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We study the theoretical foundations of the recently developed large-
momentum effective theory (LaMET) approach to the transverse-momen-
tum-dependent parton distribution function (TMDPDF). We first show
that the quasi-TMDPDF can be consistently defined and it relates to the
physical TMDPDFs through a factorization formula in the large-momentum
limit. We show that the factorization involves the intrinsic soft function
which is related to the off-lightcone soft functions for the Drell-Yan process
and can be realized as a form factor. We also study properties of the off-
lightcone soft functions, such as IR safety, analyticity, rapidity divergence,
etc. Universality classes of the off-lightcone soft functions are discussed. Fi-
nally, we show that the intrinsic soft function can be extracted by combining
a light-meson form factor with large-momentum transfer and quasi-TMD
wave functions for the light meson.
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1. Introduction

The transverse-momentum-dependent (TMD) parton distribution func-
tions (TMDPDFs) are important in understanding the experimental pro-
cesses where the transverse momenta of final state particles are measured,
which will be one of major purposes of the upcoming Electron-Ion Collider
(EIC) in US. In Drell-Yan (DY) processes (lepton pair and W, Z produc-
tions) and ete™ — v* — 2jets + X, it is known that the differential cross
section do/ dQﬁ_ normally peaks at relatively small transverse momentum
(k1 < @), where the large logarithms log Q/k, and nonperturbative effects
(k1 ~ Aqcp) spoil the collinear factorization. Therefore, the TMD factor-
ization was developed to analyze such processes [1-5]. For semi-inclusive
deep inelastic scattering (SIDIS) processes in small | region, the TMD
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factorization can also be applied [6, 7]. For these processes, it was shown
that the cross section can be factorized in the foomof c =6 QR f® f® S,
where &, f, S are hard, collinear, and soft contributions.

The unsubtracted TMDPDF f is defined with lightlike gauge links point-
ing to infinities which results in a new type of divergence, the rapidity diver-
gences (also called lightcone singularities), due to gluon radiation collinear to
the gauge links. Therefore, a rapidity regulator is needed and its renormal-
ization results in a rapidity scale whose evolution is governed by the so-called
Collins—Soper kernel [1|. Unlike the standard collinear factorization, a TMD
soft function S is also required to capture soft-gluon radiations from the fast
moving color charges. Here, the TMD soft function S(b, i, Y') is defined as
a vacuum expectation value (VEV) of a Wilson loop composed of lightlike
gauge links and usually depends on three variables: the rapidity regulator Y,
the transverse separation b (conjugate to transverse momentum), and the
renormalization scale p associated to the cusps of gauge links. Similar to the
unsubtracted TMDPDF, the lightlike gauge links in .S lead to the rapidity
divergences as well. Later, the TMD factorization was reinvestigated in the
framework of soft-collinear effective theory [8—-10]. A standard definition of
physical TMDPDEFs which is a rapidity divergence-free combination of un-
subtracted TMDPDF and soft function, was proposed in Refs |8, 11-13].
Within the standard formalism, the perturbative calculations of TMDPDFs
and the soft functions have proceeded to 2-loops [14-17| and recently to
3-loops [18]. Also, the property of rapidity divergences has been extensively
studied, including [19] which builds the rapidity factorization with the use
of conformal transformations.

Besides the importance of understanding the high-energy experiments,
the TMDPDFs are also important by themselves for their crucial role in un-
derstanding hadron structures. Under a Lorentz boost, the longitudinal size
of hadron contracts, but the transverse directions remain unchanged. Thus,
one can simultaneously probe the fast-moving collinear physics from the
longitudinal z-dependencies and the rest-frame-like nonperturbative physics
from the transverse k 1 -dependencies. Moreover, unlike the £, -integrated
collinear PDFs, the TMDPDF is sensitive to soft radiations. Therefore, the
physics in the presence of transverse degrees of freedom is rather rich. This is
particularly the case in studies of spin-dependent phenomena where one can
define more TMDPDFs through the Lorentz decompositions. One example
is the Sivers function for an unpolarized parton in a transversely polarized
proton, ff-T(.r, k1), which is time-reversal odd and is predicted to change
the sign between the DY and SIDIS processes [11]. Similar properties also
exist in the Boer-Mulders function hi (z, k) [20] concerning a transversely
polarized parton in an unpolarized proton. These two functions are related
to the single transverse spin asymmetry.
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Regardless of the fact that the TMD factorization has been established, it
is difficult to extract the TMDPDFs accurately due to the limited amount of
available experimental data. There are many efforts on global analysis [21—
30], however, the fitting still suffers from relatively large uncertainties in the
nonperturbative region, k| ~ Aqcp. It is expected to be much harder to ob-
tain a global fit for spin-dependent TMDPDFs. Although the future EIC will
make up the gap and produce more data for TMD observable measurements,
it is still important to develop first-principle methods for the determination
of nonperturbative TMDPDFs, which can serve as a comparison or provide
useful inputs to constrain the models in global fits.

The recent development of the large-momentum effective theory (LaMET)
proposed in Refs. [31, 32] has opened up a possibility of directly calculating
TMDPDFs on lattice. The essence of LaMET is as follows: the lightcone
time-dependencies at the operator level can be transmuted into the fast-
moving external hadrons state, from which the lightcone physics can be ex-
tracted through the large-momentum factorization of equal-time correlation
functions. LaMET has been successfully applied to collinear PDFs, distri-
bution amplitudes (DAs), and the generalized parton distribution functions
(GPDs), see Ref. [33] for a review. Early studies [34-37] have made an ef-
fort constructing a quasi-TMDPDF that is calculable on the lattice, but its
relation to the physical TMDPDF is expected to be nonperturbative due to
complications in the soft function. Nevertheless, the Collins—Soper kernel
can be extracted by taking the ratio at two different momenta to cancel the
soft contributions [36, 38, 39]. In order to match the physical-TMDPDFs, we
must study its factorization property at large hadron momentum and prove
that it is indeed related to the targeting TMDPDFs. The recent works in
Refs. [33, 40-42] provide a Euclidean formulation of soft functions and other
TMD-related quantities so that a perturbative matching formula can be es-
tablished between the quasi- and physical TMDPDFs, and thus allow for a
complete determination of the latter from the lattice QCD.

In this note, we provide a careful investigation of the theoretical prop-
erties of the quasi-TMDPDEFs and the soft functions in the lightcone limit.
In Sec. 2, we make a brief introduction to the lightcone TMDPDFs and
related TMD soft functions. In Sec. 3, we first study IR divergences of
the quasi-TMDPDF, which factorizes into physical TMDPDF and intrinsic
soft function by analyzing the leading region in 1/(b, P?) expansion in the
lightcone limit. Various one-loop results and some two-loop predictions are
also presented. In Sec. 4, we investigate the TMD soft function in the off-
lightcone scheme, which has not been extensively studied as the on-lightcone
one. The off-lightcone scheme helps to understand how the lightcone physics
emerges from the off-lightcone observable in lightcone limit. We find that
the soft function for the DY process can be formulated in the heavy quark
effective theory (HQET) as a form factor, which allows the Euclidean real-
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ization. A classification of off-lightcone soft functions is provided. In Sec. 5
we discuss the intrinsic soft function which is a crucial quantity to match
the quasi-TMDPDF to the physical TMDPDF. An alternative method to
extract the intrinsic soft function is through the light-meson form factor
and the TMD wave function (TMDWF'). The cross section of DY process
in small-k| region can be obtained from the first-principle using the quasi-
TMDPDF and the intrinsic soft function. Discussions and conclusions are
given in Sec. 6.

2. Basic properties of TMDPDF

Let us onsider the quark unpolarized TMDPDF (it is straightforward to
include a spin-dependent component or generalize to gluon distribution) as
an example. Without taking into account the theoretical subtleties, such as
rapidity divergence, the unsubtracted TMDPDF is defined as

f <a;, 11) _ 27i+ d/\e’i’\x
(Pl (An+11> W, (An+11) HO)PY, (1)

where x is the longitudinal momentum fraction, A is the invariant length
{ P =EPE, EF = (€14€7)/V/2 are the lightcone coordinates, and W, (An+
b J_) is the staple-shaped gauge link of the form of

Wa(€) = WHEOWLW,(0), (2)
Wo(€) = Pexp | —ig / dn- A€+ )| (3)
0

along the lightcone direction n#* = fp+ (1,0,,—1) in the (¢, L, z) coordi-

nate, as shown in Fig. 1. The W is a transverse gauge link at infinity to
maintain gauge invariance. The staple W, is defined with the past-pointing
lightlike gauge link from 0 to —oo in accordance with the DY kinematics.
Similarly, for SIDIS, we can define the future-pointing version of the gauge
link staple W, simply by changing —oo to oo in the definition, as shown
in Fig. 1. For unpolarized TMDPDFs, there is no distinction between the
two choices, but for the spin-dependent TMDPDFs, there are physical con-
sequences based on the time-reversal symmetry.

There exists a new type of singularity, called the rapidity divergence,
associated with the infinitely long lightlike gauge links. These divergences
are caused by radiation of gluons collinear with the lightlike gauge link and
cannot be regularized by the standard UV regulators. The physical inter-
pretation of TMD observables is then obscured by the complicated pattern
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Fig. 1. The spacetime picture of TMDPDF for DY and SIDIS processes. The ®
sign denotes the quark-link vertices.

of rapidity regulator dependencies. However, the rapidity divergence to the
lightcone physics is as fundamental as the UV divergence to the quantum
field theory. The former is caused by approximation of the hadron in infinite
momentum frame (infinite rapidity limit), and the latter is due to quantum
fluctuation at short distance (continuum limit). An example is the following
integral in dimensional regularization (DR) [37]:

o FE) dy f (m
I_/dk dk (k? 1+e - / dm m2+26 ? (4)

where y = k¥ /k™ is the rapidity-related variable and m? = k*k~. The
divergences in y arise from large and small y where the integral cannot be
regulated by DR.

