PUBLISHED FOR SISSA BY €} SPRINGER

RECEIVED: July 11, 2016
ACCEPTED: September 26, 2016
PUBLISHED: October 4, 2016

Gluon and Wilson loop TMDs for hadrons of spin < 1

Daniél Boer,* Sabrina Cotogno,” Tom van Daal,’¢ Piet J. Mulders,”*

Andrea Signori® and Ya-Jin Zhou®“¢

*Van Swinderen Institute for Particle Physics and Gravity, University of Groningen,
Nijenborgh 4, NL-9747 AG Groningen, The Netherlands

b Department of Physics and Astronomy, VU University Amsterdam,
De Boelelaan 1081, NL-1081 HV Amsterdam, The Netherlands
¢ Nikhef,
Science Park 105, NL-1098 XG Amsterdam, The Netherlands
4School of Physics € Key Laboratory of Particle Physics and Particle Irradiation (MOE),
Shandong University,
Jinan, Shandong 250100, China
E-mail: d.boer@rug.nl, scotogno@nikhef.nl, tvdaal@uikhef .nl,
mulders@few.vu.nl, asignori@ikhef.nl, zhouyj@sdu.edu.cn

ABSTRACT: In this paper we consider the parametrizations of gluon transverse momentum
dependent (TMD) correlators in terms of TMD parton distribution functions (PDFs).
These functions, referred to as TMDs, are defined as the Fourier transforms of hadronic
matrix elements of nonlocal combinations of gluon fields. The nonlocality is bridged by
gauge links, which have characteristic paths (future or past pointing), giving rise to a
process dependence that breaks universality. For gluons, the specific correlator with one
future and one past pointing gauge link is, in the limit of small z, related to a correlator of
a single Wilson loop. We present the parametrization of Wilson loop correlators in terms of
Wilson loop TMDs and discuss the relation between these functions and the small-z ‘dipole’
gluon TMDs. This analysis shows which gluon TMDs are leading or suppressed in the small-
x limit. We discuss hadronic targets that are unpolarized, vector polarized (relevant for
spin-1/2 and spin-1 hadrons), and tensor polarized (relevant for spin-1 hadrons). The latter
are of interest for studies with a future Electron-Ion Collider with polarized deuterons.
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1 Introduction

In high energy collisions gluons become more important with increasing energy, due to the
decreasing longitudinal momentum fraction = that is typically being probed. This region
has for example been studied by experiments at the Hadron-Electron Ring Accelerator
(HERA) in inclusive deep inelastic scattering (DIS) and currently by experiments at the
Large Hadron Collider (LHC) in proton-proton collisions. In less inclusive processes one can
in addition become sensitive to the transverse momentum distribution of gluons. There is a
rich variety of gluon transverse momentum dependent (TMD) parton distribution functions
(PDFs), or TMDs for short, especially if one includes the polarization of hadrons. At



the Relativistic Heavy Ion Collider (RHIC), experiments with spin-polarized protons are
conducted and in future experiments, such as at an Electron-Ion Collider (EIC), polarized
deuteron beams may be used. For this reason it is useful to parametrize gluon TMD
correlators as efficiently and systematically as possible for unpolarized, vector, and tensor
polarized hadrons and to consider specifically the small-x region. This is the intention of
this paper.

In the present work, the starting point for the gluon TMD correlators are Fourier
transforms of hadronic matrix elements of field strength tensors connected by Wilson lines
or gauge links [1-6] that bridge the nonlocality of the field operators, ensuring color gauge
invariance. The nonlocality includes transverse directions [1, 2], in which case one can
consider, besides gluon-gluon correlators, also the matrix element of a single Wilson loop
operator, which in this work is referred to as the Wilson loop correlator. The gauge in-
variant correlators are parametrized in terms of TMDs,; depending on the longitudinal
momentum fraction = and the transverse momentum k2 [7]. Including transverse momen-
tum dependence, i.e. going beyond collinear kinematics, gives rise to a wealth of azimuthal
asymmetries. This is particularly true when polarization degrees of freedom of the hadrons
involved are considered, giving for instance rise to single spin asymmetries [6, 8-11]. The
parametrizations in terms of TMDs have been extensively studied, especially for the quark
case, for different polarizations of hadrons up to and including spin 1 [10, 12-18]. In the
collinear case, the parametrization in terms of PDFs for gluons in tensor polarized spin-1
hadrons has first been considered in refs. [19, 20]. A further proliferation of TMDs comes
from the structure, i.e. the path dependence, of the gauge links. The gauge links depend on
the process and as a consequence they give rise to observable process dependence and thus
to a proliferation of TMDs. Since the dependence can be traced to the color flow in the hard
scattering process, it is in principle possible to unravel this dependence [6, 21-23]. In some
cases one may find how different TMDs and processes are related, but in some cases TMDs
with different gauge links are not related at all, encoding independent information [24].

Here we limit ourselves to TMDs appearing in those contributions to the cross sections
that are leading in inverse powers of the hard scale, referred to as leading twist TMDs.
We will not be concerned with higher twist contributions [25] nor with QCD corrections
that are of higher order in the strong coupling «g, relevant for the evolution and the
large transverse momentum region [26-28]. The higher twist contributions would generally
involve correlators with more fields. In order to facilitate the study of the evolution of these
TMDs we will discuss the transition to impact parameter space, without further studying
the evolution itself. We present the parametrizations of the gluon-gluon and Wilson loop
TMD correlators in terms of TMDs of definite rank for unpolarized, vector polarized, and
tensor polarized hadrons, the latter being considered here for the first time. We also provide
a new treatment of the connection between the gluon-gluon correlator at small x and the
Wilson loop correlator. This confirms the results of some specific examples that have been
discussed in an earlier paper [29].



2 Parametrizations of gluonic TMD correlators

In 2001, Mulders and Rodrigues [7] presented the first parametrization of the gluon-gluon
light-front correlator in terms of TMDs considering both unpolarized and vector polarized
hadrons. In 2007, a different nomenclature for those TMDs was proposed by Meifiner,
Metz, and Goeke in ref. [30], in close analogy to the ones for quarks. In this section we
extend the analyses of refs. [7, 30] by parametrizing both the gluon-gluon and Wilson loop
correlators for unpolarized, vector polarized, as well as tensor polarized hadrons. The
light-front correlators are expanded in a Lorentz basis of completely symmetric traceless
tensors built from the partonic momentum k; (see appendix C.1 for the definitions of the
relevant symmetric traceless tensors), and are expressed in terms of TMDs. Furthermore,
a more systematic way of naming the various TMDs is introduced, keeping and extending
the notation proposed in ref. [30].

