEP 05 (2018)
203 [arXiv:1712.01953] [INSPIRE].

[38] J. Botts and G. Sterman, Hard elastic scattering in QCD: Leading behavior, Nucl. Phys. B 325
(1989) 62 [INSPIRE].

[39] M.G. Sotiropoulos and G. Sterman, Color exchange in near-forward hard elastic scattering, Nucl.
Phys. B 419 (1994) 59 [hep-ph/9310279] [INSPIRE].

[40] H. Contopanagos, E. Laenen and G. Sterman, Sudakov factorization and resummation, Nucl.
Phys. B 484 (1997) 303 [hep-ph/9604313] [INSPIRE].

[41] N. Kidonakis, G. Oderda and G.F. Sterman, Evolution of color exchange in QCD hard scattering,
Nucl. Phys. B 531 (1998) 365 [hep-ph/9803241] [INSPIRE].

[42] G. Oderda, Dijet rapidity gaps in photoproduction from perturbative QCD, Phys. Rev. D 61
(2000) 014004 [hep-ph/9903240] [INSPIRE].

[43] R. Bonciani, S. Catani, M.L. Mangano and P. Nason, Sudakov resummation of multiparton QCD
cross sections, Phys. Lett. B 575 (2003) 268 [hep-ph/0307035] [INSPIRE].

[44] R.B. Appleby, Rapidity gap physics at contemporary colliders, Ph.D. thesis, University of
Manchester, Manchester M13 9PL, U.K. (2003) [hep-ph/0311210] [INSPIRE].

[45] A. Banfi, G.P. Salam and G. Zanderighi, Principles of general final-state resummation and
automated implementation, JHEP 03 (2005) 073 [hep-ph/0407286] [INSPIRE].

[46] A. Kyrieleis and M.H. Seymour, The colour evolution of the process qq — qqg, JHEP 01 (2006)
085 [hep-ph/0510089] [INSPIRE].

[47] Yu.L. Dokshitzer and G. Marchesini, Hadron collisions and the fifth form factor, Phys. Lett. B
631 (2005) 118 [hep-ph/0508130] [INSPIRE].

[48] Yu.L. Dokshitzer and G. Marchesini, Soft gluons at large angles in hadron collisions, JHEP 01
(2006) 007 [hep-ph/0509078] [INSPIRE].

[49] M. Sjodahl, Color evolution of 2 — 3 processes, JHEP 12 (2008) 083 [arXiv:0807.0555]
[INSPIRE].

[50] J.R. Forshaw, A. Kyrieleis and M.H. Seymour, Super-leading logarithms in non-global observables
in QCD: colour basis independent calculation, JHEP 09 (2008) 128 [arXiv:0808.1269]
[INSPIRE].

[51] P. Arnold, G.D. Moore and L.G. Yaffe, Photon and gluon emission in relativistic plasmas, JHEP
06 (2002) 030 [hep-ph/0204343] [INSPIRE].

[52] M. Gyulassy and X.-n. Wang, Multiple collisions and induced gluon bremsstrahlung in QCD,
Nucl. Phys. B 420 (1994) 583 [nucl-th/9306003] [INSPIRE].

[53] P. Arnold, Simple formula for high-energy gluon bremsstrahlung in a finite, expanding medium,
Phys. Rev. D 79 (2009) 065025 [arXiv:0808.2767| [INSPIRE].

[54] J.H. Isaksen, A. Takacs and K. Tywoniuk, A unified picture of medium-induced radiation, JHEP
02 (2023) 156 [arXiv:2206.02811] [INSPIRE].