To regulate the rapidity divergences, a number of methods have been
introduced in the literature (for a review see [37]). They can be categorized
into two classes: on-lightcone and off-lightcone regulators. In the former
case, the gauge links are kept along the lightcone direction n* after reg-
ularization. For example, the ¢ regulator [15, 43] modifies the gauge link
as

Wn(g) - Wn(£)|5_ =Pexp | —ig / dA A+(£ + )\n) e—%‘M ) (5)

and similarly for the conjugate direction. The § regulator breaks the gauge
invariance, but preserves the boost invariance 6+ — e*Y §%, where Y is the
rapidity of the Lorentz boost. Other on-lightcone regulators include the
exponential regulator [10], n regulator [44], analytical regulator [45], etc.
In the rest of this section, we will use the § regulator as a representative
whenever we need an on-lightcone regulator.
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The off-lightcone regulator was introduced in [1, 6, 7, 11]. This type of
regulator chooses the Wilson lines tiled in the off-lightcone direction to avoid
the rapidity divergence. One can, for instance, deform the gauge links into
the spacelike region

—2vy (sz_)2 , (6)

n—>ny =n-—e

where p = %(1,0,0, 1) such that n-p = 1. Here, Y plays the role of a
rapidity regulator, as ny — n when Y — oo. In certain cases, one can also
deform ny into a timelike region [46].

To avoid lightcone divergences, from now on we include the rapidity
regulator in the definition of the unsubtracted TMDPDEFs

FOubL,1,07) = (Pl (An +51) v W (An+50) 15 w()[P) . (7)

Due to rotational invariance, the unpolarized TMDPDEF defined above is
a function of b, = |l_; 1|. The subscript 6~ denotes that the staple-shaped
gauge link W is regulated by the d regulator in the lightcone minus direction.
The TMDPDF f diverges logarithmically as 6~ — 0, and the finite part also
depends on the rapidity regulator. The above TMDPDEF must remove all its
rapidity divergences and regularization scheme dependencies to define the
physical TMDPDF, in a way similar to the removal of UV divergences in
physical quantities.

The rapidity divergence for TMDPDFs can be removed by the soft func-
tion, which also plays an important role in the TMD factorization. Intu-
itively, the soft function represents a cross section for fast-moving charged
particles emitting soft gluons into final states. It has the rapidity divergence
associated with the lightcone direction. The TMD soft function consistent
with the Drell-Yan process is defined [15, 47| as

Te(O[TWy (51) s W (B1) I5- TWa(0)l5- Wi (0)]5+10)
Ne

- TEOW, (11) |5+ W) (11) l5-10) ®)
= N, ’

S (bJ_nu’a 6+7 5_) =

where T /T stands for time/anti-time ordering. The first equality defines
the soft function in terms of cut-diagrams as an amplitude square. Since
the soft function for the DY process is independent of the time-ordering
because every two points on the Wilson loop are either spacelike or lightlike
separated, one can also define it with a single time-ordering or no time-
ordering, leading to the second equality. The staple-shaped gauge link W,
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is defined in Eq. (2), while W, is defined similarly with the replacement
n — p. The soft function is shown in Fig. 2 as a Wilson loop in Minkowski
space.

SIDIS

n

Fig. 2. The spacetime picture of the soft function S(b, , u,d%,57) as a Wilson loop
arising in the factorization of DY and SIDIS processes.

If the rapidity divergences are multiplicative in nature, one can use S
as the rapidity renormalization factor for the TMDPDEF. In on-lightcone
schemes such as the 0 regularization, it has been argued in [19] based on
the conformal transformation that the rapidity divergences are indeed mul-
tiplicative. For each of the staple-shaped lightlike gauge link, the rapidity
divergence is proportional to

2
—2K(b),u)In &
(LM)HW’ (9)

where K(bj,u) is known as the nonperturbative Collins-Soper evolution
kernel. Thus at small §*, we can write

S (bL7/*’L7 6“1” 5*) — eK(bJ_uUf) In %J”DQ(EU_“U‘) ’ (10)

where Dy(b, 1) is a by -dependent but rapidity-independent function. The
soft function in  regularization satisfies the renormalization group equation

(RGE)
2

d -
71n5 (bJ_,/.L,(5+76 ) Fcusp(as) 5+6

v Faulos), (1)
where Ioysp(ay) is the lightlike cusp anomalous dimension and the 7s(oy) is
the soft anomalous dimension. They are all known to 3-loops [18, 48]|. Re-
cently, the cusp-anomalous dimensions have been calculated to 4-loops [49].
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The Collins—Soper kernel and the rapidity-independent part D, satisfy the
RGEs

d

2

1% TMKU)L? ) = —Fcusp(ozs) , (12)
d

M2d7,u2p2(bb ) = vs(as) — K(bi,p). (13)

At one-loop, the soft function S(b,,u,d%,67) is given by [37]

C 2 7.‘.2
o)y =1+ 3 (2 _opm AT 14
S(blaluaé 7(5 ) =+ < b bn25+5_+ 6 ’ ( )
where 22
1 PO
Ly=1In To2m (15)
Therefore, at the leading order,
asC
K(bJ_al’L) = - TI'FLb’ (16)
aSCF 2 7T2
Doy (b = L — 1
20 = St (4 7). (17)
asCF
Fcusp = T <18)
% = 0(al) . (19)

The kernels K and D; (hence S) are known to 3-loop order in the exponential
regularization scheme [18]. With the above soft function, we can take its
square root to perform rapidity renormalization for the unsubtracted TMD
correlator. The square root can be explained as follows: S contains two
staples, while f contains only one, thus the rapidity divergences, as well
as scheme dependencies in S, are squared as those in f. This leads to the
following definition of the renormalized physical TMDPDF [8, 12]:

fz,by,pu,d7)

TMD .
x,b1,0,() = lim , 20
b ) = i e o5 20)
where the rapidity scale reads
¢ =2(zPt)2 e, (21)

and 2y, originates in the off-lightcone scheme [11, 47| but an arbitrary pa-
rameter to track rapidity scale in the on-lightcone scheme. The rapidity
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dependence in the numerator f has the form of exp[—3K (b, ,u)In %],
while in the denominator, it behaves like exp[$ K (b, p) In 2(5,‘)‘%] [15, 19].

The 6~ dependence cancels out and leaves exp[—%K (by,p)In %2] depending
on the rapidity scale ¢, which is controlled by the Collins—Soper evolution
equation

241 PG bi g €)= K(bog), (22
The ¢ dependence comes from the initial-state quark radiation and is intrin-
sically nonperturbative for large b, . fT™MP(x,b,,p,¢) is the target object
to be matched to in LaMET.

We should emphasize that although fT™P is free from rapidity diver-
gences, it does contain collinear contributions from soft radiations due to
the charged particles in the external state. This can be seen by consider-
ing Feynman diagrams for the unsubtracted TMDPDF f and applying the
soft approximation to gluons. At one-loop level, this has been demonstrated
in [37], and the scheme-independent one-loop TMDPDF for an external
quark state reads

PP by €)= 6(1— )+ 2

™

1 3 1 x2

{F(.’L‘, S bLa M)e(l’)@(l - 33)

where

(1 1+ 2
F(CL’,GIR,I)J_,M): —(+Lb) 1 Z+1—$:| . (24)

€ir

The two-loop order results for quarks and gluons can be found in [48].
The physical TMDPDF also satisfies the RGE

d 1 2
“QdTﬁ n fTMD(g;7 bi,p,C) = §Fcusp(as) ln% —yy(as) =v5(as), (25)

where v is the rapidity-independent part of anomalous dimension. At one-
loop, the cusp and hard anomalous dimensions are

aSC'F . 304501:‘

Fcusp(as) = R 'YJ(O‘S) = - Ar (26)

Beyond one-loop, they have been calculated up to 3-loops |18, 48].
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Combining the RGE and the rapidity evolution equation for the TMD-
PDF, one obtains the consistency condition

5 d

w dilﬂ (b1, 1) = —Leusp(as(p)) (27)
from which one finds a resummed form for the Collins—Soper kernel
r dp/ 1
K(be) =2 [ YL (0 () + K <a5m> @)
/b,

Here K(as(1/b1)) contains all the nonperturbative contributions when
1/by ~ Agcep. The TMDPDFs at different scales are then related by

FMP (@b, 1, ¢) = exp [IK@,u) In C]
2 Co

X exp /d;%f (1, Go) | M (2,4, o, Go) - (29)

o

With the scheme-independent physical TMDPDF defined above, the DY
cross section at small )| can be factorized as

do

W — /dmAdedQELeigi'Qi6(mA:UBs,,u)
1

X PP (24, b1, 1, Ca) FEMD (2,b1, s C) 4 (30)

where s is the center-of-mass energy and the rapidity scales satisfy (4(p =
Q* = (zazps)?, which can be obtained using Eq. (21). The ... are power
corrections or “higher-twist” contributions, and its general behavior should
be (A2/Q%)*In®(A%/Q?) with a > 1 and A being a soft-scale [50]. The QCD
hard cross section & at the one-loop level reads

2

a:Cr , (31)

2
&(:UA,xB):'l—I— <—L2Q+3LQ—8+7;>

where Lg = In _Q:{io and higher-order expressions can be found in |13, 51,

52]. Similarly for the SIDIS process, we have

ddQO—Q = /dl‘ dz d2gleiEL'Q’Lﬁ(xyzmu7 Q)
1

XfTMD(‘T)va,u7CA)DTMD(ZubL7,U'7CB)+"' ’ (32)

where H is the hard kernel and D™P ig the TMD fragmentation function.
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3. TMDPDF in LaMET

After the introduction of LaMET, there are attempts to include TMD-
PDFs into the framework [34-37|. Unlike the case of quasi-PDFs, the quasi-
TMDPDF and the targeting physical TMDPDFs all contain contributions
from soft radiations. Therefore, a proper treatment of the soft function sub-
traction and matching is essential. Furthermore, the quasi-TMDPDEFs as
well as soft functions, defined with spacelike gauge links, suffer from addi-
tional complications due to the self-interactions of the staple-shaped gauge
link. Recently, Refs. [33, 40, 41] provide a Euclidean realization of quasi-
TMDPDFs and soft functions which include the proper treatment of those
subtleties, capture the IR physics to all-orders, and allow for a perturbative
matching to the physical TMDPDFs.

