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We derive the factorization theorem for the quasi—transverse-momentum-dependent (quasi-TMD) corre-
lator, including kinematic power corrections to all orders. The resulting expression involves only twist-two
TMD distributions and is frame invariant. As in the leading-power approximation, the reduced soft factor
factorizes multiplicatively; however, in contrast, the TMD evolution factor is not multiplicative but enters as a
convolution with the nonperturbative TMD distribution. We present a numerical estimate of the difference
between the derived expression and the leading-power approximation, finding it to be of the order of tens of
percentages for current lattice simulations. We also demonstrate that the inclusion of these corrections improves
the agreement between phenomenological extractions of the Collins-Soper kernel and lattice results.
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I. INTRODUCTION

Lattice simulations of nonlocal QCD operators offer a
unique opportunity to explore parton dynamics in regimes
inaccessible to collider experiments [1-3]. Corresponding
approaches have been formulated for a variety of parton
distributions, including collinear parton distributions [4-6],
transverse-momentum-dependent (TMD) parton distribu-
tions [7—12], generalized parton distributions [13—17], and
others. All these approaches share a common feature: they are
based on factorization theorems in the hadron momentum P,
and thus the precision of the theoretical description depends
crucially on the value of P,. Atpresent, lattice simulations can
reach momenta of about P, ~3 GeV [18], which is only
moderately larger than the nonperturbative QCD scale.
Therefore, one may expect sizable power corrections. In this
work, we investigate the magnitude of power corrections for
quasi-TMD distributions (quasi-TMDs) and explore their
impact on the extraction of TMD distributions.

Quasi-TMD correlators are lattice observables used to
determine transverse-momentum-dependent parton distri-
bution functions (TMDPDFs) and the Collins-Soper (CS)
kernel, which are central elements of nucleon tomography
in momentum space [19,20]. They are defined as matrix
elements of spatially separated quark and antiquark fields
connected by a staple-shaped Wilson line of finite length
[12]. In the limit P, — oo, these correlators can be
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expressed in terms of the standard TMDPDFs and the
so-called reduced soft factor [7,8,10,11,21] through a QCD
factorization theorem. This relation has been exploited by
several groups to determine the CS kernel [22-32] as well
as the TMDPDFs themselves [33,34]. These simulations
have demonstrated that this approach complements tradi-
tional phenomenological extractions of TMD distributions
[35-47], providing access to the large-b region [48].

In essence, the factorization theorem for quasi-TMDs
corresponds to the standard TMD factorization theorem,
with the hard scale provided by the hadron momentum P,
(or, more precisely, by the momentum of the leading parton,
xP,). Owing to its intrinsic multidimensional structure, the
TMD factorization theorem exhibits a nontrivial pattern of
power corrections [49-51]. It is convenient to classify these
corrections into the following four categories:

(1) Kinematic power corrections (KPCs): These cor-
rections arise due to the nonzero own transverse
momentum of partons and appear as derivatives of
TMD matrix elements. They are generically sup-
pressed by a factor of ~|k;|/P,, where |ky| denotes
the parton transverse momentum.

(2) Genuine higher-twist corrections: These corrections
describe multiparton dynamics that emerge at sublead-
ing power and are parametrized in terms of genuine
higher-twist distributions. They are generically sup-
pressed by ~A/P., where A is the nonperturbative
QCD scale. Although higher-twist TMD distributions
are largely unknown in practice, they are expected to be
orders of magnitude smaller than twist-two distribu-
tions, in analogy with the collinear case [52].

(3) gr-corrections: These corrections arise in the limit
of small transverse separation between the factorized
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currents and are characterized by the scale 1/(bP.,)
[53]. This type of correction governs the transition
region between TMD and collinear factorization.
However, these corrections can be controllably
neglected in lattice computations, where the param-
eter b is directly specified.

Target-mass corrections: These corrections arise due
to the finite hadron mass and scale as M/P,. One
therefore expects them to be numerically significant
for current lattice simulations (see, for instance, [54]).
Atpresent, the quasi-TMD correlator is known up to next-to-
leading power (NLP) [21,55], and the higher-order power
corrections remain unexplored.

