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Abstract

We extend the improved Collins-Soper-Sterman (iCSS) W + Y construction recently presented in [1] to the case of
polarized observables, where we focus in particular on the Sivers effect in semi-inclusive deep-inelastic scattering. We
further show how one recovers the expected leading-order collinear twist-3 result from a (weighted) gr-integral of the
differential cross section. We are also able to demonstrate the validity of the well-known relation between the (TMD)
Sivers function and the (collinear twist-3) Qiu-Sterman function within the iCSS framework. This relation allows for
their interpretation as functions yielding the average transverse momentum of unpolarized quarks in a transversely
polarized spin-% target. We further outline how this study can be generalized to other polarized quantities.
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1. Introduction

One of the primary goals of transverse-momentum-dependent (TMD) factorization theorems [2—10], which rely
largely on the work of Collins, Soper, and Sterman (CSS) [2—-4], is to describe the cross section as a function of the
transverse momentum gr = |gy| point-by-point, from small g7 ~ m (where m is a typical hadronic mass scale), to
large gr ~ Q (where Q is a large momentum or mass in the reaction and sets the hard scale). In order to achieve
this, CSS organized the cross section in an additive form, W + Y. The W-term is valid for gr <« Q and involves
TMD parton distribution functions (PDFs) and fragmentation functions (FFs). The Y-term, which involves collinear
PDFs and FFs, serves as a correction for larger gr values and is the difference between the collinear calculation for
qr ~ Q beginning at a fixed order in the strong coupling and its small transverse momentum asymptotic limit for
m<qr < Ql[4,11,12].

In recent years, much theoretical and phenomenological attention has been devoted to the evolution of the W-term
expressed through TMD PDFs and/or FFs. However, current studies [1, 13—16] indicate that a satisfactory treatment
of non-zero gr/Q corrections and matching to the fixed-order (gr ~ Q) term is central to obtaining a leading-power
approximation to the cross section over the whole range of gr. In addition, since collinear factorization is valid
not only for large gr, but also for the gr-integrated cross section, one expects to recover the collinear factorized
result after integrating the TMD factorized differential cross section over gr. The original CSS formulation did not
address whether this connection is satisfied [1]. While the matching of powers of ¢gr/Q in the intermediate gr-
region has been studied for semi-inclusive deep inelastic scattering (SIDIS) for various polarizations [17, 18], in
Refs. [1, 14, 19] it was found that the original CSS W +Y construction has difficulties to match the large- and small-gt
regions for phenomenological studies at low Q. In addition, in Ref. [1] it was also demonstrated that the original
W + Y construction does not properly match collinear factorization for the cross section integrated over qr.
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These issues led the authors of Ref. [1] to develop an improved version of the original CSS W + Y construction
(which we subsequently refer to as iCSS). The main focus of that work was for the case of the unpolarized SIDIS cross
section, and it was demonstrated that for the iCSS construction the integral of W + Y over gy reproduces the collinear
result at leading order. We also mention that the relation between resummed and collinear unpolarized results was
discussed in Ref. [20] in the framework of joint resummation [21].

With the intense focus on the 3D structure of hadrons through spin-dependent observables, it is also important
to extend the iCSS formalism to the polarized case, especially transverse single-spin asymmetries (TSSAs) like the
Sivers [22, 23] and Collins [24] effects. The purpose of this work is to achieve this goal.

We organize the Letter as follows: In Sec. 2 we review TMD evolution as it relates to the original CSS W + Y
construction along with issues that arise in both gr-matching in the intermediate region and matching the gr-integrated
cross section to collinear factorization. Next, in Sec. 3 we discuss the iCSS W + Y method developed in Ref. [1] and
show how one can extend it to polarized observables, where in particular we focus on the Sivers effect in SIDIS.
Much data exists for this observable (see for instance Refs. [25-28]), including a recent measurement of the weighted
asymmetry [29]. We also revisit the well-known relation between the (TMD) Sivers function and a (collinear) 3-parton
correlator, the so-called Qiu-Sterman function [30-33], in the context of the iCSS formalism. In Sec. 4 we discuss the
importance of these results with regard to the interpretation of TMDs. Finally, in Sec. 5 we summarize our work.

2. Review of the original CSS formalism

We begin with a synopsis of the W + Y construction of the SIDIS gr-differential cross section, which is given by

do ¢
I(gr, Q.5) = drdydd,dzddn ) W(gr, Q.5) +Y(qr, Q. S) + O((m/ Q) , 6]

where g and —Q? are the transverse momentum and virtuality, respectively, of the virtual photon, S is a 4-vector
for the spin of the target and ¢s the azimuthal angle of its transverse component, ¢, is the azimuthal angle of the
produced hadron, and x, y, z are the other standard SIDIS kinematic variables (see Ref. [34] for more details). Note
that in the arguments of I, W, and Y we have suppressed the x and z dependence for brevity. Also, we mention that
the cross section oftentimes is written differential in the hadron transverse momentum P;, = —zgr. In Eq. (1), the
W-term factorizes into TMD PDFs and FFs and is valid for gr < Q, while the Y-term serves as a correction for larger
gr values and uses collinear PDFs and FFs. There is also a hard factor included in both terms.

