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Gauge invariance of transverse momentum dependent
distributions at small x
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The interplay between the small-x limit of QCD amplitudes and QCD factorization at moderate x has
been studied extensively in recent years. It was finally shown that semiclassical formulations of small-x
physics can have the form of an infinite twist framework involving transverse momentum dependent
distributions in the eikonal limit. In this work, we demonstrate that small-x distributions can be formulated
in terms of transverse gauge links. This allows, in particular, for direct and efficient decompositions of
observables into subamplitudes involving gauge-invariant suboperators which span parton distributions.
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I. INTRODUCTION

The two main regimes for a process with a hard scale Q>
and center-of-mass energy s are the so-called Bjorken limit
Q? ~ s — oo that relates to moderate values of x ~ Q?/s,
where QCD factorization applies, and the so-called Regge
limit, for which Q% < s or x < 1. The main obstacle when
studying the connections between QCD factorization and
QCD at small x is the discrepancy in the involved non-
perturbative elements: QCD factorization involves parton
distributions, whereas the most general formulations of
small-x physics involve the action of Wilson-line operators
on hadronic states [1-6]. In Ref. [7], the authors showed
how to extract the small-x limit of a transverse momentum
dependent (TMD) distribution from a Wilson-line operator.
Their argument relies on two statements: the fact that the
longitudinal momentum fractions of partons in the distri-
butions are small in the eikonal limit and the fact that
transverse gluon fields are subeikonal in the most com-
monly used gauges (see Sec. II).

As an example, let us consider the Weizsicker-
Williams (WW)-type gluon TMD operator for a gluon
with longitudinal momentum fraction x and transverse
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momentum k [8] inside a hadron with a large momentum
P mostly in the — light cone direction, which is defined
as [9]

- drtdr ., -
Ol (x. k) = / e (UL F= (00U,
(1)

where [10] F'= = 0'/A~ —0=A' —ig[A’, A7] [cf. Eq. (8)] is

the field strength tensor, U ﬁ)] are staple-shaped gauge links
+
Uil = e oo e oo™y ) (2)

and [x*,c0"], denotes a straight Wilson line in the
fundamental representation of SU(3) along the + direction
at fixed transverse coordinate x and similarly for
[toot, y+]y. In particular, we have

et 3+, = Us(xtayh) = Pexp {ig [ dz*A-<z+,x>]
y+
3)

where A™(x",x) = n- A is the — component of the target
gauge field evaluated on the light cone branch x~ = 0, with
n=(1,0,0,1). Here and throughout, it is understood that
A = A", where 1* are the QCD color matrices in the
fundamental representation.

The transverse gauge link, on the other hand, is evaluated
at constant light cone time x™:
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.yl = Pexp {—ig /y Tdz) ATz ], @)

where z(1) = (z', z?) defines a trajectory in the transverse
plane, that starts at y and ends at x, and parametrized by the
real number 0 < 1 < 1.

Under the two hypotheses described above, one
can neglect the phase ixP~r" in the Fourier transform in
Eq. (1), as well as the transverse part [x,y|+ of the staple-
shaped gauge link. This observation allowed the authors
of Ref. [9] to find a match between the WW-type
TMD operator and infinite Wilson-line operators U, =
U, (o0, —00). Indeed,

O(x~0,k) / re*N U (dUN,Ug(dUy.  (5)

Such an operator appears naturally when one takes the first
term in Taylor expansions of observables at small x. The
remarkable equivalence in Eq. (5) generated a lot of interest
for the physics of TMD distributions in the small-x
community, which gathered tremendous insight on these
distributions from small-x models [11-18]. Attempts have
also been made in order to unify small-x and moderate-x
evolution equations for TMDs [19,20]. However, no
equivalence was formed beyond the leading power in
k/Q until very recently [21,22].

In Refs. [21,22], it was shown that a class of observables
at small x could be entirely rewritten as the eikonal limit of
an infinite twist TMD framework. This new formulation of
small-x physics was based on a power expansion, then the
rearrangement of the expanded form by classifying terms
depending on the genuine twist of the nonperturbative
operator involved, and then the resummation of power
corrections to the accompanying Wilson coefficients.
Although the final expressions were fairly simple, it would
be cumbersome to generalize to other classes of observ-
ables. It also relied on the assumption that neglecting the
transverse gauge links from the distribution in a gauge
where transverse gluons are subeikonal would not spoil
QCD gauge invariance of the distribution.

