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Spin-spin coupling at small x: Worm-gear and pretzelosity TMDs
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We study the small-x asymptotics of the leading-twist quark transverse momentum dependent parton
distribution functions (TMDs) which encode couplings between the polarization of the quarks and that of
their parent hadron, with at least one of the two polarizations in the transverse direction: the two worm-gear
TMDs g,7 and h{;, and the pretzelosity hi;. We apply the light cone operator treatment which has been
developed in recent years to rewrite the TMD operator definitions at small-x in terms of polarized dipole
amplitudes, finding that in the flavor nonsinglet sector all three TMDs reduce in the small-x limit to
previously known polarized dipole amplitudes, and thus the large-N,, linearized, double logarithmic
approximation (DLA) asymptotics have all been solved for previously. We have compiled these
asymptotics together with those of the other five flavor nonsinglet, leading-twist quark TMDs into a

single unified table.
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I. INTRODUCTION

The intersection of quantum chromodynamics (QCD)
at small Bjorken x and spin physics has been the topic
of a surge of recent research activity [1-48]. In particular,
the inclusion of subeikonal and sub-subeikonal corrections
[6,9,12,16-20,23-27,30-33,36-40,43,48] to the saturation/
Color Glass Condensate (CGC) framework [49-57] has been
explored in detail, both in the study of transverse momen-
tum dependent parton distribution functions (TMDs) at
small-x as well as in the direct study of quark and gluon
propagators through the strong gluon field background of
the CGC. This extension of the saturation framework allows
one to go beyond the Collins-Soper-Sterman evolution
equations [58-62] which resum logarithms of the hard scale
Q?, and instead resum logarithms of 1/x to predict the
small-x behavior of TMDs. Using the light cone operator
treatment (LCOT) originally developed in [9,20,23,24,36],
the evolution of several leading-twist quark and gluon TMDs
has been studied by constructing polarized dipole amplitudes
containing spin-dependent subeikonal and sub-subeikonal
corrections to the usual eikonal, small-x dipole amplitudes.
Including the unpolarized quark TMD, which has small-x
behavior determined by the evolution equation for the
Reggeon [63-68], five of the eight leading-twist quark
TMDs have known small-x asymptotics. In this work, we
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will study the small-x asymptotics of the remaining three
leading-twist quark TMDs, the two worm-gear TMDs, g7
and h{;, and the pretzelosity /i;. These three TMDs vanish
upon integration over the quark transverse momentum kr,
and encode various couplings between the polarization of the
quarks with the polarization of their parent hadron [69].
Studying their small-x asymptotics will give us a window
into this spin-spin coupling structure in the gluon domi-
nated, high energy regime of QCD. We will apply the
LCOT to all three TMD operator definitions, then find the
asymptotics of the flavor nonsinglet TMDs in the large-N,.
limit, further taking the linearized double logarithmic
approximation (DLA).

The structure of the remainder of this paper is as follows:
we will start in Sec. II with the worm-gear g, function,
finding that in the small-x limit it reduces to the same
polarized dipole amplitudes which are present in the sub-
eikonal contribution to the Sivers function [44], but with a
crucial change from the real part of a correlator to the
imaginary part. This alters the initial conditions for the
evolution of the polarized dipole amplitudes, and leads to
the same evolution equations as for the sub-subeikonal
Boer-Mulders function [44], yielding x-independent,
exactly subeikonal asymptotics

1\ 0
A< 1)~ (1) 0

Next in Sec. III we will study the worm-gear h7; function.
It will turn out to share analogous polarized dipole ampli-
tudes to the sub-subeikonal Boer-Mulders function [44],
leading to exactly sub-subeikonal scaling
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TABLE L

The collected leading small-x asymptotics for the leading-twist flavor nonsinglet quark TMDs. The

intercept of the unpolarized quark TMD f, was found from the evolution equation for the Reggeon [63—68] and also
with the infrared evolution equation (IREE) [70], while the remaining seven intercepts have been calculated using
the LCOT in [9,20,23,24,44] and this work. The intercept for the flavor nonsinglet helicity TMD was also found
in [71] using the IREE and agrees with the result found using the LCOT. Finally, the intercept of the flavor
nonsinglet transversity TMD found in the LCOT matches that found in [72].