The construction of the cross section in Eq. (1) as the sum of W(gr, Q,S) and Y(qr, O, S) results from applying
so-called “approximators” to I'(gt, @, S) [1, 8] that are designed to be valid for a certain region of gr. The resulting
cross section is accurate up to an error that is of order (m/Q)¢, where c is a positive power, and m is a typical hadronic
mass scale. The TMD approximator Typ is valid for gr < Q, while the collinear approximator Ty is valid for
gr ~ Q. Then one has W(qr, Q,S) = Trmpl' (g7, O, S) and Y(¢r, Q,S) = FO(qr, O,S) — AY(qr, O, S), where
FO(qr,0,S5) = Teonl'(g1, O, S) is the fixed-order term and AY(gr, O,S) = TeonTtmpl (g7, O, S) is the asymptotic
term. We note that the actual value for ¢ in the error term O((m/Q)°) depends on which structure function we look at
in [(gr. Q.5).

2.1. TMD evolution in coordinate space

In the CSS factorization formalism, the TMD evolution of the W-term in (1) is carried out in b-space.1 Thus, we
focus on W(br, 0, S8) and write W(qr, O, S) as its Fourier transform,

dsz igr-br Y%
W(qT,Q,S)=f—2€ T W(bt, Q,S5), (2
(2m)

where W(br, 0, §) can be expanded in the following structures [36, 37],

W(br, Q,8) = Wyu(br, Q) — iMp €758 Wk (br, Q) + ..., 3)

"'A recent work performing the evolution in momentum space can be found in Ref. [35].
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with Mp the mass of the target and the epsilon tensor defined with €'?2 = 1. For our purposes, in W(br, 0,5) we will
focus only on the unpolarized and Sivers contributions, whereas the ellipsis indicate other azimuthal modulations that
we will not address here. Note that because of the biT factor in the second term, Wf}%(br, Q) does not have a kinematic
zero at by = 0. From (3) it immediately follows that

W(gr, Q.S) = Wuu(gr, Q) + ISl sin(@s — ¢s) Wi(qr, Q) + ... ., 4)

where the Fourier transforms take the form

d*br . - < db -
Wuulgr, Q) = fﬁ e Wou(br, Q) = f z—ﬂT brJo(qrbr)Wyu(br, Q), (5)
0
. . dzb o ~ 5 7siv “ db ¥ 751V
Wik(ar. O) = ~iMy f P i ) Wi b1 ©) = =, f LR Wi br. 0, (©
0

where h = Py, /Py, = —qr/qr. Note that Wf}%(qT, Q) has a kinematic zero at gr = 0.
The scalar functions in (3) can be expressed in terms of Fourier transformed TMDs (FT-TMDs) [2-4, 8, 36-38].

The unpolarized scalar function is

Wou(br, @) = D" Hlu, Q) (e, brs &as 1) DYz, brs s, ), )
J

where f/(x, br; Za, 1) and D!'/(z, br; £, ) are, respectively, the unpolarized FI-TMD PDF and FF. The FT-TMDs
have two scale arguments: u, which is the renormalization scale, and ¢, which parameterizes how the effects of
soft-gluon radiation are partitioned between the FT-TMDs, where /4¢3 = Q*. We use the freedom from the renor-
malization group to set {4 = {p = Q> and u = C2Q = pp. The constant C; is chosen to optimize the accuracy

of the perturbation theory for the lepton-quark hard scattering coefficient H;(u, Q), which at LO is HJLO(pQ, 0) =

2

% e2(1 —y+y*/2)/(yQ?%. With these choices, the unpolarized scalar function now reads

em = j
Wou(br, @) = Y Hy(uo. Q) fj(x.brs 0% uo) D} (2. br: Q% ug) (8)
j
Similarly, the Sivers scalar function reads
Wii(br, Q) = )" Hyluo, O) fi" (x. br; 0%, 1) DY (z, brs @, o), ©)
j
where [36, 37]

1 A5 (x,br; 0% o)
M3 br dbr '

TV (x, br; Q% o) = — (10)

and f]LTj(x, br; QZ,,uQ) is the FI-TMD Sivers function.” The expressions in Egs. (8), (9) lead to (after using (5), (6))
the well-known results in momentum-space for Wyy(gr, Q) and WIS_%(qT, Q) in Eq. (4) [8, 38],

Wou(gr. Q) = D Hy(uo, Q) f &ler dpr 67 (kr = pr + 41) £(x, kr; 0, o) DYz 2prs @ o) (11)
J

siv il k j j
Weirar. @ = ) H(uo. Q) f &k d’py 6% (kr = pr + 1) (—T;)f;’(x, kr: Q% uo) DY (2, 2pr: Q. o).
i

12)

- 2
In the limit by — 0, one finds 5(x, by — 0) = [ dkr 5> fi (e kr) = £50(x) (where kr = [kr) [36].
P
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which in their structure agree with the parton model calculations [34, 39, 40]. The variable krt is the transverse
momentum of the struck quark w.r.t. the incoming proton, and py is transverse momentum of the fragmenting quark
w.r.t. the produced hadron (with kr = |kt|, pr = |p1l)-

We mention that the FT-TMDs or “b-space functions” on the r.h.s. of (8), (9) can be understood simply as func-
tions arising from the factorization of Wuu(br, Q) and Wblv 1(br, Q) from which we can define the momentum-space
functions through inverse Fourier transforms. Likewise, W(qT, 0, S) can be defined from W(bt, 0, S) via the inverse
Fourier transform (2). We will adopt this viewpoint, rather than the usual approach of calculating b-space functions
from the Fourier transform of the momentum-space correlator (see, e.g., Ref. [36] for details), since TMD evolution
and certain modifications in the iCSS formalism are performed directly in b-space [1, 8] (see Sec. 3).