In this work, we analyze KPCs in the quasi-TMD
factorization theorem. We argue that these corrections
are likely to be the most important among all types of
power corrections, both theoretically and numerically.
Their numerical dominance cannot be firmly established
without a complete analysis of all contributions. However,
we expect genuine higher-twist corrections to be relatively
small, since they are proportional to multiparton correlation
functions (whereas KPCs are expressed in terms of stan-
dard TMD distributions), while gy-corrections are con-
trolled by the lattice setup and are negligible in the large-b
region. One should also be aware that target-mass correc-
tions may be significant; however, no systematic method
for computing them is currently available, and they are
typically accompanied by an additional factor of x.
Therefore, under present conditions, KPCs represent the
most relevant class of power corrections to investigate.

The KPCs play an important role in the TMD factorization
theorem, as they restore frame invariance (or reparametriza-
tion invariance [56]) and other symmetries that are broken at
leading power (LP) (such as the charge conservation for the
Drell-Yan hadron tensor [49,57]). In this sense, KPCs are not
independent power corrections. Rather, they are descendants
of the LP term and can be partially deduced from it. For
reviews of KPCs in TMD and collinear factorization, we refer
to Refs. [51,57-59]. Another notable property of KPCs is that
they can be computed and resummed exactly to all orders in
the power expansion [51], leading to an improved formulation
of the TMD factorization theorem, referred to as the TMD-
with-KPC framework [60]. This approach is as fundamental
as the traditional TMD factorization, sharing all its key
ingredients—such as evolution and coefficient functions—
while additionally restoring symmetries broken at LP
approximation. In the case of the Drell-Yan process and
semi-inclusive deep-inelastic scattering (SIDIS), KPCs have
been shown to be numerically significant for data with Q <
10 GeV [57,60].

Following Refs. [51,57], we derive the TMD-with-KPC
expressions for quasi-TMD matrix elements, restricting
ourselves to those with nonvanishing LP contributions, i.e.,
those that do not involve mixing with twist-three TMD
distributions at LP. The derivation is presented in Sec. II. In

“

Sec. III, we estimate the impact of KPCs on the determi-
nation of the CS kernel and TMDPDFs from current lattice
setups. The conclusions are presented in Sec. IV.

II. EXPRESSION FOR QUASI-TMD IN
TMD-WITH-KPC FORMALISM

In this section, we derive the factorization theorem for
the quasi-TMD matrix element, including KPCs that follow
the LP term to all powers. The derivation closely follows
analogous treatments of factorization theorems for scatter-
ing cross sections [51,57,60]. For this reason, we do not
present the technical aspects of the derivation in full detail,
but instead focus on their consequences.

A. Definitions

The quasi-TMD matrix element is defined as follows
[7,11,12]:

Qg/]h(y;/l) =ZYP,s|g(y)[y, b+ Lv)

x [b+ Lv, L] [LU,O]gq(O)|P, s, (1)

where b* = yh = y* — v#(yv)/v?, (P, s| is a hadron state
with momentum P and spin s, g are quark fields, I" is a
Dirac matrix, and [a;, a,] denotes the straight gauge link
between points a; and a,. The renormalization scale u
enters via the renormalization constant, which in the
continuum is defined as

(2)

where Zy, is the renormalization factor for the gauge links,
and Z; is the renormalization factor for quark fields (in the
axial gauge).

Both vectors y and v are purely spatial, such that this
matrix element is suitable for lattice simulations. The
momentum of hadron defines standard light cone directions

Z7' = Zy (. L, ) Z5* (),

M?
L
Pt = P pt +_2P+ n*,

(3)

where n? = ii* = 0, (nit) = 1, and P> = M? is the mass of
hadron, in the following considered to be negligible. For
simplicity, we orient the operator such that the vector v
belongs to the plane (n,)," and can be written as

'If the vector v* has transverse components (i.e., (v - b) # 0),
the derivation of the factorization theorem is analogous, although
it requires the assumption |b| > |v - b|. The final form is the same
as in (18), with the argument of the reduced soft factor ¥ being
(b —vry~/v7). If the condition |b|> |v-b| is violated, the
factorization theorem gets harmful power corrections; see the
discussion in Ref. [12]. Here we consider only case (4), as it is the
simplest and the most commonly used in practice.
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In this case, the vector y can be decomposed as

v? = -1, (v-P)=P,>0. (4

Y=ot 4 bH, (5)

such that (b-v) = (b-P) =0 and £ = (yv)/v>.
The TMD factorization theorem can be applied in the
following limit:

1L > |y bl > A" (6)

, P, > A,

where A is a generic low-energy scale of QCD. These limits
have distinct implications with respect to the factorization
theorem and power corrections, namely,

(1) The limit |L|> |y| is required to suppress the
interaction between the “far” end of the staple gauge
link and the quark currents. This limit is essential for
the entire factorization approach, because it allows
one to separate the soft gluon radiation from the hard
radiation. Most probably, power corrections with
respect to L violate the factorization theorem. For
that reason, this limit is taken prior to any other limit.

