PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: September 25, 2018
REVISED: October 3, 2018
ACCEPTED: January 4, 2019
PUBLISHED: January 14, 2019

Sub-eikonal corrections to scattering amplitudes at
high energy

Giovanni Antonio Chirilli

Institut fiir Theoretische Physik, Universitat Regensburg,
D-93040 Regensburg, Germany

E-mail: giovanni.chirilli@ur.de
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tained within the eikonal approximation and infinite Wilson-line operators. Evolution
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quark and gluon propagators which can serve as a starting point of studies of these effects.
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1 Introduction

It is well known that high-energy behavior of QCD amplitudes can be described by the
evolution of relevant Wilson-line operators. The typical example is the deep inelastic
scattering (DIS) at low Bjorken xp, where the T-product of two electromagnetic currents
can be approximated by a perturbative expansion in terms of coefficient functions (photon
impact factors) and matrix elements of Wilson-line operators evaluated in the proton or
nucleus state. The evolution equation of the Wilson-line operators with respect to the
rapidity parameter provides the energy dependence of the cross section. This procedure
takes the name of high-energy Operator Product Expansion (OPE) (see ref. [1] for a review
on Wilson-line formalism in high-energy QCD).

The operator describing the DIS scattering amplitude is a trace of two Wilson lines.
Its evolution equation with respect to the rapidity of the fields generates a hierarchy,
the Balitsky-hierarchy [2], of evolution equations. The Balitsky-hierarchy is equivalent to
the Jalilian-Marian-Tancu-McLerran-Weigert-Leonidov-Kovner (JIMWLK) [3-6] evolution
equation thus, they are referred to as B-JIMWLK equation. The Balitsky-Kovchegov (BK)
equation [7, 8] is the first of the Balitsky hierarchy and it is obtained in the mean field
approximation. Its linearization coincides with the BFKL [9, 10] equation (for a review,
see ref. [11]).

The OPE in terms of composite Wilson-line operators [12] has been applied up to NLO
accuracy in processes like DIS [13, 14] and proton-nucleus collisions [15, 16]. In ref. [17]
the analytic expression of the v*4* cross section has been computed using the NLO OPE
in linearized (BFKL) form.

A relevant part of the program of the proposed Electron Ion Collider [18-20] is dedi-
cated to the study of DIS with spin. Since the high-energy OPE formalism developed so
far is suitable only for unpolarized scattering processes, the extension of such formalism to
high-energy spin-dynamics for Transverse Momentum Distribution (TMD) functions and
g1 structure function is in strong demand.

The high-energy OPE in terms of infinite Wilson lines is based on a semi-classical
description of the process. In eikonal-approximation, the quantum free wave function of
a particle propagating in a classical external field is modified by a simple phase factor in
QED or gravity [21, 22], and by a path-ordered exponential in QCD [23-25]. In high-energy
QCD the rapidity parameter serves as a discriminator between classical and quantum fields
and the propagation of fast moving particles in an external filed is described by eikonal
interactions. Unfortunately, eikonal interactions are insensitive to the spin content of the
process. So, in order to bring in spin information, it is necessary to include sub-eikonal
contributions. The subject of this paper is the derivation of these corrections to the quark
and gluon propagator in the background of a shock-wave. These results represent the first
necessary step to include spin dynamics in the high-energy OPE formalism.

In refs. [26, 27] sub-eikonal corrections to scalar and gluon propagators have been
calculated in order to construct a formalism that provides evolution equations of gluon
Transverse Momentum Distribution (TMD) from low to moderate zp. In this paper,
I calculate the same result for the scalar and gluon propagators but including also the



contributions coming from the transverse gauge fields neglected in refs. [26, 27]. In addition,
I compute the sub-eikonal corrections to the quark propagator. The results obtained in
this paper can be used to study, for example, quark-TMDs with spin and to check results
obtained in refs. [28-34].

Corrections to the eikonal formalism have been considered also in the contest of spin
asymmetries in proton-nucleus collision. In ref. [35], for example, sub-eikonal corrections
for the retarded gluon propagator have been calculated.

Sub-eikonal corrections have also been considered in the contest of high-energy QCD
at fixed angle and resummation of threshold logarithms [36, 38].

The paper is structured as follows. In section 2.1 and in appendix A we introduce the
formalism and derive the leading-eikonal scalar and quark propagator. The sub-eikonal
corrections to the scalar propagator are derived in section 3. This result is a necessary step
to derive the sub-eikonal corrections to the quark propagator, in section 4, and to the gluon
propagator in light-cone gauge, in section 5. In the appendix we consider a modification
of the shock-wave picture, that is, we consider the case in which the particle starts or ends
its propagation inside the external field. In the appendix we also include an alternative
derivation of the eikonal quark propagator and we calculate the sub-eikonal corrections to
the gluon propagator in background-Feynman gauge.

2 Eikonal approximation for scalar and quark propagators

We start our analysis with the derivation of the scalar and quark propagator in the back-
ground of a shock-wave in eikonal approximation. We will use this preliminary step in
order to introduce the formalism that will be used through out the paper.

2.1 Scalar propagator in the eikonal approximation

The idea of the shock-wave formalism is based on the observation that high-energy regime
can be reached not only rescaling the longitudinal momenta of the projectile-particle by
a large parameter, but also performing a longitudinal boost of the fields generated by the
target-particle. We will study the propagation of a particle in the background of a highly
boosted gluon filed.

Let pi and ph be two light-cone vectors such that pi,p5 = p1 - p2 = 5. We assume
that the projectile-particle is propagating along p; direction, while the target particle is
moving along po direction. Using the two light-cone vectors we can perform a Sudakov
decomposition of the momentum p* = ap) + Bph + p//. We also define the light-cone
components zo = z,p} = /527 and z, = z,ph = /32t with 2* = xo%/gg We refer the
reader to the appendix A for further details on the notation that will be used.

The gauge field A* generated by the target, under a boost, gets rescaled by a large
parameter \ as follows

Ae(Ta, T,z ) = NAe( N txe, A2y, 1),
Ai(Te,Tyyx1) — AflA*()flx.,)\x*,:cJ_), (2.1)

Al (Te, Ty, 1) — AJ_()\_II'., ATy, T ).



and the field strength tensor as

Fio(Te,Ts, T 1) — )\FZ-.()\_lx.,)\a:*,xL),

)

) = A E L (A ae, Ay, )

Te ,x*,xL) — Fou(\ e, A2y, 1),

Fij(Te,Ts, 1) — Fij()flx., ATy, ). (2.2)

In Schwinger representation the free scalar propagator is

(2]

—ik-(z—y)
ly) —Z/d‘4k: < (2.3)

p? + ie k2 + ie

with (k|z) = ¢™*. In (2.3) we used the h-inspired notation d*k = (gfr’;4 and §@W (k) =
(2m)*0™W (k) so that, [d*k&@ (k) = 1.
Because of the infinite boost, in first approximation, we can assume that the field

operator fl# commutes with the & = ia%. operator where, as we already mentioned above,
« is the longitudinal component along the light-cone vector p;. The eikonal approximation
is based on the observation that, the only component surviving the boost is Ae so, P2~
P* 4 2agA.. TIf A,(z) is small in comparison with the typical distance (z — y), we can
represent the propagator as a series

x|

1 (3
~ (x|= -
P2 4 e P? + ie

4 i - '
+g/d z<x|p2+i€|z>21aA.(z*,zL)( |A2—|—ze

Alternatively, expansion (2.4) can also be expressed through Schwinger’s proper time

)+ (2.4)

integral

i +oo +oo
el gl = =i [ {ale0 2oy — i [
i€ 0 0
t
+1 / dt’ <m\ei(t_t/)(ﬁ2+“) 200gA, ei(ﬁ2+i€)t\y) +.. } . (2.5)
0
Using either (2.4) or (2.5), the expansion of the scalar propagator reduces to

j Td o do :
halhad _ _ _ —ia(Te—Ye)
P2 ic lv) = [/0 2a blax =) /_00204 6y x*)} c

- [me s (o)

(2] =

Y1)

2 2 . Ll
+/ dzy (o e Pas@=2) i Zg A (z,) e Pas By V4| (2.6)
y s

*

We are interested in the shock-wave picture relevant for high-energy scattering so, we
assume that the particle starts and ends its propagation outside the interval in which the



field strength tensor is different then zero (see figure 1). With this assumption we can
rewrite expansion (2.6) as

7 ToF o O da -
_ wer o o we - —i(Te—Ye)
(@l =——Iy) [/0 SYLACI Y / 50, 0 (Y x*)] e

P2+16 —00

52

.pP
X /d2zd2z'<xj_|e_’a§x*]zl>
Tx 9 p2 2
X (z) |Pexp {zg/ d—wy elcfsw*A.(w*)elaﬁw*} 12))
s

! iiy* 2
x (Zle"as ¥ ]yL). (2.7)

So far, to arrive at the propagator given in eq. (2.7), we have implemented only two
consequences of the longitudinal Lorentz boost of the external field: the commutation
relation [d&, A] = 0 and the fact that the most dominant component of the gauge external
field is Ao. Indeed, since we are considering an infinite Lorentz boost, we can perform
further approximations.

Propagator (2.7) describes the propagation, following any path from point z; + %:L'*pl
to point 2’| + %y*pl in the external field A¥(x) = (Ae(z4,21),0,0), of a spinless particle.
Notice that, the particle propagates between points (Ze,Z«, 1) and (Ye, y«, y1 ), while the
field strength tensor, because of the longitudinal boost, is defined within an infinitesimal
interval in the longitudinal direction. In other words, FH (wy,wy) # 0 for w, € [—es, €]
with 0 < e, < 1 and, since we are in the shock-wave case, T, Ys & [—€x, €4].

Since we are boosting the coordinates, the longitudinal distance traveled by the particle
in the external filed is rescaled under a boost as w, — %w* while the gauge field is rescaled
as Aq — AA, with A > 1 the boost parameter. So, we can make a further approximation
in eq. (2.7) and write

L il 0
el as w*A.(w*)e YasWr — A.(W*) + O(}\ ) (28)

Making use of (2.8) in propagator (2.7), we obtain

7 *d« 0 da ;
_ —i0(Te—Ye)
(z] p2 Z_ﬁ’w = [/0 9 0(s — ys) /_ 9 0(y« :L‘*)] €

2 —iix iiy*
X [ d*z(xy| e as T |z ) [Xu, yu] 2 (21 €8 as

yJ.> ) (29)

where we have defined the gauge link at fixed transverse position z; as

Tx
[T, ys]» = Pexp {zgi/ dw, Ae(wi, zl)} . (2.10)
Propagator (2.9) describes the propagation of the particle in the external field along a
straight-line. Deviation from the straight-line propagation are taken into account by the
higher order terms neglected in eq. (2.8). We will consider them in the next section.