We next follow the CSS procedure [8, 41] to write Egs. (8) and (9), respectively, as

Wuu(br, Q) = WOE(b.(br), QWar (b1, O) (13a)

= > Hilug, Q) {06 bulbr)s g ) DY (2, butbr)s i, )
j

2 ’
x exp {K(b (brs o, )ln(Q ] f o
,ub* . M

2
X exp {_gpdf(X, bT; QO, bmux) _gff(za bT; Q07 bmax) gK(bT, mux) ln(g )} > (13b)

0

Q2
[27(%(//); 1)-In (/ﬁ)w(as(ﬂ/))}}

Wik (br, ©) = WO (b.(br), QWiiy™ by, 0) 1

- ZH,wQ O) fit e bubrys i ) DY@, bu(br)i g an.)

2 UO d 2
X exp {K(b (br); i) In ( Q ] f [2 (as('); 1) — (Q,Z)YK(CUS(,U’))}}
,ub* Hb. H

2
X exp {_gsiv(X, bT; Q07 bmax) gff(z, bT, QO, mux) gK(bT’ max) 1n(g )} 5 (14b)
0
with
b2 C,
b.(br) = | ———— = , 15
( T) b2 /b%wx Hb, b*(bT) ( )

where b, separates small and large by, and C| is a constant chosen to allow for perturbative calculations of b..(br)-
dependent quantities without large logarithms [41]. Note that b.(b7) freezes at b,,,, when br is large so that b.(br) is
always small (i.e., in the perturbative region). The first two lines in (13b), (14b) are the operator product expansion
(OPE) pieces, WOPE (D, (b7), Q), whereas the last line is the non- perturbative part, WNP(br, Q). The functions 8pdf
and gg are the non-perturbative factors for fl and Dy, respectively, while gy is the non-perturbative factor for fm).
The factor gx is the non-perturbative part of the Collins-Soper (CS) evolution kernel K(br; 1) (see [41, Egs. (6), (11),
(25)]). Note that WNP — 1 as by — 0 [8, 41]. The terms yx(a,()) and y((1); 1) are the anomalous dimensions for
the CS kernel and b-space functions, respectively (see [41, Eqgs. (7)—(10), a2yn.3

We mention that there are some alternatives in the literature to the b.-prescription. In Refs. [44, 45] the au-
thors separate the perturbative and non-perturbative contribution through the parameter b,,,, such that W(br, Q) =
W(bT» Q) for bT < bmax and W(bT» Q) = W(bmax» Q) WNp(bT» Q bmax) for bT > bmax: where WNP(bT» Q bmax) n-

cludes power corrections to improve the matching between the perturbative and non-perturbative regions of W(br, Q).

3See also [42, 43] and references therein for detailed discussions of the evolution equations and their origins.
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Their approach attempts to minimize the influence of the non-perturbative piece of W(br, Q), which contains sev-
eral parameters and does not have a fixed functional form, at small by where one should be driven by perturbatively
calculable effects. In the context of the “resummation approach” [46, 47], one avoids the Landau pole encountered
in performing Fourier transforms (b-space integrations) by extending br to the complex plane and exploiting the an-
alytic structure of the running coupling. Phenomenological parameters then appear only as non-perturbative power
corrections. In this work we continue to use the CSS b,-prescription.

Since the unpolarized b-space functions in the first line of Eq. (13b) are restricted to small b7, we can expand them
in an OPE in terms of twist-2 collinear functions [8, 38, 41],

R bubry g, oip) = Z f O (x5, bubr): 42 . () f (o) + Ombu (b)), (16)

. 1
D}z, b.br): iy, ) = Zf C (/2 bulbr)s . s rs(t5.) DY G i) + Om b)), (17)

where f]j’ (X5 4p,), Dfl'/ r (Z; 1, ) showing up on the r.h.s. of Egs. (16), (17), respectively, are understood to be renormal-
ized at the scale , .

Similarly, the b-space function in Eq. (9) that gives rise to the Sivers effect can be written at small b7 in terms of
a twist-3 quark-gluon-quark correlation function [17, 37, 48, 49],

dx; dx . VN
f, (])](x b.(br); :Ub ) = ZMPZf 1226 j/] (x1,xz,b*(br)mi*,,ub*,as(ﬂb*))T;(xl»xZﬂb*)

+O((mb.(bp)"), (18)

where T]; (%1, X25 Up,) 4 likewise is also understood to be renormalized at the scale My, . The function Tr(x], x2) in (18)
has the following operator definition:

db~d o e i - .
TF(xl,x2)=f 4ﬂy P e P IS L (P S I(0)y  W(O0sy )gF O YW bW )IRS),  (19)

where W (a™;b7) is a straight-line gauge link connecting (0*,a~, 07) to (0*,57,07). When x; = x; = x, Tr(x, x) is
known as the Qiu-Sterman function [30-33]. Note that the gauge link for fm)’ (x, br) is understood to be for SIDIS.
If instead one used a gauge link consistent with the Drell-Yan process, the sign on the r.h.s. of (18) would change [51].
The errors in (16)—(18) are suppressed by positive powers p, p’, and represent higher twist terms.