We start with outlining the most relevant variables. We denote by P and k the hadron
and parton momenta respectively. We parametrize k in terms of the dimensionful vectors
P and n, where n is a lightlike vector satisfying n? = 0 and P-n = 1:

k' = x P + K+ (kP — aM?) n*, (2.1)

where M is the mass of the hadron. The transverse direction is projected out using the met-
ric tensor in transverse space, gi” = gt — Plrnv} (curly brackets denote symmetrization of
the indices), with nonvanishing elements g! = g22 = —1. For a polarized hadron we employ
a spin vector S needed to describe vector polarization for any hadron with spin > 1/2 and
a symmetric traceless spin tensor 1" to describe tensor polarization for hadrons with spin
> 1 [18, 31]. We again parametrize S and T in terms of the dimensionful vectors P and n,*

PH

SMZSLM—FS;—MSLTLM, (22)
L 12 4. prpr S pt
™=5 gSLLngW“' 3oLt Lﬁf + Spr
4 {p, v} {w, v} 4. o v
— gSLLP n —MSLTTL —|—§M S ntn”|, (2.3)
ensuring the relations

P?=M? P-S=0, P, 7" =0. (2.4)

For a spin-1/2 hadron only a spin vector is needed to parametrize the density matrix. For a
spin-1 hadron also a tensor is required. While the spin vector S for a spin-1 hadron signals
a polarized hadron with m = 1 along that direction (in case of its length being one), the
spin tensor 1" corresponds to particular combinations of spin states (see e.g. refs. [18, 31]).
The spin tensor has five independent parameters, namely Sy r,, the two components of the
transverse vector Sy, and the two independent components of the symmetric traceless
transverse tensor Spr.

"We use the definition of Srr that is used in ref. [18], which differs by a numerical factor from the
definition in ref. [31].



We note that one could reinstate the combination P-n = PT by replacing everywhere
n — n/P-n. Introducing n = (P — $M?n)/P-n, such that n-in = 1, one can work with
light cone components a™ = a-n and a~ = a-n. Hence, in the infinite momentum frame
n corresponds to the target hadron direction and n to the conjugate direction. They are
defined frame independently, however. In order to get the more natural interpretation in
the hadron rest frame, one has the covariantly defined time- and spacelike directions,

P P
M’ Z:M—Mn, (25)

which become the standard time and spatial z-directions in the hadron rest frame. They

t

are useful since the spin vector and tensor only contain the spacelike combination Z:
Sk =S 2* + S,

114 1
™ = [3 Sir <z“z +3 g#”> + 2 WS+ S| (2:6)

2.1 Unpolarized hadrons
2.1.1 The gluon-gluon correlator

For a color gauge invariant description of gluon correlations in hadrons one can consider
the (unintegrated) gluon-gluon correlator as a starting point,

! e d4 ik- v o
rl0UTmiee (. p o) = / (254@’% (P| F*™(0)Upg & F*” (§)Ufe ) IP) (2.7)

where color summation, a trace in color space (Tr.), is implicitly assumed. The Wilson
lines U[ng] and U[/g,o] guarantee color gauge invariance. Even though without specifying a
process the path integrations could run along arbitrary paths, we have already included
a dependence on the lightlike four-vector n, that enters upon consideration of staple-like
gauge links running along the light-front (§-n = 0) via lightlike {-P = +o00. A possible
parametrization of the unintegrated correlator in eq. (2.7), constrained by hermiticity and
parity conservation and respecting relations induced by time reversal (see appendix A), is?
] WP (s P = M?A, 6;“/0466/10&/3 + A p[#gv} lpol 4 A4 k[ugV][pkU]

+ (Ag + iA5) Plrgllerel (A, — i45) klrgYlle pol

+ (Ag/M?) Pl plegel 4 M*AL nlt gVllepel

+ M?(Af + i Ap) Plegillenel 4 M? (A} — iAy) nle gVlle pol

+ M2 (Al +iALy) kg lPnl + M2 (AY, —iAly) nltg Pk

+ M2 A, plepYl plopel 4 M2Al, AT ATINC]

+ (A4 +iAly) PV PRl (A1, —iAly) Pp¥plege]

+ (Al 4 i4%;) PRl (4] — iAL,) kElrpv Ploge]

+ M?(Alg + iA}g) PHpVlElepl

+ M?(Alg — iAlg) kltn¥IPlonal, (2.8)

?Relevant mass dimensions are [[] = —2 and [A4;] = —4.



where A; = A;(k-n, k-P,k?) and the completely antisymmetric Levi-Civita tensor e#/*7 is
fixed by taking e 12 = 1. Terms with coefficients As, Ay, A}, A}, A},, Alg are T-odd,
and a prime on the coefficient indicates that the corresponding Lorentz structure includes
the four-vector n. As it turns out, these structures do not give rise to any leading twist
TMDs (see ref. [32] for the analogous case for quarks). As we are only interested in leading
twist functions, we will later on omit the terms containing n from our description of the
gluon-gluon correlators in case of polarized hadrons.
Integrating eq. (2.7) over k-P, one obtains the TMD (light-front) correlator
2
U307 (2, ko Pm) = / dg(;:;g& e (PLEM (0)Ujg P (€)Ufe ) | P) oy 2
The relevant correlator showing up in leading terms in the inverse hard scale can be recog-
nized by counting P « @ and n « 1/Q, with @) denoting the hard scale. Suppressing the P
and n dependence, which of course is present in the definition of transverse directions and
in the paths of the gauge links, the leading (usually referred to as leading twist) correlator
is then
T (x, ky) = DOV (4 koo P o). (2.10)

Employing constant or symmetric traceless tensors, the light-front correlator is
parametrized in terms of leading twist (i.e. twist-2) TMDs of definite rank. For the unpo-
larized correlator one obtains

k) = |- ) )| )

where the expressions of the TMDs in terms of the coefficients A; can be found in ap-
pendix B. Throughout this paper, the remaining dependence of TMDs on the gauge link
as well as a reference to gluons, such as in f{ U] (z, k%), is implicitly assumed, so we often
simply write fi(x, k2), etc.

We note that integration over k; in eq. (2.11) leads to the collinear correlator

ij 2 ij xg;j
' (z) = /d kr TY(x, ky) = 5 1(x), (2.12)

parametrized in terms of a collinear PDF. Integrating over k-n = x shows that this nor-
malization is in agreement with the momentum sum rule for gluons taking the form

1
0< / drzfi(z) <1, (2.13)
0

which is not saturated because there is also a contribution from quarks.