In this article, we propose a more direct derivation of
the equivalence found in Refs. [21,22] and uncover its
underlying geometric structure which preserves the explicit
gauge invariance of the operators. For this purpose, we
demonstrate that pairs of Wilson-line operators have a
powerful formulation in terms of transverse gauge links
built from rotated gluon fields. In the new approach to
TMDs at small x in terms of transverse gauge link
operators, it will be straightforward to generalize to other
observables.

The article is organized as follows: In Sec. II, we give a
brief introduction of the semiclassical small-x basics and
discuss gauge invariance for this framework. In Sec. III, we
show how pairs of Wilson lines can be interpreted as

transverse gauge links thanks to parallel transports on the
transverse plane and gauge invariance and how this result
has the form of a non-Abelian Stokes equation. As an
application of the results from Sec. IIl, we show how to
extract TMD suboperators from the dipole in Sec. IV, and in
Sec. V we extend this method to more generic two-Wilson-
line operators. Finally, we extend the method to a three-line
operator in Sec. VI.

II. BACKGROUND FIELD AT HIGH ENERGY

Consider a hadronic target moving in the negative z
direction, close to the light cone, i.e., x~ ~0. It can be
described by a classical current [3,23]

J (x)=J (xt,x) and JT=J ~0, (6)
that generates a gauge field which depends only on light
cone time x* and the transverse coordinate x. In such a
framework, it turns out that both covariant 0-A = 0 and
light cone A™ = 0 gauge share a common solution. Indeed,
it immediately follows from A™ = A’ = 0 and the inde-

pendence on x~ that 0-A = 9"A~ = 0. The equation of
motion for the field reads

D, F\-] = —0'F~ = —0’A~ = J~, (7)
where

F = 0"AY — YAV — ig[A*, A¥] and DM =o' — igA*

(8)

denote the field strength tensor and the covariant deri-
vative, respectively. With the above choice of gauges,
the current is covariantly conserved, since DTJ™ =
0tJ~ = 0. Furthermore, note that, although A~ obeys a
Poisson equation, it is an exact solution of the Yang-Mills
equations.

In the following, we will make use of the existence of a
residual gauge freedom in AT = 0 light cone gauge: One
can choose any gauge transformations with the form

A= (xF,x) = Q. (xNA(xT,x)Q: (xT)

1
— Q. (x") Qs (x*
£ Sl )00 ("),

Ai(xt x) - —%szxwafsz;l(xﬂ, (9)

where Q,(x") is an element of the gauge group SU(3) that
preserves the condition A™ = 0. Because A™ is suppressed
on the x~ = 0 branch, the above decomposition is expected
to span a larger subset of SU(3) beyond light cone gauge.
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Under such a gauge transformation, the Wilson line

Up(62.8)) = Pexp [ig /5 fz dx+A-(x+,x)] (10)

transforms as

Ux(fz’fl) _)Qx(§2)Ux(§2’§l)Q;l<€l)- (11)

Note that there is an infinite number of gauge trans-
formations, spanning the entire gauge group SU(3), that
satisfy (9). This freedom in fixing the boundary conditions
translates into the different regularization schemes for the
spurious 1/k" singularity encountered in light cone gauge;
see, for example, Ref. [24].

ITII. TRANSVERSE QCD STRINGS AND THE
DIPOLE OPERATOR

In the standard semiclassical formulations of small-x
physics, scattering amplitudes are most commonly com-
puted in AT = 0 light cone gauge by fixing the residual
gauge freedom such that the classical transverse field
vanishes. Hence, only the — component of the background
field is taken into account through lightlike Wilson-line
operators along the x* direction.

The connection to TMD physics requires the formulation
of the problem in terms of field strength tensors, typically
introduced by performing a gradient expansion in trans-
verse coordinate space that yields 0’A~ ~ F'~. In effect, this
corresponds to the parallel transport of Wilson-line oper-
ators on the transverse plane as will be shown shortly.

A. Parallel transport on the transverse plane

Let us first show how gauge rotations can be rewritten as
transverse gauge links. For any pair of transverse positions
(x1, x,) and defining r = x; — x,, we can readily write [25]

1 d
O (1) = O (1) + / as a0
0 dS

0,0+ [ @509, 0. (12)
Now, note that

O'Q(1) = igA'(1.x)Q(1), (13)
where A’ (with i = 1, 2) is the pure gauge field obtained
from the rotation Q [see Eq. (9)]. Combining the two

remarks above and then multiplying Eq. (12) by Q! (7) on
the right yields

(1 .
Qxl(t)Q;zl(t)_l—igr’A dsA (1,35 + 1)y, 4 o (1)Q: (7).

