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ABSTRACT: We study hard 1 — 2 final-state parton splittings in the medium, and put
special emphasis on calculating the Wilson line correlators that appear in these calculations.
As partons go through the medium their color continuously rotates, an effect that is
encapsulated in a Wilson line along their trajectory. When calculating observables, one
typically has to calculate traces of two or more medium-averaged Wilson lines. These are
usually dealt with in the literature by invoking the large- N, limit, but exact calculations
have been lacking in many cases. In our work, we show how correlators of multiple Wilson
lines appear, and develop a method to calculate them numerically to all orders in V..
Initially, we focus on the trace of four Wilson lines, which we develop a differential equation
for. We will then generalize this calculation to a product of an arbitrary number of Wilson
lines, and show how to do the exact calculation numerically, and even analytically in the
large- N.. limit. Color sub-leading corrections, that are suppressed with a factor N, 2 relative
to the leading scaling, are calculated explicitly for the four-point correlator and we discuss
how to extend this method to the general case. These results are relevant for high-pr jet
processes and initial stage physics at the LHC.
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1 Introduction

One of the primary reasons for colliding heavy ions with ultra-relativistic energies is to
probe QCD matter in an extremely hot and dense phase, called the quark-gluon plasma
(QGP). There are multiple ways to probe and learn about the properties of QGP, utilizing
the properties of bulk particle production and rare probes. In one example of the latter
category, the heavy-ion collision involves a hard partonic sub-collision that produces hard
partons that propagate through the medium and escape to the detectors as jets. The study
of how the properties of these jets change as they go through the medium, colloquially
referred to as “jet quenching,” is a versatile tool to study hot QCD matter [1-3].
Experiments at RHIC [4, 5] and the LHC [6-10] colliders have found strong suppression
of high-pr particles in heavy-ion collisions compared to proton-proton collisions, which is



interpreted as a clear sign of the energy loss of jets that suffer final-state interactions with
the surrounding QGP. On the theoretical side, this is interpreted in terms of radiative
energy loss, where particles in the jet lose energy through medium-induced emission of
gluons that end up outside of the reconstructed jet cone, and elastic drag. For large media,
as typically encountered in central to semi-central lead-lead collisions, it is the former
process that dominates the total lost energy.

The energy loss process for single partons is well understood since many years, see,
e.g., [11-17]. However, a jet is a more complicated composite object consisting of several
hard partons. A hard parton propagating through the medium will typically undergo
several splittings, resulting in a multi-parton state that will interact differently with the
medium compared to how the individual partons would. Such splittings can occur as long
as the scale of the splittings, for instance the generated relative transverse momentum
in the splitting, is bigger than what the medium can supply through multiple scattering.
In particular, the modifications of effects of color coherence play an important role in
determining which emissions will be resolved by the medium and contribute toward the
total energy loss [18-21]. Instead of focusing on single partons, we will study a hard parton
splitting into two, and their subsequent propagation through the medium. This is certainly
a better approximation of a real jet than a single parton, and has the additional advantage
that one can build up jets from several partons by consecutive 1 — 2 splittings.

Previous studies of such processes focused mostly on a hard photon splitting into a
quark-antiquark pair [18, 22] and invoked the large- N, approximation to obtain analytical
formulas. In this work, we consider three generic QCD splitting processes that involve up
to eight correlated Wilson lines in the fundamental representation, in the case of gluon
splitting into two daughter gluons. Our specific improvement concerns a more precise way
to calculate correlators of Wilson lines that often appear in these calculations, and it can, in
principle, be extended for an arbitrary number of propagating particles through the medium.

To give a general flavor of how our procedure works, recall that a matrix element
generally involves several propagators that resum multiple scattering through Wilson lines
V', which extend along the trajectories in the medium. Ignoring some factors irrelevant for
the present discussion, the matrix element squared will take the following simplified form

(IMP) ~ Vv Vv aviv.viv), (1.1)

where the angular brackets denote an average over medium configurations. For a generic
1 — 2 process, the amplitude squared can be reduced to a product of two-, three- and
four-point correlators [23, 24]. To calculate these processes it is imperative to know the form
of the Wilson line correlator appearing on the right hand side of (1.1), which we will denote
by the letter CX for correlator, where the superscript K refers to the number of traces.
If you assume that the number of colors N, is large the calculation of these correlators
usually simplifies sufficiently to be possible to calculate. Namely, the leading N, scaling
emerges from simplifying the medium averages to (tr[VIV ... VIV]).. (tr[VTV ... VIV]),
which scales like NX. However, since N, = 3 is not a very large number it is sensible to ask
whether this approximation is sound or not. As we will see, the terms that are discarded by
performing the large- N, approximation will be smaller than the other terms by a factor



~ 1/N2 ~ 10% for typical situations. However, evaluating the correlators at large times,
could lead to big discrepancies between the finite and large- N, calculations.

In this paper we will develop a method for calculating correlators of an arbitrary number
of Wilson lines at finite N,, which casts their evolution and mixing in terms of a coupled
evolution equation in time (referring to their trajectories through the medium). This reduces
the complexity of the formulation compared to previous calculations of multi-Wilson line
correlators, see [25, 26] for a technique based on diagonalization of the evolution matrix
and [24, 27] for an iterative procedure. The derivation of the evolution matrix culminates
in eq. (4.26). This allows us to evaluate these correlators at an arbitrary time, and can be
addressed using numerical techniques. We also consider in detail the large- N, approximation,
which leads to a striking simplification of the dynamics since all higher-order correlators can
be calculated using two-point correlators (dipoles) and their convolutions. Furthermore, we
have computed the sub-leading correction in color. Considering again the generic correlator
CHK from eq. (1.1) above, the generic expansion in N, takes the following form,

K KAK K-2AK K—
c" = Nc Cleading Nec + Nc 2Csub—leading N + O(Nc 4) ) (1'2)

where the two first terms can be found analytically (the hat over the correlators imply that
we have explicitly extracted their leading N, behavior). It turns out that, in many cases,
C’Slgb_leadmg N, is essential to recover the correct long-time behavior of the correlators.

We will explore how big the error is by comparing the exact results to the large- N,
approximation in realistic settings in high-energy jet splittings. We mainly consider hard
emissions early in the medium, i.e. at scales much larger than those provided by the medium,
and therefore we neglect any broadening of the particles. The daughters are traversing the
medium at a fixed angle, or “tilt”, given by the kinematics of the hard splitting (we fix our
coordinate system so that the parent particle has zero angle). For splittings where at least
one of the daughters becomes very soft or is being emitted at a large angle, one should also
allow for additional transverse momentum broadening, as done in [23, 24], albeit only in
the large- N, approximation. We have left this additional complication for future work.

Our calculation is also very pertinent for improving our understanding of color dynamics
in the medium, for instance in the context of multi-gluon emissions with overlapping
formation times [28] and to understand hadronization after exiting the QGP [29]. In the
process of evaluation of the multi-Wilson line correlators, the only assumption made is the
exact form of the medium average, see eq. (2.5), which is also employed in other contexts
than for a thermal medium, see, e.g., [30] for calculating such correlators on the lattice.
Therefore, although we have derived our method of calculating Wilson line correlators in
the context of jet quenching, it is a general result that can be applied in more branches of
QCD. One concrete example refer to initial state physics, where multi-particle production
is considered an important channel to verify saturation effects in the nuclei [25, 31, 32].
Furthermore, sub-leading corrections in color have also been considered in the context of
high-energy QCD evolution at next-to-leading order [33]. Finally, the generic color structure
of high-energy QCD events is actively studied [27, 34]. It is also interesting to note that
sub-leading color corrections have been considered in the context of improving parton
showers in the vacuum, see, e.g., [35, 36].



Let us briefly outline the structure of the paper. Section 2 introduces the notation and
formalism we will make use of throughout the paper. In section 3 we will consider three
examples of splitting processes that lead to Wilson line correlators: a photon producing
a quark-antiquark pair, a quark emitting a gluon and a gluon splitting into two gluons.
Those processes will provide the motivation for the rest of the calculation in the paper.
In section 4.1, we will go into detail about calculating the simplest of the Wilson lines
structures from section 3, which is a trace of four lines. Here, we also develop a method
to compute the color sub-leading corrections, corresponding to the second term on the
right hand side in eq. (1.2). Thereafter, in section 4 we will generalize the method used in
section 4.1 to correlators of an arbitrary number of Wilson lines, and show how one can
always make a system of differential equations to describe these structures. This section
contains the main theoretical results of the paper. The formulas developed in section 4 are
used to calculate the more complicated Wilson line structures appearing in section 3. We
will show how the calculations simplify in the large- N. approximation, and use numerical
evaluation to compare the approximate results to the exact ones.

2 Basic elements and notation

We will assume that the partons propagating through the medium are highly energetic and
travelling on the light-cone almost strictly in the positive z direction. In light-cone (LC)
coordinates it will have momentum (p*,p~, p), where p* = (p° + p3)/2 is identified with
the LC energy F = pt, p~ = p° — p? is negligible and p is the transverse momentum. The
parton interacts with the medium, which is modelled by a classical background gauge field
AP%(t, ). The interaction of the parton with the classical field leads to transverse momentum
broadening and energy loss. The interactions can be resummed using a framework developed
by Baier-Dokshitzer-Mueller-Peigné-Schiff [11-14] and Zakharov [15, 16], and is known as
the BDMPS-Z formalism. For small media, where interactions are rare, this is equivalent
with considering only one interaction, known as the Gyulassy-Levai-Vitev (GLV) [37]
approximation.