Note that the unpolarized b-space functions in (16), (17) are written at small b7 (or large k7 in momentum space)
in terms of twist-2 functions while the b-space function in (18) associated with the Sivers effect is written in terms of
a twist-3 function. The reason is due to their different power-law behaviors at large-k7: the former goes as 1/k2. while
the latter is suppressed by a power of kr and goes as l/k; [17, 18, 37, 48, 49].

Using Egs. (16)—(18) in (13b), (14b) and comparing the results to Egs. (8), (9) allows us to establish the following
equalities:

Flebr; Q7o) = Z f 52 O 1%, bubr)s 1 s ) S 5 )

L
xexp{f((b*(bT);,ub*)ln (g)+ f Cd
Mb, b, ,Ll

XCXP{ gpdf(x bT, QO, mux) gK(bT’ max) ln(g))} (20)

[7( s 1) - 1H(Q)7K(ab(.u ))}}

4Terms in Eq. (18) proportional to the derivative of Tr(x1,x2) can be transformed into non-derivative pieces through an integration by parts,
leading to a generalized coefficient function in (18) (see, e.g., Ref. [50]).
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. 1
DYz brs Qo) = f Cl (@2, bubr)s o s (n,) DY (23 )
i’ z

- Ho du’
xexp{K(b*<bT>;yb*>ln(/%)+ f caH [y( ay): 1)—1n(Q)yK<mw ))]}
% Hb,

X exp {_gﬂ“(zv bT; QO: bmax) - gl((bT; bmax) In (%)} ) (2])
L(1)j dxl d)C2 siv P L2 Jie o
Fix,br3 Q% ) = Z = O, o, b x5t ) T (i, 3 )
- Ho du’
xexp{K(b*<br>;ub*)ln(2)+ f cdu [was(p');1)—ln(9,)ma5w»]}
Hb. ., M H
XCXP{ gsw(x bT, QO, mux) gK(bT’ max)ln(g))} (22)

where implicitly there are again errors in (20)—(22) due to the truncation of the OPE in (16)—(18). From these b-space
expressions, we define the following functions in momentum space as

. mdb .
flj(X,kﬂQz,,UQ)Ef z—ﬂTbTJo(kaT)f]j(x,bT;Qz,,UQ), (23)
0
"  Jb o
D (2, zpr; 0% o) = f 2—; brJo(prbr) D! (z,br; 0% o) s (24)
0
FoiGeke: 0oy = kr [ L0211 Gerbr) FEVix,brs 0% 1) (25)
2M2 1 9 9 0 47T 1 2 9 9

where kr = |kt|, pr = |prl. The definitions in Egs. (23)—(25) are consistent with the standard parameterization of the
momentum-space (distribution and fragmentation) correlators [39, 52, 53] in terms of (among others) the unpolarized
TMDs fi(x, kr), Di(z,zpr) and the Sivers TMD f.(x, k7). In particular, the result in (25) can be obtained from
Eq. (10) along with the explicit expression for the Fourier transform of the Sivers function. The inverse Fourier
transforms read

Fl(x,br; Q% up) = 21 f dkrkr Jo(krbr) f(x, kr; 0%, o) (26)
0
Dz, br; Q% po) = 21 f dprprdo(prbr) Dz, zpr; 0% po) » 27)
0
L(1); > 2n k7 1) >
f] (x, b5 0", ) = Wf dkT—Jl(kaT) fi7 Gk Q%L ug) (28)
p JO

We are now in a position to address some issues with the original CSS formalism presented above.

2.2. Issues with the original W + Y construction

We will highlight two main issues with the original CSS W + Y construction that are also detailed in Ref. [1],
and serve as motivation for the modifications we will discuss in Sec. 3. The first is that the CSS framework is most
useful when Q is large enough that there is a broad intermediate range of transverse momentum characterized by
m < gt < Q. That is, one needs to have a window in g7 where gr/Q is small enough that factorization using TMD
PDFs and FFs is valid to sufficient accuracy [1, 8] while m/gr is also small enough that factorization using collinear
PDFs and FFs is simultaneously valid. However, at the values of Q that are of phenomenological interest, for example,
in measurements devoted to studying 3D hadronic structure through the intrinsic transverse motion of partons, neither
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gt/ Q nor m/qr is necessarily small. Given these conditions, it becomes a challenge to smoothly and consistently
match the differential cross section over the available range of g7 [14, 19].

The second issue is the problem of matching the TMD factorized cross section integrated over g to the collinear
factorization formalism. As the authors of Ref. [1, Appendix A] showed, the integral of I'(¢r, O, S) over all gt in
Eq. (1) results in a mismatch of orders in ag(Q) of the leading contributions on the Lh.s. and r.h.s. of the equation.
This is evident from the fact that integrating W(qr, O, S') over all g gives zero instead of the expected collinear result.
To be more specific, integrating Eq. (4) over gt and using Eq. (5) yields [1]

fdqu W(qT’ Q7 S) = WUU(bT e O’ Q)
~ b% x (log corrections) = 0, (29)

where a = 8Cr /By with By = 11 —2n;/3. (Note that the integration over g eliminates all other terms in W(gr, O, S)
except for Wyu(gr, Q).) The source of this behavior is that b.(by — 0) = 0 so that yp, — oo in this limit. This
leads to a large logarithm in the second term of the perturbative (OPE) exponential (second line of (13b)) involving
vi(es(up,)) In(Q% /) [1]. Similarly, for the Sivers contribution to W(qr, O, S) we find, using Eqgs. (4) and (6),

f d*qr qr sin(gy — ¢s) W(gr, Q.S) = n f dar 47 Wi (gr. Q)