In this section, we discuss how to define and factorize quasi-TMDPDFs.
The next sections are organized as follows: In Sec. 3.1, we review the defi-
nition of quasi-TMDPDF and discuss its new type of divergence, the pinch-
pole singularity. In Sec. 3.2, we investigate the physical nature of pinch-pole
singularity of quasi-TMDPDF, which can be removed by a rectangular Wil-
son loop using the exponentiation property. In Sec. 3.3, the ultra-soft mode
of quasi-TMDPDF caused by two infinite long parallel gauge links with the
opposite color flow is discussed. In Sec. 3.4, we provide a heuristic argument
for factorization of quasi-TMDPDFs by observing that quasi-TMDPDFs are
equivalent to TMDPDFs in the off-lightcone scheme. In Sec. 3.5, we per-
form the power-counting analysis of quark quasi-TMDPDFs and obtain the
leading region of IR divergences in the large momentum limit. In Sec. 3.6,
we provide the result of quasi-TMDPDF factorization in the on-lightcone
scheme based on the leading region analysis. In Sec. 3.7, we present one-
loop results and use RGE to make predictions for the two-loop hard kernel.
A calculation strategy beyond the two-loop order is also suggested.

3.1. Definitions and basic properties

We define the quasi-TMDPDF with staple-shaped gauge link along the
z direction [34, 35, 37, 41| as

. 1 d\ . NZ \b, L
f('ra bJ_,,U,, Cz) = lim — —el’\x <7)|O ( L )|P> ’ (33)
L—oo 2T ZE(QL,bJ_,,u)

where p and ¢, = (20P?)? are the renormalization and rapidity scales of the
quasi-TMDPDF,

O.(A\,by,L) =1 (A; + b;) W, <A; +b; L) (8 (—Az - l”) , (34)
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2= (0,0,1), the normalization factor N = | Tr(PI")|/2, the invariant length
A = zP?, and

Wa(& L) = WHE LWLIW.(=€5 L), (35)
L—¢*
W,(& L) = Pexp | —ig / dAzZ-A(E+ 20| . (36)
0
Here, £ = —¢ - 2. The transverse gauge link W), is inserted at z = L to

maintain the explicit gauge invariance, and \/Zg(2L,b;, 1) is the square
root of the VEV of a rectangular spacelike Wilson loop along the z direction

with length 2L and width b,

1 -
Zu(2L,bip) = - Te{0WL W (BL52L) [0), (37)

C

where the subscript ‘E’ denotes that it is equivalent to the Euclidean Wilson
loop. The definition in Eq. (33) is for DY process, whereas, for the SIDIS
process, one should choose —z direction for the staple-shaped gauge links.
For a depiction of f and Zg, see Fig. 3.

t

er_

\
\aih
N

A
p /3%':/ )

7 2L

Fig.3. The quasi-TMDPDF (left) and the Euclidean Wilson loop Zg(2L,b, , 1)

(right): A = A2/2+40b,/2, B=—A2/2—1b,/2, and C = Lz + b, /2. The ® sign
denotes the quark-link vertex.

The factor Zg serves many purposes. First, it subtracts out the “pinch-
pole singularity.” At large L, the naive quasi-TMD correlator in the numera-
tor of Eq. (33) contains divergences that go as e P11 where E(by , ) =
20m 4 V (b, ) is the ground-state energy of a pair of static heavy quarks.
The factor ém is the linear divergent mass corrections part and V (b, )
is the heavy-quark potential. In the perturbation theory, the “pinch-pole
singularity” raised from interaction between two parallel non-lightlike gauge
links with infinite length is equivalent to the heavy-quark potential term in
E(by,p) [53]. Second, Zg removes the self-interactions of the gauge links
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and the cusp UV divergences from the gauge-link junctions. Therefore, we
introduce the square root of Zg(2L,b,,u) to cancel the above divergences.
The existence of the L — oo limit will be proved formally based on a gen-
eralization of the exponentiation property of Wilson loops [54] in the next
section.

We emphasize that since the quasi-TMDPDFs are defined by operators
with purely spacelike separation, the time ordering is irrelevant. Therefore,
we can interpret it in a single time-ordering as an amplitude, or in double
time-ordering as the squared amplitude. The former and the latter can be
evaluated in uncut and cut diagrams, respectively.

The quasi-TMDPDFs defined in Eq. (33) still contain logarithmic UV
divergences associated with quark-Wilson-line vertices, and satisfy the fol-
lowing RGE: 1

MZ@IHf(xabL7M7Cz) :VF(QSOJ’))? (38)
where g is the anomalous dimension for the heavy-to-light quark current,
which has been calculated to three loops [55-59]. In the MS scheme, the one-

loop quasi-TMDPDF in an external quark state with momentum (p*, 0, 0, p*)
reads [35, 37|

f(xabLnuaCz) = 5(]——33)—|— aSCF

o {F(l“, €r, b1, 1)0(x)0(1 — x)

+i(1—x)

1 5 3 1
- 2L2+Lb(2Lz> —5 gLt L

} » (39)

(40)

where F' and L; are defined in Egs. (24) and (15), and
G

p?

L.=1In

As one can see, the L dependence has been canceled in the large-L limit.
Since there is no lightlike gauge link in f, no additional rapidity regulator is
needed. Instead, there is an explicit dependence on the hadron momentum,
which is similar to the momentum RGE for the collinear quasi-PDF.

3.2. Pinch-pole singularity and exponentiation

In order to classify the diagrammatic structures of the pinch-pole singu-
larity for the spacelike staple-shaped gauge link, we first consider a one-loop
example shown in Fig. 4, then generalize to all orders. This diagram, called
dipolar amplitude, can be understood as the elastic scattering of two color
sources propagating in imaginary time, see Appendix A for more details
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Fig. 4. The Feynman diagram of dipolar amplitude.

about analytic continuation between spacelike and timelike gauge link sta-
ples. The Feynman integral for the diagram is

dk0dk* 1 1 1
/ (41)

(2m)2 K +i0 k* —i0 (k0)% — (k)2 — k2 +i0
The k% = 0 poles for the two eikonal propagators are pinched due to opposite
10 prescriptions. Notice that the eikonal part can be rewritten as

oo

11 T o
_ d i(k*—1i0)z1 /d —i(k*+1i0) 22
k> 440 k* —i0 / e e
0 0
0 22 0o 21
_ /dZQ/dzl ik +i0) (21— 22) —|—/d21/sz ik —i0) (21— 22)
0 0 0 0
1 1 1
= — . 42
<kz+i0 = —i0> ~2i0 (42)

We rearrange the ordering of z; and 23 to obtain the last line. The first
term corresponds to z; > 23 ordering while the second term corresponds to
29 > z1. Since the gluon propagator is symmetric under k* — —k*, we can
make a change of variable to make the two terms identical. Therefore, we
obtain a one-gluon exchange diagram

1 /dkodkz 1 1
—i0 ) (2m)% k% +1i0 (k0)? — (k%)% — k2 +i0

(43)

This result is almost identical to one particle irreducible (1PI) self-energy
diagrams of a single gauge link except for an extra factor 1/i0, which makes
the pinch-pole manifest. The spirit of the above manipulation is that since
a spacelike staple is independent of time ordering, we can include ordering
of the z coordinates for the two gauge link staples at once, instead of doing
it separately. Therefore, we introduce a composite gauge link, drawing in a
single-line notation, to represent two parallel gauge links, see Fig. 5.
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1 2 2 1

Fig.5. The original Feynman diagram can be ordered in z coordinate (upper two),
which can be represented using a single line (lower two).

In general, all the Feynman diagrams and their integrals for the staple-
shaped gauge link can be represented using the single-line notation. How-
ever, the gluon-link vertices are distinguished into two types (1 for 0 and 2 for
b 1). For each diagram we need to sum over all different assignments of the
vertices. For every type 2 vertex, there is an extra minus sign corresponding

to the opposite color charge and an e~*1 YL factor taking into account the
transverse separation. To obtain the correct color factor, we first multiply
all the color factors for type-1 vertices according to the path-ordering of the
single line, then multiply with color factors for the type-2 vertices according
to anti-path-ordering. See Fig. 6 for an example.

P S

la 2b 1lc 1b 1d 2¢ 2d 2a

Fig.6. To obtain the correct color factor (TPT¢TeT*)(TIT*TT*): First
multiply the color factors for type-1 vertices according to the path-ordering
(a = ¢ — b — d), and then for type-2 vertices according to the anti-path-ordering
(a—d—c—0D).

The purpose of introducing the single-line notation is to make the phys-
ical meaning clear: a pair of parallel gauge links with the opposite color
flow can be treated as a composite particle propagating along the link direc-
tion. The timelike gauge link can be viewed as a heavy quark propagator in
HQET, while the spacelike gauge link can be identified as an analytic con-
tinuation of the timelike link into imaginary time, see Appendix A for more
details. In this single-line notation, the pinch-pole singularity is due to the
link propagators between the self-interaction insertions becoming on-shell.
This is similar to a single on-shell particle with the self-energy insertions,
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which need to be resumed to generate a field renormalization factor Z as
well as a divergent imaginary time evolution factor lim;_, e %, where F
is the energy of the on-shell particle, calculated as the pole of the resumed
one-particle propagator. To calculate a scattering amplitude, the external
legs should be amputated by subtracting the time evolution phase factor
and multiplying with the factor Z~/2 to maintain unitarity. This is the
imaginary time version of the Lehmann—Symanzik—Zimmermann (LSZ) re-
duction formula. Similar to the single-particle case, the subtraction using
V/Zg in Eq. (33) removes the divergent time evolution factor and removes a
Z1/2 factor. This is a generalization of the (LSZ) reduction formula for the
staple-shaped gauge link.

In the standard double line notation of gauge link, it is the dipolar 2PI
amplitudes insertions on the staple that generates the pinching, see Fig. 7.
After the amputation of the dipolar amplitudes, the quark-link 2PI vertex
is free from the pinching. This can also be shown by analyzing the pinching
condition for the original eikonal propagators in the double line representa-
tion using other methods such as the Landau equation.