(14)

The final step is now to notice that Eq. (14) is the equation
which defines a Wilson line along the straight line trajectory
parametrized by the real number s with values between
0 and 1 and such that z(0) = x, and z(1) = x, that is,

z(s) =x, + sr.

This Wilson line, that we denote as [x{,x;],, solves the
following equation:

yx], = 1—ig / "d A (15)

Although the transverse gauge link was constructed for a
straight line trajectory, it can be easily shown that it is
independent of the trajectory connecting the end points so
long as the transverse field is a pure gauge.

By comparing Egs. (14) and (15), we can make the
following identification:

Qe (N9 (1) = [x1. 3], (16)

An equivalent relation can readily be obtained:
. xl
el = 1-ig [md A @ ()
X2

B. Dipole operator and the non-Abelian
Stokes theorem

With the setup from Sec. II, where transverse gluon
fields are neglected, let us consider a generic dipole
operator in the fundamental representation:

(O.f(xl’x2))ij5 (Ux](oo,c_f)sz(.f, oo))l.j, (18)

where i, j are color indices. In most cases, at small x it is
assumed that the classical field A~ has a compact support
which is very peaked around x* =0 in Eq. (10). As a
result, so long as & < 0, one can replace £ by —oo in our
expressions, and one can deal with infinite Wilson lines U,..
In Eq. (18), this choice would amount to the replacement
[26] Uy, (00, &)U, (£, 00) — U, UL,. Here, we will keep a
generic £. Under the gauge rotation of parameter €, the
dipole operator becomes

O¢(x1, %) = Q! (00) Uy, (00, &) () (&)
X Uy, (€, 00)Q,, (c0), (19)

where the lines are now built from gauge-rotated gluon
fields from Eq. (9). Using Eq. (16) finally allows us to write
the dipole operator with transverse gauge links:

O(x1.x;) = Qs (00) Uy, (00. &) 1. x2] Uy, (€, 0)Qy, (00).
(20)
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“TERRE

FIG. 1.

A diagrammatic depiction of O¢(x;,x,) is given in Fig. 1,
left panel. In Eq. (20), the transverse gauge link is built
from the pure gauge transverse gluons A'(x",x) =
~ L) ().

It is possible to absorb the longitudinal Wilson lines into
the transverse link with the following change of variables:

Al(E.z) > Al(£.2) = U (£, 00)A(£.2) U, (€. 00)

+;<afvz><oo,5>vz<s, o). (21)

Note that the hatted field is nonlocal in x* and trans-
forms similarly to the field strength tensor under a gauge
rotation, i.e.,

A(£.2) = Q(c0)A(£.2)% " (o0). (22)

We can actually trade the dependence on the gauge field
with that of the field strength tensor with simple algebra:

- © d .. .
Aiz.z) _/§ ar 3 Ai(1,2) + A'(e0.2)

= /: dtU, (oo, t)F'=(t,2)U,(t, 00) + A'(c0,z),

(23)

where we have used Eq. (21) and the fact that (9/0r) x
U,(c0,t) =—igU,(c0,1)A™(t,z) and  (9/0t)U(t,00)=
igA~(1,z)U,(t,00). Furthermore, by making use of the
Fierz identity

|

Non-Abelian Stokes theorem.

oL
L1l o o e e e e e e =
tn Ut
Znl (€ ——
Fii(tvznl) U
_ y
to :
221 ® +
ty
Z1L (S m—
T == e e e e m—— - -
f —+00
Ut'u’ = ttwhe, (24)

one can also express Eq. (25) in terms of a single Wilson
line W in the adjoint representation:

Ai(gz)= /; ® AP WP (o0, 1) Fai=(1,7) + Ai(co,z).  (25)

Without loss of generality, since transverse gluon fields are
pure gauges, it is possible to chose the gauge rotation such
that A’(c0,z) = 0, simply by choosing Q,(c0) = 1 on the
whole transverse plane. We will make this choice from now
on. For the sake of clarity, we will distinguish the gauge
links which depend on the rotated field from Egs. (21) and
(25) from the regular gauge links by hatting their coor-
dinates. We have now established that

O(:(xhxz) = [fl,fz]gv (26)

which allows one to understand the dipole operator as a
transverse string built from the gluons in Eq. (25).