In the shock wave approximation we can trade the finite gauge link with the infinite
Wilson line because, under the infinite boost, the dominant component of the field strength



Figure 1. Particle propagating in an external gluonic field. The red strip represents the shock-wave
defined in the infinitesimal interval [—e,, €] in which F),, # 0. The light-red areas to the left and
to the right of the shock-wave represent the background filed made of pure gage field. The curvy
line is the particle’s path from point x to point y. The dotted lines represent the Wilson lines.

tensor, F,;, has an infinitesimal thin support in z, coordinate. We assumed that F,; is
peaked at the origin and outside the infinitesimal interval [—e,, €], Fo; = 0 (see figure 1).

In the gauge rotated field A the gauge field outside the external field is zero so, we
can trade the gauge link [e,, —e,] with the infinite Wilson line [copy, —oopi]. In this gauge
we can then write

i TG o da —io(me—
el = [0t~ — [ G200~z e

2

52
I
x/d%(:m_\e_z 2 VU (21| asy*|yJ_) (2.11)

where we have defined the infinite Wilson line U, at fixed transverse position z| as
P 2
U. = [p10o, —p100]. = Pexp {2‘98/ dz. A (Splz* + n)} : (2.12)
—00

Notice that, because of the infinite boost, we have set A‘i component to zero, so, since it
is a pure gauge, it can be restored, for example, as a transverse gauge link (see figure 1).

2.2 Quark propagator in eikonal approximation

We consider now the quark propagator in the eikonal approximation. From now on we
work in the gauge rotated field A®. This allows us to set to zero the transverse fields at
the edges of the gauge fields, i.e., A;(z.) = A;(y«) = 0.

We proceed in the same way as in the scalar propagator case. After boosting the fields,
we consider only the dominant component of the gauge fields and write

(x|

ly) ~(x| ly)

P2 4 g2 ’yﬂéQFp. + ie

Fa =elP
= (i + o2 )

7 2 7
T § 2 o Fre e | |y, 2.13
< (al [P2+ze P2+z'egsh¢2 P2 e [v) (2.13)



where P2 ~ p? + 2gaA,. Notice that, because poppo = 0, there is only one term surviving
the expansion in (2.13). In appendix B we will consider an alternative way of expanding
the quark propagator in the external field. However, to study the sub-eikonal corrections
the expansion used in this section is more convenient.

In (2.13), for each factor P21+Z.€ we use the scalar propagator (2.9), and using

Yl 2 —ia(re— 7iim
(Z@ +QS¢2AQ($*,$L)>6 (ze y‘)<xL‘e als *

Z1)

; L 1o, ~ 2
— i) (g | i (mﬁm ¥ zzszsz) o), (2.14)
as S
together with the identity
iDZ [ y) = (103 + gAu(2) ) [0, 9] = 0 (2.15)

we arrive at

: da O da o
)= [/o > Oz — y) —/ —O(y« —m*)] e t(ze—ye)

o0 20

1 ST
X — 11— Tx
P (1 ]e " as™ ppo

o 2 T ,ﬁ
X (ﬁ[m*ay*} - gs’hp_/ dw* [x*aw*]Fop[W*vy*]> el C'J;y*|yL> . (216)

*

Note that, in using eq. (2.14) we have neglected the delta function §(z, — ys) coming from
the differentiation of the Theta functions 6(z. — y.«) and 6(y. — x,) of the scalar propagator
eq. (2.9). This is because we are assuming that x, # y..

Quark propagator (2.16) is in covariant gauge form. An equivalent expression of the
quark propagator (2.16) is

1 1 T da O da -
i halhed _ _ hahad _ —ia(Te—Ye)
<$|P T ZE‘y> s [/0 202 9(-73* y*) /002a20(y* «73*):| €

2
.p
(2 Lm

X (x| et e (z?széz[x*,y*hz — Pra|gAs(ale ] - [x*,ngm(y*)})

iiy*
X etas Y|y ). (2.17)

~

To arrive at eq. (2.17) from eq. (2.16) we have carried one of the p operator to the right of
the gauge-link. The quark propagator in eq. (2.17) is not in gauge covariant form but it is
suitable for the shock-wave picture. Indeed, in the shock-wave approximation, A (x,) and
A (ys) are zero in the gauge rotated field A we are working in. Moreover, the gauge-link
[, Yx], reduces to [e., —€,]. At this point we can extend the limit of integration e, — oo
and —e, — —oo thus, (2.17) becomes

i 1 T da O da ia(me—
=[] st = [ g - e

(x|

P2 P2
X (x| e s T2 )paUs 2 [P e as ¥y ) - (2.18)



In (2.18) the shock-wave picture is now evident: we have free propagation from point
x to the point of interaction z with the shock wave, eikonal interaction with the shock
wave, which is represented by the infinite Wilson line multiplied by p2, and then again free
propagation from point z to point y (see figure 1). Propagator (2.18) is the one that has
been used so far in all the results that have been obtained in the high-energy Wilson-lines
formalism. In this paper we are interested in the sub-eikonal corrections to (2.18).

3 Sub-eikonal corrections to the scalar propagator

In the previous section, to obtain the quark propagator in the eikonal approximation, we
have used the scalar propagator as intermediate step. For the sub-eikonal corrections we
proceed in a similar way: we first derive the sub-eikonal correction to the scalar propagator,
and then use this result as a useful intermediate step in order to get the sub-eikonal
corrections to the quark propagator.

We consider a background gauge field with all components different then zero:
Aﬂ(x*,xl) = (A (2w, 21), A (24,21 ), A% (24, 21)). From now on we shall omit the
superscript “cl” from the classical field. The shock-wave now has a finite width, so
we have to identify the sub-dominant components of the momentum operator P2 =
{9, flt} + {%]5., A} — gA%. First, let us notice that we can get rid of the term {P,, A,}
observing that

o p— 2 !
P2+ 20gAs + i€ *P2 + 20gAe + i€
-‘rood— 0 d )
== |:_/ @ H(ZE* - y*) +/ i@(y* - x*):| e—’LOé(:E.—y.)
0

4a? _oda?

ly)

Tx 9 P 124
di * _(LEZ'* k9 Ak A* - H 7A>!<
< [ ol B ] (A4 ol A

*

. ) 2
P2x 152 Pl . .pe iy — O(\2
(0 A+ B 4102 e ) = O ), (3.1)

where in the first step we inserted [d*z[2)(z| = 1 and used

i)i .ﬁi 124 9
elas T Ape T as 2 A+ —[p7, A (3.2)

as

and

) 2 2
(z@f + ng(Z*7 ZJ_)) <ZJ_‘6_Z$Z* [2*7 y*]ezgy* ‘Z/J_>
2 . ~9 2
_ —illa, (x4 Pl . .pe itLy, 3.3
(oule o (Z2 R, A+ 02 D7) el 0 ) (3.3
while in the last step we used (i(?f + gA.(:I:*))[x*,y*] = 0. Similarly, we can drop the
term P, A,. In appendix C, following an alternative procedure, we will show that {]5., A*}
contributes only as sub-sub-eikonal correction.



Let us define O = {9, At} — gfli so, P2 =p2 + 2gaAe + gO. The scalar propagator
in the boosted external filed can now be written as

(@] ) = (x| )
P2 4 e P? + 2agAe + gO + ic

+°°d’04 do :
_ hadhad - o - —i0(Te—Ye)
{/0 2a Ol = y) /_OO 2a Oy $*)] °

ol oy fof e e (A 4 )
s a

iiy*
X €'as Y|y ). (3.4)

We are interested in corrections to the eikonal propagator that go like %, so in the
following expansion it is sufficient to consider the first sub-dominant contribution which
goes like A0

Making use of (3.5) and of the following identity

~

O zw*
2a

e, Al = 5 (0, ZnFie + (D 2w A} - A1), (3.6)

after some algebra, we arrive at the desired expression of the scalar propagator with sub-
eikonal corrections

i Tod o da iome—
st = [0t~ — [ G200~ e

x {ai] {[ w1+ 32 2o (R A} - 94w A'w) e

2a
~ [l 29 (1P AT}~ 9Ai(5) A'G52))

2. 9 i 2
+/y* dgw*({P7[1:*7W*]gw*Fio(w*)[W*7y*]}

o 2 / 2 / et [, iﬁy
+g dg Wy g(w* - w*)[m*,w*]F,[w*,w*} Fie [w*’y*]> € as *’yJ_>
Wi

+0(\7?). (3.7)



In the shock-wave limit, the fields outside the shock-wave are pure gauge and the scalar
propagator takes the following form

1 g O da . 2
N - —0 * Yk ) — 0 * — Lx —ia(ze—ys) s T 3.8
gt =| [ gt [ G20 )| e e 5)
X [Oopla _OOpl]‘F% dgw* {p ) [OOPLW*} gw* Eo(w*) [w*y —OOpl]}

oo 2 ! 2 ! AR RN iiy
+9 dgw*;(w*_w*)[oophw*]Fo[w*:w*] Fie [w*,—oopl] € as *’yJ_)'
Wi

Except for the terms with the transverse fields at the edges (i.e. at the points x, and y),
propagator (3.7) coincides with the one obtained in ref. [26].

In next section we will derive, following a similar procedure, the sub-eikonal corrections
to the quark propagator. To this end the result obtained in this section, eq. (3.7), will be
an essential intermediate step. It is useful to notice that, the terms with transverse fields
at points x, and y, in eq. (3.7) cannot be set to zero when we use the scalar propagator as
intermediate step because, as we will see in next section, the points z, and y, might just
be the points in the middle of the shock-wave.

4 Sub-eikonal corrections to the quark propagator

In this section we derive the sub-eikonal correction to the quark propagator in the back-
ground of gluon filed and quark anti-quark field. We will star with the gluon field case first.