]
=]

Fig.7. The 2PI decomposition of quasi-TMDPDF. The elliptic blob is the quark-
link 2PI vertex, and the rectangular box is the dipolar 2PI amplitude (also called
self-interaction). The left figure uses the standard double line notation for gauge
link, while the right one uses the single-line notation to represent a gauge link pair.

With the exponentiation property of gauge link, we show that the pinch-
pole singularities can be removed by the Euclidean subtraction factor Zg.
It has been known that a vacuum expectation value of a Wilson loop can be
exponentiated with a modified color factor [54, 60]

Tr(0]W(C)|0) = e2Zwebs Pwen(€) — ¢2(C) (44)

where @(C) = > o1c Pweb(C) is the contribution from all web diagrams for
an arbitrary contour C. The web diagrams are 2PI diagrams for the Wilson
loop with the modified “maximal non-Abelian” color factor. For example,
at the two loop level, one normally encounters the color factor TPT*T?T* =
Cr(Cr— %) in which we only keep the maximal non-Abelian part —CrCy /2
in web diagrams, while the CI% term will combine with the non-2PI diagram
to form the exponential of one-loop contribution. In Appendix B, we briefly
summarize the replica method to derive the exponentiation of Wilson loop.
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Furthermore, we prove a stronger statement in Appendix B, namely the
gauge link of arbitrary shape in a correlation function of a bilinear operator
can be exponentiated. For example, consider the correlation function of the
form of

F(C,z,2") =Tr (O(x)W (C,2" — ) O (a')) , (45)

where O and O’ are operators; the color indices are summed by taking the
trace; W(C,2" — z) is a Wilson line of arbitrary shape, starting from z’
and ending at x. Using diagrammatic methods, one can prove a partial
exponentiation, which indicates that although the quantity inside the corre-
lation functions is not a Wilson loop, the webs for the gauge link W(C) still
factorize

F (C, T, x') =e?OTy <O(:U)W (C, = ;U) o’ (x,)>21>1 . (46)
Here, ¢?(© is the VEV of W (C) with an overall trace, and Tr(. .. )opy consists
of the 2PI part of interactions of Os and gauge link with modified color
factors. Given the partial exponentiation, we can apply it to the quasi-

TMDPDF
(P|O.(\, by, L)|P) = ®OV=)(P|O, (A, by, L)|P)apr, (47)

where O is defined in Eq. (34), and #(W.,) stands for the webs for the staple-
shaped gauge links. As shown in Fig. 7, the quark-link 2PI vertex is free from
pinching, all the pinch-pole singularities are included in =) = (0|W,|0).
The VEV of a pair of spacelike gauge links can be interpreted as a pair of
heavy quarks propagating in imaginary time, and is indeed of the form of
e~ LE(L) in the large L limit. Since Zg(2L, b, , i) can also be interpreted as a
pair of such heavy-quarks propagating in twice the imaginary time, its large-
L behavior is of the form of e 2LE(1)  Thus, the pinch-pole singularities
are indeed removed by /Z.

This analysis is also helpful for higher-order calculations of quasi-PDFs
and other distributions.

8.8. Ultra-soft mode and IR safety

_ After subtraction of the pinch-pole singularities, the quasi-TMDPDFs
f(z,b1, 1, () evaluated to a higher order in perturbation theory are still
not IR safe. This is due to the ultra-soft modes for the gauge link staple,
which is equivalent to a pair of heavy quarks in HQET.

It is known that the ground-state energy of this bound state (known as
the heavy-quark potential) suffers from spurious IR divergences starting at
the a2 order [61, 62]. To explain such divergences, we first review similar
problems in quantum electrodynamics (QED). Then we move on to the IR
safety problem of the heavy-quark pair bound state. Finally, we discuss the
ultra-soft mode of quasi-TMDPDF.
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In a hydrogen atom, the Bohr radius is of the order of 1/(aem.), where
Qe 18 the fine structure constant and me is the electron mass, but the binding
energy is of the order of a?m,.. The difference in the two scales can result
in deep consequences. To calculate the correction to the binding energy,
one needs to consider the diagram where a soft photon is emitted from the
electron at time t; and reabsorbed later at ¢y, between which there can
be arbitrary numbers of Coulomb exchanges between the electron and the
proton. Naively evaluating those diagrams to high order in o, will generate
IR divergences, see Fig. 8. After resumming the Coulomb exchanges, the
dressed electron self-energy is regulated by dF, the difference between the
ground and the first excited state, which gives In(6FE/m.) ~ Inae. This
leads to the famous Lamb shift [63]. In the language of non-relativistic
QED, there are soft gluons with momenta k ~ mea, as well as the ultra-soft
gluon with momenta k ~ mea?. It is the exchange of these ultra-soft gluons
as soft as the binding energy that generates the additional logarithms In cv..

Fig.8. A typical Lamb shift diagram receiving ultra-soft contribution. The spu-
rious IR divergences generated by this diagram are removed after resummation of
external field insertion (indicated by the ® symbol).

For the bound-state formed by a pair of color—anti-color charges (equiva-
lent to a pair of heavy quarks in HQET) with a transverse separation b, simi-
lar to the QED case, we again encounter the ultra-soft contributions generat-
ing additional In g after resummation of heavy-quark mutual-interactions,
as shown in Refs. |61, 62]. This is due to similar diagrams where the 2PI
self-interactions are inserted between the soft-gluon emission and absorp-
tion, see Fig. 9. The color charges in the soft-gluon exchanges can be either
in the singlet or the octet channel. Therefore, we expect that there are two
energy scales available: the heavy-quark potential V'(b) in the singlet chan-
nel and Vg(b) in the octet channel. After exponentiation, however, only their
difference Vg — V' contributes to the web diagrams, since the time evolution
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Fig.9. Diagrams receiving ultra-soft contribution in binding energy in HQET. The
bound state is formed by color—anti-color sources with a transverse separation.
Similar to the Lamb shift in QED, the spurious IR divergences are removed after
resummation of 2PI self-interactions.

factor in the singlet channel has already been captured by the overall factor
e~TV(®)  Thus, it is the energy difference between the singlet and octet
channels that regulates the IR divergence [61]. In the perturbation theory,
the heavy-quark potential is of the order of ag/b, as well as the ultra-soft
modes after the resummation. Again, the ultra-soft modes are O(as) smaller
compared to the size of the system b.

For the quasi-TMDPDFs, the staple-shaped gauge links can be viewed
as a pair of color—anti-color charges, therefore, it naturally suffers from IR
divergences associated with ultra-soft modes, see Fig. 10. Beyond three-
loops, they cause power divergences in the high-order calculation, and the
ultra-soft divergence scales as 1/L. The IR safety is restored after the re-
summation of dipolar 2PI amplitude, which corresponds to the self-energy
resummation in the single-line notation. After the resummation, individual
diagrams with the dressed single-line propagator diverge at most logarith-

Fig. 10. Diagrams receiving ultra-soft contribution in quasi-TMDPDFs. The left
figure is the standard Feynman diagram, while the right one is using the single-
line notation to represent a pair of gauge links. The spurious IR divergences are
removed after resummation of 2PI self-interactions.
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mically, and a leading order analysis is possible. We should emphasize that
in the perturbation theory, the ultra-soft modes after resummation are of
the order of a/b). For 1/b; ~ Aqcp, as ~ 1, thus in the completely non-
perturbative situation, we expect that there is no clear distinction between
the soft modes at the energy scale 1/b; and the ultra-soft modes.

3.4. Heuristic argument for the factorization

In this subsection, we study the factorization from quasi-TMDPDFs to
physical TMDPDFs and provide a heuristic argument for the matching for-
mula. The idea lies in the rapidity regularization scheme independence of the
physical TMDPDF fT™™DP To define fT™P one can choose an off-lightcone
scheme such that the gauge links in both unsubtracted TMDPDF f and
soft function S are off the lightcone [11]. In the off-lightcone scheme, there
are pinch-pole singularities for space-like staple-shaped gauge links which re-
quire y/Zg subtractions similar to quasi-TMDPDFs in Eq. (33). Due to the
Lorentz invariance, the stapled-shaped gauge link W,, as well as the subtrac-
tion factors for f can be boosted to z direction. One then obtains the equal-
ity between the unsubtracted TMDPDFs and the quasi-TMDPDFs with
large momentum external state enhanced by the boost. The off-lightcone
rapidity divergences of the unsubtracted TMDPDFs have been transmuted
into the InP? dependence of the quasi-TMDPDFs. The P? evolution of f
is therefore equivalent to the rapidity evolution of TMDPDFs. Indeed, the
momentum (rapidity) evolution equation for f is proved in Ref. [1]

d ~

,Pzdi,lenf(x7bJ_7,u7<z) :K(bLau)—i_g </€ZQ> ) (48)
where G((./u?) is perturbative, K(b,,p) is the Collins-Soper kernel, and
K + G is independent of p [1]. From this equation, it is clear that a correct
matching to fT™P(z,b,, i, ¢) with arbitrary ¢ must include (In P*)K (b, , ut)
terms to compensate for the P? dependence. After subtracting the P? de-
pendent part, there is still an off-lightcone scheme dependence which is in-
dependent of P? and must be removed using the off-lightcone soft function.

The soft function for the DY process in the off-lightcone scheme in
Eq. (8) is

Te(0 Wy, (5) Wi (B2) 10)
Nev/ZiN Zs ’

where Y and Y’ are the rapidities of the off-lightcone spacelike vectors p —

Py = p—e*QY(pJF)?n and n — ny: = n—e2Y’ (pi)Q; Wy, (EJ_) and W;YU;J_)

SDY (bJ_a M, Y7 Y/) = (49)
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are staple-shaped gauge links in ny/, py directions. /Zg is introduced to
subtract the pinch-pole singularities for the off-lightcone staple-shaped gauge
links. At large Y and Y’, we have

Soy (b1, YY) =exp [(Y + V) K(bi, 1) + Dlbr,p) + 0 (=) .

(50)
Due to the boost invariance, Spy (b1, 1, Y, Y") = Spy (b, u, Y +Y’,0). We
discover that the off-lightcone soft function can be formulated in the FEu-
clidean space as a form factor, see Sec. 4 for a detailed discussion.