Leading twist quark TMDs

Quark polarization

U L T
Nucleon polarization U fI]\IS ~ x—V2a.Cr/x hlLNS ~x
L P~ xmVaN T RANS o x

T f#}lS ~ Cox—l + Clx—3.41/a,\.1v(./4n

g7 ~*°

NS NS 1-2+/a;N,/2x
h® ~ hy> ~x s

1\ -1
WS (< 1,13) ~ @ , )

giving with g;r two examples of time reversal even
(T-even) TMDs which receive essentially no corrections
to their naive scaling with x in the linearized evolution
regime. We continue on to Sec. IV where we study the
pretzelosity TMD, finding that it shares polarized dipole
amplitudes with the transversity TMD [23] and has the
same asymptotic scaling as

NS 2 12V
hio(x < 1, k7)) ~ N . (3)

coming from the evolution equation for the Reggeon [63—68].
Finally, in Sec. V we summarize our results and point out
some directions for future work. We have collected these
asymptotics together with those for the other leading-twist
quark TMDs in Table 1.

Throughout this paper we will make use of light-cone
coordinates u = (u™ = u’ +u?, u” = u® — u’, u), label-
ing the transverse part of a four-vector u as u except in
the case of an integral measure, where it will be denoted as
u,, and in the case of the quark transverse momentum
argument of a TMD, where we will use the conventional
label k7. We will also make use of Brodsky-Lepage (BL)
spinors [73], specifically in the plus-minus reversed form
defined as [23,24]

p(=1) =

Sl

\S)

_ O = O
—
)]
S—

0
'O(H):ﬁ L

0

We will refer to these as anti BL spinors.

II. WORM-GEAR g,;

We begin with the worm-gear TMD g,7, which can be
interpreted as the number density of longitudinally polar-
ized quarks within a transversely polarized proton. It is
defined as [74]

kT . Sp dV_ der _

(i) = [ G P SO,
ak

X TSW(")IP, Sp) (6)

where the proton spin Sp is in the transverse plane and we
take the future pointing semi-inclusive deep inelastic scatter-
ing (SIDIS) staple gauge link U0, r] = V[0, o]V [0, 7]
with fundamental light-cone Wilson lines defined as

Xy
o ig _ _
Vilgox] =Pexp [2 [ arar© x| (0

i

We have dropped the transverse pieces of the gauge link out
at infinity, so we must work in a nonsingular gauge. Here we
will take the proton “target” to be moving along the x™
direction, and will work in A~ = 0 gauge for our calcu-
lations. We apply the LCOT [23,24], rewriting the matrix
element as a small-x quasi-classical average in the target
proton state [27,75-80]
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Here we have inserted a sum over the complete set of
states | X), and the outer angular brackets indicate the quasi-
classical averaging over the proton wave function.

One can show that the eikonal contribution to this TMD
vanishes, just as for the other quark spin dependent leading-
twist quark TMDs. The leading contribution then comes
from diagrams of the class shown in Fig. 1, where we have
taken |X) to be an antiquark state and added a subeikonal
spin-dependent exchange (the white box) onto the Wilson
line which encodes the interactions between the antiquark
and the target as it passes through the shock wave [the blue
(gray) rectangle]. Evaluating these diagrams (cf. [23,24])
yields the subeikonal contribution to the worm-gear
function as

kr-S
Spr u gir(x, k%) | ubeik
—2pir dk_dzk]l
c——L [ @%¢, d?w, d*z, —— 1=
2(271')3/ Cndwadie =

zk -(w—C)+ik~(z—§)9(kl—)

x
(xpTky + k) (xp kT + K?)

_ ?’ Y
X ZUUZ (k) TS Vg,

01,07

X 1, (k)|

(k){TV{ By, (k1) VL,

+c.c. (9)
Iy =k e =k2=0,k, =k

We now need the anti BL spinor product

rtrs

_ 1666,(7 (k k)
Uﬂz(kZ)T o2 S

ky x k
’U(;](kl):_ (72(7]( 2 X l)

2 N

(10)
!

2py _ e k(e
gir(x, k%) C 2(2”)3%:/&5 d2e,ded?¢ | ek &0

ki —
k2
FIG. 1. Example of the class of diagrams which give the leading

subeikonal and sub-subeikonal corrections for the TMDs con-
sidered here. The antiquark propagates from the position ¢ to w
with momentum k;, undergoes a subeikonal interaction with the
proton which changes its transverse position from w on the left of
the shock wave to z on the right of the shock wave. The antiquark
then propagates from z to the position ¢ with momentum k,.
The shock wave is denoted by the blue (gray) rectangle, while the
sub-(sub) eikonal interaction with the shock wave is denoted by
the white box. The double line represents the eikonal Wilson line
encoding the interactions of the quark in the dipole.

as well as the replacement [43,44]