It is possible to construct Feynman rules from the BDMPS-Z approach, with special
in-medium propagators and vertices [18]. In this formulation a highly energetic parton
travelling through the medium can be described by the propagator

T E t
(x|GRr(t, to)|xo) = Ot — o) Dr exp [z’Q ds7%(s)

0 to

VR(t,to;’r’(t)) . (2.1)

In this expression Vg is a Wilson line in the representation R, which is given by

t

Vg (t,to;r(t)) = Pexp [z’g ds Aa(s,r(s))TI‘%} , (2.2)
to

where the symbol P enforces path ordering. A quark transforms in the fundamental

representation, so the group generator is T = t{;. Similarly, a gluon transforms in the

adjoint representation, and its group generator is 1'% = (Te)be = —jfabe. The final results

in this paper will mainly concern fundamental lines, which we will denote by V = V.



Similarly, we will write the adjoint lines as U = V4. Focusing on fundamental lines is
sufficient, since one can always transform adjoint Wilson lines to fundamental ones through
the identity

U = 24r VitV T] = Ut (2.3)

In the absence of interactions, i.e. when the Wilson line is evaluated at g = 0, we simply get

i E (z—2q)?
2

E
(x[Go(t, to)|xo) = Go(T — To,t —to) = Ot —to) s—77——e 2 0, (2.4)

2mi(t — o)
which is a representation of the retarded part of the Feynman propagator (E > 0).

As mentioned in the introduction, the matrix element describing final-state interactions
in the QGP will involve one or more propagators of the form in eq. (2.1). Hence, on the
level of the matrix element squared, we have to compute correlators of such lines averaged
over all possible medium configurations. The medium average is indicated by (...), and we
assume that the correlator of the medium fields takes the form

(A%(t,r) APt ")) = 3Pn(t)o(t — )y (r — '), (2.5)

which corresponds to the Gaussian noise approximation. Here, n(t) is the (time-dependent)
density of scattering centers in the medium and

(2.6)

d2q ior d20el 5 d2q etar
1) = [ e g [
(2m)?~  d%q (2m)? ¢

is the Fourier transform of the in-medium elastic scattering potential, where the infrared
behavior of the potential is regulated by an in-medium screening mass. The delta function
in time indicates that we have assumed the medium interactions to be instantaneous. In
many cases it will be convenient to define

a(r) = g*[¥(0) = ~(r)] . (2.7)

The form of the function o depends on how the medium is modelled. The two main ways of
calculating this is through the Gyulassy-Wang model [38] or through Hard Thermal Loop
theory [39]. These models differ mainly in how infrared screening is implemented when
q1 — 0. In this paper, we will however work in the harmonic oscillator approximation,
which accounts for multiple soft interactions. In this case, the potential o(r) can be cast as

1
Crno(r) ~ ZTQ(jR(t), (2.8)
where R &2
R 9L q Tel
= C 2/ e 2 - 9 29

is the jet quenching coefficient where R denotes the color representation of the Wilson
lines. For the fundamental and adjoint representations we have Cp = %—01 and Cy = N,
respectively. In this paper we will use § = ¢r unless otherwise stated. In eq. (2.9) we
have explicitly introduced a UV cut-off to regularize the integral. A more systematic



approach to the regularization of the integral, and the extension beyond the soft scattering
approximation, has been pursued in refs. [19, 40, 41].

We stress that the approximation in (2.8) is not necessary in order to solve numerically
the system of equations for arbitrary n-point correlators, but it is very useful to employ to
compare these exact results to analytical calculations of the leading and sub-leading color
correlators.

In the current work, we will focus on hard 1 — 2 splitting processes in the medium,
where the initial particle has energy E and the two splitting products carry, respectively,
w1 = (1 —2)F and we = zE. This is formally equivalent to setting the energy of the mother
particle, F — oo, and considering a finite momentum sharing fraction 0 < z < 1. These
conditions enforce that both the mother and daughter particles travel on classical paths.
Concretely, the trajectory of a particle in the medium between time ¢y and ¢, given by
the propagator (x|G(t,to)|xo), in configuration space, for E > (t — tg)~! gets strongly
constrained to the classical path connecting the initial and final transverse positions, see
eq. (2.1), and leads to

(x|Gr(t,to)|zo) ~ Go(x — @0, t — to) VR(L, to; [xa(s)]), (2.10)

s—to
t—to
product of a Wilson line, trailing the direction of the particle, times a vacuum propagator,

where the classical trajectory is given by @ (s) = o+ (x —x). This corresponds to the
see eq. (2.4). Corrections to this limit can also be systematically be calculated [42]. In the

mixed representation, this leads to,

(PIGR(t,t0)|Po) =~ (2)25(p — Po) Vi (L, to; [Tai(s) = ms)) o~Em(t—t0) ; (2.11)

where n = p/E, see [18, 22]. The last term in this product is simply the Fourier transform
of the vacuum propagator.

In detail, the 1 — 2 partonic processes we consider are: 1) v —q+¢q, 2) ¢ > q+ g,
3) g = g+ g. These will, at most, involve correlators of 4, 6 and 8 Wilson lines (in the
fundamental representation). We also write out the relevant correlators for ¢ — ¢ + ¢, but
we do not explicitly evaluate the spectrum in this case. All three processes consist of one
(off-shell) particle! traversing the medium splitting into two particles. While we derive
formulas for a generic medium profile, our numerical calculations apply to a medium with
constant density (aka the “brick”), where the splitting can occur either inside the medium
or outside.

As mentioned above, the first particle, with LC energy E, is produced at initial time
to = 0 and is propagating along the light-cone in the positive z direction. It splits at times ¢;
in the amplitude and ¢, in the complex conjugate amplitude, see figure 1. The two daughter
particles, which now carry LC energies (1 — 2)E and zE, respectively, then propagate
on the classical paths 71(¢) (r7(t)) and r2(¢) (r5(t)) in the amplitude (complex conjugate
amplitude) to the end of the medium at L. In the high-energy, eikonal approximation these

"We will however only consider physical polarizations/spin states for the initial particle, since other
contributions do not propagate.



paths are classical and are given by

Tl(t) = nl(t — tl) s
’I"g(t) = ’I’Lg(t — tl) s (2 12)
ri(t) = ni(t —ta),
r3(t) = na(t — t2),
where n; = TE f;) 5 and ny = % are the transverse velocity vectors. To slightly compress

the notation we will usually refer to the coordinates as numbers, meaning that we will write
V(ry) = Vi and y(r1 — r3) = 733, etc.

Finally, in the harmonic approximation, we need the square of the differences of the
transverse coordinates. Using the eikonal approximation this is

(2.13)

where we have assumed that the angle 6 is small.

3 Emission spectra

In this section we will present the results for the in-medium emission spectra % for the
in-medium splitting processes. We refer to appendix A for the details of the calculations.
All of the Wilson line correlators in this section were calculated using the methods developed
in section 4. For more details about the calculation of correlators of six and eight Wilson
lines we refer to appendix B.

One can define the vacuum spectrum as

dree  aP(z)
dzd§ =« 60

(3.1)

where « can be aep, or ag depending on the process, and P(z) is the relevant Altarelli-Parisi
splitting function. Then one can write the full spectrum on the form [22]

dIfull B drvac N dImed
dzdf dzdf dzdb

dIV&C
= 5 (1+ Fa(2,0)) - (3.2)

The term Fieq(z,0) contains the medium modification to the processes. For a generic
medium profile the medium radiation reads

et dree o orkdty fhdiy gen )
L (3) '
dzdf ~ dzdf > / /t 0 CYL, t2)C (b2, 1) (3.3)




to t1 to

Figure 1. The process of a photon splitting to a quark-antiquark pair. The amplitude is on the
top and the complex conjugate amplitude on the bottom. The splitting happens at time ¢; in the
amplitude and at a later time t5 in the complex conjugate amplitude.

where, in the high-energy limit employed in this paper, the medium-induced spectrum
is proportional to the vacuum spectrum. This proportionality does not a priori hold
in all the phase space, in particular whenever the transverse momentum in the splitting
k1 = z(1 — z)Ef is comparable to the transverse momentum accumulated in the medium
Qs ~ GL [23]. Finally, the factors C("(t;,t,) appearing in (3.3) are n-particle correlators

that have support during time t, < t < t;, and tf = % is the formation time of the

z(1
process. The splitting process is illustrated in figure 1.
For a medium with fixed density and extension L, we have §(t) = §©(L —t). In this

case, the integrals over the emission times ¢; and 2 in (3.3) can be split, so that

d[in—in Ivac Ldt1 Ldtg 7it2;t1 @
L ®3) yl
2d0  dzdd / /t 0 CY(L,t2)C (t2,t1), (3.4)
dIinfout drvac 1 —zLi
= 21 o t 6(3) L.t 3.5
dzdg ~ dzdd m/o e TNt (3.5)

where dN™¢ /(dzdf) = AN~ /(dzdf) + AN /(dzd@). Taking into account that the
Wilson line correlators are real the medium modification term can be written [22]

L L _ _
Frned = 2/ dh V 92 os <t2 : tl) CO (L, 15)C®) (£, 1) — sin (Lttl> C(3)(L,t1)] .
0 t f

te Lt £
(3.6)
We now will discuss three concrete cases that are relevant for jet quenching phenomenology.

We will compute the double-differential spectrum for a wide range of LC energy sharing
fraction z and angles 6 to map the regions where medium-induced corrections appear, as
quantified by the factor Fi,eq(z,0). Our focus here is to provide a test bed for evaluating
precisely the multi-Wilson line correlators appearing in (3.6), and we will therefore not worry
about the validity of the eikonal approximation (2.10) of the splitting products. Including
non-eikonal corrections on the particle trajectories will be postponed to future work.



3.1 Derivation of the splitting functions

Photon splitting. We will start with the case of a photon splitting into a quark-antiquark
pair, i.e. v — g 4+ q. Due to the least number of fundamental Wilson lines, this is the
simplest process to analyze. We will therefore treat it in more detail, taking the advantage
to discuss the relevant medium and jet scales appearing in the calculation.