) 1 00 00 ) s
=-Mp bl’lmO m [f dby brf dqr grbr J1(qrby) Ji(grbr) Wi(br, Q)
=V Op 0 0

= —~Mp Wii(br — 0,0)
~ b% x (log corrections) = 0, (30)

with a as above. The last line holds because the perturbative (OPE) part of the Sudakov exponential is independent
of spin (cf. Egs. (13b) and (14b)), so W§¥(b7, Q) retains the same behavior when by — 0 as Wyu(br, Q). In going
from the second to the third line in Eq. (30) we exploited the well-known relation used in Bessel weighting [36],
fowqu qrJu(qrb3)Jm(qrbr) = 6um 6(br—b%)/br. Therefore, from (30) we see the weighted Sivers effect also vanishes
instead of giving the expected collinear twist-3 expression.

From the above results, one can readily conclude that the integrals over kt (or py) of the unpolarized functions
(23), (24) vanish upon integration over transverse momentum,

fdszflj(X, kr; Q% po) = ~f~1j()c, br — 0, 0% up) =0, 31

Z f d*pr DI(z.2pr: Q% p1g) = 2D (2. by — 0: 0% 119) = 0, 32)

and likewise the first moment of the Sivers function vanishes,
k2 ) ) o
f dler 7 A;% Fi Gk Qo) = fig (v @ o) = iV (6 br — 0; 0% g) = 0. (33)

Note that a dramatic consequence of (31)—(33) is that the physical interpretation of integrated TMDs is lost. For
example, the far Lh.s. of Eq. (33) is supposed to determine the average transverse momentum of unpolarized quarks in
a transversely polarized spin—% target [40, 54-57]. Clearly, such a statement is not true in the original CSS framework.
In Ref. [1] this formalism is amended in order to address these issues for the unpolarized case. In the next section
we review these improvements and explain how they are implemented for the polarized case. More importantly, we
demonstrate in Sec. 4 how one can restore the standard physical interpretation of (31)—(33) at leading order (LO).

3. The improved CSS formalism

3.1. Modifications to the original CSS framework
In order to deal with some of the problems of the original CSS W + Y construction discussed in the previous
section, the authors of Ref. [1] incorporated improvements to the formalism. We briefly summarize their prescriptions
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below (see Ref. [1] for more details), which originally were for the unpolarized SIDIS cross section, and extend their
implementation to the case of the Sivers effect. We will briefly outline at the end of this section how to generalize the
iCSS procedure for any polarized observable.

In what follows, we discuss four steps from the iCSS formulation. Step (I) addresses the vanishing of Wyu(br, Q)
and Wblv (br, Q) at by = 0, so that one can have a factorized collinear expansion in terms of PDFs and FFs in this
limit. Steps (IT) and (III) help improve the matching between the W-term and Y-term in the intermediate-gr regime by
restricting them to their respective region of applicability (see also Ref. [58]). Step (IV) collects these modifications
to form the gr-differential cross section I'(gy, O, S).

(I) Replace by with b.(br) in order to deal with the large logarithms that arise as by — 0 (see also [59, 60]), where

bo [
— 2 v 2 72
bo(br) = {[by + (CsQ) by +b (34)

with by = 2 exp(—yg), Cs a constant chosen to fix the exact proportionality between b.(0) and 1/Q, and b’ . =

min

bo/(CsQ), which cuts by off at O(1/Q). In terms of W(br, Q, S) this modification is to be understood as

W(br,Q,S) = W(br, belbr), 0, 5) = Wuu(be(br), Q) = iMp €175 7 Wiy (be(br), Q) + ..., (39)
where
Wou(be(br), Q) = Y Hluo, ) fi (x, be(br); 0%, o) D}(z, bulbr); 0 o) (36)
J
Wi(be(br), Q) = 3" Hy(ug, Q) fi " (x, belbr); Q7 o) DYz, be(br); @, o) - (37)
J

Note that we have written (35) in such a way that no kinematic by dependence shows up in the scalar func-
ti~0n5 Wuu(be(by), Q) and WS%(bc(bT), Q). That is, the modification by — b.(br) only applies to the parts of
W(br, b.(br), Q,S) that undergo CSS evolution and not to any kinematic/tensorial by prefactors. The b-space
functions in Egs. (36), (37) are suitably modified to be

F 06 be(br); @, o) = Z f X (312, b, oo P s ) £ (5 )
. He du’
XeXP{K(b*(bc(bT));ﬁ)ln(g)+ ["% [y( (D 1In (Q)ykmsw»]}
Jz n W H

X exp {_gpdf(x» bc(bT); QO» bmax) - gl((bt(bT)» bmax) In (%)} s (38)

. 1 .
DY@, (belbr); Qo) = ) f CF /@)% bubebr))s I, 1, arg(i) DY (33 )

- Ho du’
><exp{K(b*wc(bT));ﬁ)ln(%)+ f s [y( @y () 1) - (3)71((%(#'))]}
i

X exp {_gﬁ(zv bc(bT); Q07 bmax) - gK(bc(bT); bmux) In (%)} > (39)

21, 22, bu(be(br)); 2, i, as(@) T (21, %23 1)

dx; dx
T, belbr): Qo) = - Z f 51 2% o

x exp {f«b*(bc(bm;p) In (g) - f e
H n M

8

[y(asm; D=ln (g) mas(;/))]}



X exp {_gsiv(x» bc(bT); QO» bmax) - gl((bt(bT)» bmax) In (%)} > (40)

where
b2 + b2 C
b.(be(br)) = L : i=-———, 41
(blbr) \/1 2B+ 2 D 1= babatbr)) “h

with b . defined after (34).