4.1 Quark propagator in the background of gluon field

As already mentioned before, the sub-eikonal corrections to the scalar propagator, eq. (3.7)
will be an essential intermediate step.
Our starting point is
i B i

T|—= = (X -

— (z‘@‘” + g%A.(a:*, r1)p2 + gAL (v, M)>

+oo 0 ) 52
0

ly)

2a 7Y
9 A Blw,) i 2 .
P ) di * s Ao * 77F.' * !
X exp{zg/* Sw e ( (ws) + o + 50 s i(ws) P2y
~2 2
y e—igw*}ei’;ﬁy*’yl% (4.1)

where we have defined B = O + ;%gF.*o*. + %Fijaij and o = %(ryﬂny — M.
Expanding again up to AY contributions, we get

2 .
,L‘pr B(w*) 7 2

as X A. % - —
¢ ( (c0x) + 2a * 2a s

B 2 i Weo o Wk g 12 i
_A.‘f‘*'f‘**Fn]éQ’y +Za7$[vaA0]+Za7$[pl’%gF“¢2rY]’ (42)

20 2as

52

, i\ —iZlw,
F.z<w*>m> it




Now we have to expand the path ordered exponential of the right-hand-side of (4.2)
up to the desired order. We have

N R’ Y B(w, i 2 N\
PeXp{Zg/ dsw*e s <A0(w*)+ ;a )+2asFoi(W*)]62’Yl> Zo‘lsw*}

*

= e el ig / R | R} | O

1
/ d—wy x*,w* < 2F*0*0+ Fz]O' )[W*,y*}

1 2 7 2 i
+Zg/ d—wy [ZC*,w*] <2a 02152’7 +1 7[pJ_a 20 Oi¢27 ]> [w*,y*]

B(wy) 2 2 ! A4
* %y Wi - 7A0 sy Wy 77F0i * ! *9 I*
+(ig) /*d w/ [x ( o —i—as[l ])[w w]2as (W) Py (Wi, Ys)
, T 9 i 2 B(w)) W
2 v / * Fxr, 2 !
lia)? [ 2o [0 i) 5 2 Py ) (P 42 ) o)
A 2

as
*

(4.3)

With the help of some algebra (see appendix D for some details of the derivation), we can
rewrite eq. (4.3) in a gauge invariant form as

Te 9 B(wy) i 2 : Nl
P . d* . 2 P Wi 4. n 7F., Wi ? —t as W
P {Zg/ S © < ( ) 2a 2ac s Z( )2527 > ¢ }

*

_ ((1—21Oj¢2im)[x*,y*]+;i/y

X%

d%w* [T, wi] By [w*,y*]>

*

+é “d%*[ @Lgmm,z*nigsl[z*,y*]+[x*,Z*h'gBl(iinfﬁz[Z*’y*D}
Y
_’_% / d—wsy ({p ZL‘*,W*]iw*Fio(w*)[w*uy*]}

+o [ 020 2 il o P ] [w*,yq)] 92, / i,

[ ) DL ]~ [0 G Fy) 1)~ 5 D i)
timate [ 2Dl Pl )= S (0 ) PP 1)
(B o] 20 Fa @ 1 ) 1 (5 .0 0]) S Filon, ]}

+[x*,w*]§w*ﬂ.mi< L, ) — (1D L[as*,w*p)%w*ﬂ.[w*,y*]

+0(172), (4.4)

where we have defined By = ;%F.*a*. + %Fijaij.

~10 -



To continue our analysis we observe that

-2

) 2 . _ ak
(07 + 9= o Au(er 1) + gL (0,1) ) 1) [ €002 )
152
= €_ia(x'_y')<,’,1;'l| e_iaiLsx*

1 2 1Ty
— }—1ho DT
x (o + D3 +

TR g A + (@)l (49)

and note that i[p?,gAe(z:)] = g{p’, Fie(v+) + DeA;(z+)}. The field strength tensor
Fio(zs) = 0 since z, is outside the shock-wave (see figure 1). Similarly, we can set all
the transverse fields at the edges of the gauge-link (outside the shock-wave) to zero since
they are pure gauge. So, (4.5) reduces to

: 2 (e il
(ip* + ggzézA.(x*,Ju) + A (ze,21))e w(ze=ye) (3| | e~ a2, )
—ia(Te—Ye) fiﬁa:* 1 2 x

—e (ool e 5™ (—ppop + i—paD ) |2) . (4.6)

Using (4.6) and the identity iD?[z.,y«] = 0, we arrive at the following expression for
the quark propagator
1
(@] =——y)

P +ie

+oo 0 | P
= |:/ ?9(33* - y*) - / @G(y* - :E*):| e—za(xo—yo)i<xl| e—l%m*
0 o

ol s

x {75115215(1 - g D)y + o2 [ el 5B ]
Yx

1 2 [®2 . . . .

T IaZs d;Z* ¢¢2¢[(Z®L]52[$*a 24))igB1 25, Ys] + [T, 24|09 B1 (0D 12|24, Y])
Yx

ig [ 2 | 2

5 Wik Pl, Ky Wk | — *Fio * *y Yx
b o [ ({0 2 P o)

2,2 / I, .

+g dg Wy g(w* —w*)[m*,w*]F,[w*,w*] FZ' [w*7y*]

+ ;%Wm / x*d%z* %z [{Pi, (0, 2] (iDiFje) 22 9s]} — (1D, 2]) (iDiFja) [0, ]

o 2 GDE) (D)) + 52 [ 05 2 (90D o2 D) Pl
Y

—{P", (D Llwe, 2:]) Fialzw, yul} = { P!, [0, 2] Fra(iD L[z, 9]) }

- (iZ)L[x*a Z*])Fio (Z Qi['z*a y*]):| }eiilsy* |yJ_> . (47)

In order to have ];5 to the left and to the right of the gauge link, which is suitable for the
shock-wave picture, we will perform similar steps we performed in going from eq. (2.16)
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to eq. (2.17), and set again to zero the fields A; at the point x, and y.. To this end, we
notice that

;% x*dgw*iziﬁzﬁ <{Pi, (24, wi] %w* Fia(ws) [we,y:] }

e 20,2 ;
+g/ dgw; ;(W*—w;)[JI*,(,U;]FZ.[OJ;,W*] E‘ [w*,y*]>

g~ o [T 2 2 . _ i .
+i¢7j¢2/ dfz* 72* [{Pl,[{L'*,Z*](ZDZ‘FJ'.)[Z“*,y*]}—(Z:D [{L'*,Z*])l@iFj.[Z*,y*]
Yx

o2 (D) (0 ee]) |+ o200 | “sz*i (09D o ) Pl
—[.%'*,2*] ’L.(Z@ (ZZ)J_ Zxy Yx ))+(Z© [IJ*,Z*) zo(zﬁj_[z*;y*])
— (1D L [we, 2] ) F'y (1D [z, ys]) = {P", (4D L [T4, 24]) Fra [ 24, Y]}

R

= Zg/ d— W*]é]éQ( W*{-sz J;*vw*]FlO[w*’y*]}
y

~

2 .
+g d;w;;(w*—w;)[1:*,wfk]FZ,[w;,w*] Fi, [w*,y*]>]z$, (4.8)

W
where we have used Fj;(z,) = Fj;(y«) = 0, as points z, and y, are outside the shock-wave
(see figure 1). To arrive at eq. (4.8) we have used egs. (A.5), (A.6), (A.7), and the fact
that & commutes with all fields.
Using eq. (4.8) in eq. (4.7) we arrive at

) Toda 0 da . 1 p?
— _ — _ _ _Za(xo_yo) —’L;.I*
<$|P+Z€\y> [/0 50 0 (@ = ys) /_OO 5, 0 (U :c*)] e —lzile

x{z?sm[x*,y*]zﬂ;i / A~ 2o, ) B2 ]
Y
p

4;23/ d— z*mﬁz Z@Mz[m*,z*])zg&[z*,yA+[:n*,z*]z'g81(z’i)ﬂbQ[z*,y*])]
—1-2% yx*dsw*];ﬁ]bz ({pi, [T, Wy %w* Fio(wy) [wi,ys) }

Tx 9 2 . ~
+g/ dgw;;(w*—w;)[:n*,wi]F’,[w;,w*] Fie [W*,y*}>¢}e s y*|yJ_> (4'9)

Wi

We now use the following results

3 “dzzmmzé[x*,z*J o9z ] (4.10)
+ 412 : / 4 (D ol 2 ])ig g Fyo e, va] + [, 2ligy Byo (D ol )

*

1
=2 [Tl ) P el Lo 5D 070
Yx

+ {ﬁk, [x*,z*]iij’yj E y*]} + [T, z*]iij’yj(i @k[z*,y*]) — (3 @k[:ﬂ*, z*])iij’yj [z*,y*]] ,
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and

ig ("2 ~, - 4
2a/y* dgz*]éjéﬂé[w*,Z*]?F.*U*.[Z*,y*]

52 / a2 D ol )i g Pesta ey 20 g P D ol
Y

52
Zg T x S~ . R 4
=5 5 d;z*zi]l‘% [(04151 _]ﬁ)[ﬂf*az*]sﬁﬂ*[z*,y*]

—i—(z’i)L[w*,z*})%Fw[z’*,y*]—[m*,z*]éF.*(iZ)l[z*,y*]) : (4.11)
and eq. (4.9) becomes
(ol =)

P+ie

g O da : 1 P
— el _ _ it _ —ia(Te—Ye)
[/0 2c Oz ~y.) / 2c Oy x*)] c

—(a |eT e
oo as

x {iém ol 5 [ a2 ({5 )2 P o]}

Yx

1 y T 2,2 ; -
+[$*7W*]§Fij0” [W*7y*]+g/ dg W, S (W*_wi) [ZC*,wi]FZ.[Wi,w*] Fi [W*yy*]>7§
Wi

) T 2 - T, i R ) ,
+2i/ dgw*]é752 [[$*7W*]4{(ZDLFU)77 'y]}[w*,y*]+{pk,[x*,w*]szjyj[w*,y*]}
Yx

+ [az*,w*]z’ij’yj (i@k[w*’y*}) - (igk[x*vw*])iij’Yj [, Y]

(@B ] Faclwn, ]+ (D 17, 02]) 1 Fuslie 3]
—[s, 0] zF-*(i@L[w*yy*D} }6“’ ly1)- (4.12)

To underline the structure of result (4.12), we define the following two operators

ig [**2 1 .. N 2
O1(T4, ys;pL) = 2@/ d;w* <[35*7W*]2UUE'J'[W*71U*] + {p27 [, Wi ;W* Fio(wy) [W*ay*}}

Tx 9 9 )

+of @i (o - o I 0] P [w*,m) , (4.13)
Wi S S

and

R ig " 2 i, - . . ;
Oz(w*,y*;m)zm/ d-w [[ﬂs*,w*]4{(UDLE]-),7WJ}[w*,y*H{pk,[x*,w*]szﬂj[w*,y*]}
Yx

+ [x*,w*]iij’yj(iQk[w*,y*]) - (i@k[m*,w*])iij'yj[w*7y*]
(el i Fan (D 1 o, Ye]) + D1 [ 0] = i ]

o P e 0] sl | (4.14)
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where
% dgw* [[x*,w*]szj’yj (ng[w*ay*])_ (Z@k[a:*,w*])Zij’y] (s, Y] (4.15)
Yx

=8 [ [ 2 [ g P i g ]~ i Fi 0l s )|
2a Jy, s Ju, S

*

and
) T 2 2 ) . L2
ig / 0= = (00 1 S Fun(iD 0, pe]) + (D1 o)) = Faslon ]| (416)

g [T2 (72 2
-4 dw*/ d=uw!, [[:U*,w;]ifF.*[wi,w*]’yngk.[w*,y*]

2a J,, s w, S s

2
_ [x*,w;]yngk.[w;,w*]z;F.*[w*,y*]} ,

and result (4.9) becomes

) +o00 0 . ) P
<$| ’ ’L ’y> = |:/ @9(1'* - y*) - / @9(34* - QE*):| e"o‘(i’?-—y.)i <$L’ e—z%x*
P—F 1€ 0 2 _00205 as

2

X {]3152 [, sl + B2 O1 (s, yu3 L) P+ B2 Oa (@, yisp1) }eiifsy* ly.L)
+0(\7?). (4.17)

Equation (4.17) is the final result for the quark propagator with sub-eikonal corrections in
a non symmetric form. In next section we will rewrite it in a symmetric form with respect
to left and right of the shock-wave.