We can rewrite this result in the form of the non-Abelian
Stokes theorem ([27]; see also [28]): The integral of A* over
the square contour C on the left-hand side in Fig. 1 is equal
to the integral of the so-called rwisted strength tensor
UF™U" inside the surface S defined by this contour:

S={(t.z);t €[ 0],z € [x},x,]}.

Indeed, the more explicit Eq. (26), with nonvanishing
transverse fields at infinite light cone time, is given by

(,Peig I AA~(1x1) =i J: ! dz-A(é,z)Peig I AA~(132). 5 18 J: . dz-A(oo,z))ij

= (Pexp [—ig[le dz"/:00 di[xy,z] [00, 1] . F'=(1,2)]t, m]z[z,xl]m]>u, (27)
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which is a form of the Stokes equation

Pexp [ ?é dx,,Aﬂ(x)] — Pexp { [9 daWUFﬂvU*}, (28)

where do,, is the surface measure on § and U denotes a
Wilson line connecting the point x € & enclosed by the
surface measure to an arbitrary base point O on C, which in

Eq. (27) is taken to be O = (c0,x,).

C. A local formulation for the dipole operator

With similar considerations as before, let us establish yet
another form for the dipole operator. This form allows for a
power expansion where all terms are explicitly gauge
invariant step by step. Starting from the gauge-rotated
dipole in Eq. (19), for a rotation where gauge links are
trivial at infinity, one has

Op(b.b — 1) = [Uy(00. &) (£)]e [ () Uj (& w0)].

(29)
where we introduced the translation operator e,
Without writing times for readability, let us note that

0,Q7'U = Q7 'U[0, + U'Q(0,Q~ U + U'(3,U)]
= Q'U[0, — igA(b)], (30)

which leads to

(0,)"Q7'U" = (9, — igA (D))", (31)
where we can recognize the covariant derivative with the
hatted gluon field from Eq. (25). With a simple exponen-
tiation, we can now give two local forms for the dipole, in
terms of the translation operator:

(e=r(@=igA(6)

(O®.b-r)); = (32)

ij

(OB + r’b))ij = (e"(éh—iyff(b))) (33)

ij*
These forms allow for efficient and gauge-invariant power
expansions, as discussed more explicitly in the Appendix.

IV. APPLICATION TO THE SMALL-x AND TMD
EQUIVALENCE FOR DIS DIJET PRODUCTION

The amplitude for the production of a dijet in deep
inelastic scattering (DIS), as obtained from the effective
Feynman diagrams depicted in Fig. 2, involves the dipole
operator. Starting from Eq. (26), one can apply successively
relations (15) and then (17) in order to rewrite the dipole
operator into one-body and two-body contributions:

A\
to .
Us, T

FIG. 2. The amplitude for DIS dijet production involves the
nonsinglet dipole from Eq. (18). Gray blobs represent the
interactions with the classical external field, which effectively
dresses the quark and the antiquark with Wilson lines to build the
dipole operator.

Os(x1,%,) = 1= ig/XI dz'A’(¢.7)

+ (ig)? / dz’/dz’fA’éz

Then, recalling the explicit expression for the rotated fields
in terms of twisted strength tensors,

[2.2]:A(&.2).
(34)

Ostwre) = 1t ["ar [* agU (oo,
x F~i(t,z) U} (o0, 1)
(ig) / dt/ dt/ dz’/dz”
x Uy (00, )F (1. 2) UL (o0, 1)[£.2'],
x Uy(co, ) FI(t .2 )U (co,1). (35)
Using the expression for the hatted links

.2, =

Uy (00.8)[z.2']:U} (00, £). (36)

as well as

Ul(c0.t)Uy(00,&) = [1.€], (37)

and its counterpart for [£, '], the dipole operator ends up
entirely rewritten as the sum of one-body and two-body
operators, in an explicitly gauge-invariant way:

Og(x],xz) =1+ lg/ dt/ dz’ 00 l] (l Z)[l oo}z

o fCufu [ [

X o0, t],F~ i(t,2)[t, f}z[z»z]g[fvf]z’
% F_j(t/’z/ﬂt/7 oo]z«. (38)
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Equation (38) is very close to the result of Ref. [22] for the specific case of the dipole operator. With the simple trick for any

function F

Flz) = / Fhy / @62 F(p,), (39)

(2m)?

introducing r = x; — x, and with straightforward algebra we can finally recover that result:

O(xl,xz —l—lg/ dt/ (
2r)?

i(kxy) _ ei(k-xz)
i(k-r) )

/dzve ") 00, 1], F'=(1,v)]t, 0],

2
(ig) / dt/ dt/dk1

/dzkz/de /dee i(kyby)—i(kyby)

Xi(kz"’)

X [co. 7],

The one-body and two-body amplitudes that appear in
the above decomposition of the dipole operator are depicted
in Fig. 3.