/ d2ZJ_1_)0'1 (kl) (‘,\/g,m)ﬁvaz <k2)
SR / Pz, (V) (1)

where we have the polarized Wilson line
Vpol _ 5 , ghxase _ 65 ,Vmag (12)

x.y;0' 0

with

i + 0 - o
yihae — _IPL / dz=d’z, V,[00,77)6%(x — )D' DLV, [z, —co](y — 2)
. y

2s
gpl 52

mag __
sy =75

gpl(sz

/ dzl/ dz; V[oo, 23 |t" wy(z; . x )U)’Z“[ZE,ZI][%] Va2, x)1°V,[z7, — 0],
af

1991 5o )/ dzV oo, JF2V [z~ —co]

/ dzl/ dz; V[0, 23] tPwp(z5 . x )U)_’?“[z;,zl‘][%} Wa(2y, )1V [z7, —o0].
af

+ (13a)

+4,5

(13b)
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neglecting terms proportional to the quark masses. Here y and i are the background quark and anthuark fields of the target

hadron, F'? is a component of the background gluon field strength tensor, and D' = 6 —igAl, D' = a + igA' are the left
and right acting fundamental representation covariant derivatives. We have also introduced the adjoint representation
Wilson line

U,[x;.x7] = P exp [% / e AT (073, x) (14)

with U, = U, [0, —co]. Plugging Eqs. (10) and (11) into Eq. (9) yields

kr - Sp
M,

2p / e oo, dkdhyy 1
k2 C——= [ d?{,d d°z, ———=—0(k
ng(x )|subelk (27[) Crdw d’zy (271-)3 ( ] ) (xpl k -+ kz)(xpl k + k2)

x (iky x k(e®re=DTik(z >Ttr[v§vgh§“’] e~ (- >""'<‘)Ttr[v‘§‘1:‘“v¢])

F D (TulV VI + T [VIEVL))). (15)

where we have interchanged w and ¢ in the last trace. We  with
can recognize in Eq. (15) the exact same Wilson line

correlators which are present in the subeikonal contribution ; it it

to the Sivers function [44]. There the left-hand side (lhs) GKE 2N. <<Ttr[V§V } Ttr[VEVé] »" (18a)
contained a cross product ky x Sp and the right-hand

side (rhs) had k, - k multiplying the VE*" correlator and GE?]C _ ]{] Re«Ttr[VCV[éH] _ Ttr[V[_vf] Vz] ). (18b)
ik, x k multiplying the ng_VgT correlator. The equation - c - -

above changes the lhs cross product in the Sivers case to ‘
a dot product ky-Sp here, and exchanges the k;,k G)E =

we T o
structures on the rhs. Thus, as in the case of the Sivers Ne
Vphase+

w

(Ta vy ] - Ta[vitv]), (18¢)

function, the polarized dipole amplitude containing V where the double angle brackets scale out powers of energy,
must bring in a factor of ¢/ and be linear in Sp once  (...)), = (zs)"(...). Here we have introduced the polarized
integrated over impact parameter, while the polarized  Wilson lines

dipole amplitude containing ng_VgT must have no factor

of € and be linear in Sp once integrated over impact Vi — ﬂ « dzV [00, 7] [Bi _ bi]v [, —o0]
parameter. Having the same tensor structures in front of the Ay s * ) Hos
impact parameter integrated polarized dipole amplitudes (19a)
allows us to apply the results for the subeikonal contribu-
tion to the Sivers function to g;7, taking the flavor non- o ipi [
singlet TMD, defined as the difference between the quark Vg = TS / dz7V,[o0,77]
. B S Jowo
and antiquark TMDs MR -
x [(Dy = Dy)? = (K — k'] V [z, —o0]
77 = glr = gl (16) 7 "
TO [t [ v den sl
to obtain .
XUZ“[12’Z1]{2} Wa(zy,2)tV, [z, —00]
kT SP af
gNT (X kT)|subelk (lgb)
8NC &k, (w1
2 I))l / d*¢ d*w (2 l)i etk QW which were contained in Eq. (13).
& & == The only difference between the dipole amplitudes in
y /1 dz [ikl 8 k(k—kl)iGivg ik % kGE]g Eq. (18) agd those. in the subeikonal.contribution to the
As Z =2 flavor nonsinglet Sivers function [44] is the “Im” operator
Lk kaag} (17) acting on the correlators containing Vi and Vi in
SEwe Eqgs. (18a) and (18c), rather than a “Re” operator as in
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the Sivers case, and vice versa for the correlator containing
V[f] in Eq. (18b). This change does not affect any of the
evolution calculations at the level of the polarized Wilson
line correlators, but it significantly changes the initial
conditions for the polarized dipole amplitudes. We will
argue below that the only polarized dipole amplitude which