(2) The limit P, > A is required to suppress genuine
power corrections and target-mass corrections.

(3) The limit |b| > A~! corresponds to the small-trans-
verse-momentum limit in the ordinary factorization.
It is required to suppress gy corrections.

Note that none of these limits is related to KPCs. The KPCs
are related to the transverse momenta of partons, k7, which
are not controlled by the external kinematics, nor do they
have a fixed value. It is often assumed that k; ~ A GeV,
and thus KPCs are suppressed to the same extent as genuine
and target-mass corrections. However, this is not entirely
correct, since the value of k; is integrated over an infinite
range. Due to the shape of nonperturbative TMD distri-
butions, ky can take certain effective values, and practical
studies [57,60,61] show that this effective value strongly
depends on x and is of the order of k; ~2—3 GeV for
moderate values of x.

Conventionally, one also defines the quasi-TMD corre-

lator in the momentum-fraction space as

~ o0 df —ix ~ [T
Ol (e bip) = /_mﬂe P Q) (v + bip). (7)

B. Factorized expression at the tree order

The derivation of the TMD factorization theorem at
higher powers can be most conveniently performed within
the background field method [50]. The idea of the back-
ground field method consists in computing the factorized
operator structure via explicit integration of hard modes
in the QCD functional integral. In that aspect it is

ideologically similar to soft-collinear effective field theory
(SCET). However, there is a principal technical difference.
Instead of construction of an effective action, as it is done in
SCET, in the background field method one directly
computes the functional integral. It allows one to concen-
trate on the desired operators without computing extra
terms. Due to it, this method is significantly more efficient
in the analyses of higher powers where the number of
possible structure grows exponentially. The equivalence
between these two approaches was demonstrated in [62] for
a particular case of TMD factorization in SIDIS with a jet.
The analysis of the quasi-TMD matrix element in the
background-field method is presented in detail in Ref. [21].

The key element of the higher-power factorization is the
decomposition of TMD correlators in terms of distributions
with specific TMD twists. The TMD twist is defined such
that TMD distributions with distinct TMD twists do not
mix with each other during the evolution procedure, and
thus are completely independent. As a result, a series of
power corrections with operators of a given TMD twist can
be considered independently of other series. It obeys all the
symmetries and properties of the original operator.

The KPCs then correspond to the series of terms with
TMD-twist-two only. This limitation allows one to identify
the KPC contribution at all powers, because TMD-twist-
two operators are those that contain only two good
components of the quark field and no additional gluon
fields (except for the gluon fields that compose the gauge
links). Therefore, to extract the KPCs, it is sufficient to
compute the factorization theorem with vanishing back-
ground gluon fields, and re-express the bad components of
the remaining fields in terms of the good ones using the
QCD equations of motion.

In the absence of the background gluon fields, the tree-
order factorization reduces to algebraic manipulations with
indices, and the resulting expression reads as

le;]h (v) = é[qr/] () ¥(y) + (contributions with gluon fields),
(8)
where ‘i)[qr/]h(y) is the TMD correlator
®}),(v) = (P.sg(y)ly, —con + y*7i + b]
r
x 5 [-oon, 0]¢(0)|P. s). (9)

and W(y) is the “reduced soft-factor,”

W(0) = 3 (Olfc0 +y7n + b, YJH()H!(0)0, ~cs]0).

c

(10)

with H(y) = [y, b + Lv|[b + Lv, cor + Lu).
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The next step is to extract the leading TMD-twist
component of the correlator (9). For the TMD correlator
with a general separation between fields it has been done in
Ref. [51]. The result can be conveniently written in the
form of an integral in the momentum space:

~4 5

q)[ql/] Mlewa = q)g/l,( w2 =0, (11)
g;h( w2 —2P+/d4k5(k2)ei(kw

X /dfﬁ(k"‘ _ §P+)kﬂq)[17;](é’ kT)v (12)

(I) [7”

W(Nmzﬂ”/&wyww

x/%&ﬁ

_ §p+)kﬂq)[17;”5] (& kr), (13)

177 (1) = 2P / PRk ) / dES(k* - EP*)
@y a ktn® —ntk"
X ( Tk —gI}kﬂ—f—TkT)
i6a+ 5
x 7 (e ky), (14)

where @;; are ordinary TMD distributions defined in the
momentum space

&b
et~ [ £
_ [dyd*b
_/(hye

Note, that the values of & are restricted by the causality
as £e€10,1].