(I) Define a new W-term,

d*br -
W(gr. Q.5:Cs) = E(qr/Q) fﬁ ¢ W(br, be(br), Q. S)

= Bgr/ Q) |[Wuu(gr, 0 Cs) + IStl sin(gn — ¢s) Wiik(gr, 0 Cs) + ... | (42)
where
dzb']‘ igebr * de o3
Wuulgr, Q;Cs) = | —— €7 Wyu(be(br), Q) = f —— Jo(qrbr)Wuu(b.(br), Q) , (43)
2m) 0 27
siv - dsz igrbr (7, 37siv * dbr 2 3/siv
WUT(QTv 0;Cs) = —iMp IW "7 (h - bt) WUT(bc(bT)v 0) = _Mp L z_ﬂbTJI(QTbT)WUT(bC(bT), 0,
(44)

with Cs again a constant chosen to optimize the control of large logarithms that arise as by — 0. The quantity
E(gr/Q) in (42) is a smooth function chosen so that it is unity at gr = 0 and approaches zero for large g7 =
Q [1, 8]. This factor ensures that W(qr, Q, S ; Cs) is sufficiently suppressed for g7 2 Q, where its accuracy has
significantly degraded. The momentum-space functions are likewise defined as

. < db ~i
FiCo ke QP g Cs) = fo L by dotkrbr) i, belbp); @ o) 45)
J 2 _ *dbr A 2
Di(z,zpr; O, po; Cs) = | EbTJO(PTbT)Dl (z,be(br); Q7. 1o) 5 (46)
koo s O s C) = ko | 0T 42 1 ey D b b O 47
M 17 (X krs Q7 pug; Cs) = kr . ar 7 J1tkrbr) fi7 7 (%, be(b1); Q7 po) - 47)
(IIT) Define a new Y-term,
Y(qr, Q.5;Cs) = X(qr/m){FO(qr, Q.S) — AY(qr, Q. S;Cs)} , (48)

where X(gr/m) is a smooth function that approaches zero for gr < m and unity for g7 2 m [1, 4]. The

function X(gr/m) ensures that Y(gqr, Q,S; Cs) is sufficiently suppressed for gr < m, where its accuracy has
significantly degraded. The quantity AY(qr, O, S; Cs), being the asymptotic expansion of W(gr, O, S;Cs) at
large g7, includes the modifications (I), (II). The change (II) to AY(qr, O, S) has the additional benefit that the
integral of the asymptotic term over all g is now finite, whereas in the original CSS formalism it diverges. We
mention that in AY(qr, O, S; Cs) the scale w;, is replaced with ug (see, e.g., Ref. [1, Sec. VIII]). Furthermore,
as gr — 0 the singular logarithms cancel between FO(gqr, Q, S) and AY (¢, Q, S ; Cs). Thus, Y(qt, O, S; Cs) is

suppressed for gy < Q.

(IV) With these modifications, the gr-differential cross section (1) now reads

I'(gr, 0.8) = W(gr, Q.5:Cs) + Y(qr, Q. 55 Cs) + O((m/ Q). (49)
9



3.2. Agreement between TMD and collinear results

We start with the cross section in Eq. (49), which can be written as

T(gr, 0.8) = E(qr/Q) [Wuu(gr, Q; Cs) + ISt sin(@s — ds) Wik(gr, Q:Cs) + ... | + Y(gr, 0.5:C5)  (50a)

= [Woulgr, Q; Cs) + IStl sin(gy — ¢5) Wiii(gr, Q; Cs) + ... |

-(1-E2(gr/0Q) [Wuu(qr, Q; Cs) + IStlsin(¢y — ¢s) Wern(qr, Q; Cs) + ... ]
+Y(q7,Q,S;Cs). (50b)

Note that at small gr < Q, the second and third lines of (50b) are suppressed by gr/Q compared to the first line.
Since they only become sizable for larger g7, the second and third lines contribute at O(a4(Q)). Therefore, the LO
part of any (possibly weighted) gr-integration of I'(qr, O, S) will be from the first line of Eq. (50b).

We now show that the improvements of Sec. 3.1 resolve the problems in the original CSS formalism (see Sec. 2.2)
with integrating I'(¢r, O, S ), as well as the TMD functions, over transverse momentum. While Z(gr/Q) and X(qr/m)
in (II), (IIT) are needed to help accurately describe the intermediate g7 region, as we will see below, it is the by —
b.(br) modification of (I) that is crucial to recover the expected relations between TMD and collinear quantities. For
the unpolarized case we find [1]

d ~
dxd(;dz =2 f d* Py, f dgs T(gr, Q. ) = 4nz” Wi (8,5, O)ro + O(as(Q)) + O((m/ Q))
471'0’3"1 2 2 4 hlj ,
- 0 A-y+y7/2) Z e 106 ue) DY (2 10) + O(as(Q) + O((m/ Q)), 1)
J

where p. = limy, 0 i ® C;CsQ/by (with i given in (41)) so that y. is on the order Q. This agrees with the result
in [34]. Note that “O(a,(Q))” includes the next-to-leading order (NLO) corrections to the coefficients C and hard
factors H along with the terms in the second and third lines of Eq. (50b) (since both are unsuppressed only at large
gr), and the O((m/Q)P) correction is from replacing Wyu (b, Q) with WOEE(®/, . . O) [1]. This result was first derived
for the iCSS formalism in Ref. [1].