2.1.2 The Wilson loop correlator
Again we start with a fully unintegrated correlator, now containing a Wilson loop operator,
d*¢
rheorl(; Py = /
0 ( ’ ) (27_[_)4

ekt (p|yleorl | p) (2.14)



where we implicitly include color tracing. The above quantity is a path-dependent quantity

that reduces to the normalization N.(P|P) upon integration over d*k. In certain processes

loop]

the latter contribution is subtracted, involving the operator Ul — 1, such as in diffractive

scattering [33]. As this subtraction only matters at k = 0, we will not consider it here. To
make contact with TMD correlators we can construct the loop from two staple-like paths

along n, possibly including additional (color averaged) loops [23] in U, U[’£ o> but now

(0.8
without ‘parton’ fields residing at 0 and &,

4
AP _ [ 4L
Ly (ks Pon) = / @) e (P| Uy qUfe ) |1P) - (2.15)
In the unintegrated amplitude expansion constrained by hermiticity and parity conservation
for an unpolarized hadron, just one (T-even) amplitude remains:3
v’ By

with By = Bi(k-n,k-P,k?). The absence of the ‘parton’ fields and the structure of the
loop on the light-front still allows integration over k-P, and invariance in the £- P direction
implies a delta function §(k-n):

dE-P a2, e ,
WLV ke (plT UL o |P)

= 6(z) 0" (kg P, (2.17)

I‘([)U’Ul] (x,kp; Pyn) = /

where the loop correlator integrated over k-P and k-n is given by

/ L&
Ty (ke Pm) = / S ehren (p UiogUiea 1P (2.18)
¢

(2m)?

Note that this correlator allows for azimuthal dependence in k. In the limit x — 0 we have

n=

t = k? = k2 = —k2 (see also appendix B). Bearing in mind the proportionality to the lon-
gitudinal extent L of the loop, L = [ d¢-P = 27 §(0), the light-front correlator in eq. (2.18)
is parametrized in terms of TMDs as follows (we suppress now the dependence on P and n):

P k) = T2 e(02), (219)
where the expression of the function e in terms of the coefficient B; can be found in
appendix B. The correlator in eq. (2.18) appears for instance in the dipole cross section
o [d?ry/(2m)? e FL i (Tr U(0)UT(r)))/Ne, where U is a gauge link running along the
light cone from —oo to +o0, up to endpoints forming a loop (see e.g. ref. [34]).

In section 3 we will elaborate on the link between the Wilson loop operator and the
gluon-gluon correlator at zero longitudinal momentum (i.e. z = 0). We will consider
two specific gauge links, namely a future and a past pointing staple-like gauge link, the
simplest ones denoted by [+] and [—] respectively. These two gauge links also make up the

*Relevant mass dimensions are [[] = —6 and [B;] = —4.



rectangular Wilson loop UM = U [[Jg] U [[g_(])p consisting of Wilson lines running from —oo to

oo along the n direction, at some transverse separation &,. This loop can be written as a
‘square’ of the form O(0)OT(¢) for a specific nonlocal operator O:

o — T T
U o U[”’L*OO,OT;OO,OT]U[OO,OT;OoﬁT} U[’Zong;foovéT}U[foong;ooon}
T T
- (U[—OO,OOT;—OO,OT}U[n—OQOT;OO,OT}U[OO,OT;OO,OOT])
.I.
T T

x (U[*OO,OOT;*OO,&F]U[TioovéT;OO,ET]U[OO,ﬁT;OO@OT]) ’ (2.20)

which are just the ingredients in the dipole operator [34] now including transverse pieces.

From eq. (2.20) it follows that e~ (k2) is positive definite. Similarly, also le’_] (z,k2) is
positive definite.

2.2 Vector polarized hadrons

2.2.1 The gluon-gluon correlator

Let us now consider vector polarized hadrons. Since here we are only interested in vector
polarization (we already discussed the unpolarized case), we would like to single out those
terms from the parametrization of the correlator that describe a vector polarized hadron
(i.e. terms containing S). To that end, we define

ATH#9 (k; P, S) = % [LH0 (ks P, .S) — TH5P7 (ks P, = S)] . (2.21)

A possible parametrization of this unintegrated correlator that is constrained by hermiticity
and parity conservation and respects relations induced by time reversal (see appendix A) is*
ATHEPO (ks Py S) = —2M A7 e'VPPk-S + i M Ag (e””P[pS"] — ep”P[“S”]>
+iM Ag (EMVS[ﬂPU] _ EIJUS[MPV}> +iM Ay (Euvk[pgff] _ Epok[MSV])
4 iM Ay (eSloge) — gmSiape]) 4 2 (ol pel _ ool g
1A A
+ ZJ\/}?’ (Euvk[pkal _ Gpak[ukV]> kS + Z]WM (GWP[pkU] _ GPUP[ukv}> k-S
iA15 ( wklp pol _ poklu V]) Ate + 1417 ups jp pol
+ 2 (ke prl — okl pr]) g 4 SO @ PS e p

Aie — iA17 ops pyl . A18 T 9419 ks (o pol
+T€ k" P +T€ kvp

4As already mentioned in the previous subsection, we omit gauge links for gluon-gluon correlators in
the case of polarized hadrons, hence there is no dependence on the four-vector n (which is the case in
eq. (2.8)). Since gauge links will always be present, we will, however, still allow for T-odd terms in the
parametrizations.



n Arg ]—\42'1419 PoRS ] Aso -1]\-41'1421 kP plp 6ol
i Asg ;jAzl PokP plugr] | Ago LiA?i* eVEP Llp go]
Ay —iA23 Lonp, Aoy +iAss kp
=2 epokPplugr] T2 2 kP

M M3

Aoy —iA
+ MT«;% epokPk[uPV}k.S’ (222)

PPolk.S

where we have employed the notation €?¢? = ¢#¥ P7a,byc,dy and square brackets denote
antisymmetrization of the indices. The terms with coefficients A7, Aig, A1g, A2g, Aoa, Aoy
are T-odd, and we note that the ones with coefficients Ag up to Ajs are slightly different
from those in ref. [7].