In this case, the vacuum emission spectrum is given by (3.1) with the QED coupling
constant dem and the Altarelli-Parisi splitting function being Py, (2) = ngN[z? + (1 — 2)?],
where n; is the number of active flavors. Furthermore, the correlator C (3) reduces to an
effective two-point function because the photon does not carry color charge. We have

1
CR (L.12) = - (Vv V3 T) (3.7)

[

1
CiY (t2, 1) = 5 6 (ViVE) (38)
where the time extension of each of the medium-averaged color correlators on the right
hand side is implied by the time argument on left hand side of the equation.

The correlator of two Wilson lines, which in this case corresponds to Cég) (t,t1) =
S1a(t, t1), is generally referred to as a dipole correlator, and is known to be
1
SlQ(t, tl) = ﬁ

[

—Cp f:l dsn(s)o(r)

(tr[ViVy]) = e (3.9)

where 7 = r; — ry is the difference of transverse positions of the two Wilson lines. For a
fixed separation, i.e. r = const., in the HO approximation and in a medium with constant

t—t1)r?

density, it simply reads Sia(t,t1) = e~ 1dl , where, as a reminder, we have denoted

G = Gr. However, for the kinematics we consider, see eq. (2.13), this becomes
Sia(t 1) = e~ 12411 (3.10)
Then, assuming that ¢ =t and t9 — t; ~ t¢, we find
_2_4
S1o e 3wlet (311)

with w = z(1 — z) E. This implies that medium modifications appear, in this term, whenever
w3t < q.

The correlator of four Wilson lines C)(t, t5), referred to as the quadrupole (in the
fundamental representation), can only be calculated numerically at finite- N.. We will later
show how this can be achieved through the differential equation eq. (4.10). In the large-N,
limit, however, it can be calculated analytically through the simplified differential equation
eq. (4.12). There are only two ways of connecting the Wilson lines at the final time (their
connection at initial time is given by the vacuum splitting process). We can therefore
define C5(t,t2) = <tr[V1V2T] tr[VQViTD and Cs,(t,t2) = <tr[V1V2TV§ViT]>, note the absence of
explicit normalization factors at this stage. In the large- N. approximation, the first of these
correlators reads simply,

%%(t,m o om0ttt -r] (3.12)

C



where T = t5—t1, and the dependence on t; appears as a consequence of the fixed trajectories.
Here we have used the eikonal (2.12) and harmonic oscillator approximations (2.8). Similarly,
at large-N., the second correlator is
1 — 1462 (t—t2)7
ﬁCgl(t,tg) ~e 1
C

— %@022'(1 — 2)7? t ds e~ 190%(=9)2 o= 7500%[(s—t2) "4 (s —11)*—7] (3.13)

Y

where we defined ¢ = 22 + (1 — 2)2. Only the latter of these correlators appears in the
spectrum, cf. eq. (3.7), but we include both for completeness.? Assuming the dominance of
the first term in (3.13), setting t = L and assuming that L > t¢, we find that
L otdh
SACTELIE (3.14)

where we put ¢ &~ 2/3. The factor in the exponential becomes large whenever wf < /gL.
This factor is related to momentum broadening of the quark and anti-quark after they have
been produced.

Let us compare the two conditions when exponential suppression arise either in the
dipole Sia(t2,t1) or quadrupole Cs;(L,t2). For a fixed energy w, the two conditions are
equal at the critical angle

0, ~ <QL3)_1/2 . (3.15)

Let us also define the characteristic energies wq = (§/ 94)1/ 3 and wWproad = VGL/0. At
large angles 6 > 6., the condition from the dipole starts affecting soft gluon emissions, i.e.
wq < Whroad- This reflects the length-dependence color coherence. On the one hand, the
dipole, which has support only during the formation time ¢ < L, needs a large angle to
resolve the two particles within that time scale. On the other hand, the quadrupole, which
extends up to L, will ultimately resolve even narrower configurations.

We also plot the dependence on the latest time of both C,gi) (t,t1) and Céi) (t,t2) in
figure 2a, keeping t; = 0.3fm fixed, in the case of the dipole, and both t; = 1fm and
t; = 0.3fm fixed, in the case of the quadrupole. The other parameters are chosen as
G =1.5GeV2?/fm, # = 0.5 and z = 0.5. We notice the fast decay of the dipole, that goes like
~ et according to (3.10), compared to the exponential decay of the quadrupole, i.e. ~ et
at large times. Finally, we notice that the large- N, approximation to the full quadrupole,
given in eq. (3.13), is very good up very late times.

Quark-gluon splitting. Next we consider the slightly more complicated problem of a
quark-gluon splitting. This was also outlined in [22], but not calculated explicitly. For
this process, the vacuum emission spectrum is given by (3.1), with the QCD coupling
constant «s and the Altarelli-Parisi splitting function Py,(z) = C’FM The four- and

2 .

In [22] C5; is also calculated in the large- N, limit. In their eq. (29) they get the same as (3.13), except
they lack the factor of 1/2 in front of the second term.

~10 -



three-point functions read

1
CSa (L, ta) = N1 <tr[V§V1v;V2] (VI V3] — thr[vgvl}> : (3.16)
1 1
Ci(ta, 1) = N <tr[V2TV1]tr[V0TV2] - thr[VoTV1]> : (3.17)

The emission spectrum is composed of correlators of two, four and six Wilson lines. The
three-point function can be solved exactly, see (B.7), resulting in

1 t12 dsn(s)[Nec(oo2+012)— NLCUOI}

CO(ty, t1) =e 27

1 2
_ e_ﬁQ(tz—t1)392 (1+ZQ+WZ—1>

(3.18)

This expression is very similar to the dipole term in eq. (3.10) and the same scale analysis
applies.

The four-point correlator involving six and two Wilson lines can only be calculated
numerically at finite N.. In the large- N, limit, the former can be calculated analytically,
and reads

S AV VeV {15V]) o el -222)

C

x (1= 50820 = )t — )7 [ dse Pt 60—,
2 to

(3.19)
Once again, the first term in the correlator above has a form very similar to the four-point
function relevant for photon splitting, see eq. (3.13).

Gluon-gluon splitting. The last process of interest is the case of a gluon splitting into
two other gluons. This process was discussed quite extensively in [23]. For this process, the
vacuum emission spectrum is given by (3.1) with the QCD coupling constant o, and the
Altarelli-Parisi splitting function Pygy(z) = 2N.[2(1 — 2) + 1% + tZ]. In this case the 4-

z

and 3-point functions read

1
CD(L,ts) = N (v e [Vavivivil e VaVy] — e[ vavivivivavyl)
(3.20)
C)(ta,11) = NI AN AACIAA A AN (3.21)
When cast as correlators of Wilson lines in the fundamental representation, the C!g‘;) involves

8-point correlators, which is the largest number we will calculate in detail.
The 3-point function can be solved exactly, either by the differential equation (4.26) or
by writing it in terms of adjoint Wilson lines (A.17). In the end, the result reads

—Ne (2 44 n(t)[oo1+o02+
Cé:;)(t%tl) —e 2 ftl n(t)[oo1+oo2+o12]

14 392 N 2
_ e—ﬁq(tg—tl) 0 c—;(l—z—i—z )

(3.22)

Note the similarity to the previous results, see egs. (3.10) and (3.18).
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The 4-point function consists of two different correlators of eight Wilson lines. They can
be calculated through the differential equation in eq. (4.26). Interestingly, the four-point
function Céé) involves a eight-point correlator, see the second term in (3.20), which cannot be
reduced further in the large- N, approximation. This can nevertheless still be exactly solved
in the large- N, approximation, which we present in the figures below, but the expression is
too long to extract any meaningful approximation. Anticipating the numerical results, we
can mention that it is for this correlator that the large-N. approximation gives the biggest

deviations with respect to the exact result.

Gluon-quark splitting. We now consider a gluon that splits into a quark-antiquark pair.
The Altarelli-Parisi splitting function is Pyg(z) = nyTr[2*4 (1 —2)?] and the correlators read

1 1
Cl(L,tp) = N, <tr[v1VJV§vf] N tr[Vi V] tr[VQV;]> , (3.23)
1
(12,00 = g (VW) VoV — - Vi) (3.24)

Since these expressions involve only quadrupoles and dipoles, that were previously encoun-
tered and analyzed in detail above, we will not present further results for this splitting
process.

3.2 Numerical results

Here we present the numerical calculations of the results from the previous section. We
focus first on the details of the three- and four-point functions for each of the three splitting
processes, and proceed with calculating the double-differential spectrum in the momentum
sharing fraction z and angle 6.

In figure 2, we show how Cl(j3 ) (t,t1), with blue, solid curves, and Ci(;l ) (t,t2), with orange,
solid curves, for the three processes evolve with time. For the four-point functions, we
also plot the large- N, approximation with orange, dashed curves. We fix both ¢; = 0.3 fm
and t3 = 1fm and plot for the latest time ¢t = L. For the other parameters we choose
G=15GeV?/fm, § = 0.5 and z = 0.5.

While this approximation turns out to work extremely well for the photon splitting, see
figure 2a, we note that it has a more limited range of applicability for both the quark-gluon,
see figure 2b, and gluon-gluon, see figure 2c¢, splitting processes, respectively. In all of the
cases the exact value is slightly higher than the approximate one. As we derived analytically,
the Ci(;) terms all decay as ~ e~ (t=11)°T202f(2) where f(z) is a process dependent regular
function. The Ci(;l) terms are more complicated, especially at early times where all terms
contribute, but at late times the dominant contribution comes from ~ e~d(t=12)6%,

The ratio of double-differential in-medium to vacuum spectrum reveals the medium
modification factor Fipea(2,0) = dI™d/(dzdf)/dI"*¢/(d2df). We plot this factor, calculated
at finite V., for the three processes in figure 3. These results have been obtained for the
medium parameters ¢ = 1.5GeV?/fm and L = 2fm and an energy of the initial particle,
before splitting, of £ = 100 GeV.
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(a) Photon splitting. (b) Quark-gluon splitting.

G =15 GeVZ/fn, t; = 0.3 fn, ty = 1 fin
0=05z=05

10°

10!