4.1.1 Symmetrizing the quark-sub-eikonal corrections

We observe that the sub-eikonal contribution O has, like the leading-eikonal term, the
operator p to its left and to its right, while the sub-eikonal contribution O has the operator
p only to its left. We can eliminate the asymmetry between the propagation to the left and
to the right of the shock-wave considering the following symmetrization
i 1 S g i 5

o) y) = = (@ _ : } . 4.18

( !PHEM 5 \F}DQHG PQHGP y) (4.18)
We have to consider eq. (4.10) and eq. (4.11) with ];51152];5 to the right and the final result for
the quark propagator with sub-eikonal corrections can be written in terms of operators O

and @2 as
1 T 0 da - 1
_ it o o o= o —io(Te—Ye) —
(w\ﬁﬂely) [/0 50y 0@ =) /_oo2a 0(ys x*)} ¢ o

2

x (e as {13152 (s Yol P+ P12 Or (e, yui 01 ) P

A~ 14 1 . N
+75752 202(x*,y*;pL)202($*,y*;pL)752]Z§}6Z&J§y* |yL>+O()‘_2)- (4-19)
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Figure 2. Typical diagram for quark propagator in the background of quark fields. We indicate
in blue the quantum field while in red the background one.

The operators @1, O, are the sub-eikonal corrections to the quark propagator that
measure the deviation from the straight-line due to the finite width of the shock-wave.

4.2 Quark propagator in the background of quark and anti-quark fields

Up to this point we considered only the background gluon field. In this section we consider
the propagation of a quark in an external field made of quarks and anti-quarks as well (see
figure 2). Our starting point is

@) 5 = o 2 ol | a0 (G £V ) (420)
i€ P+
Propagator (4.20) is made of three terms: two quark propagators in the background of
gluon field and ggf; the gluon propagator in the background of gluon field. Moreover, at
point z and 2z’ we have the insertion of the background quark fields. The leading eikonal
contribution of propagator (4.20) is

W@ D))y = 9 /dz*/ /Omdo‘e( —y*>—/0 20y, — )] eiotenm

R
atst

Plas, 27 (2 G (20, 22) 0 (208" 24, sl

2, [
+9°= ’Y dw*[:c*,w*]F.i[w*,z*h“tad)(z*)ggg(z*,z;)

Zx

_ 9 [
X P / PRACREA) N

*

= 620 [ o o) Pl 51U )G o )TN L1

*

—Ié[x*aZ*h“ta@b(z*)gﬁg(z*a DY (= )tb'Yng'Y/Zdw*[z*aw [ Foilwl, ]

132
X pope |y ) + O(A72), (4.21)

where g;;ﬁ can either be the eikonal term of the gluon propagator in the background-
Feynman gauge eq. (F.28) or the eikonal term of the hght cone gauge 2 AP = 0, propa-

gator eq. (5.17). To obtain eq. (4.21) we have used e i Ve st = =+ O(A71) and
similarly for 1.
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We can simplify further eq. (4.21). Indeed, DrE], = — gty so we can use the
following scaling under the boost

V1 — NP1, Pty = Ptyh . Yta — Aty (4.22)

With this power counting in mind, the final result for the quark propagator in the back-
ground of gluon field is

“+00 a 0 1% .
W@ = | / (e =y~ [ G20~z et (4.23)

0 2a oo 20

d z*/d 2wy le”! iﬁéx*
X [, 2] P1 VW (20) [24, 2P ()10 P (2 e’ aéy*lyL>+O(>\ ?).

Notice that, the result (4.23) is independent of the gauge used for the gluon propagator.

5 Sub-eikonal corrections to the gluon propagator

In this section we calculate the sub-eikonal corrections to the gluon propagator in the in
the Light-Cone gauge p2, A" = A, = 0 in the shock-wave limit. In the appendix F.1 we
will calculate the gluon propagator in the background-Feynman gauge.

These corrections have been calculated in refs. [26, 27] for an external field A* =
(Ae,0,0). We will consider, instead, an external filed with transverse components different
than zero, namely, A" = (A,,0,A).

5.1 Gluon propagator in the light-cone gauge

We start considering the gluon propagator in the background of gluon field in functional
form

(As(@)Ab(y)) = Tim N1 [ DAL (@) A (y)

« ¢ J ETH AL () (D2g°7 —D DP 2P~ Lpg ) AY(2)) (5.1)

where D, = 0,, — z'gAff. We omit the superscript “cl” from the external field from now on.
The issue of fixing properly the sub-gauge conditions will not be discussed here. For this,
we refer the reader to ref. [39)].

In Schwinger notation the gluon propagator (5.1) can be written as

) a - a 1 a
HAL@) L) = 1G5 9) = (ol gy T 9 (52)
w282
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where we defined (# = P2gHv 4 2i g FHV. Tt easy to show that (5.2) satisfies a recursion
formula (we omit the symbol “on top of operators, from now on)

1 pg 1 Y
=|65—P, 2 on-22p)ip Y p,
Dyu_PpPV+pgp2 ( # ) [:|§77 < P, MP2
w

B n
_ g )\ozp2 a 1 )\,3) 1 n_p72
[ — pu po 4 2273 <D E P, - PQDAF mEY o P*P”
w
+ I pFeYp, (5.3)
Dua_pupa+p2p2 P*2
w

We need only the terms which are linear and square in the source D*F,, () = —gi (), t*¢(x)
so, from (5.3) we get (now we can also set w — O)

L (s-p) L (n-2p) o
Cv_ pupv Peps — \H T H PO P, '
5 B U]
55— ) (Dapr1E2 422 py o
( P én PP
5
P pyprel2 _pnlp FW) (50—— )
P, P, pzA 8o P,
Ay 1 5
€ _ ) ( amPa D3 A8
(5 vp ) e (DA 5+ DAF
n Ie]
P2 pp 1l )\ﬁ) 1
P*P WDAFN P DAFY )

g g
No P2 Pz g DS Va P2 1 NG
x(DFUP i Dy PN R P Dy PN - PT a Dy F )

o’ p2
(s P).
Dﬁo( P

We are interested in calculating corrections up to % It is easy to check that we need to
expand [, in terms of F,, up to F 3 terms (in subsequent algebra we will omit the 4ie
prescription for each of the % factor)

P2

where we defined the operator O, as

é n
- ~ab ge 1 Po -2
G (2y) = («|(55— P, P)[ ; 2@9P2anp2+ofn} (= F P +O),  (55)

1 1 1
_ FéE F¢&_F F
Ol“’ 749 P2 1o p2 v pg P2 82g P2 %) &N p2 p2 nl’ P2

1 Do | P2 D2 D2 1
- gﬁ (DaFau p: + ?fDaFaV - pMPﬁDaFaﬁ Y ﬁ

1 1
P2 ™ Fay + Flp—s 53 DAF

pzy) 1
P P2
D,F*,

o1
+2P2(P p?
1

1
+ 53 <2DAFA L ppe y Poup et

up4 P, p2pﬁp2
P2u Ao )1

— P.D\F**—D,F",
p, A P4

P2

17 -



Keeping only terms up to A1, eq. (5.5) becomes

G (x,y) = [‘i’;; - .ﬁ (2p2qu + gpzuFu-) % - %@ v Puif:;g
EIT A
- 32”;# ﬁFz ;QFU;QFj ;2 2 ;29augﬂvFaﬁ;
* 4122;% p? (D e P2F - F]°P2D F”)é?
N 8172:2]721/ ﬁDiFl D FJ, P2 (5.7)

Note that the terms in square bracket contain both eikonal and sub-eikonal terms, while
the terms outside the square bracket are only sub-eikonal terms. After a bit of algebra we
can rewrite (5.7) as

. P2 g P2 P2pp2
iG3 (z.9) = <m|{ (05— 222 ) S (a0 - P"”) - e

D+ DPx

49°paupay 1 492p2up2,, 1 ' L
+ [SP*PQF’,PQ{P Fﬂ} T72{13]’ ji}ﬁFZ'ﬁ

29p2up2v 1 9*p2up2y 1 1

TEPD F]ZP2 + TWFZJFU P2

32i g® 1 .1 1 1
_ W ﬁon P2F” 5 Fi— P2 — 92gi— ap
8g2p2ﬂgéu LF 7F « 1 89 gaMPQV iFlaiF i

s p2- *p2i p2 s p2°  p2 't p2
—7gDZFOé J_p21/ 1 1 pQM Dl

7 g P2 P2 Fz gi_uﬁ

dipayupay 1 1
D; F
+ sP, P2 ( P2

P2 ga#gﬁVF P2

+

L F.-F

j.PQD F”)

P

8poup2r 1 ; 1
+ EDF,JMD Flo—s| thy)- (5.8)

In eq. (5.8) we need to make expansion of the operator P2. We have to use the leading-
eikonal scalar propagator (in the adjoint representation) for the terms that are already
sub-eikonal i.e. all terms in the square bracket, while we need to use the scalar propagator
with sub-eikonal corrections, eq. (3.7), for the first term right after equal sign in eq. (5.8).
Since we are considering the shock-wave case we can disregard the terms with fields at the
edges of the gauge links (i.e. at points x, and y,) in the scalar propagator (3.7). Taking
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all this into account, eq. (5.8) becomes

52

teed 0 q : v
(AZ(J})AI;(Z/))A: |:_/O 220(3;*_3/*)4_/ ag(y*_$*):| e—zoz(x.—yo)<ll|e—za—tx*

oo 20

p
X (62_ pZupg) (’)a(:n*,y*) (9511 -

*

2
b2 i 2Ly, ., P2uP2

) 1) 4 i P22 o
Dx p

*

+o00 0 | P
+ |:—/ @0( y*)+/ d—aa(y*—l‘*):| e—la(x._y.)<xL|6_l%x*
0

oo 20

x [ﬁ‘fﬂy(w*,y*;m)+€5§fw(w*,y*;m)+®§Z,,(m*,y*;m)+®?izy(x*,y*;m)]

iﬁy* —2
xe'as ¥y ) +O(AT7), (5.9)

where we defined

20,2 ,
+ g/ d= w) = (ws — w}) [@4, W] F* [wh, wi] Fre [w*,y*]) , (5.10)
s s

and

gp2uP2v T2 i i
Qiibﬂj(x*vy*;pl) = 521;3 / dgw* [4PZ [$*7w*]Fij [W*yy*]pj
Yx

) 2 ] ) ab
—H'g/ d-w, g(w' ws) [Ts,wl]iD' Fig W), wi]iD? Falwi,ys]| , (5.11)
ab . 9 j Tx 2 ab
szw(x*,y*,pl)——aéuéy d;w*([as*,w*]ﬂ-j[w*,y*]) , (5.12)
ab . _ g j T 2 ey ab
63uy(x*ay*apl) = OéT<5 p21/+5yp2/,L) dgw* ([-T*,UJ*]'LD Ej [w*,y*]) , (513)
Yx
T2 o 2 1 55 AR nl) !
®4uu(x*ay*apl d- w* d;w* (5yp2,u[$*w*]Fo[w*aw*]Fij[W*ay*]
, */ . ab
+5{lp2V[x*w*]ﬂj[w*vw*]on[w*vy*]) . (5‘14)

Equation (5.9) is our final result for the gluon propagator with sub-eikonal correc-
tions in the light-cone gauge. At this point we can send xz, — oo and y. — —oo and
obtain the gluon propagator in the light-cone gauge with sub-eikonal corrections in the
shock-wave case.
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Figure 3. Typical diagram and cross-diagram for gluon propagator in the background of quark
fields. As usual, we indicate in blue the quantum field while in red the background one.