Since the rapidity-dependent part proportional to K has been taken into
account by the (InP?#)K terms introduced before, the square root of the
rapidity-independent part eP(®1:#) is exactly what is needed to cancel the
remaining rapidity-scheme dependence. We define it as the intrinsic soft
function

Si(by,p) = e POom), (51)
We emphasize that St is defined only in the off-lightcone scheme. In Secs. 4.4
and 5, we will show that 57 is rapidity-scheme-independent, while the rapid-
ity-independent part of the soft function is, in general, scheme-dependent.
With the above ingredient, we can write down the matching formula
between the quasi-TMDPDF and the physical TMDPDF

Fabo i C)V/Silbap) = H (i?) o2 "(€)KCum rvDy )

Apep M? 1
QCD
+0 ( Cz 5 (Pz)2’ big;;) . (52)

The above relation except for the definition of Sy(b,, u) was argued to hold
in [37] and recently confirmed in [41, 64].

The perturbative matching kernel H (%) is responsible for the large

logarithms of P? generated by the G (%) term of the momentum evolution
equation. Unlike the quasi-PDFs, the momentum fractions of the quasi-
TMDPDF and the physical TMDPDEF are the same. This is due to the

fact that at leading power in é expansion, the k; integral is naturally cut-

off by the transverse separation around k; ~ bi < P?. Therefore, the
momentum fraction can only be modified by collinear modes for which there
are no distinction between z = g and x = 7’% This is also consistent with
the fact that the momentum evolution equation for quasi-TMDPDF is local
in x instead of being a convolution.

From the momentum evolution equation, the factor exp[ln(¢./¢) K (b, u)]
is required to match the TMDPDFs at arbitrary (. An important implica-

tion of this property is that one can obtain the Collins—Soper kernel K (b, )
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by constructing the ratio of quasi-TMDPDFs at two different momenta or
Czs [36]

fN(x7bJ_7:u’7 Cz,l) . H (C;él) <C271>K(b1_:/1') .
f B : (53)

(2,b1, 1, 2) H(%) (2

Thus, given the fs at the two rapidity scales, the Collins-Soper kernel
K(by,p) can be obtained.

3.5. Leading region analysis

We now perform the leading region analysis for the quark quasi-
TMDPDFs with a lightlike external state. The structure of IR divergences
can be obtained by solving the Landau equation, see Appendix C. There are
collinear divergences associated with the external state, and soft divergences
caused by soft-gluon radiations from the fast moving color-charges and/or
the gauge link staples. The pinch-pole singularities for the staple-shaped
gauge links correspond to a different type of solution to the Landau equa-
tion. As we have seen, they have been removed by the subtraction factor Zg.
We first discuss the power-counting in 1/(b; P?) of the hard, collinear, and
soft contributions, then show that there is only one collinear direction cor-
responding to that of the external state, whereas the gauge link propagator
cannot participate in the collinear divergences.

We first discuss the scaling behavior and then determine the power-
counting formula between the different regions. In the collinear region, the
momentum is of the order of (1,A%,)\) in (+,—, L) coordinate where \ ~
1/(b1P?) is the power-counting parameter. The soft region at the individual
order of ay can be very complicated. The standard soft momentum scale
as (A, A, A), but there can also be an ultra-soft momentum scale as 1/L
where L is the length of the staple shaped gauge link. As we have seen in
Sec. 3.3, after resummation of the gauge link self-energy in the single-line
notation, the ultra-soft modes scale as as(\, A, \). Since ag ~ 1, the soft and
ultra-soft cannot be distinguished anymore. Besides the soft /ultra-soft and
collinear propagators, there are hard propagators scaling as (1,1,1) around
the quark-link vertexes. If a collinear gluon inserts into a gauge link, then
the momentum of the gauge link is of the order of 1/P*, which is hard, see
Fig. 11. A gauge link sourced by a soft gluon is still soft.

Given the scaling behavior of propagators, we present the power-counting
formula. We adopt the single-line notation of the gauge link staple in
Sec. 3.2. The vertexes around 0, or b, are hard. The hard sub-diagram
which contains the quark-link vertex is denoted as H. Other hard sub-
diagrams, not connected to H, containing no gauge link insertion are de-
noted as H’, otherwise they are labeled H”, see Fig. 12. Both H' and H”
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S

Fig.11. The gauge link of TMDPDF with gluon insertion. The gauge link sourced
by a collinear gluon is hard, and by a soft gluon is still soft.

are called the isolated hard kernels. The collinear sub-diagram is denoted
as C, according to the Landau equation, the collinear region associated with
the external hadron must be connected. The soft sub-diagram is denoted
as S.

@

Fig.12. Examples of the isolated hard kernels H' and H".

To obtain the power-counting formula, we use the single-line notation of
the staple defined in Sec. 3.2 to avoid complications caused by the ultra-soft
modes from gauge links in the standard Feynman diagrams. Notice that
the staple in the single-line notation has mass dimension 3/2. Based on the
standard dimensional analysis and a boost argument, the power-counting
formula is of the form of

NF(H) \F(SC) \F(H') \F(H") , (54)

where F(H), F(SC), F(H'), and F(H") are the power-counting exponents
associated to H, soft to collinear, H’, and H” sub-diagrams. We use the
N(CH,d,s) to denote the connection numbers of the collinear to hard from
a particle with the mass dimension d and spin s. For d = 1, there are gluons
(s = 1) and ghosts (s = 0); For d = 3/2, there are quarks (s = 1/2) and
staple in single-line notation (s = 0). Other connection numbers, such as
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N(CH',d,s) and N(SC,d,s), are defined similarly. The P* dependence in
factors F's must be compensated by the soft scale b , since the overall mass
dimension of quasi-TMDPDF is a constant. Therefore, we can obtain the
power-counting in A by only considering P?*. The factors are derived as
follows:

— Hard kernel sub-diagrams H.
F(H)=-D(H)—-B(H)+1, (55)

where D(H) is the mass dimension of the hard kernel counted as the
amputated Feynman diagram, and B(H) is the boost enhancement
factor of the operator insertion to the hard kernel. Since the momenta
inside the hard core is of the order of P?, the contribution of the hard
core is proportional to (P#)P), The mass dimension D(H) reads

D(H) =% — Nyd;, (56)

where 9/2 is the mass dimension of the quark-link vertex in the single-
line notation, and it comes from two external quarks operator (2 x 3/2)
and the gauge link in the single-line notation (3/2). N; and d; are
the numbers and mass dimensions of collinear and soft propagator
insertions for a given type ¢. Since the staple does not contribute
to collinear divergence (see Appendix C), we consider quarks, gluons,
gauge link staple, and ghosts

% 5;=0,1
+3N (CH,3,5)+ Y 3N(SH.3,s). (57)

5;=0, %

Besides the mass dimension, there is a boost enhancement factor B(H)
associated with the total spin of collinear particles inserted into the
hard core. For the spin-0 particle (ghost), there is no enhancement

factor. For each of the spin-1/2 fermions, we receive a (P? )% enhance-
ment from the Dirac spinor. For the longitudinal polarized gluon, A"
component gets P? enhancement and A~ component receives 1/P?
suppression, while for the transverse polarized gluon, no enhancement
appears in AL. We have

B(H) = N(CH,1,{) + 1N (CH,

\][VV)

) . (58)

N[ =

)
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where ¢ denotes the longitudinal component of gluon. Finally, there
is an overall normalization factor 1/P%, which gives an extra +1 in
F(H). Thus, we obtain

F(H) = Y [N(CH,1,s)+N(SH,1,s)] + N (CH,3,3)
s;=0,1
+ > 3N (SH.,3.s)— N(CH,1,0)— 1. (59)
Si:(], %
— Soft-to-collinear sub-diagrams.
Since the gauge link staple does not participate in collinear divergence,
we consider soft particles (gluons, quarks, and ghosts) inserted into the
collinear sub-diagram. There is a 1/P? factor caused by the collinear
propagator in the soft-to-collinear approximation (k¢ + kg)? ~ 2k¢ -
ks ~ P?kg where k¢ and kg are generic collinear and soft momenta
and the boost enhancement factor is (P#)° for the spin s particle.
Therefore, we have
F(SC) =N (SC,%,1) + N(SC,1,0). (60)
— Isolated hard kernel sub-diagrams H'.
Without gauge link insertion, they can be classified into three types
of sub-diagrams for H', F(H') = F(SH') + F(CH') + F(SCH'), see
Fig. 13 for an example.

S C
(a) Soft propagator insertions. (b) Collinear propagator insertions.
S

(¢) Soft and collinear propagator insertions.

Fig. 13. Isolated hard region H’ without gauge link insertion. S and C' denote soft
and collinear propagator insertions. In (a), (b), and (c) cases, the hard region can
be absorbed into the soft, collinear, and soft-to-collinear regions.
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1. Only soft propagator insertions.

The hard momentum inside the isolated hard kernel H' can only
come from UV sub-divergences. UV sub-divergences generate
additional logarithms unless they are power-divergent, which is
forbidden in QCD due to the gauge invariance and chiral sym-
metry. Such logarithmic divergences can be removed by renor-
malization. Thus, F(SH') = 0 and H’ can be absorbed into the
soft region.

2. Only collinear propagator insertions.
Since there is one collinear direction (we will prove it later), we
can perform a boost, such that all the collinear propagators be-
come soft. Based on the same argument, the UV sub-divergences
can be removed by renormalization, and F(CH') = 0. Therefore,
this sub-diagram can be absorbed into the collinear region.

3. Soft and collinear propagator insertions.

Since there is only one collinear direction, the collinear propa-
gator insertion cannot generate a hard scale. Thus, H' comes
from UV sub-divergences which can be removed by renormal-
ization. Since the Lorentz structure of quark—gluon and gluon—
gluon vertices is unchanged by renormalization, the soft insertion
into H' still receives the same Lorentz enhancement as the soft-
to-collinear insertion. Thus, the power-counting of F(SCH') is
identical to F'(SC)

F(SCH') = F(SC). (61)

Therefore, one can absorb F(SCH') into the soft-to-collinear
region, F'(SC).

In conclusion, since the divergence of the isolated hard kernel can
always be absorbed into anther region, H' cannot contribute to power
counting, F(H') = 0.