This result can be used in order to rewrite any small-x
observable involving the dipole operator in terms of TMD
distributions, as in Ref. [22]. Indeed, the expressions from
Ref. [22] are straightforwardly recovered by convoluting
the dipole operator O¢(x,x,) with a hard part H(x;,x,)
with its small-x Galilean boost-invariant form H(x,x,) =
e~ !AP)d(r), with b the impact parameter, A the transverse
momentum transfer, and ® a wave function. Furthermore,
the derivation presented above leads to an expression for
TMD distributions which involves explicitly the previously
neglected transverse gauge links which are usually assumed
to be subdominant in light cone gauge in the small-x
regime. Here, we found an explicitly gauge-invariant
expression for the operators. Still, note that the transverse
gauge links involved here are built from pure gauge fields,
and for full generality of this explicit gauge invariance

¢ +00

FIG. 3.

ripl eilly+ha)xy _ ik +ky)-x; ) eilkix) _ ailkix)
—e! zxz)—
( i(ki +ky) -1 )
F7(t,by)[t, &y, [b1,bo) &, ']y, F (1, b1)[1, 0], (40)

i(k; 1)

|

one should consider the consequences of relaxing the
assumption that transverse fields can be gauged away at
small x. This is left for future studies.

It is interesting to note that the derivation of Eq. (40) is
straightforward once the dipole operator is fully rewritten
as the transverse string operator [, ¥,] ¢ While working in
the usual framework makes it quite technical. This repre-
sentation also allows for a simple understanding of the
structures encountered in Ref. [22]:

ei(k-r) -1

EGUN .

as the Fourier transforms of identity along the contours
which support the transverse strings. Namely,

X ) 1 .
/ 2 dzezzk — r/ dse”"k. (42)
X 0

,______
<+
N}
[E——

Diagrammatic representation of the one-body (left) and two-body (right) amplitudes.
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T

—v/2

\/
8

v/2 00

FIG. 4. Gauge link structure of the WW distribution.

Let us consider the leading genuine twist contribution to the
dipole operator only:

and convolute it with the generic form of a y*) - ¢g
hard part:

H(xy.x2) = (2m)5(1 — 2 = Z)e™ Pex )= PeRlg(r),  (44)

where we used only the constraints from longitudinal
momentum conservation through the classical field and
the Galilean boost invariance of the photon wave function.
We can easily obtain the 7" matrix for this process:

/ re l(’l ’Ié)' rl< - : q>‘ i‘(pq p‘)‘r>
= _gq 12 . |

. I 2k . ei(k-xl) _ei(k-xz) .
Ostsvxn) = =iy [ [ 3 r () < (1) o0, 0P (0)0. )
« / dre9) oo, 1 F=(9)[1, 0], (43)
which then leads to the following cross section:
|
do d*v . (v ‘ v
2 = [ = s(v ey (Pl F (2l Fi (=2 ) u, P
G, = | ot e (3 (=5 )ueam
asq "t 2012 (TP~ 2P ) (r—1) il j %
Fy— drd*r'e™"Pa=Pa r'rlo(r)p*(r)
eiZPytpg)T _ o=izpytpg) TN [ o=iZPytpe) () _ aiz(pytpg) T
ol I ) ®
(pq +pc7) r (pq +pé) v

We clearly recognize the Weizsidcker-Williams TMD (1)
from its gauge link structure, depicted in Fig. 4.

This cross section gives the form of the cross section for
observables like dijet production in DIS if it was computed
with the so-called small-x improved TMD techniques [29],
thus generalizing the equivalence found in Ref. [21] and
extended in Ref. [22]. Note that the present results also
contain genuine higher twist contributions, i.e., the ¢g* terms
in (40), which will not be displayed for the sake of
readability. The reader is referred to Ref. [22] for more

b—zr
Ry
Ub—zr
et B i Ry
,
Rn 4
|
\
\
\
\\
e e Ry
Ry
b+zr
b+ zr

FIG. 5.
to the operator from Eq. (47).

|
explicit genuine higher twist contributions, noting that the
simple and explicitly gauge-invariant method we estab-
lished in the present work allows for nonzero transverse
gauge links in those contributions.