5.2 Gluon propagator in the light-cone gauge in the background of quark and
anti-quark fields

In the previous section we considered the gluon propagator in the axial gauge in the
background of gluon fields. We now consider the gluon propagator in the background of
quarks and anti-quarks in the axial gauge. In section F.2 we will consider the background-
Feynman gauge.

The Feynman diagram is given in figure 3

(A5 (@) AL (W) y5=—9 /d421d422 <A“( )AG(21))(AS (22) AL (y)) (5.15)

X [$(z2)t" (= [22)7 % (22) |.

|21)YP e (21) +1b (21 )tyP (21|

P +ie P +ie

To disentangle the eikonal terms from the sub-eikonal ones, we will use again the
scaling in eq. (4.22). The first thing we observe is that the gluon propagator in the axial
gauge in the background of quark and anti-quark fields starts already with sub-eikonal
contribution. Therefore, it is sufficient to use the eikonal gluon propagator (5.9) and the
eikonal quark propagator (2.9) to obtain

(A5 (@) AL (Y)) .5
0o 0
SR o e

—o0
Tx 9 e 9 1 _.Pi D2

ng/ dszl*/ d;ZQ*Z (x |e™" <gi#—pfupi>

1 P2v

52
_ an
xw(zl*)’ygl]él [21*,x*]ta[x*,y*]tb[y*’ZQ*]’yi@b(ZQ*)(g — D5 » >€Z as y*‘yj_>

*

ﬁ2
N b2
+(yiletary (giy—ﬁﬁ)1/1(22*)7?751[22*,y*]tb[y*,ﬂ?*]ta[ﬂ?*aZl*]ﬂib(zl*)

ﬁ2
< (92, —pj’;.f“)eivtw* 21)|+0(\2) (5.16)

)

) 52
where p, = Sa. To arrive at result (5.16) we have used e_i%z*w(z*)ei%z* =1(2¢) +O(N)
and similarly for .

Equation (5.16) is the gluon propagator in the background of quark and anti-quark
fields. Contrary to the background-Feynman gauge, as we will see in the appendix, in the
axial gauge the gluon propagator in the quark anti-quark external fields does not have any
eikonal terms but only sub-eikonal ones.
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5.3 Summing up the gluon and quark anti-quark external fields contributions

We can now write the final expression for the gluon propagator in the light-cone gauge in
the gluon and quark anti-quark external fields up to sub-eikonal corrections as

Toda 0 da A %
a b — | = it _ _ —ia(Te—Ye) —i—Lu,
A = |- [ Gttt [ 00| e o

~2
P2 P2 i Pl .y, ., P2uP2
x <giu— pf}ﬁ) Oa(z*,y*)<g§y—p§ p:)e’ as ¥ Iyﬁ"bH(ﬂfIT‘; Zlyyeb
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+oo 0 | .
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0

2a oo 20
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ol
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52
_ D2 DL,
xh(21:)7 P [21*733*]#[96*,y*]tb[y*,ZQ*]'viw(@*)(giy—pi?”>e’ as ¥ y)

*

,<i P2 -
+{yLle <9iy - ?Vpi) Y(22)7% Prlzoe, gt [y, 2]t [, 21y TP (210)

A2
1 1P2u Pl
X(Qou_po? € as
*

xl)

}+O()\‘2), (5.17)

All terms in curly brackets in eq. (5.17) are the sub-eikonal corrections: they scale as A~*
under the longitudinal boost.

6 Conclusions and outlook

In the high-energy OPE formalism, in the eikonal approximation, the evolution equations
of the relevant operators, the infinite Wilson lines, are the non-linear evolution BK or
B-JIMWLK evolution equations. When sub-eikonal terms are included, new operators
appear and, consequently, new non-linear evolution equations need to be derived. The
new evolution equations will describe, for example, the high-energy dynamics of scattering
processes with spin. These sub-eikonal corrections to high-energy OPE are similar to
higher-twist corrections to the usual light-ray OPE [40] which are now important part of
QCD phenomenology [41-44].

The advantage of the operatorial formalism adopted in this paper is provided by both
the gauge invariant representation of the sub-eikonal operators, and by the systematics
provided by the OPE formalism. Indeed, given an operatorial definition of the observable,
like, for example, the T-product of two electromagnetic currents in DIS, the application of
the high-energy OPE will provide a systematic description of the observable in terms of
coeflicient functions and matrix elements of the relevant operators evaluated in the target
state. The relevant operators are provided by the propagation of the projectile-particle in
the background of the target-external field like the propagator in eq. (4.19).
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The main results obtained in this paper are the sub-eikonal corrections to the quark
propagator given in eq. (4.19), and to the gluon propagator in the light-cone gauge given
in eq. (5.9).

The first step we made was the calculation of the scalar propagator and its sub-eikonal
corrections given in eq. (3.7). To obtained this first result, we showed that the term
{If’., A,}, which is related to the possibility for the fields to have dependence also on .,
is actually a sub-sub-eikonal correction. We proved it in two different ways. We have also
shown that the non gauge-invariant terms at the edges of the gauge fields in eq. (3.7),
which can be put to zero being pure gauges, actually play an important role: when the
scalar propagator is used in intermediate steps, these non gauge-invariant terms may be in
the middle of the shock-wave and therefore cannot be put to zero.

In the quark propagator eq. (4.19), the new gauge invariant operators are given in the
definition of Oy, Oy in eqgs. (4.13) and (4.14) respectively.

To get the sub-eikonal terms we had to assume that the external field has a finite
width. As a consequence one has to consider also the possibility that the scattering particle
starts (or ends) its propagation inside the target-filed. To this end, we have derived scalar
propagator (E.4) and the quark propagator (E.9) which take into account this possibility.

In section 5.1 we have calculated the sub-eikonal corrections to the gluon propagator in
the light-cone gauge. In ref. [27] such correction have been calculated for a background field
At (x) = (Ae(z4,21),0,0). Here we considered an external field where all the components
of the external field are different then zero. The result is given in eq. (5.17); it includes the
contribution due to both the gluon and quark anti-quark external fields. The operators
Qihw, 62#!/’ 053”,/ and 64#!/’ given in equations (5.11), (5.12), (5.13) and (5.14), respectively,
are the result of an external gluon field with all filed components different then zero,
while eq. (5.16) is the sub-eikonal corrections due to quark anti-quark external fields. In
background-Feynman gauge, instead, the gluon propagator is given in eq. (F.28), and the
sub-eikonal correctins are all included in the operators EBIW, ‘B2W, SB3W, %4W, %SW’
‘B6W and Q17 Q3°, Q3W, Q¢ Q5W in egs. (F.4), (F.5), (F.6), (F.7), (F.8), and (F.9)
and (F.22), (F.23), (F.24), (F.25), (F.26), respectively.

In refs. [32, 33] it was shown that both the gluon and the quark distribution con-
tribute equally to the spin structure function at low-xp. This result was obtained within
the double-logarithmic approximation (DLA). To study the quark distribution within the
Wilson-line formalism, in section 4.2, we considered also the sub-eikonal corrections due
to quark and anti-quark in the target-external field. The quark propagator with such sub-
eikonal corrections is given in eq. (4.23). Not only will this result be relevant for high-energy
spin-dynamics but also to obtain sub-eikonal corrections to the BK equation. Although
such corrections to the BK equations are energy suppressed, one may obtain for the first
time the Regge limit of scattering amplitudes with two-fermions in the t-channel [34] within
the Wilson-line formalism.

The applications of the results derived in this paper does not end with high-energy
spin-dynamics. The TMD formalism developed so far (for a review see, [45]) does not
describe data at sufficiently low-xzpg. If one wants to have at hand a formalism that can
be applicable at a wider range of xp, one has to consider sub-eikonal corrections as a
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way to connect to lower energies and thus moderate xp. In the case of gluon TMDs this
connection has been already made in refs. [26, 27]. In the case of quark-TMDs, instead,
one my use the results derived in this paper, although here we have not included terms
coming from twist expansion since we considered classical fields and quantum fields with
comparable transverse momenta. Corrections due to the hierarchy between the transverse
momenta of the quantum and classical field is left for future publication.

The author is grateful to I. Balitsky and V.M. Braun for valuable discussions.

A Notation

In this section we explain some of the notations used through out the paper.
Given two light-cone vectors py and ply, with pips, = 5, we can decompose any
coordinate as z# = 2z,p}' + 2z4ph + 2/) with z, = x,ph = VErT, xe = xupl = \/5x

0.4 .3 . .
and 2zt = ¢ i; . We use the notation z// = (0,z',2%,0) and 2' = (z',2?) such that
e = l‘lj_fﬂt = —xi_. So, Latin indexes assume values 1,2, while Greek indexes run from
0 to 3.

We define the gauge link at fixed transverse position as

u
[up1, vpa]. = [upr + 21, vp1 + 21 ] = Pexp{ig/ dt Ae(tp1 + ZJ_)} . (A.1)
v
The derivative of the gauge link with respect to the transverse position is

0 . )
@[Uph up1], = igA;(up1 + z1)[up1, vp1), — iglupi, vp1]-Ai(vpr + z1)

- z’g/ ds [up1, sp1].Fei(p1s + z1)[p1s, p1v]2, (A.2)

with index i = 1,2. From (A.2) we may formally define the transverse covariant derivative
©; that acts on a non-local operator as

. 0
iD; [up1, vp1], = Z@[Uply op1]z + g[Ai(zL), [upr, vp1].]