Employing symmetric traceless tensors in k., the light-front correlator is parametrized
in terms of leading twist (i.e. twist-2), definite rank TMDs as follows (in analogy to
eq. (2.10)):

ATY (2, ky) = ATY (z, ky) + ATE (2, kr), (2.23)
where®
{i jta
ij A €r o k7S
AT (z, ky) = 3 [zeT]SL g1(z, k2) + W hfL(x,k%)] , (2.24)
i x ijGSTkT Ze”k -S
k) = |- ST e + R

kr{i i} | Sriigj} {i ;j}aSrt
ep =S e k oy €rok n 9
_tr T4MT T hy(w, k2) — 21— ‘;]\23 hip(x,k3) |,  (2.25)
where €’ = ™" with nonzero components ¢! = —¢2! = 1. The expressions of the

TMDs in terms of the coefficients A; can be found in appendix B. The functions hllL, fllT,
hy, and hf‘T are T-odd. The only surviving collinear PDF is the rank-0 function g;, where
we have omitted the index ‘L’ on g = ¢17,. Note that hy # hyp. The function h; now
corresponds to the function —AH7p in the originally proposed parametrization in ref. [7].
The link to the more traditional parametrization is found by using the identity

i L ila iy 1 i i i i
& P8y = bl g, .S, + e (siJeT}’“T i kiﬂeT}*ﬂ . (2.26)

We can now recast eq. (2.23) into the more traditional, quite compact form

ij £ g;j €I;~TST 1 2 ij 2
AT (z,kr) = ol fir(z, k7) + iGTJ g1s(z, k7)
kr{i qj} Sriiy g} kr{i;j}
€p ST €r kT 2 €r kT 1 2
- Y; hir(x, k7.) — R hiy(x, k)|, (2.27)

SThroughout the paper, momenta indicated in boldface are two-dimensional vectors on the transverse
plane rather than four-vectors. We define k4. = [0, 0, k+] etc., so that e.g. krSr = —kr-Sr.



where we have made use of the shorthand notation

kr-Sr

7 gir(z, k2), (2.28)

g1s(2,k2) = Sy g1 (z, k2) +

and likewise for hf-s. The functions h; and hy7 are related as

2

k
h(w, k7) = har(z,k7) + 575 hig (@, k7). (2.29)

The function hq is a rank-1 function, hip contains both rank-1 and rank-3 pieces, and th
is a rank-3 function. Note that the function hy for gluons is, in spite of similarity in name,
quite different from the quark transverse polarization (transversity) function h;.

2.2.2 The Wilson loop correlator
For the same reason as in the case of the gluon-gluon correlator, we define
’ 1 ’ ’
ATV (e, P, S n) = = [rgU’U Ve, P,S,n) — TV, P, S, )| . (2.30)
A possible parametrization of this unintegrated correlator that is constrained by hermiticity
and parity conservation and respects relations induced by time reversal (see appendix A) is

/ B
ATV P 5 ) = 2 en P (2.31)

which is a T-odd term.
The loop correlator integrated over k-P and k-n is parametrized in terms of TMDs as
follows:

, L Stk

2
= 5 e er(k}), (2.32)

where the expression of the T-odd function er in terms of the coefficient By can be found
in appendix B.
2.3 Tensor polarized hadrons

2.3.1 The gluon-gluon correlator

We now include tensor polarization, which is relevant for spin-1 hadrons. Similarly as for
the vector polarized case, we define

A9 (k. P,T) = % [0 (k; P, T) — T##° (k; P, ~T)] (2.33)

where we have taken the vector polarization to be zero (i.e. S = 0). A possible parametriza-
tion of this unintegrated correlator that is constrained by hermiticity and parity conserva-



tion and respects relations induced by time reversal (see appendix A) is

AT (k2 P, T) = Agg Elepvllegol 4 Agr plepvlle pol | (Agg + iAg) klrvlle pol
A A

+ (Agg — iAgg) PTVIPRE) 4 % ko T 1Y) o o

4 A ZA31 ]{7 Ta[pkg}k['upy} A32 + ZA33

M?2 M?2
4 A32]&22A33 kaTa[pPU]k[MPV] + M2A34 (gM[PTU]V _ gV[PTU]M)
+ (Ass + i Ase) ko TWgPET) 1 (Ass — i Agg) ko TP g7l ]

- (Agr + i Asg) kaTW M0 PO 1 (Ag7 — i Agg) koW g7l P

ko Telk prlgle pol

A
+ Asg kakﬁTaﬁ€uwi/\6pon)\ + ﬂ kak Taﬁp[ugu] [pPa}

(A42 +1Ay3)
M?

+ %kak‘ TPl ool 4 kaks T8 plegrlle ol

L A - ZA43) kg TP Rl gVl Pl

+ 2 kg TP PRV plegel, (2.34)

where the terms with coefficients Asg, A3, A3z, Asg, Ass, Az are T-odd.
The light-front correlator is parametrized in terms of leading twist (i.e. twist-2) TMDs
of definite rank as follows:

AT (2, k) = ATY, (2, kr) + AT (2, kr) + AT (2, kr), (2.35)
where

kK98,

AF’EL(:U,I@T) = _Q?SLL flLL(ﬂkai) + T]wg hlLL(xak%)] ) (2.36)

| B

. 15 Sprk
zeTjeTLT T

M

g Ul .S
ALYy (e kr) = 5 | = T 2EL

fior(z, k2) + girr(r, k2)

| B
| — |

st kb K9S
L]@T hipr(z,k3) + TgThuT( SIe (2.37)

_|_

97k S70p o | ded €§7k37aSTTaﬁ 9
g2k Srrep ML L
§li it

+ S?T hirr(z, k%) % thT(% k%)

k3P S
+ Tﬁ hizp(a 7’“%)] : (2.38)

The expressions of the TMDs in terms of the coefficients A; can be found in appendix B.
The functions g1 and gipr are T-odd. In the collinear case the rank-0 functions firr,
and hypp survive. The former function was also called by in the quark case, and the latter
function shows up in the structure function A(z, Q?) discussed in ref. [19] and is called
AoG(x) in ref. [20].

,10,



2.3.2 The Wilson loop correlator

Similarly to the vector polarized case, we define
/ 1 / ’
AF([)U’U ](k’ P.T, ’I’L) = 5 |:F£)U7U } (kv P.T, Tl,) - F%UzU ](kv P, -T, Tl,)] ) (239)

where we have taken the vector polarization to be zero (i.e. S = 0). A possible parametriza-
tion of this unintegrated correlator that is constrained by hermiticity and parity conserva-
tion and respects relations induced by time reversal (see appendix A) is

/ B3
ATk P T n) = 71 Fuku T 4 By, T + W kun, THY . (2.40)
The loop correlator integrated over k-P and k-n is parametrized in terms of TMDs as
follows:
B
U L kr-Srr k2P S
AT }(kT)=:jZ§ Superp(ky) + = BLT(ki)4-43;EZ§JEQ6TT(k§) ,  (241)

where the expressions of the TMDs in terms of the coefficients B; can be found in ap-
pendix B.