One of the main consequence of resummation of KPC is
the appearance of 5(k?) in expressions (11)—(14). It arises
due to systematic reduction of operators with “bad”
derivatives (d_), that appear in the multipole expansion,
into the TMD-twist-two operators using equations of
motions, and consecutive resummation of the multipole
expansion. Thanks to §(k?), the structures [(11)—(14)]
satisfy the Laplace equation, as it is demanded for twist-
two operators [63,64]. As a further consequence, the
factorization theorem with resummed KPCs enjoys frame
invariance. For further details of derivation we refer
to Ref. [51].

The leading-TMD-twist component of ¥ can be derived
analogously. In this case, the equation of motion is

v or-oft)

i(bk) Td)[r (é: b)

—igy-m—i(bk)“i,[lfl} (y"n+b).

(15)

(16)

TABLE L. The table of correspondence between elements of the
Dirac basis I', and elements in the factorized expressions.

r K K r,
Ly 0 0 @
r K V2xP, it y*
"y Kt V2xP, it rr
iU‘”’}’S g’#’k” _ g'%ak" + k- rt”];n“k” k{% \/zxpl;(gl;‘(lﬁy _ g’}aﬁ”) l()'{” },5

In the absence of background gluon fields, it leads to

(17)

Therefore, the expression for TMD-with-KPC factorization

at tree order 18
/df/d”'k
+

— EPT)5(K?)e! i(ky) g1

lPleadtw(y) - lP(b)

A
Q[q/]h(y) =2P . ¥(

x 8(k*+ o) (& ky),

(18)

where the expression for Kl and corresponding I', are
given in Table I.

C. Factorized expression beyond the tree order

Beyond the tree order, the factorized expression receives
the coefficient function and the dependence on the factori-
zation scales. At one loop, it is produced by a single
diagram [65]. Performing the computation of this diagram
in general kinematics, i.e., without applying the power
expansion, we obtain the following result:

HY(0)4(0)hoop = 20,C/T (€)1 (26) 1~
8 (Ji)";m(m )
1) [(v-0)—sop I

(19)

where s =sign(L) and a, = ¢*/(4x)%? is the QCD
coupling constant. This expression coincides with the
NLP computation [21]. Expression (19) proves that the
coefficient function is the same for KPCs at all powers,
which is a fundamental property of the KPCs guaranteed by
Lorentz invariance.

The important observation is that the derivative (v - d)
does not act on H, because of the equation of motion (16).
This derivative acts solely on the quark field and produces
the momentum of the parton. It also defines the Lorentz-
invariant argument of the hard coefficient function as
4(v - k)?, where k is the parton momentum defined within
the Fourier transform (18). Note that, at LP, this argument is
(2x(v - P))?, which corresponds to the k. -only part of the
Lorentz-invariant argument. This is the only modification
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of the coefficient function within the KPC formalism. This
modification makes the factorized expression Lorentz
invariant and has important consequences.

The singularities of the coefficient function are renor-
malized by the factor Z~' (2) and the renormalization
factors of ® and ¥, in a complete analogy of LP
computation. The only modification brought by KPC is
the condition for the rapidity renormalization scales { and
¢. This condition is modified due to the change in the
argument of the coefficient function and becomes

(= p?(2v-k)?, (20)

where u is the factorization scale. The evolution equations
with respect to the rapidity scale are

0
%

I

¢ iﬁ(x,b;u,{) = —D(b’ﬂ)d’[n (x.b;p.8),  (21)

ga%w;u,o - Db, (22)

where D is the Collins-Soper kernel (also often defined
as K = -2D).

There is one last important comment to be made. The
TMD factorization beyond LP possesses the phenomenon
of special rapidity singularities [55]. They cancel between
various terms of the factorization theorem at a given power,
but leave a trace in the form of logarithms In(£/¢)
accompanied by derivatives of the Collins-Soper kernel.
These terms add up together with derivatives in KPCs and
form boost-invariant derivatives. This immediately leads to
a severe complication, namely, the series of KPCs cannot
be summed into simple expressions (11)—(14) unless £ = ¢
(such that boost-invariant logarithms vanish). The distri-
butions however, still obey the evolution equations (21) and
(22), and thus one can change the rapidity scale to any
convenient point after the summation of KPCs, which lead
to rather involved expressions. Therefore, in what follows,
we consider the case £ = ¢ for simplicity.