= 9/ ds [up1, sp1].Fei(p1s + z1)[p18, p1v]2, (A.3)

where we have used the implicit notation [Ai(zL), [up1, vpl]z] = Ai(zL + upr)[up1,vp1], —
[up1, vp1]. Ai(z1 + vp1).
Given a gauge link [z, y.], = [%x*pl + 2z, %y*pl + z, ], in Schwinger notation we have

(@ L[, gl lyL) = [0, 54)2 6@ (z — ) . (A4)

The transverse momentum operator b= Di + gfli acts on the gauge link as

I

<m[15z»[w*,y*]]zu)=<mi©i[:€*,y*]\m>=(au!gi/ dws [T, wi Foiws, ysllyr),  (A5)

*

where we used again the short-hand notation [z.,w.|Fie|ws, Yx] = [Tx, wi|Fie(ws)[wi, Ys].
The point to make regarding (A.5) is that the covariant derivative i®; acts on the gauge link
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even though the transverse coordinate has not been specified yet and, as matter of fact, it
does not have to in order to know how it acts on the gauge link. Therefore, through out the
paper we will make quite a bit of algebra involving the gauge link, the momentum operator
P; and the covariant derivative i®; without specifying the bra (x| and the ket |y ).

At this point, one is tempted to identify the covariant derivative i®; as the usual
covariant derivative which acts on a local operator. This identification would not be correct.
Indeed, one can easily check that

(194,19 ] [+, Yu] = 19F5[@4, o] — ig[as, yu Fj - (A.6)

To arrive at (A.6) we have implemented the definition of i®D; given in (A.3).
Another identity involving ©; that we will often use is

D0, wal Fuifton, 1) = (1000, 0]) Fuilton, ] + [0, 0] Fui(iD; w2, 1))
+ [, Wi (iD} Foi) [wi, Y]

g [
—y° / e [, 2] Fole, w2 Failion ]
w.

*

2 [wx
—l—gs/ dz*[x*7w*]Foi[W*7Z*]Foj[z*ay*]

*

+ [, W] (0D Foi) [ws, 9] - (A7)

Notice that in eq. (A.7) derivative ©; acts on the gauge link, while the usual covariant
derivative D; acts on the local field operator F,; with respect to the transverse coordinate
that will be specified in a second step according to Schwinger notation (A.4). So, as we
can see from the first line after the equal sign in eq. (A.7), ©; follows the usual Leibnitz
rule for derivative of product of functions with the exception that when ®; acts on a gauge
link it acts as in eq. (A.3), while when it acts on a local filed operator it becomes the usual
covariant derivative. It is now easy to show that

D2 [T+, Ys] —29/ d— w*/ LT, WL Fre Wy wi | F'y [wie, Ys]
—|—g/ dsw*[ac*,w*](zD ' Foi)[ws, 4] (A.8)
Yx
where D2 = —9'D;,.

B An alternative type of expansion for the quark propagator

The procedure we adopted in section 2.2 to obtain the quark propagator in the eikonal
approximation is certainly not the only one. In this section we consider the following type
of expansion

1 1 1 1
<~’U|Ig+ ie’y> = <$|m|y> - <l‘|mgﬁm\y>
1 1
(@ ‘]15—&-26 Ag/ﬁ—i—@e A]é+7,e|y> (B.1)
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e + +...

Figure 4. Diagrammatic expansion of the quark propagator in the external field. Quantum fields
are in blue, while classical fields are in red as usual.

which is diagrammatically shown in figure 4. Now we are interested only in the eikonal
contribution, so we can use, in Schwinger notation, (z|Aly) = 2pAq (., z)6® (z—y) and
eq. (B.1) becomes

1 - ¢’—34 _E N z +OO@ Ty —Z 2y —
<x|P+i€|y>_ 272 (x—y)? —ie)? 3/ d *[/0 0(@x— 2:)0 (25 —yx) (B.2)

0 .
_/ da&(y*—z*)Q(z*—x*)} e~ i(Te—ye)

2
o0 20

0 —ii($*—z*)~ 2. 4 —ii(z*—y*)A
X (o |pe o ig_Pade(z)e e PlyL)

: Tx Zx +o0
_: / aa g (e —
s/* dz*/y dz*[/o 507 O(zs—24)0(24 —2,)0(2, — s

*

0 do / / —ia(Te—
— - — _ _ (Te—Ye)
/ 5 29(y* 2,)0(z, — 24)0 (24 m*)}e

2

~ D 2 92 , 2 . B2, -
x (z 1 |pe a2 igZ gy Ay (2) e as ) ig= Ay (o) et as AV gy )
S S

We can rewrite expansion (B.2) as a path ordered exponential

i 1 T da VY da ia(e— Pl
<x‘p+ie’y>:s[/o Wem—y*)—/ me*—x*)]e (o=ve) (1) | Pt e

X poPexp {ig

Tx 9 P2 . b2 P2 A
d = e i as % A.(z*)ezatZ*} eV Ply.). (B.3)

Yx

We may perform a further approximation due to the infinite boost (we are interest only in
the eikonal contribution)

~2 ~2
eias Ay (z)el e = Au(z,) + O(), (B.4)

where A is the large parameter of the Lorentz boost. With this approximation we arrive at

i L[ [T da O da oz —
s =3 | [ gt = - [ 5500 - | et

P +ie s 202 ,ooﬁ
g —iix ii g
X (xo|pe” o T polws, yule e PlyL) - (B.5)

Notice that to arrive at propagator (B.5), which is already in the shock-wave form, we did
not need to perform the gauge rotation we performed in section 2.2, because expansion (B.1)
assumes from the start a free propagation before and after the interaction with the external
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field, as can also be seen from its diagrammatic representation in figure 4. In other words,
when we start drawing Feynman diagrams, like in figure 4, we are implicitly fixing a gauge
for the external field.

C The {P,, A,} term

In section 3 we showed that the term {]5., A,} is actually a sub-sub-eikonal correction. We
now demonstrate the same thing following an alternative procedure. To this end, we notice

that (for simplicity we omit the +ie prescription from each T and the " symbol on

1
p*+2ag
top of operators)

1 1
Y (P AN
p?+ 204914.{ }p2 + 2agA,
1 1 1 1 1
AP A
2a{ ’ﬁ2+2agA.}+ 2ap2+2agA.{pl’ }p2—|—2agA.
1 1
= —{A,, — ~2y. 1
e b 00 (©1)

Thus, we are left with sub-eikonal corrections with the A, (a gauge dependent term) only
at the edges of the gauge link. When we use the scalar propagator in intermediate steps
with the terms (C.1), we will have terms like

1 1
(A igF )\ —
p2—|—2agA.{ w195 }p2—|—2agA.
1 1 1 1 1 1
=————(PPA, —A*P.P) — AP——PA,———
p2+2agA.< ! ! p2—|—2agA.+2ozp2+2ong. Y207 T p24-2a9A,
1 1 1 1 1 1
- AP R PPA———
+204p2+2agA. ZpJ‘pQ—l—QagA. 2ap2+2agA.pJ‘ T p242ag9A,
1 1 1 1
—PA +0(\7?). (C.2)

=—— A P— [
20p2+2agAs T " 20 T p2+2a9A,

So, once again, we arrived at an expression which has the non gauge-invariant terms only
at the edges of the gauge links and they could be eliminated by a proper gauge choice since
are outside the shock-wave. To arrive at eq. (C.2), we noticed that the term

1 1
2ap? 4 2ag A

1 1 1 - 1
p? +2agAs  2ap? + 204914.10l T2+ 2094,

A*Pz'p%_ (C.3)

is sub-sub-eikonal and therefore can be disregarded. Moreover, we used

1 1
— A, PP
<x|p2 +2agA, p? +2agA, v)
1 1
= [ dz(a| 5——=—|2)Ai(24, 21)iD3iD; (2| 5¥—————
[ el g VA e 2 DED el
t®da O da ,
. Rt _ et o —i0(Te—Yeo)
- [t [ et - )«

2 —iiz iiz YA a Y —iiz ii
X [ d=zi (T |e Vas T Xy, zi]etas T Ay (24)iDZiD; e as 7 [z, yu] € as Y|y 1)

*
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tda da o
— | — —ia(Te—Ye)
[ JA yn~+j[“A 0. g}e
-2

o2 fiim iiz -2, —tl——%
X (—9) dgzl*(xﬂe s U [Ty, 2] € as T Ay (24 )iDie ™ as =

*

2

/ dSZ [Z*7Z ]on[ *7y*]e O‘Sy*‘yl->

Yx
T®da O da —ico(Te—
= {_/0 @9(56* — Ys) +/—oo40<29(y* —x*)} el weme)
Tx 9 —z’iz* 124 .9 125 2 Pl .
X (—g) /y* dg21*<xj_|€ as [37*72*] (A*(Z*) + @[p 7A*]> <£[pL7 A'] + % + ZD.)

Zx 2 'A2
< [ e B e S ) = 00, (4
Y

*

where we used the identity (z@f + gA.(x*))[x*,z*] = 0. Clearly, the advantage of the
procedure adopted in section 3 is that one does not have to deal with non gauge-invariant
terms even though they are at the edges of the gauge links.

D Some calculation details of the sub-eikonal corrections to the quark
propagator

In this section we present some details of the calculation to obtain eq. (4.4). Our starting
point is eq. (4.3) which we report here

Ix 2 ) ~2 B X . 2 ' ' Y
PeXp {Zg/ d—wy 6Z%w* <AQ(W*)+ ;w ) +;F.Z(w*)¢27%> G—ZZ;JS-M*}
§ a

*

— [a:*,y*]%-ig/x*diw* [, 03] < (w )

*

Ad) lous]

[P
ig 7 2 4
% " dgw* [33*,(.4)*] <82F.*J*.+ Fz]U > W*,y*

T 2 i 2 i 2
i [ o] (5 2P+ 2 52 ) o]

o2 “r 2 B(ws L Wx 1 2 .
o) [ 2o [0 i) (2 A o) 5 P

as

N2 L% , i i Blw)) Wfl 2 /
o) [ 2o [0 i) 52 Py ) (PR 42 AL o)
A2 (D.1)

Our goal is to rewrite (D.1) in a gauge invariant form. To this end, we divide the right-
hand-side of eq. (D.1) in four pieces, simplify them separately, and then sum them up.
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Using result (3.7), the first piece in (4.3) reduces to

. L 2 O * . *
[y Y] +Zg/ d;w* [y W4 < () ‘1‘1:8[]73_,14.]) [, Y]

X 2a
ig [**2 4 1 y
+ % . dgw* [x*,w*} <82Fo*0'*o + iFile] [w*, y*]
ig |2 i i
= [oes ] + 5 | 2o ({0 AT (@)} = gAi(w) A (22) ) 2, 9:)

~ el 2y (1P AUy} — 94i(5) 4°(51))

) , 2

™2 ,2 ;
+ g/ d- w:k 7(“)* - wi)[x*,w;]FZ.[wi,w*] Fie [w*a y*])]
S S

Wi
ig [** 2 4 1 y
Taa ), 5 [, ws] <52F o0 + 5 Fi0 " ) fwis gl (D-2)

Next, making use of the following identity

[pﬁnFjo] =g ({Pla Az} - gAlAz) Fjo
— gFje ({P', Ai} — gA'A;) — {P", (iD;iFja)}, (D.3)

the second piece reduces to

"2 1 2 LWy T2 ;