A(3)
Cyg
A(4)
Cyg

(4 .
i) large-N,

)
10755 10 15 2.0 25 30 35 10

_l.: [fm]
(c) Gluon-gluon splitting.

Figure 2. The time evolution of C®) (L, ;) and CY(L,,) for the three processes. For C) (L, t5)
both the exact and large- N, versions are plotted.

As one can see from figure 3, the medium modification factor Fyeq(z,6) has roughly the
same characteristic shape for all three processes. The medium modifications appear at large
angles § > 6., in between the characteristic lines w303 < ¢ and w?#? < §L which we have
identified for the three- and four-point functions in section 3.1. This corresponds to formation
times smaller than the medium length, ¢ < L. In fact, we can recast these conditions in
terms of the formation time of the process, namely ¢ < tq and t; < tproad, Where

1 \1/3 1 \1/2
tq ~ (W) , and throad ~ (M) . (3.25)
The modifications appear for the range of formation times tproaq < tr < tq and 6 > 6. [22].
There also seems to be a trend that both the magnitude and the region of the modifications
grow with the number of Wilson lines. This can be traced back to the finite terms, f(z), in the
exponents that modify the scaling behavior. Naively, we would expect the relevant jet quench-
ing parameter to be roughly a factor N./Cr = 2 larger for gluon splitting than for the photon.

Our main focus in this work is to highlight the differences between the finite- IV, results
versus their large- N, approximated counterparts. To illustrate this we have plotted the ratio
of the exact and large- N, medium modification factors, i.e. Fined(2,0)|1arge—N./Fmed(2,0)
in figure 4. The difference between the exact and approximate result is small in the whole
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Figure 3. The medium modification factor Fineq(z,8) for three splitting processes as a function of
0 and z with L = 2fm and E = 100 GeV at finite ..

phase space in the photon splitting case, where there is a correlator of four Wilson lines.
However, in the cases of quark-gluon and especially gluon-gluon splitting, which contain
correlators of six and eight Wilson lines, the error can be relatively big, maximally of the
order of 16% in case of the latter process. This is the reflection of the behavior observed
previously in figure 2. From these calculations it seems like the more complicated color
structure, the bigger the error is by using the large- N, approximation. Once again, the error
becomes most sizable at relatively large in-medium formation times, i.e. tf ~ tppoad and
te ~ tq, but at the same time tf < L. This is most clearly seen in the gluon-gluon splitting,
cf. figure 4c. Finally, we note that the finite- N, corrections come as a modulation along
the previously established scaling lines which hints that such corrections could perhaps be
absorbed into an effective jet quenching parameter.

To summarize, we have calculated the double-differential spectrum % for three
different splitting processes, and shown that the resulting expressions factorize into three-
and four-point functions that contain medium-averaged products of 2, 4, 6 and 8 fundamental
Wilson lines. In the coming section 4 we will detail how these are calculated. Strikingly,
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Figure 4. The ratio Fined(2,9)|large— N, /Fmed(z, 0) for three splitting processes as a function of 6
and z with L = 2fm and F = 100 GeV.

the three- and four-point functions all take a very similar scaling form as was derived
analytically exactly, for the former, and in the large- N. approximation, for the latter. This
corresponds to the identification of two characteristic time-scales in the medium, related to
broadening along the length of the medium, tyr0a4, and decoherence during the formation
of the splitting, t4. These were identified first in [22] for the photon splitting process, and
we have here extended their validity to all other splitting QCD processes. Finally, we have
seen that finite- N, corrections play an increasingly important role the bigger the total color
charge involved in the splitting process.

4 Calculating Wilson line correlators

In this section we will present our method for calculating Wilson line correlators. As an
illustration we will first show how it is done in the simple case of four Wilson lines in the
fundamental representation. Thereafter this process will be generalized to an arbitrary
number of Wilson lines.
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4.1 Four Wilson lines

The simplest Wilson line correlator comes from the pair production process (3.7), where
there is a trace of four Wilson lines (tr[V; VJVQViTD. In this section, we will show how to
derive a system of differential equations to calculate this. Let the Wilson lines have support
from ¢y to some arbitrary time ¢ 4 €. Then, following [25], we expand them between ¢ and
t + € to get

V<t+67t0;r> = V(t+67t7r>v(t7t0; I’)
e a g e e I Aa brot W\pagh 2
1+zg ds A%(s,r)t® 51 ds ds’ A%(s,r)A%(s', ")t t"+O(€)
t
XV(t,to;I‘), (4.1)

where we have kept some of the color indices implicit. All four Wilson lines are expanded in
this manner. We end up with having to take the medium average of the integrals over two
medium fields, traced over the relevant color indices, which is dealt in the following way

t+e t+e t+e
/ ds ds’ < A%(s,r)A"(S, r’)[tatb]¢j> = / dsn(s)y(r —r")tts;
t t

~ eCpn(t)y(r —r")d;, (4.2)

where in the first step we applied the medium average (2.5). Then, keeping terms up to the
first order of € this becomes

(Vv VaVil) g = (14 eg®n()Crl + 702 — 23] ) (e [VAVIVaV ) o

—eg*n(t)mz — 2 — 71z + VIV V. (43)
Using the Fierz identity
a . 1 1
tijth = 5 <5il5jk - Nc5z'j5kz) ; (4.4)

this results in the differential equation

(e ViVa VeV D ero — (e ViVE VeV Dy

d
MV ) =lim

dt €
=g°n(t) [CF(’Y11+’72§_2’YO)+2N (13—712— ’7124‘721)}@1"[‘/1‘/2‘/2 ]>(t)
1
—592”@)(715—712 7124—721)(‘51“[%‘/2]&[1/2 ]>(t) (4.5)

It is evident that the original term mixes with another four-point correlator, given in the
term on the last line. To understand this, let us look closer at the term (tr[VlVQTVQVITD.
Since the process is happening in the medium the quarks and antiquarks can at any time
exchange gluons, so their color is continuously rotating. In the case of four Wilson lines
there are two possible ways of connecting the color at time ¢ to ensure color conservation,
namely as shown in figure 5. The second way is exactly the term <tr[V1V2T] tr[VQViTD that
appeared in equation (4.5). The inclusion of this term in the differential equation (4.5) just
represents the possibility for color rotation to happen at each time.
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2 2
2 2
1 1

Figure 5. The two possible ways of color connecting the four Wilson lines. On the left is
C5 = (tr[VlVJVQViTD, while on the right is C}5 = (tr[V3V;] tr[VQViTD, both going from times t5 to
an arbitrary time ¢. The grey lines at the beginning and end indicate the colour connections.

To continue one can find a complementary differential equation for (tr[Vlva] tr[VQViTD
and see if we can find a solution for the set. Going through the same procedure as above gives

d
&<tr[V1V2T] tr[VQV{rD(t)
1
= 92”(t) Cr(y2 + 713 — 270) + IN (V12 =711 — 722 + V12) (tr[V1V2T] tr[VQVfD(t)
1
= 5z —n1 — e ) VIV ) (4.6)

We now have a set of two coupled differential equations. To save space the following notation
will be used Cy5(t) = (te[ViVy] tr[Va Vi) () and Cyy () = (t[ViV5 V3VA1]) (). This notation
warrants some more explanation. Both of these expressions are composed of the two pairs of
Wilson lines, namely V1V2Jr and V§Vf The only difference is how to connect them. The two
subscripts in the C’s tell which Wilson line comes immediately after the two pairs. So C5,;
means that V1V2Jf is connected to V5 and VQVIJf connects to Vi. The result is (tr[V} V;VQVS]).
This notation might seem overly complicated, but it will prove to be useful when considering
more than four Wilson lines.

The two differential equations (4.5) and (4.6) can be gathered into the following system,

d [Cpm]  n) [Crat)
& lci(t)] R [clfm] | o

where the evolution matrix takes the following form,

M 2CFp(o12 + 057) + Nizh -
_ c L , (4.8)
-2 2Cp(o1 + 039) + EEQ
Here we have used eq. (2.7) to define 012 = (71 — r2), and introduced
Y1 =013+ 01 — 011 — 093
Yo =013+ 01y — 012 — 075 (4.9)
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To proceed, we employ the harmonic approximation (2.8). For the eikonal, straight-line
trajectories, given in egs. (2.12), the evolution matrix becomes

§6* |Cplt—t1)* + (t —1)’] = q-(t —t)(t —ta)  —(t—t1)(t —12)
ACE z(1 —2)72 Crr2€ — Nicz(l —2)712
(4.10)
where we have defined 7 =ty —t1, £ = 22+ (1 — 2)? and assumed that the angle between the

),
2

two particles € is small. Unfortunately, since the matrix elements depend on time in our setup,
we can only solve this system of differential equations exactly by using numerical methods.

The authors of [22] calculated the four-point function (tr[V; V;VQVJD in the large-N,
limit, which is interesting to compare with our results. This example is illustrative of the
general structure of the hierarchy between the different correlators, and we will therefore
go through it in detail. To take the large-NN. limit you start the system of differential
equations (4.7) and count the powers of N, in each term in the evolution matrix and the
vector of correlators, taking into account that Cj5 ~ N2 and Cg; ~ N}. In this limit we
also have Cp ~ N./2. The terms on the right-hand side of (4.7) then have the following
powers of N,

O(NCO) + O(Nc_z) O(Nc_l) O(Ng) large— N O(N(?) 0 O(NCQ)
O(N:) O(NQ) + O(N;?)] |O(N,) O(N;1) O(NQ)| [O(NS)]

Cc c

The large- N, approximation amounts to dropping all the terms in the matrix that are not
scaling with the same power of N, as the original vector, given by the second term in (4.11).
We see that the next-to-leading power of N, turns out to be a factor N2 smaller compared
to the leading terms. This scaling has also been corroborated generally for n-line correlators
in section 4.2.