D. Final expression for the quasi-TMD correlator

Summarizing these observations we write the final form
for the quasi-TMD correlator:

O (i) = 2P+‘I’(b;/t,5)/d§/d4k5(k+ —§P+)5(k2)e"(k”C<27k”> KU (& ks, 0), (23)

where k, = (v - k), { = £ and their product is given by Eq. (20). The coefficient function is the LP coefficient function at all
perturbative orders [currently known up to next-to-next-to-leading order (NNLO) [65,66]].
In the momentum-fraction representation (7) it reads as

) xbip) = 22 Wb ) [ di [ #holhe =)otk =)o) () K0 e ki) 20

where the scalar product of transverse components is written with the Euclidean norm (kb) = —(kb). Here and in the
following, we follow the standard practice to indicate by the bold font the transverse components of the vectors with the
Euclidian norm. Integrating over k, and & the expression simplifies to

- . (2xP, : Kl
Qwh(x,b;y):‘l’(b;u,é’)c< ) / d*kpeikb) (& kpip 0), (25)

H V/XEP2 + k2

where Note, that the coefficient function is moved out of the
kr-integral, and the values of {’s are given by
x k3 = =2xuP,. 27
L LR IR ST §=C=2xb, (27)
In the limit (xP,)? > k% the expression (25) reproduces
ko = P2 L2 (26) the standard factorization theorem for the quasi-TMD
\/ Xy T KT correlator. This limit must be taken prior to the integration,

and thus & turns to x, and the factor KT becomes

The value of ¢ is restricted to &€ [x, 1], which in turn,
restricts the integration range of ky as |ky| < 2P,v1 — x.

dominated by k, = xP,. Then the Fourier transform is
trivially taken, and one obtains
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r
Kip

FH U+ .
el bpd).

S oy . e 2P
lirglgq/h(x,b,ﬂ)—‘P(b,,u,C)C( p )

v

(28)
where K [Lrll is the LP limit of K"l presented in Table I. This
is the well-known expression for LP factorization of the
|

2xP,
u

~ [,0 -
QB’/L(x, byp) =27Y(b; p, C)C(

e _ 2xP 2P,/ 1—x
&7 (. bo) = w(b;ﬂ,oc( x ) R AT

U

2P,\/1-x
) [ ks w0,

quasi-TMD matrix element. Note, that in the position space
the requirement (27) is not important, because the evolution
is multiplicative.

The expression depends on the particular value of T, via
the coefficient K'). For example, for the unpolarized
hadron after the integration over the angle of transverse
momentum one finds

(29)

26—

= f1(& K . 0), (30)

where f is the unpolarized TMD distribution and J, is the zeroth order Bessel function of the first kind. The explicit
expressions for other components, including spin-dependent TMD distributions, have similar form.

In practice, one often considers the reduced quasi-TMD correlator, that is obtained by removing the reduced soft factor at
the scale u, i.e. by dividing (25) by W(b;u, u?). The corresponding expression can be obtained using the evolution

equation (22):

L -
Qyulx bip) C(ZXP > (2’“” ) P / Pleye=ild) K

(b p, p?) Il p

In this form, the factorization formula is very similar to the
LP expression (compare e.g. with Refs. [8,11,12,21]). The
only difference is the value £ that depends on the parton’s
momentum. Such modification is welcome because
the LP factorization theorem allows the parton to have
any transverse momentum, including infinitely large, while
the expression (25) respects natural kinematical constraints.

The expression (25) reveals the dependence of power
corrections on x. Clearly, these corrections are enhanced at
small and large x. At smaller x they behave as
O(k3./(xP,)?), which is a known behavior; see [11,12].
However, the causality restriction |£] < 1 also leads to
corrections of order O(k%/(1 —x)P3), which were not
discussed earlier. Let us mention that similar corrections
(although from a different origin) arise in the factorization
of quasi-PDF matrix elements [54,67].

Evidently, the main modification brought by KPCs is the
dependence of the parton’s momentum fraction £ on its
transverse momentum k;. This modification prevents
multiplicative factorization of the quasi-TMD in transverse
position space, as occurs at LP. It also implies that the
dependence on ¢ is not multiplicative, and one cannot
single it out by taking the ratio of quasi-TMD correlators.
In the following section, we analyze this expression
numerically.