Zg/* dgw* [x*7w*] (msFoi?‘Q’}/l +Z£[pi, 2O[SFOi¢2’Yl]> [w*7y*]
i 2 ig .2 /x 2 2

= — 5 _ sy Yx)) — T 5 T d— k| T Wi [Lxy Wi
5 2@ Ll ye]) = 257 B e [0, 4]

X (g ({Pi, A} — gAiAi) Fje — gFje ({Pi, A} — gAiA,-) ) (Wi, Ys]

2P [ (D Eje) o ]} — [, D F) (100,11

+ %w*(iﬁy[x*, w0:])(iDi Fyo) oo, y*]] . (D.A)

Note that identity (D.3) highlights the importance of the transverse fields at the edges of
the gauge-link in the scalar propagator (3.7). These terms can be set to zero only when
they are at the point z, and y,, but when we use the scalar propagator as an intermediate
step, these terms will not always be at the edges. So, setting them to zero once and for all,
will lead to a wrong result.
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We now turn our attention to the third piece. After some algebra it reduces to

. Tx 9 w2 Bws W i 2
97 [ a2 [ a2t oo (P 425 AL ) o] 5 2Pl 0]
Yx

*

:(Z>z/:zliw;<2x*({p“,4(x*)} gAAY) [, 0]

- [w*,wié% ({P, A'(w))} — gAiAY) ) i~ Fio' Polwl, ys]

g 2

T 2
+Fo¢2§ 2/ dsw*[a:*,w*]&( LW, Y])

+—f ) / / 02000 200s [0, i e Foe (D1 [, 34])

g 2 2
+472 Z/y*dsw* |:{P l‘*aw*}sw* 7,.( L[W*,y*])}
2 i
+ [ac*,w*];w*Fi. (iD°( J_[w*,y*]))] . (D.5)
Finally, let us consider the forth piece
2 B / !/
(97 [ @ [ 02 i) 5 2 o) o) () #2202 A1) k]

- (2a> /xj;liw* [[x*,w*]Z2Fz-7 ¢2<iw* ({7, A"} = gAIA”) [ws 9]

Yx

- %y* [W*7 y*] ({Pm Al} - gAzA’L> > + %]é?(l@l( L[xww*]))gw*ﬂo[w*, y*]
(P @ 1, w0]) 2 Fialin, ]} — @ [0, ]) Bl 1]

b [Pl 2wl DF [w*,mm.[w*,y*]] (D.6)

*

We can now sum the four terms (D.2), (D.4), (D.5) and (D.6) and, since we are interested
in the shock-wave limit, we can disregard the fields that are at the edges of the gauge-links,
that is at points x, and y.. After some algebra, we obtain

Te QK Blws) i 2 . Nl
P . d . e Wi A. N 77F.4 N VA 7’[/Ew*
exp{zg/ v e’ < (ws)+ 5 +2a . i(wi) Pay ) }

*

X%

- ((1—2L§¢2z‘zu)[x*,y*1+§i / e, [m*,w*]&[w*,m)

+%“2 “dQZ* [(méﬁz[m*,z*])m&[z*,y*]+[xw*]igl?l(i%%m[z*’y*])}
Y
_{_% / d—ws ({p [L‘*,w*]iw*Fio(w*)[w*uy*]}

o9 9 , o 2, (T2 2
+g/ dgw*g(W*_w*)[JU*qw*]F’L.[W*,W*]on [W*gy*] 4 er] S]ﬁQ/ d— Wi SW*

Wi
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|0 0 D ]~ JGD F) (i )~ O D) ]}
+%§ Q/x*diw* [iw*< l[x*,w*])Fi.(i@i[u}*,y*])—gw*(iQi[aj*,w*DFi.( 1[weys])
(B 0] S0 Fon 1 [0, 0D+, @ [50,600]) S0 Pl 4]}

Flrar02] 2000 Fa DD [, 94]) — (D (D 1 [ 01])) 2 Fralw, ]| +O(2), (D.7)

where we have defined By = ;%F.*o*. + %Fijaij.
Note that, to get to eq. (D.7) we could have started, alternatively, from the following
type of expansion

(x Upm’y)
-z \P[PQ - gt B+ 0B)
T p2 (ZQQE-’Y P2+ 931) ! (ZQQF“W P2 + gB1) 12} ly)
= ipial [pg + 2gofA. +90  p2+ 2gojA. + gOingi'V% P2+ 2galA. + g0
2+ 2ZgozA. 951 p? + 2gaA, + p? + QZgozA. igiﬂ-.viyﬁgpz + 2lgozA. bi p? + 21gaA.
* P2+ 2ZgaA. o p? + 21gaA 2 Fiy 115219—1-21904,4.} v} (D-8)

and, substituting the scalar propagator with sub-eikonal corrections, eq. (3.7), for each
m factor, and the eikonal scalar propagator, eq. (2.9), for each m factor,
we would get to the same gauge invariant expression, eq. (D.7), with the help of steps

similar to egs. (D.2), (D.4), (D.5) and (D.6).

E Quark and scalar propagators with one end-point in the external field

E.1 Scalar propagator

In section 3 we derived the scalar propagator for the shock-wave case, that is, for the case
in which the particle starts and ends its propagation outside the shock-wave as shown
in figure 1. We expanded around a point which is in the middle of the external field,
eq. (3.5). We are now interested in the scalar propagator for a particle that starts or ends
its propagation inside the external field. We consider the case in which the point z, is in
the shock-wave, i.e. inside the interval in which the filed strength tensor is different then
zero. In this case, expansion (2.6) can be written as

i tod o da .
by da _ EP—
e = | [ Gt w0 /m2a9< v e

Tx 2 p2

x (x| Pexp {ig/ 02, o'k (@) <A.(w*) + O(w*)> e—lit(w*—x*)}
Y S 20

LT
X e Vas WYy ) (E.1)
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In eq. (E.1), we observe that the coordinate z., which is the end point of the particle’s
propagation, is now in the path ordered exponential. This means that both, particle and
external field end at z.. We can now repeat the same steps we performed in the previous
section and arrive at

1 Tod o da -
) = *= _ _ —i0(Te—Ye)

< ] {[w*,m + 52 o y*]fm ) (P AW} — 9y A1)

T 2 - 2
—i—/ d;w* ({PZ7 [T, Wi S (Wi — s) Fia(wy) [ws, ys] }
T2 ;2 / AT ]
+9 d— w*f(w* _w*)[x*aw*]Fo[www*] Fie [w*vy*]
w., S 8
132
x ey ) + 0(A7?). (E.2)

We will now show that, since the particle ends its propagation inside the external field at
point x,, the non gauge-invariant terms, the transverse field A;, will be only at point .
To this end we use

/d wi { P x*,w*}2(w*—x*)Fi.[w*,y*]}

*

[\)

- / a2, [[x*,mS<w*—x*><z’DiFi.<w*>>[w*,y*]+2[x*,w*]im—x*m.(w*)[w*,y*]#
—o [0 [0 (fe ) Pl ) 2= P )]
+[x*,w']8<w ) Fua (@) [l s Py () oo ] ) (E.3)

To arrive at eq. (E.3) we have pushed the operator P; to the right of the gauge link up to
point y, which is the point outside the range in which F| ﬁ,l/ # 0. Hence, result (E.2) can be

=[50t - [ wije( o e

x (a1 {[x*,m # o o2 = 5 (P A ) - 94,00 4°0.))

written as

(x|

P2+Ze

N / x*diw* <[x*,w*]i<w* — 2.)(iD' Fia(w,))[ws, 2]

*

2 / A2 W) (], = 22) Fia () ey (00 i, 3]
Wi

2l = ) B 1) | } )y )

+O(\?). (E4)
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Figure 5. Particle starts its propagation within the shock-wave. In this case the pure gauge is
only to the left of the shock-wave.

All non gauge-invariant terms in (E.4) are now only to the right of the gauge links, that
is to the point y.. This is opposite to what we have in eq. (3.7) which has the transverse
field A® on both edges of the gauge link (i.e. at points z, and y.). In the gauge-rotated
field A, we can set such non gauge-invariant terms to zero.

In a similar way we can expand with respect to y; + %ply* and get

<x|PQ"H€ry>:UO+°°Me< - /OOCZ‘Q( )]em<x.y.>

2
X (x| et as (@eve)

A oeil + 5 | (P A} = 0o ) A 2 = )

+ [t ( ]2 s 1) (D Fia(w0)r, 3]

S

+2g [ @i )R o) = 9 P2
+ 2Pi[x*,w*]§(w* — Yx) Fio (W) [wi, y*]>] }\yﬁ +0ON?). (E.5)

In eq. (E.5) we have the non gauge-invariant terms only at point z,

E.2 Quark propagator

In this section we derive the sub-eikonal corrections to the quark propagator with one
end-point inside the external filed. To this end we need to use result (E.4). Let us suppose
that = + %plm* is the end-point of the quark propagator in the external field as shown in
figure 5. It is convenient to start from the following expression of the quark propagator

i i -

- ' : E.6
Pﬂe‘ =t ’ﬁ2+2agA.+9B+i§9F.z‘]52”ﬂ+z‘5P‘y> (E.6)
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and we need to include the point x, in the path-ordered exponential. So, we have

i +0ogt oy ta . 2
= —_— — — _ *m(:v.*y.) s Tx
(| =——1y) [/0 50 (@ = ) /oo2a 0(y- x*)] e (z|e

P +ie
=9 A Blw,) i 2
X Pexp{ig/ d;w* ez%w* <A.(w*) + (w.) +

1
2a 2ce 8

F-z‘(w*)]/fﬂi)

IR R 2
x e astr betas |y ) —’L@y+9;A-(y*,y¢)¢2+9AL(y*,yL) . (E7)

We also need

2

(z1fefas W=y ) emialremye) (251’ +92752A-(y*,yﬁ +A(y*)>
= ol = 2 DY P ]+ AL (00)

2
% elas (Ys—T) ’yJ_> —i(Te—Ye) ) (ES)

At this point the procedure we have to adopt is the same as the one performed in the
previous section. Therefore, we arrive at

1 g da -
— o o - —ia(Te—Ye)
Pﬂ.em UO o5 0@ =1s) / o5 0 x*)} e

e { (eili=g [ a2’ e Pl o

(x|

*

2 1 4
+Zg d Wi <[$*7w*}<2 ”Eg‘i‘

Fo* *o) *9 Yx
o . Txe | [Wi, Ys]

+[x*,w*]§<w*—x*><z’DiE.<w*>>[w*,y*1

~2g [ ) ik P )]

20000112 (02 =) P (), 3] P ) i+ [ s | Bl )
e A T PR S Lo e e

X( 2(24, ] (1D Fjo) [ s P' = 2[4, ] (6 D'y Fjo) (iDj[ws, )

20D 1[0, 0] ' (1Diln, 1)) + 200, 0] Fia (1040 1 [00,3.])
e (D Fi) D 1 e ]+ (D 1 [£0,06]) (1D )32
imf}

~2
Xei%(y*fx*)‘yl>+0(>\i2)- (E.9)

+2[2,wi] Fia (1D L[ws, y]) P'+2(D L[4, w4]) Fia [w*,y*]Pi>
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Equation (E.9) is the final result for the quark propagator with sub-eikonal corrections
with point a;i” + %:c*pg in the external field. Note that, in (E.9), the non gauge-invariant
terms are those with gauge field A; only at point y, which, being outside the shock-wave,
can be set to zero (see figure 5). In eq. (E.9) the action of the covariant derivative ©; can
be performed using its definition (A.3).