— Isolated hard kernel sub-diagrams H”.
With the gauge link insertion, if there is also collinear propagator inser-
tion, see Fig. 14 (a), there will be contradiction to the Landau equation
and N(CH",d;,s;) = 0. Diagrammatically, this can be obtained by
analyzing the gauge link propagators. The momentum k* integration
for the gauge link propagator between H and H” can always be de-
formed away due to the ie prescriptions in the link propagator. Next,
we are left with an isolated hard region with the soft propagator inser-
tion, see Figs. 14 (b) and 14 (¢). The hard scale must come from the



Lecture Notes on Transverse-momentum-dependent PDF . . . 4-A2.27

UV sub-divergence, and thus can be removed by renormalization. For
more detailed analysis, take the case with no other propagator inser-
tion as an example, see Figs. 14 (c¢). This isolated hard region can be
removed by self-energy resummation in the single-line notation. Such
self-energy contribution in standard Feynman diagrams actually cor-
responds to two cases, one is gauge link self-energy, and the other is
interaction between two gauge links; we can remove the divergence by
renormalization of gauge link in the former case, and resummation of
the gauge link propagator in the latter case. In summary, this type of
isolated hard kernel cannot contribute to power counting, F(H") = 0.
We emphasize that the isolated hard region without other propagator
insertion can induce the ultra soft region, see Fig. 10, scaling as 1/L,
as discussed in Sec. 3.3.

C

C S

(a) Collinear propagator insertions. (b) Soft propagator insertion.

i ‘ ’
(¢) No other propagator insertion.

Fig. 14. Isolated hard region H” with gauge link insertions. In Fig. (a), the collinear
propagator insertion is not allowed. In Figs. (b) and (c), the hard region can be
absorbed into the soft regions. The H” in Fig. (c¢) can induce ultra-soft divergence,
which can be removed by resummation.

Based on the power-counting formula above, we need further discussions
to obtain the leading region for the quark quasi-TMDPDFs. First, we have
assumed that there is only one collinear direction, which needs to be jus-
tified. Second, we show that there is no “super leading” region. Finally,
we show that the hard sub-diagram is homogeneously hard, namely all the
components of the momentum scale as P=.
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We first show that collinear divergence can only be in p direction associ-
ated with the external state (we also show this result based on the Landau
equation in Appendix C). This property is straightforward using the un-
cut diagram. To cause collinear divergence, the on-shell particles carrying
collinear momenta must propagate to infinity. However, there are only ex-
ternal states moving in p direction. Thus, there is no other possibility to
have a different collinear direction. Alternatively, we can use a cut diagram
to argue this property (the equivalence of an uncut and cut diagram for
quasi-TMDPDFs is explained in Sec. 2). For individual cut diagram, since
there is large momentum transfer at the vertex, there may be additional
collinear divergences caused by on-shell particles passing through the cut.
See Fig. 15 for example, at t = 0, two collinear particles with three-momenta
p1 and po are emitted by the gauge link at z' and the vertex, respectively.
If p = 0, the gauge link also participates in the collinear singularity. At
t > 0, the particles collide and participate in the isolated hard region H’,
and then create two collinear particles with three-momenta p’ and p’, pass-
ing through the cut. However, following the “sum-over-cuts” argument [11],
all the collinear divergences except the one in p direction canceled between
diagrams. Therefore, we are left with only one collinear region C, and the
gauge link propagators decouple from collinear divergences.

Fig. 15. An example of a possible sub-diagram with more than one collinear direc-
tion in the cut diagram. The particles collide at an isolated hard region H', and
then create two collinear particles. The three-momenta pi, ps, P, and p% can be
in different directions. If pj = 0,, the gauge link segment 2 also participates in
the collinear singularity. As required by the Landau equation, the displacement Z
relates to the particle momenta through %t +zZ= %t, where ¢ > 0 is the time
where the two collinear particles collide. The collinear divergences other than the
one in p direction are canceled between diagrams.
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Second, we show that there is no “super leading” region which means
the exponents of the power-counting formula become negative. For the hard
region F'(H), since there are always two external quarks inserted into this
region, N (C’H,%,%) + %N (SH, %,%) > 2 (the equality satisfies if both
quarks are collinear). There is also away one external soft staple in single-
line notation inserted into H, 3N (SH,2,0) = 3. Besides, N(CH,1,1) —
N(CH,1,¢) > 0, and therefore, F(H) > 0. For soft-to-collinear sub-
diagrams, it is obvious that F'(SC) > 0. Thus, there is no super leading
region.

Finally, we should mention that although there is a special direction z,
in which the Lorentz invariance is broken by the gauge link propagator, the
hard region is still homogeneously hard, namely, all components of hard
momenta in H are of the order of P?. The previous power-counting result
relies on this homogeneity assumption. To show the above statement, the
gauge link propagators with momenta p; in the hard region H can always

be written in the form of

N

H 1 (62)

N .
j=1 Zk:j pi +1i0

where pj to p3; are momenta of hard gluons inserted into the gauge links
labeled according to the path ordering. Inside the 2PI vertex in Fig. 7, one
can write p?s to be linear combinations of loop momenta k;, such that

pi = Z aijkj , (63)

l

where a;; > 0 and at least one a;; is non-zero for any . In this case,
the contour integration for all the k7 can be deformed away from k% = 0
region into the upper half-plane, similar to the reason that H” allows no
collinear insertion. Therefore, in the hard region the gauge link propagators
are not pinched in the small k* region. pinching means that there is no IR
contribution. Therefore, the hard kernel is homogeneously hard. The same
representation also leads to the absence of the Glauber region (kTk~ < k)
at small kT and k~. By writing v/2k* = kT — k~, the Glauber region can be
avoided by deforming kT into the upper half-plane. Thus, the deformations
that one chooses to get rid of the small k* modes inside the hard region are
essentially identical to avoiding the Glauber region.
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Thus, based on the above analysis for quark quasi-TMDPDFs, we sum-
marize the power-counting of the leading region

N (CH,3,3) = 2, (64)
N (SH,3,0) = 1, (65)
N(CH,1,¢) = arbitrary, (66)
N(SC,1,1) = arbitrary, (67)
N (others) = 0. (68)

The leading region is then shown in Fig. 16 in the single-line notation and
in Fig. 17 using the standard Feynman diagram notation.

Fig.16. The leading region of the quasi-TMDPDF in the single-line notation.

?

Fig.17. The leading region of the quasi-TMDPDF in the standard Feynman dia-
gram notation.
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3.6. Factorization in on-lightcone regulator

Given the structure of the leading region in Figs. 16 and 17, we can
use standard soft-to-collinear and collinear-to-hard approximations [11] to
factorize the leading soft and collinear contributions of quasi-TMDPDFs.
The soft-to-collinear approximation is possible since the Glauber region can
be deformed away, as shown in Sec. 3.5. Here, we briefly summarize the soft-
to-collinear approximations. For a soft gluon with momentum kg inserted
into the collinear diagram, the integrand can be written in the form of

SH(ks)Cu(ks + kc) . (69)

Here, the S* denotes the contribution of the soft sub-diagram, and p is the
Lorentz index. C, (ks +k¢) is the contribution of the collinear sub-diagram,
where k¢ is a generic collinear momentum. The leading contribution is
given by

S~ (ks)CF (ks + ko) ~ SP(ks) kp“p(ks pn?)Cy(ks -pn+ke).  (70)

S -

In the formula, we keep only the largest components of the collinear sub-
diagram C* o n’C, and the soft momentum kg o kg -p. By writing
ks = ks-pn”, the (ks-pn”)Cy(ks-pn+kc) can be written as a longitudinal
insertion

(ks -pn”)Cy(ks -pn+ ko) = ksC, (ks + kc) . (71)
We then fix the soft sub-diagram S and sum over all possible insertions
into the collinear sub-diagram. Ward-identities shall be used to simplify the
longitudinal insertions and factorize the soft contributions into soft functions
following the arguments in [11]|. Following this approach, the soft radiations
of quasi-TMDPDFs between the gauge link staple in z direction and the
external state is factorized using the soft function

(o[W, (Zﬁ;L) Wi (zﬁ) 15+10)
Zp(2L,by , 1)

where 67 is a generic on-lightcone rapidity regulator, and 2 in the argu-
ment indicates that the gauge link staple is pointing to z direction. This
soft function contains pinch-pole singularity of the staple in z direction,
which requires subtraction \/Zg, while the other lightcone staple is free from
such divergence. Similar to the soft-to-collinear approximation summarized
above [11], the collinear contribution of quasi-TMDPDF can be obtained
using the collinear-to-hard approximation, which leads to the TMDPDFs
with soft function subtraction

f(m7bL7M7 (57)
S(bJ_>,Ua 5+75_) ’

S(blnu’a 6+72> = ) (72)

(73)
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where S(by,p,0%,67) is defined in Eq. (8). In conclusion, by performing
the leading region analysis, we find the following factorization formula:

r QZ f 7b ) )5_ A
f(x7bJ_7M7 CZ) =H (Mz) S((baj_,/i_,(;i,é_))s (bJ_7M7 (5+,Z) ’ (74)

where H is the hard kernel. By expressing the above equation in terms of
the physical TMDPDFs, we found that

F@, by, C)V/Sib, ) = H (iz) ofCLmIE FTMD (3 p) ), (75)

where exp [K (b1, 1) In((,/C)] takes into account the rapidity dependence
between f and fTP and

o /S, 6,6 =67)
dt—=0 S(bJ_7,U’75+72)

(76)

is again called the intrinsic soft function. Although the definition of St in
Eq. (76) looks quite different from Eq. (51), in Secs. 4.4 and 5, we will show
that they are equivalent .

The method given here can be applied to other quasi-TMD observables.
As an example, in Sec. 5, we will consider the TMDWFs for a light meson.