3 The gluon-gluon correlator at small x

In this section we discuss the relation between the gluon-gluon correlator at small  and the
Wilson loop correlator. This connection only applies to the gluon-gluon correlator with
the staple-like [+] and [—] gauge links. In the Wilson loop correlator those gauge links
gt -l

Yo Vkeor

We will start from the Wilson loop correlator integrated over k-P and k-n given in

constitute the rectangular Wilson loop UH =

eq. (2.18). To study its k; dependence, we use the results in eq. (15) of ref. [23] to calculate
kik)To. Performing one partial integration in 0 and the other in ¢ and using the relevant
gluonic pole factor C[GDC}; = 4, we obtain
d*ér
(2m)? £n=0

dn-P dn/-P d*¢r otk € mig it g ]
-/ G v (P Priy) Ul Fr) UL (P)

i 1.7 10 ik i ; _
k) = 4 [ G5 e PG UL GO U 1P)|

7' -n=n-n=0,

np=07,nr=E1

d&-Pd%, | . . ~
:QWL/T EE(PIFM(0) UL Fr(€) Ul |P)

(277) [0.€] &n=k-n=0
= oL T (0, k), (3.1)
which implies that
- k; k;
r=1i, k,) = 57 Lo (kr). (3.2)
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The dependence on k. is in fact in this limit just the dependence on ¢ = k2, remaining
after the integration over k-n = z and k-P (the mass spectrum of intermediate states).
Thus it is appropriate to write the previous equation as

Tl (g p) 220 Kiky

o]
o Ty (kz) s’ (3.3)

The above results agree with the result in ref. [34] where in the small-z limit le’_] (z,k2)
becomes proportional to the dipole cross section. In ref. [29] that connection was made on
the correlator level for the case of a transversely polarized hadron, which corresponds to
the above eq. (3.1) and will also be discussed below.

For unpolarized hadrons the right-hand side of eq. (3.3) is given by the parametrization
in eq. (2.19). It follows that

. T i klﬂ
Ly ke) = 5 |=of hiw ki) + 15 hi( ,ki>]
x—0 k;«k% 2
- e e(ks)
1 o k2 ki
— | e . o
which implies that
k? 1 2 i 2
T
hn%) zfy(z, k2) = o L hm xhy (z,k;) = 2M2 e(ky). (3.5)

This means that ki must be maximal [7], i.e. hi = 2M?2f1/k%, as it is in fact the case
in the small-z k;-factorization approach [35] and in the framework of the color glass con-
densate [36]. This result indicates that the unpolarized dipole gluon distribution grows
as 1/x towards small x, apart from subdominant modifications from resummation of large
logarithms in 1/z and higher twist effects.

For longitudinally polarized hadrons eq. (3.3) implies that ¢g; and hlLL are less divergent
than 1/z in the limit of small z. For ¢; this is in accordance with the fact that in DGLAP
and CCFM evolution the splitting kernel lacks the 1/z factor of the kernel of fi, see e.g.
ref. [37]. Again this does not include resummation of large logarithms in 1/x leading to
nonlinear evolution, which may alter the result in the very small x region [38-40]. Now let
us consider transversely polarized hadrons. The right-hand side of eq. (3.3) is given by the
parametrization in eq. (2.32). We find for the symmetric part (symmetric in 4,75) of the
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transversely polarized gluon-gluon correlator

l] ST]CT kT{Z .7} ST{i ]}
i €T gr € S k
Ar%sym<m7k7’) - 5 [ - ]\Z— flJT([IJ,k%) 4M = hl(xakg“)

el kit L 2
- C;T hir(z, k7)

" kz k] ST’CT
= er(k2)
i k kr{i oj Sr{i g
1 gTJETT T k2 eT(k%) . 6TT{ S%} ETT{ k%} k?“ eT(ki)
2 2M?2 4M 2M?2
{i 1.5}aST
€r o F
T % eT(ki)] : (3.6)
which implies that
2
iig%] xfip(z, k2) = ilg% xhy(z, k2) = 2M2 hm xhip(z, k2)
1 2 5
Eili% chip(z, k2) = 2M2 er(ks), (3.7)

in agreement with the leading logarithmic result of ref. [29]. It involves the C-odd operator
structure UM — UF (see appendix A) surviving in AF([)D](k;P, S,n) for a transversely
polarized proton, which is the dipole odderon operator [41]. Therefore, this is also referred
to as the spin-dependent odderon [42]. The odderon operator Oy as defined in ref. [29]
and used in a model calculation in ref. [43] is related to er by Oiy = mer/(2M?). The
odderon in transverse spin asymmetries in elastic scattering has earlier been considered
in refs. [44-46], but without discussion of its operator structure. As the only nonzero
function in the unpolarized case is the even rank function e(k2), which survives for the
C-even Wilson loop operator combination UM + UM it also follows that there appears no
spin-independent odderon in this formalism, or rather that it is less divergent than 1/z in
the limit of small . This suggests that it will be suppressed in the small-z limit compared
to the C-even leading contribution.

For spin-1 hadrons eq. (3.3) implies that at small x three tensor polarized TMDs
remain, while the rest becomes zero. To be specific, for longitudinal-longitudinal (LL)
polarization we find

ALY, (x,kr) = 5 — g7 Scr finn(z, k2) + MQLL h1LL($ak§)]
z klk
i TM Sprerr(k2)
1 o KZSiL 2
5 [ 7SLr 2M2 €LL(’<3 )+ (k)| (3.8)
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which implies that

k2 2
- 2y _ 2 2
ig% rfipr(z, k) = 2]\;2 hn}) xhip; (z, k) = 2M2 err (k7). (3.9)

For the case of longitudinal-transverse (LT') polarization, we find for the symmetric
part of the gluon-gluon correlator

stk

hipr(z, k2)

i T Ukp-S
k) = |- RS i 4

K “SLra 1
+ A hipr(z,k3)

! 2
— oz ar k)
— 1 _ng:T.SLT kT (kQ) S}}Tk%} k;g" e (k)
2 M 4app2 T\ M appz P
— TM3 ©err(k2)], (3.10)

which implies that

2 2
M2 hm xhlLT(fL‘ kz)

iig(l) zfipr(c, k) = ilg(l) ahypr (v, k2) = err (k).