contributes to the linearized, DLA small-x asymptotics
of the worm-gear g7 is GE]C with all other amplitudes
dropping out due to having i?ﬁtial conditions equal to zero
and having no mixing with Gﬂv under evolution. This

means we can simplify the wormigear TMD further as
kT * SP
MP gII\ITS (x’ k%‘)‘subeik

n 2
_ 8(1\2701;731 / 20 P, ((12’61; il ) (5-0)
T T

| 1
szlx/_c/ dz .
]_C%kz A/s Z

2 .
_ 8Ncp-l~_/d2x10d ki i(ktky)xp ik, x k

2]

1=
[CEa

~ () (2n) ¢ KK
1 d
X/ *Z(llo XEP)G[Z](X%O’Z)’ (20)
AJs 2

where we have introduced x,, = w — { and integrated over
impact parameter, using the k7 -Sp term on the lhs to
deduce the factor of x;y x Sp on the rhs in the last line.
In order to argue that this simplification is valid, it will be
helpful to separately consider the quark exchange and gluon
exchange terms within the polarized dipole amplitudes. For
G, this is trivial, as the only subeikonal operator entering

this dipole amplitude through the Wilson line Vj'_c is a gluon

exchange operator. For G[z,]

wes We can write

5

G[Z] _ G[Z] + G[z]‘I (21)

wi ™ Fw

Y
I=
T

with Gﬂ;’ containing the operators in the first line of

Eq. (19b) and G&Jg containing those in the second line.
For G we can make a similar decomposition as

G = Gt 4 G, (22)

with G*/ containing the operators in the first line of
Eq. (13b), and G’ containing those in the second line.

Now we consider the gluon exchange component of the
operator for the three polarized dipole amplitudes defined in
Eq. (18). From [36,44] we know that, for a transversely

polarized target, the gluon exchange dipole amplitudes G‘[f,]é]

and G™#Y have zero initial conditions. For G’ ., we consider

w¢ we

the correlator
(TulVVii] - Tu[ViV]]). (23)

From [36,44] we know that for a transversely polarized
target this correlator has a nonzero real term in its initial
value. This real contribution comes from a triple gluon
exchange between the dipole and the target, taking the
gluons to be in the symmetric d**¢ = 2tr[{t, t*}#] color
representation, similar to how the Odderon (at leading order)
comes from an eikonal triple gluon exchange in the color
symmetric representation [3,81-84]. While the Odderon
gives the imaginary part of the eikonal dipole amplitude
(proportional to the eikonal Wilson line correlator
(tr[V,V]])), the similar initial condition for Eq. (23) is real
due to an extra factor of i entering the subeikonal operator in
Eq. (19a). In order to avoid a cancellation between a gluon
exchange amplitude and the same amplitude with quark and
antiquark interchanged as in Eq. (23), the correlator must be
Odderon-like, and the extra i will make this a pure real
contribution. Thus we find that G/, ¢ has an initial condition

of zero due to the “Im” operator in Eq. (18a).

As all of the initial conditions for polarized gluon
exchange dipole amplitudes are zero, and we are studying
the flavor nonsinglet worm-gear TMD, resumming polar-
ized gluon emissions will not contribute to evolution
because no flavor information would be communicated
between the dipole and the target. One can consider a
combination of polarized gluon and polarized quark emis-
sions, but these terms would be suppressed by factors of
N, so we will not include polarized gluon emissions in the
linearized, large-N., DLA evolution equations which we
consider here (cf. [17,23]). As we will see, the quark

exchange dipole amplitudes do not contribute to Giv & G&]g

and G/ through evolution, so these dipole amplitudes

fully drop out of g;r.
Now we turn to the quark exchange terms G|)*? and

GE]Cq. One can show that the Wilson line correlators in each

of these polarized dipole amplitudes has pure real initial
conditions (see Sec. III of [17] or Appendix B of [24]), so

G%gq will have an initial condition of zero while Gﬂq can

be nonzero. We will find that these two dipole ampli_tudes
do not mix under evolution, so G$2gq drops out of the TMD

and we are indeed left with only Gg]g entering in Eq. (20).