3.7. One-loop results and two-loop predictions

Based on the renormalization property of Wilson loop, the intrinsic soft
function satisfies the RG equation

d
M2d7;12 In SI(bJ_a ,LL) = _FS(Oés) > (77)

where Ig is the rapidity independent part of the cusp-anomalous dimension
at large rapidity separation Y + Y for the off-lightcone soft function

d
W qa Sy (b1, YY) = =(V + V") T @) + Is(0s) . (78)

Notice that 75 in Eq. (11) is different from I's since the rapidity-regulator-
independent part of the soft function is scheme dependent. At leading order,

Sg)%(bbu, Y,Y’) = 1. At one-loop level [37],

C
Spvlbim YY) = = E 1= (Y +Y)] Ly, (79)
() = 25F (80)

™
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where Ly is defined in Eq. (15). Based on the RGE, the intrinsic soft function
at the two-loop level can be predicted to be

2/BOCF

].HSI()(bJ_,/,L)_CQ—FS( )Lb—i— L7, (81)
where ) )
(2) _ % BTG 5
Is _'w2[cbch‘< 36 12 2) PN

is the two-loop anomalous dimension for ;' [65], By = — (L Ca—3 N¢Tr)/(27)
is the coefficient of one-loop S-function, and ¢ is a constant to be determined
by explicit calculation. 3

Therefore, by combining the RGEs of the quasi-TMDPDF f, the intrinsic
soft function St and physical TMDPDF fT™D [Eqgs. (38), (77), and (25)],

we obtain the RGE of the matching kernel H (%)

z 1 z s
ude<;>=25m()1i+ ;), (82)

where 7o = 29r — I's + 27v;. The matching kernel is closely related to the
perturbative part of the rapidity evolution kernel G ( ) through

%%<1H<3>:g<;>' (83)

In fact, the above equation demonstrates that the unsubtracted TMDPDF
in the off-lightcone scheme is equivalent to quasi-TMDPDF up to a Lorentz
boost, as the argument we used in Sec. 3.4. Combining Eqgs. (82) and (83), we
can see that the anomalous dimension of G is the cusp anomalous dimension

Fcusp
d ¢
2 z\ _

1520 () = T (34
Collecting all the above results, one obtains the one-loop matching ker-

nel [35, 37|

G- osCr 2 Lg
Hl=]=1 24+ —=——-——=4+1L,),

<M2 + o + TR, + (85)

where L, is defined in Eq. (40). The two-loop matching kernel is predicted
to be

2 1
In H? (iz) cy — 3 <7g) — agﬁ()q) |

z
noz
2
re _ AP0l 26 @ /3001?1 3 Gz 7
P 27 12 247 u2

1
1 (86)
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2 . . . .
where ¢; = % (—2 + 7{—2) and ¢ is again a constant to be determined in

the perturbation theory at the two-loop level.

We should mention that beyond the three-loop level, the quasi-TMDPDFs
start to develop power IR-divergences due to the ultra-soft modes discussed
in Sec. 3.3. Fortunately, to obtain the matching kernel, one only needs vir-
tual diagrams which are free from ultra-soft modes. The ultra-soft modes
only contribute to real diagrams which have no overall UV divergences.

4. Off-lightcone soft functions

The soft function, which takes into account the soft radiation from fast-
moving charged particles, naturally appears in TMD factorization. The
naive definition of the soft function using lightlike gauge links suffers from
the rapidity divergence due to infinitely long gauge links in the lightlike
direction. In factorization formulas, the soft function is always combined
with another TMD observable which suffers from the same type of rapidity
divergences. There are two major classes of rapidity regulators, on-lightcone
and off-lightcone regulators, which are discussed in Sec. 2. The regulator
dependencies then cancel between the soft functions and TMD observables
to maintain scheme independence of the total cross section. This allows the
definition of physical TMD observables where soft functions play the role of
“rapidity renormalization” factors.

In the LaMET framework, spacelike staple-shaped gauge links are chosen
to define the lattice calculable quasi-TMD observables. To match the phys-
ical TMDPDFs, all the artifacts and scheme dependencies associated with
the off-lightcone staples must be removed by an appropriate soft function,
which must be off-lightcone as well. However, the time dependence in S
cannot be removed with a Lorentz boost, since there are two staple-shaped
gauge links in conjugate lightlike directions. Recently [33, 40], we found that
such an off-lightcone soft function can be simulated by a form factor of a
fast-moving heavy-quark pair state. In this section we study the off-lightcone
soft function relevant to the matching between the quasi-TMDPDF, quasi-
Wave Function(WF) to the physical one. The major results of the section
are:

— We first define two specific off-lightcone soft functions. The first one
is defined with spacelike gauge links for the DY process in the double
time-ordering. The second one is defined with timelike vectors in a
single time-ordering. Being in single time-ordering, the second one
can be represented as a form-factor for a pair of fast-moving color
charges, thus can be formulated in the Euclidean space. We will state
a lemma which asserts that although one is defined for cross section
and one for the form factor, they are equal.



Lecture Notes on Transverse-momentum-dependent PDF . . . 4-A2.35

— We then study their properties. We show that although they suffer
from IR divergences starting from the 3-loop level due to the presence
of the “ultra-soft” modes known in the literature of HQET, the IR di-
vergences are artifacts of perturbative calculation and can be resolved
after an exact resummation of gauge link self-interactions. We care-
fully analyze the relevant modes in the lightcone limit and show that
they factorize into the product of two TMDWFs for the color-charge
pairs.

— We then study other possible off-lightcone soft functions, defined with
different time-orderings and vectors. We will show that all the single-
time-ordered off-lightcone soft functions relate with each-other through
a single analytic function of the rapidity and are universal in the light-
cone limit. The lemma in the first subsection is related to the analyt-
icity and proved here.

— Once the timelike gauge links are involved, in the double time-ordering
the universality is less transparent. Based on a factorization argument,
in the lightcone limit, all the off-lightcone soft functions with timelike
vectors can be expressed in terms of three independent ingredients:
TMDPDF for a “single quark-state”, fragmentation for a “single quark-
state” and lightcone wave function of a heavy-quark pair. In principle,
they can be quite different.

— Although the major part of the section is on the off-lightcone soft func-
tions, we prove in Appendix H that the SIDIS and DY soft functions
defined in delta regulator equal to each other by using an analyticity
argument. This is similar to the universality of spacelike off-lightcone
soft functions.

4.1. Definitions and basic properties

The TMD factorization in DY and SIDIS processes involves soft functions
with two staple-shaped gauge links. To discuss the properties of such kind of
soft functions in an off-lightcone scheme, we define the generic off-lightcone
Wilson loop vacuum expectation value

Wit o, panan) = 5 T (24T (W (B, -e2) Wi, (5,0 | 1920,

(87)
where /s are the length of the staple, u is the renormalization scale, gs are
unit vectors indicating the direction of the staple, |{2) is the vacuum state,
T is the time ordering operator. The gauge link staple is defined by

W‘J(fvg) = WQ(ng)WLW(}L(&E) ) (88)
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where
0

Wq(€, £) = Pexp —ig/dsq-A(sq+€) - (89)
-/
is a gauge link along the ¢ direction, and the W is a transverse gauge link
to maintain manifest gauge-invariance.
In the definition of Eq. (87), we used the single time-ordering in the

correlation function. There is another type of correlation functions defined
by the cut diagram which contains the double time-ordering

1 - - -
Weut (€1, 42,01, 11, q1,q2) = ﬁTﬂmTWqu <€17b¢> W, (_£2,bl) Wy
TWLW], (—t2,0)Wq, (£1,0)]42) . (90)

Similar to quasi-TMDPDF, the off-lightcone gauge link staple contains
Wilson line self-interactions, which can be removed by the rectangular
Wilson loops

Z(20,b1,p,q) = W(LLb1, 1, q:q), (91)
Zcut(2€7 bLaM?Q) = Wcut(£7£7 bJ_7u7q)Q)' (92)

The soft functions are defined by taking the large ¢; and ¢ limit using
rectangular Wilson loop subtractions in Egs. (87) and (90)

W(elvg% bJ_a M, q1, qQ)

S(bJ.7M7QI7Q2) = lim ) (93)
2:3 VZ (201,61, 1, q1)Z (202,01, 11, q2)
Scut(bJ_7lLL7q17q2) — lim Wcut(glug, bJ_nU/a Q1,(12) ] (94)
géjz \/Zcut(2£17bL;,Ufaql)Zcut(QZZabJJ/‘Lan)

The existence of the limit will be shown in Sec. 4.2.

Throughout this section, we will use the timelike unit vectors
v = ~v(1,8,0,) and v = ~4/(1,—8,0,) in (£,2, 1) coordinate, and the
spacelike unit vectors u = (8,1,0,) and v/ = 7/(—3,1,0,). We assume
0 < B <1and~y=1/y/1— B2 For large 3, v is approaching the lightcone
plus direction, while v’ is approaching the lightcone minus direction.

As an example, we consider the following soft functions related to DY
process.

DY soft function: Both staples are tilted in spacelike directions: ¢ = u
and go = u'.
This soft function was proposed by Collins [11]. For large Y and Y,

SDY (bL,,U,, Yu Y/) == S (bL,M,U,UI) == Scut (bL,,U,,’U,, ’LL/> ) (95)
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where Y = tanh™! /3 is the rapidity regulator. Notice that in this case,
the time-orderings are irrelevant since any two points on the Wilson
loop are spacelike.

Form-factor soft function: Both staples are tilted in timelike direc-
tions: ¢ = v and g = v'.

We define the following single-time-ordered soft function, which can
be interpreted as a form factor

S (bLnU’aKY,) =S (bL,/L,U,’U/) : (96)

The parallel gauge links with transverse separation b L in timelike v
direction can be viewed as a pair of color charges separated by b n
traveling at speed v in +z direction. At t = 0, the junctions of gauge
links can be seen as the color charge receives a large momentum trans-
fer, and then continue to propagate to —z direction. Therefore, it can
be viewed as a form factor and formulated by heavy-quark pairs in
HQET

S (bram YY) = (QQ (5.) |7 (b v) [QQ (1)) (97)

where J(b1,v,v) = Q,(51)Q!,(0)Q,(51)Q,(0) is the transition cur-
rent and ]QQ(g 1 ))v is the heavy quark pair bound state with velocity v.

Timelike DY soft function: Both staples are tilted in timelike direc-
tions: ¢ = v and g = —v’.