We now extend this to the Sivers case and obtain

d(Pp. Ao(S 1))

dxdydz =2 fdzP’”- fd¢5 Py, sin(¢n — ¢s)T(gr, O, )

3 1 - ~ ’ ¥ /siv
= —4x7’Mp bl,lmO m [f dbr be dqr qrbr J1(qrby) Ji(grbr) Win(be(br), Qo | + O(as(Q))
Y Or 0 0

. 1 * ’ 3 7Siv
= —4n2Mp lim [ f dbr 8(br = b) br Wi (be(br), Qvo | + 0(@(0))
Y Or 0

= —4nZ Mp WY O (B] s Lo + O(ay(Q)) + O((m/ Q)F)
_2nz a,

yQ?

(1 =y +Y/2) Y & TLx, x10) DY (23 1) + O@s(Q)) + O((m/ Q). (52)
J

Again we confirm the previous LO calculations in the literature [61]. Note as before that “O(as(Q))” includes the NLO
corrections to the coefficients C and hard factors H along with the terms in the second and third lines of Eq. (50b),
and the O((m/Q)"") correction is from replacing Wb/ . . ) with W™ (b! . . 0). Again in going from the second
to the third line have used fowdqr qrJn(qrby) Ju(qrbr) = Opm 6(br — b%.)/br.

We emphasize that it was crucial in (44) that the by in (iz - br) not get replaced by b.(br) in order to achieve the
result (52). This manifests itself in the second line of (52), where the factor (grbr) appears instead of (g7b.(br)). If,
on the other hand, the b7 — b.(br) replacement was made in (ﬁ - br), the third line in (52) would give a divergent

10



result since then one would have a factor limb/THO b(b}) /b = limb/THO b’ . /by. This example highlights the key
observation needed in order to use the iCSS formalism with polarized observables. In general it is a statement that
the br — b.(br) prescription only applies to the by dependence that is a part of the evolution and not to any external
(kinematic) by prefactors.

In terms of the momentum-space functions (45)-(47), we also find

f dPky £ (x ks Q%03 Cs) = Fl (6, by O o) = Fl(x; 10) + O s(Q)) + O((m] Q) (53)
2 f d*pr Dl(z,2pr; O 110 Cs) = 22DM (2, bls O p10) = D (25 1) + O(as(Q)) + O((m] Q)P) (54)

k2 ) )
f d*kr ﬁ ke 0% 103 Cs) = fi (0 0%, 103 Cs)
P

_ A g 2 _ b v
= fir (b Q% o) = ZMPTF(x,x,#c)+0(C¥s(Q))+0((M/Q) ), (53)

where again u. = limy, o ft ¥ C;Cs5Q/bo (with i given in (41)) so that y. is on the order Q.> Note that, due to
the br — b.(br) modification, the above integrals on the 1.h.s. are UV finite, yielding at LO and for Q > m the
renormalized collinear functions on the far r.h.s. To obtain these last equalities we have used the fact that b] .~
O(1/0Q) so that we can replace (38)—(40) with their OPE pieces and expand the exponentials in powers of a;(Q)
without large logarithms. The correction terms also include NLO in the coefficients C. The results in Egs. (53)—(55)
agree with our expectations from the “naive” operator definitions of TMDs.® In particular, Eq. (55) is the well-known
relation between the first k7-moment of the Sivers function and the Qiu-Sterman function [62] (see also [49, 57, 63,
64]). We emphasize that the relations between the integrals of the TMDs on the far 1.h.s. of Eqgs. (53)—(55) and the
functions ﬁ(x, b 02, Ho), Di(z, b 02, Ho), and f#l)(x, b 02, Ho), respectively, which can be obtained from

Eqgs. (38)-(40) by setting b to zero, hold to all orders in the strong coupling.

3.3. Power counting in the region m < qr < Q

A necessary condition for a TMD modulation in W(qr, O, S; Cs) to yield the corresponding LO collinear cross
section (upon a suitably weighted integration over gr) is that there must be no power-counting mismatch in the
intermediate gr region (m <« gr < Q) where both factorization in terms of TMD functions and collinear functions
are valid.” For the Sivers effect that we focused on in Sec. 3.2, it was shown explicitly in SIDIS [17, 65] and Drell-
Yan [48] that the results for TMD and collinear twist-3 factorization match in the m <« gr < Q regime. The same
was also explicitly proven for the Collins effect in SIDIS [66], for hyperon production in SIDIS involving the Boer-
Mulders function [67], and for certain modulations in Drell-Yan involving the worm-gear functions [50]. In addition,
this problem was discussed extensively in Ref. [18], where the authors analyzed if the powers of gr matched in the
m < qr < Q region between results at low and high transverse momentum for the structure functions that enter the
SIDIS cross section. For those structure functions where calculations existed in the literature for both regions, there
was only a mismatch at intermediate g7 for the cos(2¢;,) and sin(3¢;, — ¢s) modulations.

3.4. Other polarized observables

Our extension of the iCSS procedure to the Sivers effect is quite general and can also be used for any polarized
observable. Here we outline the basic steps. First, one would continue with the expansion in Eq. (35) to include other
polarized terms. We generically denote these by CPY(Mp, br, S) Wl(b.(br), Q), where WP°l(b.(b7), Q) is a scalar
function (initially of by before the by — b.(br) modification), and CP(Mp, bt, ) is the associated tensor structure.