V. EXTENSION TO GENERIC COLOR
STRUCTURES

Let us quickly extend the previous method for a more
generic process: Let us consider a particle in color

Diagrams for the splitting of a particle in color representation R, into particles in respective representations R and R,, leading
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representation R, splitting into two particles in color
representations R; and R, in the external classical field.
The involved Wilson-line operator is then (see, e.g., [21])

is obtained by computing the diagrams in Fig. 5. We
implicitly used the following identity, for open color
indices in representations R; and in R;:

O22(x,%,) = Ux! (00, E)TRUSE (&, 00)

= Uy (0. &)TRU (£, 0).  (47)

Roy7Ro _ 7R Ry 7R
THU, = Uy'T™U,. (48)

As in the previous section, the transverse gauge links at
infinity allow us to rewrite the operator with rotated
Wilson lines:

Here, b is the average position, weighted by longitudinal
fractions z and 7: b = zx; + Zx,. This Wilson line structure
|

O92(x).x,) = QT (00) Uy (00, &) (&) TRQ (£) U2 (£, 00) Q% (00)
— QT (00) Uy (00, £)Q5" (&) TRQ () Uy (£, 00) Q7 (00). (49)

As before, we will choose to cancel the gauge links at infinity. Here and from now on until the end of this section, we will
omit the time dependence in the intermediate equations for the reader’s convenience. The trick is now to write, for any b,

Qfll TROQ;?T — Qfll QflTQIIfI TROQllszQIIfz szzT, (50)
then to interpret the QQ' pairs as transverse gauge links formed from the gauge-enhanced gluon fields [see Egs. (16)]:

QRITROQRZT [x b]Rl.QRlTROQR’T[b xz] , (51)

and finally to absorb the Wilson lines into rotated transverse links:
U QR TR QP TUR = [#), 5)R US QR TR QT UR [, #5)R:. (52)
We can use Egs. (15) and (17) once for each hatted link:
02 (x;.x,) = —ig /,, " A ) BJUR QP TR U b5,
—ig / ’ dZ UR QR TR QR UR b, 214 (7), (53)
X
or, equivalently,
022(x).x2) = —ig l ™ () U QO TR U 2, 4]
—ig / " azifb. 21 uS QS TRl U AR (7). (54)

With similar tricks,

X . .
O(f)l2(xl’x2) _ —lg/ 1 dzlAzR] (Z)UflgflTRogszUfz
lg/ dz' U RlQRlTROQRoIURoAIRZ( )

lg / dzl / dz//AzR

+ (ig)Z / dz'i / dz/ AR (Z) Ufl [2,ZA/]RIQSI TROQSﬂ' Uf,zAjRQ (Z/). (55)
X, z

R1 Qfl TR(,szT [f, ZA/]R2 U§2AjR2 ()
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With Q,, = 1, itis possible to replace Q" (£) by [z co]£" and Q" (&) by [c0.2']{*. Then using the definition of the (rotated)
transverse fields and writing the time dependence explicitly again:

OV (x,.x,) = —ig / i / QU (o0, 1T Fi~(1.2)[1. £ 2. 00] 1 TR0 [0, 2 U (£, o0)

g / ar / a2 U (00, €) 2, 0o TR0 00, 2] ¢, AR TR Fir (1,2) U (1, o)

L b b
+(i9)2/ dt/ d [/ dz’ /zdz’H—/ dz’-’/ dz’}
¢ Je b x xn J7

x UK (0o, ) TR Fir (1,

[Nz,

ool F1 7000, 2]%2 (&, /1R TR FI7 (1, 2) UR (¢ o0). (56)

With the use of the trick given in Eq. (39), one recovers the results from Ref. [22], with explicit transverse gauge links:

Y d’k (o gizlkr) _
Oglz(xl,x2) :—zgzr/ dt/ )2/d2ve ke( I)W

x [o0, AN TRVFi=(1,v)[1, 8" [v, oo]R‘TR‘)[oo v] 2[£, co] P2

. by k . el iz(kr) _ 1
iyl dr d2 —ik-(v—x;)
lgzr/ / )2/ ve 2 r)

x [00, &' v, o] £ TR o0, ]2 £, 1> T4 Fiy (1,v)[t. ooy

2
(ig) / dt/ dt/dkl

rr/ (e"("2 -1
x
(ki +ky)-r\ (ky-r)

eiz<kl+k2)'r +

2
d°k, /dzbl/dzb e—iki-(b1-b) g~ iky-(br~b)

-1 —zz<k,+k2>-r>
(kl r)

x [oo, (R TRUFE= (1,8 1, R [B, 00] X1 TR0 00, by ]R2 (&, 1R TR FI (¢, by) [ o0 ] (57)

VI. EXTENSION TO THREE-LINE OPERATORS

The formulation of Wilson-line operators in terms of
transverse gauge links makes it very easy to extend the
proof of equivalence to TMD distributions for observables
with more than two Wilson lines involved. For example, let
us consider the y*) — ggg amplitude. It involves operators
with two Wilson lines, which can be treated as in previous
sections, but it also contains a three-line operator [30]

M; = U, t'wteui,, (58)

which in the fundamental representation reads as a four-line
one:

M; = U, Ui, t°U, Us,. (59)

Taking into account all three factors (o) and using the
tricks from Sec. III, this operator becomes

Mz = [X, %3]t 5, %] (60)

Applying Eq. (34) for £ = —oo simultaneously on the left
and on the right of the color matrix and using the explicit

expressions for the rotated fields (25) allows one to rewrite
directly U5 with one-, two-, three-, and four-body con-
tributions, reading, respectively [31],

M(l) :—lg/dt/ dzi[oo, 1], F=(1,2)[t, 00|t
zg/dt/ dz't?[co, 1], F'=(t,2)[t, 0],,  (61)

z)z(ig)z/dt/dt'/xl dz"/zdz’/

x [0, 1] F’ (1,2)[t.€],[z.2'] [5 7], JFI~ (t’,z’)[t’,oo]z/th

o [ [

x [00,1],F'=(t,2)[t,00],t?[c0, ¢, F/= (1 ,2/) [, 0],

lg)z/dt/dt/ dz’/ dz"
x t[oo, 1] F=(1.2)[t. €] [z.2 €. 7], FI~ (1.7

)70l
(62)
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—(ig)3/dtl/dt2/dt3 /xl dzf/zdz’f'/x3 dut

x [oo, fl] Fi_(tl» )t 8l [z. 2] ¢, fz] I (12.7)
X [tp, 00] t?[00, 23], F*~ (13,1

t3,
lg /dtl/dtz/dt3/ dzl/ duj/ du’k

X [00, 1], F'(1,,2) 11, 00 t?[00, 1], F/~ (13, u)
X (1, &l [, W&, 1] F*= (13,0 [13, 00,0, (63)

= (i9)4/dt1/dt2/dt3/dz4 /x' dz /zdzu'
/ du* / du’loo 1), LF=(t,z ), &,z Z]g

X [E, 1]y FI=(15,2) |12, 00] " [00, 13], F*~ (13, ut)
X [t3, &l [, W] (€, 14), F' (14, 0)[14, 00],. (64)

and

Although the final expressions are quite cumbersome,
the method to derive them is straightforward once the
dipoles have been replaced by transverse strings. All it took
was Eq. (34).

VII. DISCUSSIONS

We have provided a reinterpretation of operators built
from Wilson lines as operators built from transverse strings.
This observation allows for compact and systematic exten-
sions of the exact small-x and TMD equivalence shown in
Ref. [22]. It also allows for a systematic power expansion
which preserves QCD gauge invariance at each step. We
have given the example of an extension beyond previously
established results.

Besides the fact that small-x models can lead to
interesting insight on TMD distributions at asymptotic
energies, the infinite-twist TMD form of small-x ampli-
tudes also changes our understanding of saturation effects
in the dilute-dense regime [22] by distinguishing between
kinematic and genuine saturation effects. In light of this
new development, it would be interesting to revisit the
|

O (b,b —r) = rivrv(a, — igA(-

+o0
—o0

nonlinear terms in small-x evolution in terms of TMD
distributions. The first step toward the understanding of
these nonlinearities is precisely what we accomplished in
our example from Sec. VI, by extracting the TMD
operators from the three-line operator which appears when
one evolves a dipole.