Having obtained the relevant polarized dipole amplitude
for the small-x asymptotics of ¢)?, we now turn to its
evolution. The only emissions which we need to consider
for linearized, large-N,., DLA evolution are unpolarized
soft gluon (eikonal) emissions and polarized quark
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X0 X0 X0
= X2 /D\ + X2 Mﬁé
—H +[ooooooo<§+ E—D—+
X1 X1 X1
a B
X0 X0
+ X2 +
m@ X2
_ 8 ey o I
& I “ -l
Y o}

+ other eikonal terms

4+  inhomogeneous term

FIG. 2. The classes of diagrams contributing to the evolution of the amplitudes G[fo](z) from Eq. (18b). The diagram « on the right
contains a sub-subeikonal soft-quark emission, while the remaining diagrams f, y, &, etc. are a sample of the eikonal emission

diagrams [80,85-90].

emissions, as shown in Fig. 2. From [44] we know that the
contributions from diagrams of class « vanish due to the
tensor structure (the x;q x Sp factor) of the impact param-
eter integrated polarized dipole amplitude. Thus, we only
have the eikonal, unpolarized soft gluon emissions to
contend with. These emissions do not carry polarization
information, and thus do not allow mixing between differ-
ent polarized dipole amplitudes. We can see this diagram-
matically by looking at the diagrams in classes f3, y, and § in
Fig. 2. In each diagram, the white box which symbolizes
the polarization dependent subeikonal interaction is on the
same antiquark line as it is in the diagram on the lhs of the
figure, so the polarized Wilson line entering the dipole
amplitude is the same on both sides.

Since there is no mixing of polarized dipole amplitudes
through these emissions, a nonzero initial condition for

Gg]g cannot generate a nonzero value for any of the other

dipole amplitudes. Therefore, Gﬂ is the only contributing

dipole amplitude for the linearized small-x asymptotics. In
the strict DLA, where one only allows for the polarization
dependent quark exchange without any eikonal gluons
exchanged in the initial condition of the polarized dipole
amplitude, it can be shown that the real and virtual eikonal
gluon emissions cancel for the leading-N . initial conditions
and evolution [17]. This would give a trivial evolution
equation of the form

G2 (zs) = G210(z), (24)

with the dipole amplitude being given exactly by its initial

condition Gf]éo). Such a cancellation of the class «a

diagrams also occurred for the sub-subeikonal contribution
to the Boer-Mulders function [44]. In that case the fact that
the TMD was T-odd required a higher order initial con-
dition, including an extra gluon exchange beyond the strict
DLA. With this extra exchange, the sum over real and
virtual eikonal gluon emissions is nonzero and allows for
nontrivial small-x evolution. Here we can relax the DLA in
the same way for the worm-gear TMD, summing over the
eikonal gluon emissions to construct the evolution of the

dipole amplitude Gﬂ The resulting equation is identical to

those obtained in Sec. III of [44], and yields the linearized,
large-N, asymptotics as

G2 ¢ < 1) ~ %JI (20). (25)

where we have introduced the dimensionless variable

¢ = /%%<In(z sx}y). This is an oscillating solution with

a decreasing amplitude, so the integral over z in the worm-
gear TMD definition Eq. (20) will be dominated by the
lower limit of the integral and the oscillations will have a
negligible effect on the TMD. The resulting asymptotic
scaling in x is

PR (x < 1,k3) ~x°. (26)

We find that the flavor nonsinglet worm-gear TMD ¢)> at
small-x maintains its naive subeikonal scaling at DLA,
having no dependence on the center of mass energy.
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IIl. WORM-GEAR h;

Now we turn to the worm-gear hj;, which can be
interpreted as the number density of transversely polarized
quarks within a longitudinally polarized proton. Its operator
definition is [74]

Lt (6, 3) =238 /d”‘z’lu’ SplF(0)U[0, 7]
L 1T—2SP P 2(22)° gl ’

SLAEMPIRS
ZZ / dzr@d (P SplO)U(0.
x%w(rw, Se). (27)

where the proton spin Sp is now in the longitudinal
direction. We will again apply the LCOT, leading to an
expression analogous to Eq. (9), but with ysyTy' now
projecting out the spinor structure. We need the anti BL
spinor product

_ ysrty!
U)(2<k2)STUZI (kl)
1
B W[”ﬂéxth x (ky = kp) =mé,, .S (ki + k)
_)(15)(1,){2(2§ klg ' I_<2 _]_Cl . ]_CQ - m2)
— 18y (Sx kS Ky + S x koS - k)], (28)

where S = X is the direction of spin quantization for the
quarks, and the spinors are now in the transverse spin basis
which is related to the ordinary anti BL spinors by [3]

|

u)(s%[u+ +qu_], ”;(E%[M +yv_], (29)

where y = 4+1. We also need the Wilson line replacement
. _ ——
By, (k) (Vi vy, (k) = 24/kk; (Vi)™ (30)
with
Vg(;(l;r)m = X0 X V; +)(5)(,—)(’ Vgl’ (31)
containing polarized Wilson lines defined as

g (p})
§— 1612 / dzl/ dz V °°Zz]t wy(z7,x)

x Ub[z5.27] [[lysi'éx —-SxD]rty”