F Gluon propagator in the background-Feynman gauge

F.1 In the background of gluon field

Let us consider gluon propagator in the background-Feynman gauge D*A], = 0 where
again D, = 0, — igAzl. The superscript “cl” will be omitted again from now on. The
propagator in Schwinger formalism can be written as

AL AW = (o g (F.1)
where P? = p? +2ga A, + g{p'! , Af;} + %g{fj., A*} — ngli. We will omit the symbol " from
the operators, for simplicity. We define again the operator O = {p//, At}—l—%{P,, Ay} —gAﬁ_
and get rid of the term {P,, A} as we did in section 3.

Let us expand eq. (F.1) in F},, up to F' 3 terms, which are the ones relevant to get the
A1 corrections (we will omit the +ie prescription for each 1 > factor)

1
<P2 + 2igF + ie>W

Cgw o 11,11 1 101 11
= 2 ~ 29 pp iy — 49 PQF“gPZF”P2 + 8ig® PQF‘LgﬁF nﬁFnVﬁ +...
G 4ig 1 169 p2up21/ 1
ﬁ - 7(p21/gua pQ,U«gl/a) PQFO: P2 + 82 EFZQ P2 Floﬁ
. 1 8ig 1 1
+ |:_ 2ig giugﬁuﬁFaﬂ P2 ST(pl,uPQV - p2uplz/) ﬁF*oﬁ
89° papdar 1 Wl 89%gapa 1, 1
* s PZF'ﬁF P2 s Pl P2F"P2
| 16¢° Popday L 1o 1 169° p2vgay 1 o Lo 1
S2 P2 % p27 *p2 52 pP2- *p2-* p2
04ig’popay 1 o 1 o 1 1 Gdig’pyepay 1 1o 1 ]
I e i A B e
32ig3 1 1

) p2 ie p2 p2 J* p2

In eq. (F.2) the terms in the square bracket are sub-eikonal terms so, for those terms, for
each of the % factors, we need the leading-eikonal scalar propagator. The terms outside
the square bracket instead, contain both eikonal and sub-eikonal corrections so, for those
terms, for each PQ, we need the scalar propagator with up to sub-eikonal corrections,

q. (3.7), in the adjoint representation. Therefore, neglecting the terms with fields at the
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edges of the gauge link, that is, at point z, and y,, we arrive, after some algebra,

g

(A%(2) AL (y))a = [— /0 S 0@ —y.)+ / ’ C;zég(y*_x*ﬂ efmx.fy.)m,efi%x*

—00

2 L 2
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where we defined
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. . 9
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4q Tx 9 b
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Equation (F.3) is the final result of the gluon propagator with sub-eikonal corrections
in the background-Feynman gauge. The operators %MV’ %QIW’ %3;“,, ‘B4W, %5;“/’ and
‘B@w are the sub-eikonal corrections to the gluon propagator in the gluon external filed in
the background-Feynman gauge.
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F.2 1In the background of quark and anti-quark fields

Let us consider the gluon propagator in the background of quark and anti-quark fields. As
we have anticipated in 5.2, in the background-Feynman gauge the gluon propagator in the
background of quark and anti quark fields receives a eikonal contribution. The diagram
and the cross-diagram is given in figure 3

(AL (@) AL W) 5 =9 /d4zld422 (Au(z )AZ(21)><A§(Z2)A’Z(@/)> (F.10)

[ 2)t77 Zzl \Zl>7ptcw(21)+1ﬁ(21)tcv (z1] |22)7 %) (22)

P+

To proceed, we need the eikonal gluon propagator in the gluon external field with the
transverse A; fields at the edge of the gauge link (i.e. at point z1, and z9,) not set to zero
like eq. (3.7) for the scalar propagator. The reason is two folds. First, we need to extract
eikonal and sub-eikonal contributions and second, the gluon propagator has points z1, and
294 in the shock-wave external field. Thus, we have
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It is convenient to start with a symmetric expression with respect to P

b=t (<zlubf,2 o)+ |P2 —Plz2) )7 0 (z2)
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WC (pﬂn — 577} )1 P *P2+ 9Fie gyt w) |22) . (F.13)

Note that, we can use Py = p. = ja because A, will contribute as a sub-sub-eikonal term.
In eq. (F.10) we have two integrations over the x-components z1, and z2., so we can use
P? = p?>4+2agA, —i—z'g%Fi.fyi]zﬁg +O(X71) neglecting all other sub-eikonal terms because they
would contribute as sub-sub-eikonal corrections.

The term from which we will extract both eikonal and sub-eikonal contributions is
S%pgpg‘ Pt Ps P% t%). Let us observe that, using scalar propagator (3.7), we have
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and similarly we have

1
<Zl’p2 + 2agAe + gO

1 Tod o do ,
— —_— _ — —’LOZ(Zl.—ZQ.)
(sl lz2) + [/0 5y (21 — 224) /_002a 0(22¢ — 214) | €

Po ’22>

2Lz

2
x (211 ] €T e 1 [, 22, PY elas 2|2y ) (F.15)

where P? = —P'P;, and in section 3 we defined O = {p,, A } — gA%.

Let us consider first the term (z1]5-|22) from which we will have to extract eikonal
and sub-eikonal corrections. Adding also the cross diagram, we have

(A ()AL (1) =" [ dandes (430 A500) AL 22) A5 0) 08
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— 38 —



Using propagators (F.11) and (F.12), and the identity gip [t°, t%]1)=(D"F;e)°! + 2(Dq Fyq)*
we obtain

)

A4 W) 53— [ dardes (A5 A5(0)) (AL 22) A1) 00}
X [Pt o e )+ D) 1 o | o ) 22)|
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~2 52
To arrive at result (F.17) we have used e_i%z*@b(z*)ei%z* = 1(2+) + O(\) and similarly
for 1. The terms (D'Fjs) and 2(D4Fe)°? in eq. (F.17) are the eikonal contributions to the
gluon propagator in the background of quark and anti-quark fields, while { P*, (1D}, D" F;q)+
2(iDDeFia)} is one of the sub-eikonal terms. Note that to arrive at eq. (F.17) we made
use of

2 3

ei%zl* ((DiFl.)—F;(D.F*.)) e_izz“ (F18)
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~0((D P 2 (DuFn)) (P A3} =9 45) = (PG, (D' i)+ 2D, DeFus) | OO,

where g ({P7, A;} — gAI A;) ((DiFZ-.)+§(D.F*.)) and —g((D"FZ-.)+%(D.F*.)> ({P7, A;}—
gAjAj) will cancel out with similar terms coming from the gluon propagators (F.11)

and (F.12). We can rewrite eq. (F.17), pushing the operator P/ all to the left and to
the right of the gauge links, as
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Note that, to get eq. (F.19) we have also added the cross diagram.
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Next, we consider the terms P? [z, 29.] and [21x, 22.] P? (without the cross diagram)
which are sub-eikonal corrections. We have
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2 2
where we used e’as Zl*@be" S = = +O(A71) and similarly for .
The other terms in eq. (F.13) will contribute as sub-eikonal terms so, the final result
is (including also the cross diagram)
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where we define
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— 41 —



2 T 2 Z1x 2 _
Q5, (T, Yus pL) = / dszl*/ d;zz*w(mﬁ P (210 ) £, Y0 [, 22400 (22
Y Y
(F.24)

g * 2 Z1% 2
A (e yip) = o5 [ d-
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T x 2
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T x 2
- dgw* (215, W) G Fjo Wi, ] 192, ]
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Y 22*]
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b 92 Tx 9 Z1x 9 _ b
letu(x*vy*;pL) =29 dgzl* d;Z2* Y(216) [210, Ta] 120, Y[y, 224]
Yx Yx

x (bt + Zpurpn?) (D56 (2)) + (220) B
- (le/;(zl*) + (_i@(zlﬁgj)) (%mwjzﬁl%f + %pzﬂ,ﬂfwj)

* 210, ] 1 [, ]y, Zz*]w(@*)] (F.26)

Notice that in DZZV we can use

T x

_293 ([Zl*a I'*] ta [.%'*, y*]tb[y*, 22*]) = / dgw* [Zl*a .%'*] ta [.’L'*, w*]gFjo[W*y y*]tb[y*> 32*]
Yx

Ty 9
_/ d*w* [21*,00*]91;}.[60*,%*]ta[l‘*,y*}tb[y*,zh]

Z2% 2
- / dgw* [Zl*, -'E*] t* ['Z*a y*]tb[y*, W*]gFj.[w*, Z2*]
Y

(F.27)

and Q‘fzy(x*,y*;p 1) includes both diagram and cross diagram, so we did not need to
include Q?ﬁu(y*,x*;pL) in eq. (F.21).
Equation (F.21) is the final result for the gluon propagator in the background-Feynman

gauge in the quark and anti-quark external fields.

F.3 Summing up the gluon and quark anti-quark external fields contributions

We can now sum up the contribution due to the gluon external field eq. (F.3) and the
quark and anti-quark external field eq. (F.21) and obtain the final expression of the gluon
propagator in the Background-Feynman gauge up to sub-eikonal terms (i. e. terms that

— 492 —



scale as A™1)

<Az(x)A2(y)>:[— /0 L g+ / Doy _m*)} -

20
A 29 2 . 4
X <<$J_‘ e Vs T {guy [x*,y*] +— s / dsw* |:(p2u513/ _p2uéf¢) [HT*M*}FJ‘.[LU*,ZU*]
Yx

+ iplup%/ ([:C*,w*] <(iDiFi-) + E(ZD°F*°)> [ws, 4]

ab
—29/ d—uw, [:c*,wfk]Fi,[w;,w*]Fi.[w*,y*O]

+ B (@ Y DL )+ B (T, Y L)+ B (T Yui L)+ B0, (2, Y1 P L)
+%g2y(x*7y*§pJ_)+ng2y(x*ay*§pJ_)+Q(112y(x*7y*§pj_>+ngy($*ay*§pj_)

52

Ll
+980, (2, Y p L)+ Q00 (T, Yus p L)+ (20, y1pL) }e’ as ¥y )
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Equation (F.28) is the gluon propagator in the background-Feynman gauge up to sub-

eikonal corrections. All the sub-eikonal corrections, which scale as A~! under the longitu-
dinal boost, are enclosed in the operators %1#1/’ %2#,/, ‘B3W, %4;“/’ 285W, %mw and Qlw,,

QQ;LV? Q3;w’ Q4p,w Q5,u,1/
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