— 40 —


https://doi.org/10.1016/S0550-3213(99)00713-0
https://arxiv.org/abs/hep-ph/9907461
https://inspirehep.net/literature/504275
https://doi.org/10.1146/annurev.nucl.010909.083629
https://doi.org/10.1146/annurev.nucl.010909.083629
https://arxiv.org/abs/1002.0333
https://inspirehep.net/literature/844547
https://doi.org/10.1007/JHEP05(2018)203
https://doi.org/10.1007/JHEP05(2018)203
https://arxiv.org/abs/1712.01953
https://inspirehep.net/literature/1641281
https://doi.org/10.1016/0550-3213(89)90372-6
https://doi.org/10.1016/0550-3213(89)90372-6
https://inspirehep.net/literature/25315
https://doi.org/10.1016/0550-3213(94)90357-3
https://doi.org/10.1016/0550-3213(94)90357-3
https://arxiv.org/abs/hep-ph/9310279
https://inspirehep.net/literature/359098
https://doi.org/10.1016/S0550-3213(96)00567-6
https://doi.org/10.1016/S0550-3213(96)00567-6
https://arxiv.org/abs/hep-ph/9604313
https://inspirehep.net/literature/417612
https://doi.org/10.1016/S0550-3213(98)00441-6
https://arxiv.org/abs/hep-ph/9803241
https://inspirehep.net/literature/467792
https://doi.org/10.1103/PhysRevD.61.014004
https://doi.org/10.1103/PhysRevD.61.014004
https://arxiv.org/abs/hep-ph/9903240
https://inspirehep.net/literature/496189
https://doi.org/10.1016/j.physletb.2003.09.068
https://arxiv.org/abs/hep-ph/0307035
https://inspirehep.net/literature/622525
https://arxiv.org/abs/hep-ph/0311210
https://inspirehep.net/literature/633445
https://doi.org/10.1088/1126-6708/2005/03/073
https://arxiv.org/abs/hep-ph/0407286
https://inspirehep.net/literature/655163
https://doi.org/10.1088/1126-6708/2006/01/085
https://doi.org/10.1088/1126-6708/2006/01/085
https://arxiv.org/abs/hep-ph/0510089
https://inspirehep.net/literature/694503
https://doi.org/10.1016/j.physletb.2005.10.009
https://doi.org/10.1016/j.physletb.2005.10.009
https://arxiv.org/abs/hep-ph/0508130
https://inspirehep.net/literature/689651
https://doi.org/10.1088/1126-6708/2006/01/007
https://doi.org/10.1088/1126-6708/2006/01/007
https://arxiv.org/abs/hep-ph/0509078
https://inspirehep.net/literature/691664
https://doi.org/10.1088/1126-6708/2008/12/083
https://arxiv.org/abs/0807.0555
https://inspirehep.net/literature/789882
https://doi.org/10.1088/1126-6708/2008/09/128
https://arxiv.org/abs/0808.1269
https://inspirehep.net/literature/792787
https://doi.org/10.1088/1126-6708/2002/06/030
https://doi.org/10.1088/1126-6708/2002/06/030
https://arxiv.org/abs/hep-ph/0204343
https://inspirehep.net/literature/586079
https://doi.org/10.1016/0550-3213(94)90079-5
https://arxiv.org/abs/nucl-th/9306003
https://inspirehep.net/literature/354874
https://doi.org/10.1103/PhysRevD.79.065025
https://arxiv.org/abs/0808.2767
https://inspirehep.net/literature/793490
https://doi.org/10.1007/JHEP02(2023)156
https://doi.org/10.1007/JHEP02(2023)156
https://arxiv.org/abs/2206.02811
https://inspirehep.net/literature/2092558

[55] M.H. Seymour, Symmetry of anomalous dimension matrices for colour evolution of hard
scattering processes, JHEP 10 (2005) 029 [hep-ph/0508305] [INSPIRE].

[56] M.H. Seymour and M. Sjodahl, Symmetry of anomalous dimension matrices explained, JHEP 12
(2008) 066 [arXiv:0810.5756] [INSPIRE].

— 41 —


https://doi.org/10.1088/1126-6708/2005/10/029
https://arxiv.org/abs/hep-ph/0508305
https://inspirehep.net/literature/691046
https://doi.org/10.1088/1126-6708/2008/12/066
https://doi.org/10.1088/1126-6708/2008/12/066
https://arxiv.org/abs/0810.5756
https://inspirehep.net/literature/801263

	Introduction
	FCEL spectrum beyond leading logarithm in 2 –> 2 processes
	Setup for underlying hard partonic process
	Color density matrix
	Induced gluon radiation spectrum
	Validity domain

	Matching with FCEL spectrum for 2 –> 1 processes
	Orthonormal color bases, and rotations between them
	Compatibility with 2 –> 1 processes
	Example: quark-quark scattering

	Discussion
	Color structure of 2 –> 2 partonic channels
	Color decomposition of amplitudes
	Explicit form of matrix Phi

	FCEL spectrum beyond leading-log for 2 –> n processes
	Reminder of 2 -> 1 processes
	Generalization to 2 –> n processes

	Color matrices B(+-)
	B(-) for all partonic channels
	Correspondence of B(-) with the soft anomalous dimension matrix