Hence, employing the large- N, approximation leads to the simplified system of equations

d lcﬂ(t)] L lm[@—m)%@—w)ﬂ 0 H%(t)]'

dt C3(t) 4N, 22(1 — 2)72 N.72¢| | C5(2) (412)
Now it is evident that the differential equation for C3 is separable and can be solved easily,
which means that C5; also can be solved. This leads to the equations (3.12) and (3.13). The
physical picture of this differential equation is quite transparent. The correlator of the two
particles (described by two lines in the amplitude and two lines in the complex conjugate
amplitude) can be in either of the states shown in figure 5, and there is a possibility of
exchanging a gluon and transferring from one state to the other. This is encoded in the
off-diagonal terms in the matrix (4.8), and is associated with a factor of ~ ¢, which scales
as N 1. Say you start in the state C}5 shown on the right in figure 5, scaling as N2. If you
exchange a gluon you pick up a factor N ! from the o, and go to the state Cs;, which is
a single trace correlator that scales as N}, so in total this transition is associated with a
factor NO. This is a factor N, 2 smaller compared to the starting point so it can safely be
dropped in the large- N, limit. However, starting with C5; and going to C;5 you go from
a state that scales as N} to one scaling as N2, but you lose a power of N, from the o, so
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Figure 6. The exact and large-N, version of Cy5(t) = (tr[ViV,] tr[VQViTD (blue, solid and blue,
dashed lines, respectively) and Cs,(t) = (tr[\GVQTVQViT]) (orange, solid and orange, dashed lines,
respectively). We also plot only the leading, diagonal term of the large- N, approximation of Cs;
(orange, dotted line) which exhibits the correct large-time asymptotic behavior.

in this case the end result has the same N, scaling as the starting point. Hence, in the
large- N, limit you can drop the upper right term in the matrix, but must keep the lower
left one, see section 4.2 for a general argument for n-point correlators.

The solutions to (4.10) and (4.12) were plotted in figure 6 (solid and dashed lines,
respectively). For this particular case, the agreement between the large- N, approximation
and the exact, finite- N, result is strikingly good for the C3; correlator. At late times, we
observe an exponential suppression, o< e~!, with a slope that is in good agreement with
the first term of eq. (3.13). At early times, there is an interplay between C3; and C5 that
leads to a more rapid decrease initially. This is however well captured by the large- N,
approximation, given by both terms in eq. (3.13).

The C5 correlator is described well within the large- N, approximation at early times.
However, at late times it exhibits a long tail that is not captured within this approximation.
This can be remedied by including sub-leading corrections in color.

Sub-leading corrections in color can be incorporated to improve on the sometimes crude
large- N, calculation above. To do this write the full correlators as the sum of their large- N,
versions calculated through (4.12) and some smaller correction term,

c=c4+ch, (4.13)

where C' = (C}3,C5;)" is a vector of the correlators in question, so that CV) is a factor
O(N;2) smaller than C(®). We can also write the matrix M in a form that isolates the
large- N, terms from the finite- V. corrections, i.e.

M = MO 4 peorr- (4.14)
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where the first term strictly corresponds to the leading terms in the large- N, limit. In our
example above, we find that

B @M(O) _ g6 [(t —t1)?+ (t—t2)* 0 ] 7 (4.15)

2 4 N%Z(l — z)7'2 T3¢

while

(1) ycorr. , 19 [(t —t)(t = t2) Ne(t —t)(t — tﬂ] , (4.16)

2 ~ 2N? —Nicz(l -1 2(1—2)71?
where we expanded the correction matrix to find the leading terms in N.. It can be
confirmed that the overall correction to both correlators is of the order N 2.

The correlators at leading color, i.e. C(© are known. They solve the simplified set
of equations dC'®)(¢)/dt = —@M(O)C(O) (t), and are given explicitly in (3.12) and (3.13).
This can now be used to calculate the color sub-leading contributions CV). Simply plugging
this into the full differential equation (4.7) results in the following differential equation for
the first correction

d t t
—CW(t) ~ — MM(O)C(U(Q _ ) peonn (0) (t), (4.17)
dt 2 2
where we have neglected terms that are even more sub-leading, i.e. resulting from M C™),
This is an nonhomogeneous version of the large- N, system of differential equations (4.12),

and can also be solved exactly. As an example the first correction to Cllé(t) is

> [t
O (1) = 5 [ ds =15 —12) [C1(5) + N 0)]
x M [(t=t1)P— (5=t 4 (t—t2)~ (s-12)*] | (4.18)

The first correction contains C’ég)

linear tail at long times. One would therefore expect that this correction will rectify the

(t), given in (3.13) which as can be seen in figure 6 has a

difference between the exact calculation and the large- N, version of C;5(t) at long times
which can be seen in the same plot. On figure 6, we have plotted this correction, and it is
indeed clear that it contains this linear tail. It is also worth noticing that the N.-scaling
%) ~ N?, since there is an N ! in the pre-factor and Cgl)) ~ Nl As
expected the correction is lower by a factor N2 compared to the large-N, result.

of the correction is C

It is possible to calculate higher order corrections going as N4, N6 etc. compared to
the large-N. expression using the same technique recursively.

4.2 General method for Wilson line correlators

In section 3, we showed that doing similar calculations starting with a quark or a gluon
emitting a gluon leads to correlators of six and eight fundamental Wilson lines, respectively.
We will now generalize the procedure demonstrated in the preceding section and develop a
method of calculating correlators of an arbitrary number of fundamental Wilson lines. To
be more precise we get systems of differential equations like in (4.7), and will show how to
easily calculate all the matrix elements in the K! x K! matrices. The system can then be
solved numerically or, as we will see, analytically in the large- N, limit.
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The correlators of six and eight Wilson lines that appeared in section 3 are
» (e VVivIVR eV Va)),

RCAAEAAAATIA]

« and (Vi Vi VoV ViV V).

Note that one can divide the correlators of these Wilson lines into pairs on the form
VaVibli

injm times some Kronecker deltas that connect the indices.
To start, consider the special case of calculating a correlator involving K pairs of a

Wilson line in the amplitude times the same Wilson line in the complex conjugate amplitude

<[V1V ]zul[VZV ]zm e [VKV ZKJK = H szn . (4.19)

This is very useful to consider, even though none of the correlators mentioned above
are of this exact form. The reason is that in this form all of the formulas derived in
this section become much nicer. In addition, it is easy to generalize this to include all
cases simply by changing the labels of the Wilson lines in (4.19) to whatever is needed
in the specific problem at hand. For example, choosing K = 3 and changing labels
(1,1,2,2,3,3) — (1,2,2,1,2,2) gives the structure needed in (3.16), while K = 4 and
changing labels (1,1,2,2,3,3,4,4) — (1,1,2,2,1,1,2,2) reproduces the correlators in (3.20).
So even though it seems we are calculating a special case, simply changing the labels in the
equations in this section leads to all possible cases.

To compress the notation a bit we will write the k’th instance of a Wilson line pair as

Wk, = ViVil;

Ik

(4.20)

ieJk *

It is possible to generalize the method of reaching a system of differential equations showed
in the previous section to an arbitrary number K pairs of Wilson lines. The steps are
outlined in appendix C. This procedure leads to the differential equation,

ON. d /&
2 dt< WZZJ}L>
9 n=1
K-1 K K K
=n(t) (V75— M=) — 2 e — K (N2 =1)70 < I1 Wfljn>
k=1

n=1
K K
+n(t) > | %k <tr(Wk)(5ikjk (H WiZﬁ) >]
k=1

n#k

K
k k l
Z< (%ﬁl Zk]l W wk ]lka+7klélka [W w! ]%Jz Vlezlngzk]l ’VHWzkaka)
>k

B
Il
—

X H wﬂ>. (4.21)

n#£k,n#l
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One can see that the term on the first line has the same index structure as the original,
while the subsequent lines contain mixing terms. Notice that, in the mixing terms, only at
most two W’s change place. The rest stay the same as before.

The above equation is a step in the right direction. It makes it possible to quite
easily project out all the different differential equations by contraction with the prod-
uct of K Kronecker deltas. For example starting with (4.21) and projecting out with
8j1i10jais - - - Ojcip turns it into a differential equation for & (¢r[W1] tr[W?] ... tr[WX]), while
0j1i205ais - - - 0ji; leads to %(tr[W1W2 ... WK]). We will denote these two possibilities by
Cra..x = (tr[Wtr[W2?] ... tr[WE]) and Coz_ k1 = (tr[WIW?2...WE]). The general ver-
sion of this is Cyy ms..my » Where mims ... mg is one of the K! permutations of the numbers
between 1 and K. The idea behind this notation is that W' is connected to W™, W? is
connected to W™2 etc.?