(3.11)

For the case of transverse-transverse (TT') polarization, we find for the symmetric part
of the gluon-gluon correlator

k.
40?2

ij 7.8
x gr k" Str ij
AF;ZTsym(x’kT) = 3 [—WflTT(kag“)_‘_S;zTthT('r’k%)
Strakr” 1 K Srtag

+ hipr(z, k2) +

2 I higr(a J‘ii)]

eso KiKD kP STTap

= e e kD)
1| gk Srras K2 k. N
- 2 [_ M2 e err(k7) + Sy gt err(kr)
_ Spr k" K K Srrag

2 EYVE eTT(k%) + Y eTT(k%)] ) (3'12)
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which implies that

. 2M° L.
o wfurr(e. k) = G Jimy shirr(@ky) = =3 Jing ahirr (.62
T
k7 1L 2 k? 2
= 67]\;2 ili}% xthT(wv kT) = 6]\;2 eTT(kT)' (3'13)

4 Summary and discussion

We have parametrized the gluon light-front correlators in terms of definite rank TMDs using
a basis of symmetric traceless tensors in k;. In table 1 we list the leading twist TMDs (mul-
tiplied by x), their rank, and their behavior under time reversal and charge conjugation.
The rank-0 functions are the ones that also appear as collinear PDFs. In the last column the
2 — 0 limit is considered for the functions zft~)(z, k2). We emphasize that the connec-
tion to the Wilson loop or dipole TMDs applies only to the TMDs with one future and one
past pointing link. Some of these functions are expected to be zero at x = 0, others become
equal to the TMDs e__(k2) in the Wilson loop operator. Conjecturing that the dependence
on k:i reflects the analytic behavior in k2, it simplifies the picture for the gluon TMDs
zfH=1(x, k2) at small z, several of them becoming proportional to one another. The C-
and T-behavior of the TMDs in the gluon-gluon correlator and those in the Wilson loop
correlator correctly match. The functions with a nonvanishing limit are expected to behave
as 1/x, or a slightly modified power after resummation of other small-z effects, e.g. with
an In(1/z) behavior. The functions with a vanishing limit are the ones for longitudinally
polarized hadrons as well as those linked to circular gluon polarization (the g-type TMDs).

We end with a brief discussion of the experimental possibilities to study the gluon
TMDs. The unpolarized and vector polarized gluon TMDs could be investigated in pro-
cesses at RHIC, at the LHC, possibly at a future polarized fixed-target experiment at the
LHC called AFTERQLHC [47], and at an EIC [48]. For instance, the unpolarized gluon
TMDs could be studied at the LHC and at AFTERQLHC in (pseudo)scalar C-even heavy
quarkonium production, such as x.p and 7. in the color-singlet configuration [49, 50].
Another option is to consider pseudovector quarkonium such as J/¥ and Y, which is pre-
dominantly in the color-singlet configuration when produced in gluon fusion together with
an additional isolated photon in the final state [51]. The latter is also useful to investigate
the QCD evolution of the gluon distributions.

The linearly polarized gluon TMDs could be studied by measuring cos(2¢) modu-
lations in processes such as dijet or heavy quark pair production in electron-proton or
electron-nucleus collisions [52, 53] and in virtual photon-jet pair production in pp or
pA collisions [36]. They can also be accessed through heavy quarkonium production in
(un)polarized pp collisions [49, 50] in association with other gluon TMDs.

The most promising processes that directly give access to the gluon Sivers effect are
p'p = yjet X at RHIC and AFTERQLHC [54], p'p — J/¥ vy X or p'p — J/UJ/U X at
AFTERQLHC [55], and ep! — ¢’ cé X at an EIC [56]. Production of color-singlet heavy
quarkonium states [50] and of photon pairs from polarized proton collisions [57] are also
valid possibilities.
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Ref. [30] Ref. [7] | Rank | T C | Limitxz — 0
xfi1 xf1 G 0 even | even eV
whi whi rH* 2 even | even e
Tg1 TY1L —xAGY, 0 even | odd 0
whi; xhi; —xAH{ 2 odd | even 0
:Uff‘T :cff-T —xGrp 1 odd | odd eg})
Tg1T Tg1T —xAGT 1 even | even 0
why | whir +ahi | —zAHp | 1| odd | odd et)
xhiz xhiz —xAHF 3 odd | odd —er

rfiLL 0 even | even e(le
thL I 2 even | even €Ll
xfirr 1 even | odd eg% /2
Tg1LT 1 odd | even 0
zhyirT 1 even | odd eg%/Q
thLT 3 even | odd —err
xfirr 2 even | even eg,}:)r /3
T1TT 2 odd | odd 0
zhipr 0 even | even eg%
xhipp 2 even | even -2 eg}% /3
:):hllTJ-T 4 even | even err

Table 1. An overview of the leading twist gluon TMDs for unpolarized, vector polarized, and
tensor polarized hadrons. In the second and third column, the names of the functions in this paper
are compared to the ones in refs. [7, 30]. In the fourth column we list the rank of the function.
Furthermore, we list the properties (even/odd) under time reversal (7') and charge conjugation (C),
see appendix A. In the last column it is indicated to which e-type function the TMD reduces in the
limit 2 — 0. As a shorthand, we use the moment notation f™ (z,k2) = [k2/(2M?)|" f.. (x, k2).

For some of these processes TMD factorization has not been proven yet, neither for
general x nor for small x. In order to experimentally probe the functions that remain
in the small-z limit, additional processes such as DIS, Drell-Yan, semi-inclusive DIS, or
p A — h X offer possibilities. For a discussion and a more detailed list of relevant processes
see refs. [29, 58, 59].

The study of tensor polarized gluon TMDs would be possible at the experiments pro-
posed to investigate polarized deuterons, e.g. at the EIC option put forward at Jefferson
Lab (JLEIC) [48, 60, 61], or at COMPASS [62], although there the region of small z is
very limited.
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A Constraints on correlators

The gluon-gluon and Wilson loop correlators in this paper are constrained by hermiticity
and parity (P). In the parametrizations hermiticity ensures that the functions are real
and parity conservation only allows for P-even terms. Time reversal (T') transformations
relate correlators with time-reversed gauge link structures, e.g. time reversal interchanges
the staple-like [4+] and [—] gauge links. Hence, time reversal invariance is not used as a
constraint in the parametrizations of the correlators. For the gluon-gluon correlator the
constraints are as follows:

Hermiticity: rlUleows (g p S T n) = TV Twwo (| p g T p), (A1)
Parity: rloUmsee (g p S, 1Tn) =TV (k, P, -85, T,7), (A.2)
Time reversal: Tl Tmiess (. p S T n) = FL({/;T,;([,J/T](I?:, P,S,T,n), (A.3)

where we have introduced the notation a* = §*?a, and b = O0HPO¥?b,. Concerning the
gauge links, these constraints are based on the properties U[T0 g = U]+ U[g q= U[(-)’g], and
U[g,g] = U[_(—L_a. By omitting the gauge links from the gluon-gluon correlator, the depen-
dence on n is no longer present. Furthermore, the gluon-gluon correlator is antisymmetric
in both the pair of indices u, v and p, 0.