Another advantage of the TMD form of small-x ampli-
tudes is the opportunity it opens for the use of TMD
evolution equations to resum logarithms of the hard scale as
well as Sudakov logarithms. Thanks to the extension
described in Sec. VI, it is now possible to adapt the full
next-to-leading logarithmic cross section for inclusive DIS
[32,33] in order to include these resummations.
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APPENDIX: GAUGE-INVARIANT POWER
EXPANSION: LOCAL FORMULATION

In this Appendix, we shall use the formulation of the
dipole operator established above in order to construct a
power expansion of the dipole operator Eq. (26) that is
explicitly gauge invariant order by order in powers of
r = x, — x;. Equations (32) and (33) can be used in order to
perform a local expansion, thus an expansion in powers of
small transverse momenta, with explicit gauge invariance
of all operators at each step of the process. For this purpose,
one can use the following identity which is a direct
consequence of Eq. (21) [34]:

6 - (to,b) = Ub<00,to)Di(to,b)U;(to,OO). (Al)
Let us detail the steps for the second term of the local
expansion of Eq. (32). First, use the definition of the hatted

field on the right:

00.5))" (9, — igA(~c0.b))"

digriir®o (9, — igA (=00, b))" [Uy (00, o) F~ (19, b) Uj (19, 00)].

(A2)

The trick is now to write the hatted field on the left, which is evaluated at —oo light cone time, as a function of the hatted field
at light cone time 7,. Thus, we need to use the following relation [cf. Eq. (25)]:

Ai(=co,b) = Ai(ty. b) + / " 4 (40, )F= (1, B)U' (1, +0),

(A3)
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which, when combined with Eq. (A1), leads to

A . , W 1 )
(05 — igA(=00.b))" = 0 — igA (19.b) —ig [ d1,Up(c0.1,)F'=(1,.b)Uj (1), )

We can then conclude with

L. +o0 . .
O, = —igritpi / dtg oo to], D (10.B) (Fv~(10.B) fg. ool,)

[Se]

R ‘ ‘ )
—gzrllrlo/ dto/(J diy[oo, 1y}, F1 = (21, b) [ty tol, 0~ (2o, b)[to, 0],

By recursion with similar steps, one can prove the general form of the |r|" term:

. o 0 1 .
O, = (=1)"rnriro Y / dt0/° dt,.../ 'dr,,
ko.. ky, V= -0 —00

X U(+00,1,)(r - D) n F'n=(1,,) U™ (1, tyy1 ). U (11, 10) (r - DY F (1) U (89, +00),

where the sum over kg...k,, is constrained by

— Uy (00, 16) D' (19, B)U (10, 00) — ig /_ " 40 Up(oo. 1) Fi=(11.)US (1. 00).  (Ad)
(AS5)
(A6)
(A7)

ij:n—m.

j=0

In simple words, the nth term in the gauge-invariant local expansion of the dipole operator is the sum of all possible
insertions of F tensors and covariant derivatives with the appropriate gauge links, such that the number of F’s and the
number of D’s sum up to n. As an illustration, the first few orders read

0y == [ 7 dtfoo. 4P (0)lr +oo

for the first order,

(A8)

ij .. [t h i j
02] = rlrJ dt] d[z [+00, IQ}FI_[IZ’ tl]F]_ [[1 ’ +00]

+ /+°° d[++co, 1|D/F' (1)1, +-o00],

o]

for the second, and for the third we have

.. L +o00 t t . .
Ogjk:—rlrfrk/ dtl/l dtz/z dt3[00,t3}F1_[t3,tz]Fj_[[3,t2]Fk_[t1,+00]

+o0 t . . . :
+/ dtl/] dty[+o0, 1] (DFF™ [ty 1] FI~ + F'=[ty, 1}]D*F/=) [1), + 0]

+ /_ " di[+oo. f]DIDHFI= (1)1, +-c0).

[Se]

The formulation of the dipole operator as a transverse
QCD string can thus be used in order to perform the
power expansion of a small-x observable while keep-
ing explicitly gauge-invariant operators. This is a parti-
cularly difficult task when using more standard forms
of the small-x observables, where the gluon field strength
tensor appears only via the derivative of Wilson lines

(A10)

thanks to the relation 0'A~ = F'~. For example, see
Ref. [13], where gauge invariance, while not broken, is
not explicitly respected due to the presence of double
derivatives of Wilson lines which lead to simple deri-
vatives of fields. Here, we established a systematic
framework to perform such expansions with explicit
invariance.
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