+ [ir’S-D, - S x Qx]ﬂ/*} ;
X Wo(27, )tV 27, —o0], (32a)
g (py)? _
Vit=- 16sl dzl dzyV[eo. 53]ty
o z

(32b)

Taking the limit of massless quarks and performing the
same simplifications as in Sec. III of [44] yields the leading,
sub-subeikonal contribution to the worm-gear function as

k% 2x
k) T [ e S

d2ky  dky "G =0 g (ks 11

1L — (1) _( >[(S'k15
Kk

LSS

+ k—k k)

kK -

x (T [VeVi] + T [VEVE]) +i(S x kiS - k+ S ki S x k) (Tt [V V'] = Tur[VE-V] >] . (33)

We find the same polarized Wilson line correlators as in the case of the Boer-Mulders TMD, but with different tensor
structures multiplying them. Subtracting the antiquark TMD contribution yields the flavor nonsinglet worm-gear TMD as

k/; hJ_NS k2

lxN /d2 d’k, |
102)’;

x{ 28 - kiS - k—ky - k)Hiy(z) +

where we have the polarized dipole amplitudes

1
Hiy(z) EZ—NC

H%O(Z) =

1
2N,

ek +k)-

Im{(Ttr [V(_) VF}

Re({(Ttr [V(_) VI“]

o 1 (1
KBk \k}

ldz
+k2>/ z

(Sx kS k+S-kSxk)H}y(z)} (34)

- T [ViVT] ), (35a)

= Tt [ViVI] ). (35b)
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with the double angle brackets now scaling out two powers
of energy and where again x;y = x; —xy = w — {. Noting
that there is no € tensor structure on the lhs, we can see
that the H7,, term on the rhs needs to come in with an extra
€'/ after impact parameter integration, while the H1, term
should only pick up a dot product term. We conclude that
the impact parameter integrals of these two dipole ampli-
tudes must have the structure

/dzblH}o(Z) = x10 X SH'(xy, 2), (36a)

/dzbJ_H%O(z) = x10 - SH?(x%y, 2), (36b)

exactly as in the Boer-Mulders case [44].

The evolution of these dipole amplitudes is again given
the diagrams in Fig. 2, and the same arguments as we
applied above and as were applied for the Boer-Mulders
TMD in [44] lead us to consider subleading N, initial
conditions which will be driven to small-x by eikonal gluon
emissions. The resulting small-x asymptotics are

H'(x}y.¢ < 1) = H(x{p.{ < 1) ~%J1(ZC), (37)

which gives the TMD scaling as

1 -1
NS (x < 1,12) ~ <_) . (38)

X
|

k k 1 gNS iXNC d2ku_
MzTh / ( 7k%)|sub—subeik C7/d2)€10 )

(2
x{(28- kS k—k

The dipole amplitudes entering here are defined again as

H' (x10.2) 52]1\, (Ter[vovT] — Tt [ViV]] ), (42a)
H? (xy0,2) = ]lv Re((Ttr [VV*'] = T [VivIL]),.
(42b)

with double angle brackets again scaling out two powers of
energy. The lhs of Eq. (41) is even under k;y — —k7z, so
integrating the dipole amplitudes over impact parameter
cannot generate terms linear in x;, coupling to the spin
vectors. This means that the diagrams in class a from Fig. 2
do not vanish. In the strict DLA limit the eikonal diagrams
vanish, and we have the same contribution to evolution as
for the polarized dipole amplitude contributing to the

pilky+k)-xy 21 5 (iz
k1k™ \ ki

k)HlT<xlO7 Z) +

We find that, as with the Boer-Mulders TMD and the g7
worm-gear TMD above, the flavor nonsinglet worm-gear
hi; TMD at small-x maintains its naive sub-subeikonal
scaling at DLA, falling off linearly with x.