Although it is possible to use (4.21) to project out all the necessary differential equations,
there are actually K! such projections, which quickly becomes a huge number. It would be
much preferable to write this system in matrix form, like in eq. (4.7). Making use of the
notation we described above we want to write the system of differential equations for K
pairs of Wilson lines as

d 1
&lemznmx - _§n(t) Z M%fﬁﬁ;.}?fﬁn;(cplmmpf(v (4'22)
pip2..-PK

where p1ps ... pg also is one of the K! permutations of 12... K.
Starting from (4.21), one can deduce the general form of the matrix elements MP1P2. Px .
For details on how this is done, we refer to appendix C. Fortunately, most of the matrix
elements are zero, and those that are not have quite simple expressions. The K! diagonal
entries are
K 1 KK 1 K
M = NS op N S (ow+ oy — o — o) — N Sog (4.23)
k=1 k=11>k k=1

Ak

Note here that only the first sum depends on the exact permutation we use. The two latter
sums are independent of this, and are common to all the diagonal terms, so we call it
Af. The only other non-zero matrix elements M/1P2-PK  —are those where pips...pk is
just mims ... mg, but with exactly two entries swapped places. If our original sequence

is mimo...m;...m;...mg, and its entries in positions 7 and j have changed places it
j )

becomes mimsy...mj...m;...mg. Then we get K!K(I;_l) entries of the form

mima..m;j..mi.mg ~ _
Finally, we have
P1p2---PK —
Mot = 05 (4.25)

30ne final example to clarify the notation can, for instance, be the correlator Ca1s. x = (tr[W1W2} tr[WS]
ot [WED.
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for pips ...pr being any other permutation of mims ... mg. This means that out of the
K!? matrix elements, only lK I(K? — K +2) are non-zero. These are given by the relatively
simple formulas (4.23) and (4.24). Putting it all together this becomes

d
alemg...mi...mj...mK = N Z Ukmk lemg...mi...mj...mK
k=1
K-1 K
- 7” Z Z m]' + O-ml‘; - Jmim]‘ - U{j)cmlmzm]m,mk- .
i=1 j>1i

(4.26)

Of course, for all differential equations you need to specify some initial conditions. It
is clear from the definition of the Wilson line (2.2) that Vj;(to,t0) = ;5. The trace of
this is tr V(tg, t9)=N.. This means that the initial condition of a Wilson line correlator
is N, to the power of traces it contains. A few illustrative examples of this are Cho. g =
r[Whtr[W2] .. tr[WE]) ~ NE Co13. ¢ = (tr[WW2te[W3] .. tr[WK]) ~ NE-1 and
Co3. k1= <tI‘[W1W2 e WK]> ~ Ncl

The system of differential equations given by eq. (4.26) is to our knowledge not possible
to solve analytically in the case where o is a function of time, so we have to turn to numerical
techniques. We have written a code to solve the differential equation numerically using the
SciPy library in Python. For the examples encountered in this paper, this is quite fast (in a
matter of seconds on a standard computer), even for a 24 x 24 system. However, since the
size of the system goes as K!, we expect that it will become much slower as K increases. If
the elements ¢ are time-independent it should be possible to diagonalize the matrix and
find analytic solutions to the differential equation. However, since this is not the case in
the problems we consider it is not pursued here.

To better understand what this system of differential equations looks like, it is useful
to view it in matrix form. Generally, there will be several correlators that go as the same
power of N,. It is useful to gather these in vectors C™ | where the superscript M is meant
to indicate that this scales as N. Then, eq. (4.26) can be represented as

[ CK ] 0 o 0 ... ... 01\ [ CK T
ck-1 o0 o 0...0 ck-1
d |CcE—2 . 1 1 0oc 0 c 00 cK—2
a | |7 dlag(NC“+JVcU""’NC”+JVC")+ SR :
C? 0...0 0 0 o C?
e 10 ...... 0 00|/ C' |
(4.27)

The first matrix contains the diagonal elements, written in detail in (4.23). The second
matrix represents the non-diagonal elements, and o is a block containing non-zero elements,
which we get from eq. (4.24).

4.3 Wilson line correlators in the large-IN. limit

The system of differential equations (4.26) can in general only be solved numerically at
finite N.. However, in the large-N, limit, the system simplifies in a way that makes it
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possible to solve it exactly. This can be seen from the matrix representation in eq. (4.27).
Since o ~ N, !, the diagonal matrix elements go as ~ N? + N2, while the non-diagonal
ones go as ~ N, !. Multiplying in the vector on the end and representing every term by its
N, scaling this becomes

FCE 7 (NS+NHCE ] T NIRRT
CK—I (N£+NC—2)0K—1 Nc_l(CK+CK_2)
d CK—2 (N3+Nc—2)cK—2 . Nc—l(cK—1+CK—3) (4 28)
a| |7 : : ' ‘
C? (N2 + N7%)C? N7Y(C3® +CY)
L Cct | | (N2+NZHC | | N;c? |

Taking the large- N, limit is equivalent to keeping only the leading order of IV, in each row,
and dropping terms going as N, 2 compared to the leading term. Translating this back to
the form in eq. (4.27), this becomes

[ CK 7 00 0 ...... 01\ [ CK T
ck-1 c00O0...0 ck-1
4 |CK—2 0oc 00 00O CcK-2
T : ~ | diag (Nco, ..., N.o) + S : . (4.29)
Cc? 0...0 0 00 C?
| C1 | 0 ...... 0 00|/ | C' |

Hence, in the large- NV, limit, all of the terms above the diagonal go to zero, and the system
simplifies drastically. To get some more intuition into why this is true physically it is
useful to imagine being in some color configuration that scales as ~ NM. At any point it
is possible to exchange one gluon, after which the possible resulting color configurations
of the system will change its N. power by exactly one, and go as ~ NM+1 or ~ NM-1,
The gluon exchange comes with a factor o ~ N1, so in total the overall N. power of
going to these systems are N and NM~2. In the large-N. approximation the latter
possibility is discarded, which is equivalent to dropping all the terms above the diagonal in
the matrix (4.29).

It is clear from this discussion that the system of differential equations (4.26) simplifies,
in the large- N, limit, to

d 1 K o
acmlmg.“mi“.mj...mK == 5”(75)]\70; Ul;:mkcmlmz.. mi..mj..mg
=1
1 K-1 K
_ _ N\ M+1
- 571(75) Z(Jimj + Umij — Omym; — O-ij)cmlmg...m]-...mi...m;( :
i=1 j>i

(4.30)

Here we have included superscripts to show the N.-scaling. In the second line, we have
indicated that only the correlators scaling as NM+1 should be included in the sum. This
means that in the large- V. limit the correlators with M traces only depend on the correlators
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with M + 1 traces. Similarly, the correlators with M + 1 traces depend on the correlators
with M + 2 traces and so on. This continues all the way up to the correlators with K — 1
traces, which depend on the correlators with K traces. Using (4.30) the differential equation
for the correlator scaling as NX is

d 1 K
aclg K= *in .7\fc Z a,;kClg,,,K. (4.31)
k=1
Since this is exactly solvable,
t K
012_,.}((15) — Ng( eféNC ft2 dsn(s) Zk:l o5k (8) : (4'32)

this provides a “bootstrap” for the whole system of equations. The above argument shows
that in principle all the correlators can be solved exactly in the large- N, limit.

As a side note, we can also understand the large- N, approximation as a simplification
of the operation of performing medium averages on multiple traced correlators. Given that
a dipole in the large-N, is given by

1
N.

INC ft dsn(s)o;1

Sy1(t, t2) = <tr[V1VT]> ta 7 (4.33)

the answer for Cy__x (t) is just given by the product of K dipoles, i.e. C1._ g~ NXS1... Sk -
On the level of the full correlator, this corresponds to the simplification

(e[ e[ W2t WK & e [W) (e[ W2]) . . (b [WE)) (4.34)

This argument can also be extended to any of the other correlators discussed above, e.g.
e[ te[W2 . WK & (e [W)) (e [W2. . WE)).

The simplified differential equation, eq. (4.30), can also be solved directly to get the
recursive formula

1 t K
M ATM —§ch dsn(s)zkzlalgm
Cm1m2 M. mj...mK_Nc € t2 k
K-1 K
L M+1
/ A5(5) Y 3~ (i, 0 = Omom, =TI o s
i=1 j>1
we™wNe f, A5 n) D o, (4.35)

This can also be written in terms of dipoles, namely

M M
Cm1m2 MM K 7N H mkk t tQ)

K-1 K K
1 M
-3, dsn Z Z < ST OmG — Ommy — a")ijle ;.. mme> H Smk,;(t, s).
=1 7>1 k=1

(4.36)

From this equation it is clear that all of the Wilson line correlators can be written in
terms of dipoles in the large- N, limit. That is because eq. (4.36) is a recursive relation

— 95—



(“bootstrap”) that stops when you reach the term with K traces, which is given in terms of
dipoles in (4.34). Since the only Wilson line structure that appears in both (4.34) and (4.36)
is dipoles, it means all the correlator can be written in terms of dipoles. In ref. [34] it was
pointed out that all higher-order correlators can be reduced to dipoles and quadrupoles at
large-N.. This is true, but it is interesting to note that eq. (4.36) with K = 2 shows that
quadrupoles also can be written in terms of dipoles, albeit in a convoluted form. The result
in this section directly confirms the results of [34], but goes one step further and shows that
really only dipoles are needed at large-N..

We could, in principle, also devise a scheme to compute sub-leading color corrections,
that scale like N2 relative to the leading terms, following the steps in eqs. (4.13) and (4.14),
and below. We have nevertheless not pursued this program further in this work.

5 Conclusion and outlook

In this paper we have developed a general method for calculating correlators involving an
arbitrary number of Wilson lines in the fundamental representation. This culminated in the
system of differential equations in eq. (4.26). This system can be solved numerically. We
showed that in the large- N, limit the resulting simplified system of differential equations,
eq. (4.30), can be solved exactly. We also provided a general way to compute color sub-
leading corrections, suppressed by N2 relative to the leading terms. This was done in
detail for the four-point correlator, in egs. (4.13) and (4.14), but can easily be extended
to any higher-order correlator. All the results can then be written in terms of dipoles and
their convolutions.

This technique was applied on three different cases of 1 — 2 parton splittings in the
medium, which were shown to involve correlators containing up to eight (fundamental)
Wilson lines. We used our method to calculate these both at finite and large N.. Comparisons
of the results are shown in figure 4. From these plots it is clear that in this exact case the
large- N, approximations works quite well for small §, but the differences become bigger as 6
grows. In certain areas of the phase space the error in using the large- N, limit might be as
high as 16%. This is expected given that the corrections we find generically scale as N, 2.