For the Wilson loop correlator the constraints read:

Hermiticity: UV (6 .S, T,n) = TV (ks P, S, T, ), (A.4)
Parity: Tk, P, S, T,n) =TV (], P, -8, T, n), (A.5)
Time reversal: FgU’U/]*(k; P,S,T,n) = F%UT’U/T](%; P.S, T, n). (A.6)

By simply omitting the spin vector and/or tensor from the expressions above, we obtain
the constraints that apply to unpolarized (omitting S and T'), vector polarized (omitting
T'), and tensor polarized (omitting S) hadrons.

The effect of charge conjugation (C) symmetry for gluons is found by writing down
the conjugate correlator involving the conjugate field Aj, = —AL = —A,, such that F*¢ =
—F* and U[CO’Q = U[To,g]' As for the quark case, charge conjugation does not really give
a constraint (hermiticity has already been used), but it enables us to connect partons at
negative = (and k) to antipartons at positive z (and k), which is relevant for sum rules
and for the relation to antiprotons. For gluons the C-behavior only becomes important due
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to the gauge link structure, in particular for the situation with two different gauge links.
The correlator for the charge conjugated fields becomes

pelUUvipo (4 foy = DIUWU Moo (1 e, (A.7)

which after rewriting and using the hermiticity constraint can also be related to the corre-
lator at negative z (and k),

FC[U’U/]#V;pG(:L‘, kT) _ F[U/T’Uw'uy;pa*(*ib, *kT) _ I‘[U/T,UT]PUWV(,:E’ *kT)- (AS)

For the TMDs, depending on rank and symmetry in Lorentz indices, the relations
become either

AU 2y = =V @ k2, (A.9)
or
o () = ol (o2, (10

referred to as C-even and C-odd respectively. The TMDs fi, hi, hfL, g1, fiLL, hfLL,
g1, firr, harr hipp, and hijy are C-even, whereas g1, fi7, hi, hip, firr, hivr, Pipp
and gipp are C-odd.

The C-property is of special interest for the Wilson loop correlator or in general for
correlators containing a loop Tre(Ujg g U[/g,o]) = Tre(Upg U[,(J)r,g])‘ One has the additional
property F([)UT’U f](lcT) = F%U ’U](k:T), thus one finds

! Tt /’ l‘i‘7 T U,U/
05" her) = 05 o) = 0§ ) = 0N —ker) = T (k). (A1)

Hence in the Wilson loop correlator the C-even and C-odd functions can be directly iden-
tified with the even and odd rank functions. For the TMDs in the correlator '™ (k)
the functions e, er;, and epp are C-even and the functions ep and epp are C-odd.
The C-even and C-odd functions are also the ones that would appear in the correlators
(F([)D](k:T) :tI‘[[)DT] (k1)) /2 respectively. The C-behavior of the TMDs in the gluon-gluon and
Wilson loop correlators is consistent with the small-x matching in section 3.

B Definitions of TMDs

In this appendix the definitions of the various TMDs are given in terms of the coefficients A;
and B; that have been introduced in the parametrizations at the level of the unintegrated
correlators.

B.1 The gluon-gluon correlator

Let us denote by I'(k) the gluon-gluon correlator for any type of polarization,® then the
light-front correlator is defined as

DNz, kr) = /dk:~P I'(k) = ]\gQ /[dadT] I'(k), (B.1)

SLorentz indices are omitted for simplicity, since they are not relevant here.
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where we have introduced the shorthand notation

k$2
[dodr| = dodT 6 (7’ —z0o + 2 + ]\4T2> , (B.2)

with the dimensionless invariants ¢ and 7 given by

2k-P k2
BV VEk

o= (B.3)
spanning regions in remnant mass M2 = (P — k)? and in the partonic virtuality k2. For
both of these, the main contribution comes from small (hadronic) values (i.e. o and 7 of
order one).

The (leading twist) TMDs that occur in the parametrization of the gluon-gluon corre-
lator for the various types of polarization in egs. (2.11), (2.23), and (2.35), are related to
the coefficients A; as follows:

k2
zfy(x, k) = M? /[deT] (Ag +22A4 + 22 A5 + 2]\;2 A(;) , (B.4)

zhi (z, k%) = M? / [dodr] Ag, (B.5)

T
xgi(x, k;) =2M /[dadT] {Ag +Ag+x (Ao + A1) + (2 x) [A12 + z (A4 + A1s)

+ 22 As3] + i [AIQ + Aoz + (g - SU) A25} } ; (B.6)

2M?2 2
1L 2\ _ 2 g
ohiy (2, k2) = —2M / ldodr] [Alg 4 Aoy + (5 - x) AM} , (B.7)
acflLT(ac, k%) = M2 /[dUdT] [A16 — AQ() +x (Alg — AQQ)] s (B.S)

Jjng(l‘, k%) = _M? /[dadﬂ |:2A12 + A7 + A9y + 2z (A14 + A15) +x (Alg + Agg)

k2
+22% Ay + MTQ A25] ; (B.9)
k2
xhl(x, k%) = 2M2 /[dUdT] |:A16 + Aog + (Alg + AQQ) + ﬁ A24:| , (BIO)
zhip(z, k2) = 2M> /[dodr] Aay, (B.11)
2
zfips (v, k2) = e /[dUdT] {A27 — 2A34 + 22 Aog + 2? Aog + 2(0 — 22) (As7 + T A35)
o —2x)? k2
+ (2) (A40 + 22 A4 + 1‘2A41) — VTZ |:A26 — Aso
+ A40 + 2$A42 + 2721441 + (O’ — 3$)A30
(0 —2z)% K2
—< s ) Aul ¢ (B.12)
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9 2M?
whipp(x, k) = 3 /[dUdT] [A26 — Ass + (0 — 3x) Asg
o —2z)? k2
- <( 1 S 2}\;2)1444] ; (B.13)
2y _ 2 2
zfipr(z, ki) = —M /[dadﬂ {A37 + xAss + (5 — LI?) (A40 + 2x Ay +x A41)
k2
e {Aso + (SL‘ - *) A44] } (B.14)
9 M? o
:):glLT(x,k'T) = —7 /[do‘d’i‘] [Agg + (IL‘ — 5) (A33 + $A31)] s (B.15)