IV. PRETZELOSITY hi;

Finally we turn to the pretzelosity distribution, which has
an operator definition as

kT SkaXSP 1 .. /dr er_
SLIOPTT R OP pl(x,k3) = €lisi, [ =L (P,S
M2 ( ) P 2(271’) < P|l//( )

0.1y

)-
(39)

where we can explicitly take the proton spin along the
y-direction, Sp = J, to simplify to

kxk‘ 5 dr-d?r,
= [ ——2L(p,
i) = [ G (P SplpOup.1
+,,1
XVS}’ 14

L w(r)IP.Sp). (40)

Once again the Dirac structure is projected out by ysy*y!,
so we have the leading small-x contribution coming from
the same sub-subeikonal structure as above in the worm-
gear hy; [Eq. (33)]. Going straight to the flavor nonsinglet
TMD, we have

ldz
+k2>/ z

(SxkS-k+S-kSxkH"(x.2)}. (41)

[
transversity TMD in [23], with the class o diagrams
yielding the linearized, large-N., DLA evolution for the
dipole amplitudes as

agN, [z d7f [xee/? dx
HIT(zs) = HITO(es) + 2 [© & / :
2 Jargs T J1y2s le
x Hyi (2's), (43a)
a,N. [z dZ 2/ dx
Hig ) = 1) + e [© [
2r ANs ZJ1
x H3{ (2's), (43b)

where we have introduced the impact parameter integrated
dipole amplitudes as
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H{l(zs) = /dszHlT(xlo,zs), (44a)

H3(zs) = / d?b | H*" (x, z5). (44b)

This equation can be solved analytically (cf. [23]), yielding
the asymptotics for the flavor nonsinglet pretzelosity
TMD as

1\ -~V
MRS (x < 1,k3) ~ (= , (45)
X

exactly matching the scaling of the corresponding trans-
versity TMD.

V. CONCLUSIONS

In this paper we studied the small-x asymptotics of the
flavor nonsinglet, leading-twist spin-spin coupling TMDs:
the two worm-gear functions g, and hy;, and the pretze-
losity hi;. We applied the LCOT, rewriting the operator
definition of each TMD in the small-x limit in terms of
polarized dipole amplitudes, and found that all three TMDs
reduced essentially to polarized dipole amplitudes which
are known from previous studies of other leading-twist
TMDs. The close similarity of the contributing polarized
dipole amplitudes means that the DLA, large-N ., linearized
small-x evolution for all three TMDs are known equations
with known solutions, either through exact solutions or
numerical calculations. We began with the flavor non-
singlet worm-gear TMD ¢}?, showing that it reduces to
almost the same dipole amplitudes as the subeikonal
contribution to the quark Sivers function [44], given in
Eq. (18). The differences between the dipole amplitudes
contributing to this worm-gear TMD and the Sivers
function yield a substantial change by forcing most of
the dipole amplitudes to have zero initial conditions, and
the small-x asymptotics are controlled by polarized quark
exchange operators. The tensor structure of the impact
parameter integrated dipole amplitude makes the strict
DLA small-x evolution trivial. Thus, we were led to
consider the same eikonal gluon emission driven evolution
as studied for the Boer-Mulders function [44], where going
beyond the strict DLA limit was required by the T-odd
nature of the TMD. This evolution yields an oscillating
solution, where the oscillations of the dipole ultimately are
washed out upon integrating over the internal momentum
fraction variable z as in Eq. (20). Thus, the scaling of the
TMD is unchanged from its naive subeikonal scaling, and
we find

A3 x < 1) = Cr(x. 13) G)O Fo )

where the ellipses represent corrections which would come
in at sub-subeikonal order.

Next we considered the flavor nonsinglet worm-gear
TMD h{}S, which we found reduces to sub-subeikonal
polarized dipole amplitudes Eq. (35) analogous to those
which appear in the Boer-Mulders function. As with g7,
the tensor structure of the impact integrated dipole ampli-
tudes [as shown in Eq. (36)] suggested that we consider the
eikonal gluon emission driven evolution as studied for the
Boer-Mulders function [44], yielding the same oscillating
with decreasing amplitude behavior. Thus, the scaling of
the TMD is unchanged from its naive sub-subeikonal
scaling, and we find

1\ -1
hiS(x < 1,k%) = Cp(x, k) (;) +--- (47)

It is important to note that there is a potential finite light
quark mass correction proportional to m/k; entering in at
subeikonal order. The dipole amplitudes entering are
again the same as in the case of the Boer-Mulders function,
so the contributions would likely not evolve and yield an
additive correction from the initial conditions. We leave a
detailed investigation of the finite quark mass corrections
for future work. The scaling of the evolved worm-gear
TMDs ¢)? and hi{}¥® as x* and x respectively even after
evolution is a very interesting feature. Based on the spin-
dependent Odderon contribution to the eikonal quark
Sivers function [11,21,36,44] and several gluon TMDs [7],
which is known to maintain eikonal (1/x) scaling under
the effects of linear evolution [81,91-96], as well as the
evolution of the sub-subeikonal Boer-Mulders TMD which
maintains linear x scaling under linearized evolution, one
might conjecture that there is some protection against
evolution corrections coming from the T-odd property of
all of these TMDs. With the two worm-gear functions we
have examples of where the evolution effects again do not
alter the naive sub-(sub)eikonal scaling as x for T-even
TMDs, so if there is an underlying symmetry protecting
these TMDs from evolution it is likely not determined by
T-parity alone.