SPhenomenological fits of TMDs use C; and by, to optimize the perturbation theory. The fact that the collinear functions on the r.h.s. of
(53)—(55) depend on these parameters via y. is a result of the truncation of the perturbative series in ;.

5We will discuss specifically what we mean by “naive” operator definition in Sec. 4.

"Most likely this is also a sufficient condition at LO. However, at NLO, a quantitative matching in the intermediate-g7 region is probably also
required in order for the integrated TMD results to match the collinear ones at that order in a.
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The key is that all kinematic by dependence must be contained in CP(Mp, bt,S). One can receive guidance for the
structure of these terms from Egs. (2.13), (2.14) of Ref. [36], where, exactly like in (38)—(40), the evolution of the
b-space functions that enter those formulas does not contain any kinematic by prefactors. Next, one would continue
with the modifications (II) and (III), where, in particular, one defines the momentum-space quantities in terms of
the modified b-space ones, exactly like in Eqs. (42)—(44) and Eqs. (45)—(47). Finally, one puts these pieces together
in the gr-differential cross section of (IV). Given our discussion in Sec. 3.3, we expect that all TMD functions one
obtains from the iCSS procedure will reduce at LO to their collinear counterparts upon integration (like in (53)—(55))
while inconsistencies could arise when integrating certain modulations in W(gr, Q, S'; Cs), specifically cos(2¢;) and
sin(3¢, — ¢s)) [18], at LO to obtain the corresponding collinear cross sections.

4. Physical interpretation of Eqs. (53)—(55)

An important consequence of Eqs. (53)—(55) is that the “naive” operator definition interpretation of TMDs is
restored at LO. For example, one can determine the average transverse momentum of unpolarized quarks in a trans-
versely polarized spin-% target according to [40, 54-57]

. db~ d*b
(- (s ) ot f d*kr ki f L P gmikrbr (B S 10(0)yt Wis(0; b)y(b)IP, ).

@n? ¢

db=dy™ . pey - :
: f 4—: PV (P, SIHO)y W03y )gF i (y") WO bR, S)

1. .
€’S 7 Tr(x, x; ), (56)

where Wps(0; b) is a future-pointing staple gauge link connecting (0*,07,0r) to (0, b7, bt), and we have used (19)
in going from the second to the last line. (The relation (56) holds for each quark flavor.) For Drell-Yan, where one
uses a past-pointing staple gauge link, there will be a sign change on the r.h.s. of Eq. (56) [51]. That is, (kiT(x;p))UT
is process-dependent. Note that the operator defining the TMD f;; ’(x kr; Q% po; Cs) on the Lh.s. of (55) includes a
UV renormalization factor and a soft factor, along with non-light-like Wilson lines (see, e.g., Refs. [8, 37]). However,
this is not the operator that enters the first line of Eq. (56). Rather, the TMD operator that sits in (56) is the “naive”
definition, where the UV renormalization and soft factors are kept to LO and the Wilson lines are on the lightcone. On
the other hand, the collinear operator in the second line of Eq. (56) is the one which underlies the Qiu-Sterman function
Tr(x, x; ) on the r.h.s. of (55).% Therefore, it is the Qiu-Sterman function which fundamentally is related to average
transverse momentum, and, due to Eq. (55), the first k7-moment of the Sivers function (within the iCSS formalism)
retains this interpretation at LO. We mention that both the 1.h.s. and the r.h.s. of Eq. (56), i.e., the operators in the
first line and second line, respectively, are implicitly renormalized using the same procedure. Thus, both functions are
modified in the same way from the strict physical interpretation one obtains from using bare operators.

Note that the interpretation of the Qiu-Sterman function given in (56) is compatible with the understanding of the
average transverse force acting on quarks in a transversely polarized spin-% target [68]. Moreover, relation (55) made
it possible to connect TSSAs in different processes (e.g., the Sivers effect in SIDIS and Ay in proton-proton collisions)
and has been used routinely in phenomenology (see, e.g., Refs. [69—73]). The incorporation of evolution in the TMD
correlator through the original CSS formalism breaks the “naive” relations between TMDs and collinear functions
(see Egs. (31)—(33)). Nevertheless, as we have shown above, the modifications implemented by the iCSS framework
allow one to preserve these identities at LO.

5. Summary

In this Letter we have extended the improved CSS formalism of Ref. [1] to the case of polarized observables, which
are especially important for experiments studying the 3D structure of hadrons. As a result, we are able to recover
the well-known relations between TMD and collinear quantities one expects from their naive operator definitions.

8The scale dependence is from the renormalized correlator one defines since the kr-integration in the first line of (56) is UV divergent.
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For example, we have shown at LO that the weighted Sivers effect, using the iCSS W + Y construction of TMD
factorization, yields the collinear twist-3 result in the literature. We also have demonstrated the validity of the relation
between the first kz-moment of the Sivers function and the Qiu-Sterman function, which holds at LO in iCSS. Since the
latter fundamentally defines the average transverse momentum of unpolarized quarks inside a transversely polarized
spin-%-target (see Eq. (56)), the former retains this interpretation as well at LO. We have discussed how the iCSS
modifications can be applied to other polarized observables, where one would also recover the other known identities
between TMD and collinear twist-3 functions. We leave as future work the implementation of the iCSS method into
phenomenological analyses.
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