III. NUMERICAL SIGNIFICANCE OF KPCS

The evaluation of the numerical significance of KPCs
is not straightforward, since they are not presented

ol (& kpp ). (31)

V/XEP2 + k2

|
as an additional or multiplicative factor, but instead
modify the form of the integral convolution. Therefore,
they essentially depend on the shape of the test
function. In this section, we estimate the size of the
correction using the ART25 TMD extraction [68] as the
test input. The quasi-TMD coefficient function is taken at
NNLO [65].

To make a comparison clearer we consider the reduced
quasi-TMD correlator defined as

~ [T
QE]/]h (x,bs )
P (b; u, 1)

T

Fg/h(x,b;u) = (32)

On the one hand, this expression can be measured using
lattice QCD (see, for instance, [33,34]). On the other hand,
there is the factorization theorem derived in the previous
section. Using the complete (i.e., Lorentz-invariant) form of
the factorization theorem given in Eq. (25), the reduced
quasi-TMD correlator takes the form

[[].KPC N 2xP,\ [(2xP,\ ~Dbx)
Far (x’b’ﬂ)_c< H )( p

)
X / P —
VX2P2 + k2.

x ®lL(E kps . €), (33)

while the LP approximation is
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z=04

P, =1.7GeV

=04, P,=1.7GeV

047 ——b=1GeV~!
——b=3GeV!
0.2 ——b=5GeV!

6
P, [GeV]

FIG. 1. Relative difference between

I'],KPC I'],LP I'],LP
(Fop™ = Foip )/ Fy)

the reduced unpolarized quasi-TMDPDF with KPCs

gp 2382 function of proton’s momentum (left), parton’s momentum fraction x (center) and transverse distance

—0.4
b [GeV 1]

(]

LP: AF), =

and at

b (right) for u (up panels) and d (down panels) quarks. The renormalization scale is chosen to be equal to the proton momentum y = P,
and the remaining variables are fixed to those values indicated at the top of each column. The comparison is done using the central values
of ART25 extraction [68]. The kinks in P, plots correspond to charm and bottom mass scales.

H H
]
K
X —x;})‘ (D[n ](x, b;u, Q). (34)

v

Il.LP 2XPD ZXPU =D(bu)
e -2 (2)

In both cases, { = 2uxP,. In what follows, we consider
only the cases I' = y° and I = y* with a spinless hadron,
which project to the unpolarized TMDPDF; see (29)
and (30).

A. Size of KPCs in various kinematic limits

To start with, we consider the relative difference between
the reduced quasi-TMD correlators computed with KPCs
(33) and in the LP approximation (34). This comparison is
shown in Fig. 1 as the relative deviation between FXPC and
FLP for different cases. Let us summarize our observations
in the following points:

(1) We observe that the size of KPC drops very fast with
the increase of P, and it is not that large compared
to the contribution of KPCs in the Drell-Yan reaction
[57] or SIDIS [60]. At P, ~ 10 GeV, it is generally
less than 5%.

(2) The size of the correction critically depends on the
values of x and b, and it is not sign definite. For
sufficiently large values of b (b = 1.5 GeV™!), the x
dependence becomes flatter and demonstrates a

plateau in the range 0.3 < x <0.7. Consequently,
this region is the best for practical studies, because
within it the power corrections do not significantly
modify the shape of the observable, although they
could modify the magnitude. It is interesting to
mention that lattice studies also found that the
determination of the CS kernel depends on the value
of x, and is stable in a similar regime [29,30,33,34],
which practically confirms our observation.

(3) In this region, the correction is negative. This
implies that the lattice extractions of TMD distri-
butions (based on the LP approximation) under-
estimate its absolute value.

(4) The difference between the y° and y* cases is almost
negligible in comparison to the size of the deviation
between KPC and LP, and generally of the order of
5%. This observation perfectly coincides with lattice
simulations (see, e.g., Fig. 17 in [33]).

(5) The size of the correction depends significantly on b.
For P, = 1.7 GeV, which is a typical scale of
modern lattice simulations, the correction ranges
from -20% (at b=3GeV') to 5%
(at b =5 GeVh.

The general conclusion that can be drawn from this
comparison is that, at the present momentum scales of
lattice simulations, the LP factorization is not precise
and possesses an error of the order of 10-20% due
to KPCs.
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I'=~

F=4"
10.30
{P1, Pt =
:-0-25 ——{1.29,1.81} GeV
Foao ——{1.29,2.32} Gev
] ——{1.81,2.32} Gev
Lols T ART25
L0.10

FIG.2. CSkernelath =2 GeV~!and u = 2 GeV, obtained from Eq. (35) for different values of x and I, computed using the central
values of ART25. The solid lines correspond to various combinations of hadron momenta considered in lattice data extraction [29]. The

ART25 input is shown as a dashed line.