Finally, we studied the flavor nonsinglet pretzelosity
TMD, where the small-x asymptotics came from polarized
dipole amplitudes [Eq. (42)] analogous to the one entering
the evolution of the quark transversity TMD. The evolution
equations once again are already known, yielding the DLA,
large-N ., linearized asymptotics as

agNc
JANS L) = C e (NP L ag
i (x < 1 kz) r1(x.kz) S + (48)

This is the same scaling as found in [23] for the flavor
nonsinglet quark transversity TMD, which is a linear
combination of AY? and A{}°, so indeed one would

anticipate a match between the dipole amplitudes and
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consequently the asymptotics. Again, there is a potential
finite light quark mass correction to these results.

Combining the results in this study with those obtained
for the quark helicity TMD [9,20,24,43,47], the quark
transversity TMD [23], the quark Sivers and Boer-Mulders
TMDs [7,11,21,36,44], as well as the asymptotics describ-
ing the unpolarized quark TMD [68,70], we have known
small-x asymptotics for each of the leading twist quark
TMDs, collected in Table 1. Let us note a few interesting
features of the table: first, the diagonal entries all have
small-x scaling nearly equal to that of the Reggeon up to a
factor of x. There appears to be some universality among
the TMDs which survive k; integration to yield the three
flavor nonsinglet parton distribution functions (PDFs),
although the pretzelosity TMD does not precisely fit in
with this characterization. For the off diagonal entries, the
leading terms are all exactly their naive scaling based on the
quark spin content. The Sivers function is an unpolarized
quark density and thus is eikonal, while the worm-gear g,
is subeikonal due to probing the quarks’ helicity, and the
Boer-Mulders TMD and the worm-gear h7; are both sub-
subeikonal due to probing the quarks’ transversity. It may
be that there is a symmetry protecting these off-diagonal
TMDs from evolution effects based on the coupling
between different directions of spin, as the quarks in these
TMDs are all polarized in a different direction than their
parent hadron (for example quark helicity with hadron
transversity for g,7).

Several of the leading-twist quark TMDs only have their
small-x asymptotics calculated for the flavor nonsinglet
functions, the flavor singlet functions which can mix with
the gluon TMDs under evolution are a topic for future work.
We note that the LCOT can be readily applied to gluon
TMDs as in the case of the gluon helicity TMD [24,43], as
the gluon TMDs are given by the adjoint representation
versions of the polarized dipole amplitudes which enter into
the flavor singlet quark TMDs. The flavor nonsinglet
asymptotics which we have focused on here provide con-
straints on the valence quark distributions, giving crucial
input for future TMD studies at the EIC [97-105]. These

constraints can also be used in the global analysis of the
available data for TMDs, as was done for the quark and
gluon helicity using explicit small-x evolution in [106] and
for the quark transversity using upper bounds from the
small-x intercept in [107,108]. The use of explicit small-x
evolution to constrain the global analysis in the small-x
region and extrapolate beyond available data can in principle
be applied to all eight leading-twist TMDs once the flavor
singlet evolution equations have been obtained, allowing the
current global analysis efforts [106—110] to extend further
into the high energy regime of QCD. Having transversely
and longitudinally polarized beams at the EIC will in
principle allow for direct access to all of the TMDs listed
in Table I in the small-x regime through various spin
asymmetry measurements in SIDIS [69]. In order to fully
probe the flavor nonsinglet TMDs multiple species of hadron
beams will be required to achieve flavor separation.

We also note that the operator equations for the
polarized dipole amplitudes have been constructed in
the large-N,. limit, so one could go beyond the linearized
DLA approximation used here to obtain precise phenom-
enological results. Going beyond the large-N, limit,
one could consider the large-N. and N/ limit to restore
quark contributions [24,31,43,106] where they have been
neglected (for example in the subeikonal contribution to the
Sivers function [44]). Obtaining evolution equations for all
N, values requires a generalization of the Jalilian-Marian-
lancu-McLerran-Weigert-Leodinov-Kovner (JIMWLK)
equations [111-115] to include the subeikonal and sub-
subeikonal operators needed for quark helicity dependent
and quark transversity dependent insertions within the
Wilson lines, as has been studied in [30,32].
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