Since our method deals with a generic set of correlated Wilson lines, representing
particles moving on eikonal trajectories through a background field, it could easily be
extended to many other physical situations. For future work it would be interesting to
apply our results in initial state physics, where similar correlators of Wilson lines also
appear, and for soft contributions to event or jet observables in electron-positron or proton-
proton collisions. Finally, we plan on extending the formulation to account for non-eikonal
corrections to the particle trajectories.
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A Calculation of spectrums

Here we will show the calculations leading up to the for the emission spectra %. The
Feynman rules from [18] have been used to calculate the matrix elements.
A.1 Pair production

We start with the process of a photon producing a quark-antiquark pair. This process has
been calculated in [22] but we will restate some of the results. The amplitude is

. L - ij
M, = dt: (2m)20(po — B — Pb) (1[G (L, 1) 1py) (951G (L. 1)l po)]
Po,p’ Py Jto
/ 1 —'ﬁ t1—t
X Ay 51,55 (Ph — 2P0, 2) e 128 (110 Moy (po) (A.1)

2F
where the photon-quark vertex is given by
2ie

7(5_5231 (25/\31 — (1 — z)é)\sg)q €N . (AQ)
z2(1—2)

AA751 »82 (q7 Z) =

The initial hard process is represented by the amplitude M. After using the eikonal
approximation (2.11) this becomes (up to some phase that cancels when we take the square)

ij 1 L i (1—2)p2—=2 i
M s, = 25 ), dti e szaoye (1-2)p2—2p1)*t [W(L,tl)VQT(tl,L)] J
0
x AA,S1782(<1 - Z)pg — ZP1, Z>MO)\(p1 + p2) . (A3)

We have used the more compact notation to write Vi (r1) = Vi, Vp(re) = V. The goal is

to calculate
dr z(1—2)E%0 (IM|?)

dzdf 82 (M)’
The Wilson lines can be split using V' (L, t1) = V(L,t2)V (t2, t1). Then we only need to deal
with the two time intervals (L,t2) and (teo,t1). After squaring the amplitude, averaging

(A.4)

over initial polarization, summing the final spins, flavor and colors and taking the medium
average this becomes (3.3) with (3.7) and (3.8).
A.2 Quark-gluon splitting

The amplitude was calculated in [18] and is

. L
f= dty (2m)%6(py — K — ) (KIGE (L, 1))
Po,py,k'p" Jto
1 o
X |:(p|gF(L7 tl)’p/)Alj\,s,s’(k/ - Zp,Oa Z)E(PHQF(U, t0)|p0) Més’ (p()) 3 (A5)

where the quark-gluon vertex is
2igt?

i s [5)\5 + (1 - 2)5/\—5} q- 6; : (A6)

Aaij (g, 2) = ———2_
R N
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Again this simplifies in the eikonal limit (2.11)

. 1 L §e——— —Z)kR—z
M = — [ diye e (=2Dk=phugab 1y iy (L, t1) A8, o Vot to)] VM, (k+p) .

2F Ji,
(A.7)
We have denoted the adjoint Wilson line as V4(r2) = Us. Squaring the amplitude, sum-
ming/averaging over spins and colors and taking the medium average gives

dzdd 7 6 N2 -1

dr as Py(z) 2 5 Re /L dt; /L dt2 it t1
to ¢

< ([Ut(ta, YU(L, tl)] tr [V (0, 2) 'V, (1o, D)VA(L, 11)"Vo(11,0) ), (A.8)
where the relevant Altarelli-Parisi splitting function is

1+ (1—2)?

qu(z) =CF >

(A.9)

To continue we transform the adjoint Wilson lines into fundamental ones using the iden-
tity (2.3). The resulting expression will contain many group generators t*, and can be
simplified by using the Fierz identity (4.4). Finally, completely in the fundamental repre-
sentation the Wilson line structure becomes

< (07t UL, 10)]” b0 [V 0,120V (12 LYVA (L, 1) Vi, 0)}>

1 (T t t Lt )
= ((VIVsVIVALL: VI Vel — — VI VA6,
5 V2 VeV Vil V3 Val Nc[ an "

1
X <[V1 VQT]jk[VZ%T]li - N \41 VoT]jﬂSlk) ). (A.10)
c (tg,tl)

Conservation of color then makes it possible to connect 4,1 and j, k so when we include the
proper normalization factor the whole expression turns into (3.3) with (3.16) and (3.17).
A.3 Gluon-gluon splitting

The calculation of the emission spectrum for gluon-gluon splittings was done in [23]. For
completeness we will also include the main results here. The matrix element of the process is

L
MG = dty (27)25 (k) — K| — k!
AL, A2 Ko ket I, St 1(2m)70(ko—ky —ky)
x (k1 |GE (L, 1) |RY) (k2| G2 (L 1) | Ky) AS2, (K — 2k, 2 )38 (k0|gboc(tlat0)’k0)
X MGz, (Ko) (A.11)

where the gluon-gluon vertex is

1 *
T (@ &), — (g 6/\0)5)\1>\2:|

. 1,
Al)’\%bi\lﬁ)\z (q’ ) —QZg(Tbo)lnbz ;(q . 6>\2)5>\0>\1 + :
(A.12)
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In the eikonal approximation (2.11) the amplitude is

MPra2 — i Ldt im((l 2)kg—zk1)? tan1b1 (L ¢ )Ua2b2(L t )Ab0b1b2 Uboc(t ¢ )
Avd2 T op f, 1€ A0, M A2 1,00
X M(C)s/(k1 + k2). (A.13)

After taking the square of the amplitude, summing/averaging over spins and colors and
taking the medium average this becomes

L L Sty —t
dI  ag Pyy(z) 2 2Re/ dty @e_”tifl
to

dzdd 7 6 N.(N2— A

bob1b2 boblbz a1dy rrazds j’bl(ll j'l;2a2 d1b1 77d2bs Tboi)o
x f f <[U1 Upy* U7 Uy }(L,tz) [Ul Uy*™ Uy }(t27t1)>7 (A.14)
where the relevant Altarelli-Parisi splitting function is
1—
P,y(z) = N. {2(1 — )+ — S : - Z] . (A.15)

Conservation of color lets us decouple the Wilson lines in the two time intervals (L, t2) and
(t2,t1)

b 1 7 v /
beble Uii1b1 Uggbz UTbobo _ ¥ (N2 — 1) fdldzbofd1d2bofb0b1b2 Uldlbl Ug 2b2 UTbOb . (A.lﬁ)
c c
The part in the time interval (t2,¢1) can be calculated explicitly because of its simple color
structure
1 fd’ dib, 6fb0b1b2 Ud b1 Ud b2 UTbOb QC fttf dtn(t)[oo1+002+012] (A 17)
N.(N2 —1) 2 ' '

What remains are the Wilson lines in time interval (L, t2)

bo fbob1b b b
fd1d2b0 fbob1b2 ( {U{lldl U§2d2 UiT 1a1 UQT zaz} >(L,t2) ' (A.18)

However, these are not that easy to calculate. The procedure for calculating Wilson line
products detailed in section 4 only involve fundamental Wilson lines, so (2.3) is used to
turn all the adjoint Wilson lines into fundamental ones. Then one can use the definition
of the structure constants [t?, t°] = i f“t¢ and the identity (4.4) to get rid of all the group
generators. This was done in [23], and we quote the result

fd1d250 f50511_72 < |:Uil1d1 U§2d2 UITBUH U%‘52a2} >(L,t2)
1
- 5(tr[vlvf] tr[Va V) ViV e[V V] — tr Vi Vi VoV ViV Vs V] e
= (Vv e[V ViV e [Va V)] — (Vi Vi VeV ViV va v ) s, - (A.19)

The last step is true because the medium averaged products of Wilson lines are real. This
means that in the gluon-gluon case we end up with medium averaged products of up to
eight Wilson lines. Putting it all together we get the formula (3.3) with (3.20) and (3.21).
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B Six and eight Wilson lines

B.1 Six lines

In section 4 we developed the tools to calculate the correlators of six and eight Wilson lines,
which appeared in (3.16) and (3.20). To start we will look at the case of six lines, which
follows from (4.26) with K = 3. The relevant expression is £ ([V4 V{]m‘l [VQV;]Z-Q]-2 [V};Vg]mg,).
If this is contracted with 04,054, 0,4, it becomes

6j1i2 5j2i1 5j3i3 %
which is the structure encountered in (3.16). To get exactly the same as in that equation
we need only change the labels (1,1,2,2,3,3) — (1,2,2,1,2,2), which also simplifies the
system somewhat. The six different projections are gathered into a vector

CT - (Clé27 CQlQ; 0251, ClQQ? 021§7 0221)
S A A A R A A A A A IR A A B A A

(ViV i3 VeV 1iain VaV3 Jing) = (e [ViVIVR VS e [VaVS ), (B.1)

A A NCIVAIRCI A A AR (B.2)
We can write the system of differential equations as
d 1
—C =—- MC'. B.
dtC 2n(t)7C (B.3)

One can get the elements of the 6 x 6 matrix M from (4.23) and (4.24). The 6 diagonal
entries are simply
1
Mimams = Ne(02my + 0Ty + 03m,) = 37011 (B.4)
C
where (m1, mg, m3) now is some permutation of (1,2, 2). Thee non-zero non-diagonal entries
are given by

ma2mims __ _ _ _ _
Mmlmzmg = 02my + Ulml Omaomy 021

msmamy __ _ _ s
Mmﬂnzmg = O2m3 T O9m, Omsmg 093
mimama __ _ _ _ _ __
Mimams = Oims + O3ms — Omams — 013 - (B.5)

This leads to six differential equations which can be solved numerically for the six functions
in C. Interestingly this 6 x 6 system is reducible into two 3 x 3 systems. The first of these

systems leads to three differential equations that actually can be solved exactly:

(Vi) =~ Crn(hoyr i)
SRV 605V = = Sn(0[Nors + o) = -l aslViV 1)
— SO — 013 — o) Vi)
SRV 6BV = = Sn(0[Nors + o) = -l aslVi Vil
— (o1 — on — o) AV ]) (B.6)
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This is a nice consistency check, as taking the system for four Wilson lines (4.7) and letting
2 — 2 reproduces the first and second of these equations. Similarly, (4.7) with 2 — 2
reproduces the first and third. Solving the first two gives

¢
<tr[V1ViT]> = NceicF ft2 dsn(s)o1(s)
,ltsns co‘*fo-—fLo., . tsnsafs
<tr[V1V§T]tr[V§ViT]>:(N3f1)e 3 J,, dsn(s)(Ne(orz+013) 77 W, Cr J1 asnis)avs(s) .