M2
xhlLT(l‘, k%) = 7 /[dO'dT] {Agg + x A + <§ — x) (A32 -+ xAgo)

k2
+ WE |:A30 + (:U — *) A44:| } (B.lﬁ)
whipr (e, k7) = —M? /[dadﬂ [ABO + (33 - *) A44} (B.17)
M2 k2
2\ — 2
rfirr(z, ki) = - /[deT] <A4O + 220 A4 + 2 Ay + e A44) (B.18)
2y _ M?
zgrrr (e, k) = N /[dUdT] (Az3 +2A31), (B.19)
k2
zhirr(z, k7)) = —— / [dodr] {Aw + 22 Ags + 2% Ags + —= 772 (As2 + 24s0)
k4
- 4]\;41444} : (B.20)
1 5 M2 k2
chipr(z, k) = —- /[dUdT] <A32 tadso - oo A44> (B.21)
M2

B.2 The Wilson loop correlator

For the Wilson loop correlator, translation invariance in the - P direction forces k-n = x to
be zero and the integration over x is actually naturally the first to be done, even before the
integration over k-P. The remaining dependence is on the invariant k2, which for vanishing
x is just k% = k2 = —k:?r. The TMDs in the parametrization of the Wilson loop correlator
for the various types of polarization in eqgs. (2.19), (2.32), and (2.41) depend on t = k? and
are related to the coefficients B; as follows:

M2
e(k2) = 27TL/d:Udchl, (B.23)
M2
er(k2) = 5.7 | dvdo B, (B.24)
M? —2 k2
ern(k2) =~ - [ dudo [234 + (0 — 22)Bs + ((02:”) M2> B;g:| (B.25)
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2

M
err(k2) = L dxdo [Bs + (0 — 2x)Bs], (B.26)

2

= — Bs. B.2
1l dx do B3 (B.27)

err(k?)

C Symmetric traceless tensors and TMDs in b -space

C.1 Symmetric traceless tensors

In this appendix we list the completely symmetric and traceless tensors kit that are
built from the partonic momentum k;. Up to rank n = 4, these are given by

. | .
ki = Kkt + Skt (C.1)
R = ki + 20 (RS + gl + i) (C.2)
KM = KkrEK, + 2k (g7 + gk + gkl + g+ g kiE 4 g ki)
1 g L
- gk (g?gff + 97 gr + g g ) : (C.3)
satisfying
gTijlej = gTijk;“]k = guji#kl =0. (C.4)

Products of k; can be decomposed into symmetric traceless tensors as follows:

P Rel i 1 1o’

krkr = ki — ik%gT ) (C.5)
i : 1 ; B i

Kk = ki — 20 (g k] + gk — 97K (C.6)

KPR = R — 2 (gl + gk + itk + gk — 207K — 297 kY )

1 L A ..
+ gk‘% (gé“g%ﬁ + gl gl — g 3" ) : (C.7)

The symmetric traceless tensor ki of rank n > 1 only has two independent components.
This allows for a decomposition in polar coordinates:

L2
2n—1

Kipin o DL gtine (C.8)

in terms of two real numbers |k;| and .

C.2 TMDs in br-space

Mathematically, TMD factorization decomposes a cross section as a product of functions
in br-space, where b, is Fourier conjugate to the partonic transverse momentum. As a
byproduct, TMD evolution is multiplicative in br-space. For these reasons, it is useful to
consider the light-front correlators as a function of b;. We define correlators and functions
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in br-space as Fourier transforms of the ones in k,-space:
P (2, by) = / Py eRbr i (g ) (C.9)
Fz,b2) = /koT etkrbr £(p g2 . (C.10)

Computing directly eq. (C.9), we can see that the functions entering the parametriza-
tions of T (z, by) are not the ones in eq. (C.10), but their n-th derivatives with respect to
b2, n being the rank of the function in k,-space:

Pt =t~ ) Feb)

=2 [ el il (J2) sl s, can

where J,,(z) is the Bessel function of the first kind of order n, which is defined as

2"

1 2 ) )
Jn(2) = /0 dp e"¥e'* 57, (C.12)

In eq. (C.11) we also used the relation

Gz ) (=) = ()R (), (©13)
considering v = 0, k = n, and z = |ky||by| with |k;| fixed. The factor M 2" renders the
derivative operator dimensionless and the n! is added to match the conventions in ref. [63].

From eq. (C.11) it follows that for definite rank TMDs there is a one-to-one correspon-
dence between the functions in b-space and in k,-space. In the following subsections we
provide the gluon-gluon and Wilson loop correlators in b,-space.

C.2.1 The gluon-gluon correlator

The light-front gluon-gluon correlator for a spin-1 hadron is given in by-space by

fij(:v,bT) f’g(x br) —|—I‘”(x br) +F”(m bT)
+ T (2,br) + T (2, by) + Tihp (2, by), (C.14)
where
o s | M2
T(a,br) = 5 | =g il b]) - = hf@)(x,bg)] : (C.15)
: 2 {i ;jlo

~ii T € ab S
Fg(xabT) = 5 ZGTSLgl(w b; ) %thé )( 7b§“)] ) (016)
~'L” x€X . Z - Z ~
DP(a,br) = 3 | =iM g™ iV (w,b7) — M e by-St {7 (2, b7)
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_ M (EbT{iS%} sT{zby}) RO, b2)

4
’iM3 E{la bj}aST ~1(3
e Iy (. b7) (C.17)
s €T y B M2 bijS
Iy (z,br) = B} [— 97 Scr fion(z, bs) — % W2 (z, b2 )] (C.18)
~ s x i
[ip(@,br) = 5 [ iM g br-Spp Fi (e, b2) — M e eSrrvr gth) (0 b2)
. 7 ity ZM3b] SLTa
+iM SE/T bg“} hglL)T('%b%) fhlL(T)( 7b%) ) (C'lg)
oy T M b STTa iM? EUGB b aSTTa ~(2
FIJ“T(x bT) = 9 [ 2 d flTT( vbi) - - T; & QET)T(CE,bi)
- 9 M? S;ZT bj}a 1(2) 9
Sy Pur(a, B) — ST ) 2)
M2 Sr05 114
g (@, 67)] (C.20)
C.2.2 The Wilson loop correlator
The light-front Wilson loop correlator for a spin-1 hadron is given in b;-space by
TV by = T br) + TV (0y) + T (By)
UU UU UU
00 (be) + D57 (0r) + TE77 (1), (C.21)
where
~[UU L _
oy (be) = e e(b), (C.22)
o br) =0, (C.23)
~ / L
Co7 (br) = e 7T ey (b)) (C:24)
([)UL%](bT) = ﬁ Serérn(b3), (C.25)
UU 1L -
FYir (br) = =2 (br-Sir) E0(62), (C.26)
7TL (2
0 (b, = 0 S1ras &2 (b2). (C.27)
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