B. Impact to CS kernel

Due to the intricate relation between quasi-TMDs and
TMDs in the TMD-with-KPC factorization approach
[Eq. (25)], a direct computation of the impact to the
extraction of nonperturbative functions is not possible.
To estimate the impact of KPCs, we adopt the following
procedure. First, we use the ART25 phenomenological
input to compute FXPC (33), which serves as a “pseudo-
measurement” based on a known input. Next, we use the
LP expression (34) to extract the target observable—either
the CS kernel or a TMDPDF—following the standard
strategy employed in modern lattice studies [29,30,34].
This procedure produces a “lattice determination” of
corresponding TMD distributions. By comparing this
lattice determination with the original input, we can
quantify the impact of the missing power corrections.

The determination of the CS kernel is the simplest
application of quasi-TMDs. At LP it could be extracted
considering the quotient of reduced quasi-TMDs evaluated
at different values of the hadron momentum [8,10,11].
Explicitly, the expression is

1
B 210g(P1),2/P1),1)
LKPCs
1 CxP, o /W) F i (x b1 P )
0 [[].KPCs . ’
C(2XP1}q1/ﬂ)Fq/h (_x,b,//l, PU,Z)

(35)

D piike (b, ﬂ)

where P, ; = v - P;. This is currently the common method
employed for the extraction of the CS kernel from lattice
data due to the fact that the reduced soft factors cancel in

1o {P,,,P,,}={129,181} Gev
x=0.3

HEl ART25
r=+°
=4

Drp.ike (b, 2GeV)

{P,1,P, o} ={1.29,2.32} Gev
x=0.3

{P,1,P,,} ={1.81,2.32} Gev L0
x=0.3

{P,,,P,,}={129,181} Gev

x=0.7

Drpaike (b, 2GeV)

3
b[GeV !

FIG. 3.

{P,,P,,}={129,2.32} Gev
x=0.7

b[GeV ]

{P,,P,,} ={181,2.32} Gev
x=0.7

b[GeV ]

CS kernel at y = 2 GeV, obtained from Eq. (35) using the ART25 input. The employed combinations of hadron momenta are

indicated at the top of each panel, together with the value of x. The black band represents the CS kernel of ART2S.
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/{ i 2 3 s 5
-0.2¢, b(GeV™)

o ASWZ24 — ART25

+ BGMZ24 — Dip.ike

FIG. 4. CS kernel at 4 = 2 GeV, obtained by averaging the
results of Eq. (35) over x€[0.3,0.7], P, = {1.29,1.81,2.32},
and T" = y°, y” (green band). The black line represents the input
CS kernel from ART25. The points show the lattice extractions
[29,30], performed in a similar kinematic range.

the ratio, as well as, the actual TMDPDE. Note, that
although it is not indicated in the argument, the value of
Dr p.ike depends implicitly on x, P; and P,.

The value of D p_j;. can be interpreted as the CS kernel
that would be extracted from a lattice simulation using the
LP formalism, given a specific input CS kernel and TMD
distributions. Clearly, this value does not coincide with the
actual CS kernel, because D py. is correlated with the
values of the TMDPDFs. The comparison of Dj p_j;. With

the input D is shown in Figs. 2 and 3 for several kinematical
configurations.

In Fig. 2, at fixed b =2 GeV~!, we present the x
dependence of Djp.. As discussed earlier, it exhibits a
plateau for 0.3 < x < 0.7. The b dependence of D p_j. at
fixed x is shown in Fig. 3. In both cases, we use momentum
values typical of lattice simulations [29]. The uncertainty
band is derived from the ART25 uncertainty, and is larger
than the uncertainty band for the CS kernel alone, because
it also incorporates the uncertainty of the TMDPDFs.

In Fig. 4, we present Dj p;. averaged over the region
x€[0.3,0.7], for momentum configurations P, =
{1.29,1.81,2.32} GeV and T =y°y". The considered
kinematic configuration roughly corresponds to that used
in Ref. [29]. There is a clear difference between the input
ART?2S5 CS kernel and the result of the LP analysis. The
resulting Dipjye 1S in very good agreement with the
determination of Ref. [29] (we also show the points from
Ref. [30] for comparison). Therefore, we conclude that the
measurement in Ref. [29] is in agreement with ART25 once
KPCs are taken into account.