One can easily get (tr[V} VQT] tr[Va Vf}) from the second of these equations by changing 2 — 2.
The first equation in (B.7) is a well known result, so it is nice that we reproduce that.

However, this is nothing new, merely a check that the system of six Wilson lines is
consistent with the previous calculations. The remaining 3 x 3 system contains the correlator
we actually want to solve, but is also a more complicated nonhomogeneous system. It is
useful to define two vectors with the 3 unknown and 3 known functions

T = (vl e[V aVav), (eVavy Vo] eefVavy]), (Vv vavivavif)))

7 = (v e[VaV]), (Vi eV val), (v Vi) ) (B.8)
Then we can write the remaining system of differential equations as
d 1
The 3 x 3 matrices IM; and My are subsets of the 6 x 6 matrix M and have the form
Nc(012+012+02§)*1v%011 011 + 095 — 013 — 019 0
M, = 012 + 013 — 013 — 01y 2(Croyg + Neoys) 013+ 01y — 012 — 013
0 017 + 093 — 012 — 073 Ne(093 + 045 + 019) — 3-011

(B.10)
013 =012 = 093 01 — 03 — 013 0
My = 0 0 —2095| - (B.11)
073 =093 = 03 012 — 0153 — 035 0
This can be solved numerically for the three functions in C7, and the result can be seen in
figure 7.

B.1.1 Quark-gluon splitting in the large-N,

As showed in section 4.3 all the functions in C' can be solved exactly in the large-
N, limit. The two terms with highest powers of N, ([tr[V1V}] tr[VQVf]tr[VQVgD and
<tr[V1V2TV§Vf] tr[VgVQTD can be gotten directly from (4.31) and (4.36) respectively. Alter-
natively one can count the N, powers in (B.7) and realize that IM; and M, simplify to

[ Nc(o12 + 013 + 093) 0 0

My ~ |o12 + 073 — 015 — 01y NC(UH + 2022) 0 . (B.lZ)
I 0 011 + 095 — 012 — 013 Ne(093 + 013 + 01)
[ 0 0 0

My =~ 0 0 0] . (B.13)
[073 — 093 — 073 012 — 013 — 093 0

The solutions to the simplified differential equation leads to (3.19).
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Figure 7. The exact and large- N, solutions to the system of differential equations (B.9).

B.2 Eight Wilson lines

For more than six Wilson lines the matrix in (4.26) becomes so big that it is impractical to
analyze it by hand.

For eight lines it involves the 4! = 24 projections of ([V1V£r]i1j1 [Vg\/g]m-2 [%,Vg]im
[VZLV;J]MJ:;)’ and the matrix M has 242 elements. The power of our result in section 4 is
here evident, as simply solving the differential equation (4.26) for K = 4 numerically
immediately gives the result for eight lines Wilson lines. To get the Wilson line correlators
we want from (3.20) the four last labels must be changed (3,3,4,4) — (1,1,2,2) so that
VAV i1 VoV Loz [Va Vil Tiaga [VaVi Jiaia) = (VAV i1 s [V Vi Liaga (Vi Vi i [V Vel iaga). The
two relevant solutions are shown in figure 8.

One thing to notice in figure 8 is that for the case of eight Wilson lines correlators,
keeping only the first term in the large- N, limit does not work well.

C Derivation of differential equation

In this appendix we will show in more detail how the differential equation (4.26) was derived.

We start with the derivation of (4.21). To illustrate we will first show the calculation
for K = 2, that is calculating ([V} V{]il n [VQVQT]iZ j»)- This generalizes rather easily to the
arbitrary K case (4.19). Expanding the first of these pairs like in (4.1) up to first order of €
and defining A = A% it becomes

t+e
ViV, (t+e to) = lViVlT—i—ig/t ds(A1(s)ViV] — Vi Aq(s)) (C.1)

1 t+e t+e
30 [ ds [ AL RANDVIV AL () — A () AV -V A4 () A4(5)

1171
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Figure 8. The exact and large-N, version of C,155 = (tr[VlViT] tr[VngVin] tr[VQVQTD and Cyi59 =
CIAAA A EVAN

Here all the Wilson lines on the right hand side go from tg to t. After taking the medium
average (2.5) and using the Fierz identity (4.4) the last term becomes

t+e t+e
/ ds [ a5 (241 (Vi Ar(s) = Au(9) A1 (VY] = IV A1 (9) A1) )

= Sonlt)e [mtr(vlv Wi = (200 + 3m1) (Vi (©2)

Now adding the second pair of Wilson lines and taking the medium average, while disre-
garding higher orders of ¢, it takes the form

<[V1V Jirin [V2V Jizga) (t + €,10) = <[V1V ]21J1[V2V Jizj2 ) (£, t0) (C.3)
+ 5oen(®) ( s eV = (2080 + -t ) DVl | Ve

1
[Vlv ]11]1 |:’Y22 tr(VQV )5i2j2 - (20}770 =+ N722> [V2V ]12J2]>
t+e t+e
—92/ ds/ as'([Ar( WV — ViVl Ag(s)] [Ae(s) VeV — eV Ay(s)] ).
¢ ¢ 1 1 i141 2 2 i2j2

The last term simplifies to

t+e t+e
g / ds/ V1VT VlvTA1( )]
29 n( ) <'712[V1V ]2231 [VZV ]11]2 + 712[V1V ]lljz [VQV ]12J1
712511J2 [VQV VlV ]szl 71252211 [Vlv VQV ]lljz

1
+ ﬁc(m + 712 = 2 = 712) [ViVi liujs [Va Vi i) - (C.4)

sy — v A )

(AW} 1272
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Letting € go to zero this turns into a differential equation

d
Vi V2Vl
1, 1

=39 n(t)( ﬁ(m +913 = Y132 — V2 — i — Yoz — 2(N2 = Do) | ViV Tij [VaVy Jias

+ 71 tr(vl‘/j)(siljl [VQV'T]izjz + Y23 tr(VQV‘ )[Vlv ]Z1J1512j2
- '712[V1V }12]1[‘/2‘/ }11]2 12 [Vlv ]11j2 [VQV ]12j1
+ 71251112 [V2V VlV ]Z2J1 + 712512J1[V1V V2V }11]2> (C-5)

Now we only have to project out the two possible ways to connect the Wilson lines.
Contracting with 8,4, 05,4, and 0;,4,0;,i, gives %(tr[VlViTVgV;D and %(tr[Vﬂ/{r] tr[VngD
respectively. In section 3 we wanted to calculate (tr[V} V;VQViT]), which is similar to the
above, but not exactly the same. Fortunately, our choice of labels is just a convention, and
completely arbitrary. Simply making the three changes 1 — 2, 2 — 2 and 2 — 1 turns (C.5)
into the system of differential equations in (4.7). The difference in this approach compared
to what we did in section 4.1 is that (C.5) contains both of (4.5) and (4.6). This compact
form is highly convenient when considering more than four Wilson lines. Generalizing the
steps from equation (C.1) to (C.5) to an arbitrary number K pairs of Wilson lines produces
the differential equation (4.21).

The next step is to show how to get from eq. (4.21) to the matrix elements (4.23)
and (4.24). Any pair of Wilson lines has two free indices. Take for example the second
Wilson line pair in (4.21) which is WZQ2 j,- Start by projecting out these two indices in all
the ways possible, and at the same time making as few assumptions as possible about the
rest of the Wilson lines. It turns out that projecting out with two Kronecker deltas gives all
the information we need. There are also only two possibilities that need to be considered:
either W?2 can connect to other Wilson lines, or it connects to itself and becomes a trace.
These two possibilities are given by projecting with 0;,i,8;,i; and 6;,4,05,i,, respectively.
To use Wilson lines 1, 2 and 3 is arbitrary. These labels can be changed to anything else
without changing the result, so the calculation is completely general.

Using (4.21) and projecting out by the two deltas d;,4,0;,i, gives a differential equation
for <[W1W2W3]Z'1j3WZ4J4 WZ§]K>

d

3 VWL G Wik W)

(ZVP IKJK
(ZVP IKJK

1
— —§g2n(t) (Nc(012 + 053) + NCAK) (WW2AW3),, Wi WE L)

1
— —g*n(t) (013 + 093 — 023 — o33) (Lt WAIW WL, Wit L W)

2 1474 ° IKJK

(). (C.6)

The (...) in the end are terms that are not completely determined by the projection that
was made.
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Next up is the case where we project out with d;,4,0;,i,, making a differential equation
for (tr W2[WIW?3], ;, Wi . .. WK ).

1474 ° IKJK

d
— (e WAHWIW3, Wi W)

ey inja - Winginc
- —%gzn(t) <NC(013 + 039) + ]\1ch;<> (G W2AWI W 5, Wi, - W)
- %9271(75)(053 + 051 — 023 — o) (W W2W2L i, Wik, Wil
+(...). (C.7)
In the notation from section 4 these equations become
%CQSmg.‘.mN = —%QQTL(@ (Nc(Uig + 033) + ;}cAI{) C23ms..my
- %gzn(t)(aig + 093 — 023 — 073) C2ms..my
Y (C.8)
gC32m3...mN = —EQQH(t) (Nc((fig +039) + 1AK> C32ms..my
dt 2 N,
- %gzn(t)(aés + 091 — 023 — 013)Co3ms..my
). (C.9)

Both of these equations are consistent with the matrix elements (4.23) and (4.24). The
point is that when all the indices are projected out all the Wilson lines will connect in one
of these two ways. Either they will connect to other Wilson lines or they will only connect
to themselves. And since we have shown that in either way the resulting expression is
given by (4.23) and (4.24) it means that these two equations are correct for all the possible
combinations.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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