C. Impact for TMDPDFs

A similar comparison can be made for the actual TMD
distributions. For this purpose, we construct a function that
corresponds to the TMDPDF determined using the LP
formula. Such a function is given by

L 0.15F

2.

U 4 L

= ]

Z 157 0.10-

O -

<

= ] r

s10f B ART25 0.05+

EOE I=4" [

0.5 — AV I/
: | IR | |||I‘|_|’y|||||| OOO PR

1.0

<

]

0.

>

<

K06

8

g/ 0.4

-

0.2
j f T I o e
0 1 3 4 1 2 3 4
b[GeV] b[GeV']

FIG. 5. Unpolarized TMDPDFs obtained from (36) for u (upper panels) and d (lower panels) valence quarks inside the proton, as a

function of the transverse distance, for three fixed values of the momentum fraction: x = 0.3 (left), x = 0.5 (center), and x = 0.7 (right
panels), and for ' = y°, y*. The renormalization scales are taken to be u = /C = 2 GeV. The uncertainty bands are computed by

propagating the uncertainty band of ART2S5.
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I'],KPCs
FL/]h (x, b3 )

/h ) —
sz—like(x’b’:u) = C(2xP, /1) (36)

Note that here the value of the CS kernel is taken as given,
while in an actual lattice computation it is determined from
the same calculation, i.e. it corresponds to Dy p.jike-

The comparison of fipy. With the input TMDPDF is
shown in Fig. 5 for several kinematical configurations. In
general, one can see that the corrections are of the order of
10-20% for b = 1.5 GeV~!, and the value of the TMDPDF
is underestimated in the LP computation. This is the same
conclusion as that drawn from Fig. 1.

IV. CONCLUSION

In this work, we have derived the factorization theorem
for the quasi-TMD matrix element, improved by the
inclusion of KPCs at all powers (the so-called TMD-
with-KPC factorization theorem [51]). The resulting
expression incorporates the complete contribution of
twist-two TMD distributions and is frame invariant. The
expression has the same perturbative hard coefficient
function as the LP factorization theorems and is valid
for all polarization cases.

The KPCs are only a part of the variety of power
corrections contributing to the TMD factorization theorem.
However, we argue that they represent the most important
part, because they restore frame invariance and other
continuous symmetries of the original observable that
are broken at the LP approximation. The corrections to
the TMD-with-KPC factorization theorem incorporate
higher-twist TMD distributions, but do not include twist-
two distributions (apart from unknown target-mass con-
tributions). In that sense, the TMD-with-KPC factorization
theorem can be considered as the proper form of the LP
factorization theorem. In a nutshell, the main difference
between the LP and KPC approaches is that the latter takes
into account the nontrivial parton kinematics with nonzero
transverse momentum.

The improved version of the factorization theorem is
presented in (25). This expression is valid for any Dirac
structure that contributes at LP, and also for any polariza-
tion of the hadron. As in the LP factorization, the reduced

soft factor is factorized multiplicatively. Due to this, quasi-
TMD correlators remain clean observables for TMD
physics, since the reduced soft factor can be computed
separately and eliminated from the quasi-TMD correlator at
all powers.

The crucial difference between the LP and TMD-with-
KPC expressions is that the latter relates the values of the
parton’s x and kr. As a consequence, the evolution factor
cannot be multiplicatively factorized, but enters in an
integral convolution. This prevents a direct determination
of the CS kernel from the ratio of quasi-TMD correlators, as
is suggested by the LP factorization theorem. However, it
does not prevent usage of lattice data as valuable data
points for usual fits of TMD distributions, once KPCs are
taken into account.

We have estimated the size of KPCs and found that it
crucially depends on the momentum of the hadron. In
particular, they can be considered very small for
P, > 10 GeV. For the actual values of P, (of order
1-2 GeV), the corrections are 10-20% with respect to
the LP factorization theorem. The corrections grow sig-
nificantly for small and large values of x, and possess a
plateau at 0.3 <x <0.7. These corrections translate
directly into the TMDPDF; however, they are larger for
the CS kernel, which is a more delicate observable. The
inclusion of KPCs can change the interpretation of already
known results. In particular, we find very good agreement
between the ART25 extraction and the results of lattice
simulations within the updated approach, although the LP
comparison indicates a disagreement.
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