This soft function is proportional to the total cross section for the DY
process participated by two incoming heavy-quarks Q(v) and Q(v')

travelling at velocity v and v’
Scut (bJ_7 M, v, _U/) ~ Z/dﬂn |<n ‘] (U/7 U) ‘ QU’QU>‘2 9 (98)
n

where j(v',v) = Qu(0)Q,(0) is a heavy-quark pair annihilation oper-
ator. Here, the soft function Syt is in double time-ordering because
the corresponding timelike TMDPDFs are naturally defined in cut di-
agrams.

The first and third types of soft functions correspond to choosing space-
like and timelike rapidity regulator of TMDPDFs in the factorization the-
orem. Although they look differently, one can prove that the first two soft
functions are equal

SDY (bJ_a Hy Y> Y/) =S (bJ_7 K, va Y/) . (99)
The proof of the equality will be given in Sec. 4.5.
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4.2. Pinch-pole singularity subtraction

For the single-time-ordered soft functions, the pinch-pole singularity
arises due to gauge link self-interactions. As discussed in Sec. 3.2 and
Appendix A, the spacelike and timelike staples differ by an analytic con-
tinuation. In the infinite length limit, both cases generate divergent evolu-
tion factors, e~V% and e for spacelike and timelike staples, where V is
the heavy-quark potential and F is the bound-state energy. On the other
hand, for timelike staple in the double-time-ordered soft function, there is
no pinch-pole singularity, see Appendix D. Therefore, we focus the following
discussion on the single-time-ordered soft functions.

Given the exponentiation property for the Wilson loop (see Appendix B),
we now examine the subtraction of pinch-pole singularity in the single-
time-ordered soft function. Consider the webs @ for Wilson loop amplitude
W =e®

In W(gb 627 bJ.? M, q1, qQ) = dsvel'te)((Ela 627 bJ_7 H,q1, q2)
+®W (0, 02,01, 11, g1, 2) + Psete (G, b1, s q1) + Deere (b2, b1, 1, g2) , (100)

which contains two gauge link staples with lengths ¢; and ¢ in arbitrary
off-lightcone ¢; and ¢s directions. Here, @yertex consists of 2P1 vertex webs,
which contain interactions between staples in ¢; and g9 directions. Pgq¢
consists of self-interacting webs, which contain self-energy of gauge links
and interactions between parallel gauge links. @, consists of all the webs
that involve the transverse gauge links.

At large /1 and £, Pyertex and @ have no IR divergence, see Sec. 4.3
and Appendix D. Thus, we will omit the ¢; and /5 dependencies for @yertex.
However, the self-interacting webs contain linear IR divergences proportional
to ¢1 and ¢s caused by the time evolution of the heavy-quark pair state.
Such linear divergence includes the Wilson line self-energy and the pinch-
pole singularity. The pinch-pole divergences can be removed by considering
the rectangular Wilson loop, which poses a similar web expansion

an(2€7 bJJ K, Q) = @O(va H) + ¢f(2€7 bJJ K, Q) + 2¢Self(£, bJJ 1y q) ’ (10]—)

where @o(b1, 1) = Pyertex (b1, pt,q,q) because @q is independent of ¢ due
to the Lorentz invariance. This can also be obtained by the substitutions
l1, by — ¢ and q1, g2 — q in W(l1,02,b1, 11,41, q2). Thus, we obtain the soft
function defined in Eq. (93)

lim W(£1)£2abLnu’7 qlan)
fiooo VZ(201,b1 11, q1) Z (202, b1, 1, q2)

— eévertex(bl7#7‘]17‘12)7¢O(bi_ 7/”‘) , (102)

S, p,q1,q2) =
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where in the last line @YV (f1,00,b1,0,q1,q2) — %@f(%l,bj_,,u,ql)
— %@f(%g, b1, i, q2) — 0 in the fs — oo limit, see Fig. 18.

1 2 3 1 2 3

§

Fig. 18. Different types of web diagrams containing interaction to transverse gauge
link. Left and right figures are @Y and @f. In the large-¢ limit, type 2 and type 3
web diagrams approach zero, and the rest type 1 web diagrams cancel in the equa-
tion limps o0 @Y (L1, 42, b1, 11, g1, 42) = 587 (261, b1, 11, 1) — 385 (262, b, 11, g2) = 0.

Next, we can define the physical TMDPDF in single time-ordering in the
off-lightcone scheme. First, we consider an unsubtracted TMDPDF in the
off-lightcone scheme whose gauge link staple is pointing to a nearly lightlike
direction, ny = (—e=2¥,1,0,) in (+, —, I). The correlation function in the
off-lightcone scheme contains pinch-pole singularity as well as gauge link self-
energy, which are similar to quasi-TMDPDFs. Therefore, further subtraction
is needed and the correlation function is defined similar to Eq. (33), and its
web-diagram decomposition is similar to Eq. (47)

oPsett (Lb Loy TPV (LbLpny) (P|O,, (A, b, L)|P)opr . (103)
Therefore, before the Fourier transformation, we have

. (PIOy(\, b1, D)|P)
L—o0 \/Z(2L7 bJ.v 22 7’LY)

= ‘/ZPI(A7bJ.u/hnY)ei%@O(bL’”) ) (104)

where @KV(L, by, pu,ny)— %@f(QL, by, u,ny)—0in L — oo limit, and

Vapr(A, b, i, ny) (P|Ony (N, b1, L)[P)apr, (105)

= lim

L—oo
see Fig. 19 for details. Before taking the lightcone limit, we need to perform
the soft function subtraction

S(bJJ M, nYqu) = eévertex(bl”UJ,TLY,pY)f@(](bL“u) , (106)
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Fig. 19. Different types of web diagrams of the unsubtracted TMDPDF in the off-
lightcone scheme. Type 1 web-diagram is @]/_V (L,by, p,ny); Type 2 and type 3 web
diagrams are (P|O,,, (X, b1, L)|P)opr. In the large L limit, type 2 web diagram ap-
proaches zero, and Vapr(A, b, u,ny) = limL_,oo<73|Ony (Aby, L)|P)opr. We omit
the @gerr(L, b, , 11, ny ) web diagram in the figure.

where py = (1, —e=2(Y+vn) 0 1) is a nearly lightlike direction conjugate to ny .
According to Eq. (20), we have
1 dX
— lim i ez)\x
2Pt v5o /] 27

XV2PI(>\7 bL, /1/) nY) e_%q’vertex(blnuﬂn)”p)’) , (107)

fTMD(Ia bJ.vH? Ca CY) =

where ¢ = 2(xP)%2e?r and ¢y = 2(xP+)%e?¥. There is still one step
away from the physical TMDPDF because there is a hard scale (y which
generates hard contribution and requires perturbative matching [11], similar

to the argument in Sec. 3.4. After subtracting out the hard contribution,
we obtain the physical TMDPDF

™MD by, ¢) = H! (ff) F™Pa by, ¢, Cy),  (108)

where the hard kernel H is related to the perturbative part of the rapidity
evolution kernel of quasi-TMDPDF, which is discussed in Secs. 3.4 and 3.7.

For the double-time-ordered soft function Sy, if the gauge link staple
is spacelike, the time ordering is irrelevant and Z.,; = Z. In this case, the
subtraction factor works in the same way as that of the single-time-ordered
soft function. If the gauge link staple is timelike, there is no pinch-pole
singularity (See Appendix D). However, the subtraction factor Zg,; still
serves to remove linear divergence of the Wilson line self-energy.
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4.8. Ultra-soft modes

As we have shown in Refs. [33, 40|, S can be viewed as scattering ampli-
tudes of fast-moving bound states formed by a pair of color charges at fixed
transverse separation. In comparison, the double-time-ordered soft functions
are cross sections for single heavy quarks. Since the internal structure of a
heavy-quark pair is more complicated than that of a single heavy quark, S
is expected to carry more physical information relevant or not relevant to
high-energy scattering. Notice also that spacelike separations are insensi-
tive to time-orderings, thus we expect that the soft function defined with
spacelike gauge links contains information of the bound states as well, even
defined with two time-orderings.

As shown in the previous section, in the rest frame of the heavy-quark
pair or a spacelike staple, there are indeed subtleties caused by “ultra-soft”
modes scale as ;=. By boosting into large rapidity, we naturally expect that
there are soft-collinear modes corresponding to their boosted versions. As in
the case of quasi-TMDPDF, for ag ~ 1, there is no need to distinguish them.
The binding energy after the boost, however, is of the order of aze™ /b .
This “ultra—ultra” soft scale is rapidity-dependent and can be very dangerous
since any logarithms in it would naturally lead to Y dependencies which can
break factorization. We now show that such modes cannot exist. There are
two arguments. The first and the simplest one is that for large Y, this scale
is much softer than the confinement scale, therefore, it will be suppressed
by the mass gap of theory. Second, we argue that after resummation of the
effective link self-energy comnsistently, such modes cancel after summation
over diagrams.

As an example, let us consider the “lamb-shift” diagrams in Fig. 20. At
the individual diagram level, if the number of ladders is larger than 1, there
are power-IR divergences and even the color cancellation has been taken into
account. The reason can be explained as follows. The soft-gluon momentum
provides a time scale where the heavy-quarks can propagate. Then, there

should be a factor of the form of e_%. By expand the exponential we then
obtain the |% factors which make the integral divergent. Thus, we expect
a resummation of the ladder would be sufficient to make the integral IR
finite. We now sum over the ladders. To obtain the web diagram, we need
to treat the color factor carefully. The full color factor of the diagram is
Cr(Cp— %)N if there are N ladders, but to form the web diagram, one can
show that only the “maximal non-Abelian” part Cp(—Ca/2)" will be kept.
The integration after the resummation of webs then reads

1 bkl _ 1 1
d4k . 109
/ k-v+i0k-v — X (k-v,b.) +i0 k2 + i0 (109)
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Fig.20. A typical diagram generating power-IR divergences in single line (left) and
double line (right) representations. The red gluons are collinear to the gauge links,
while the blue one is soft.

Here, the X (k - v') is the self-energy of the heavy-quark pair or the effective
gauge link. In the “ultra—ultra” soft-region, the self-energy can be approxi-

mated as
Y asCA

2b |

This is actually the ground-state energy difference between the heavy-quark
pair in the octet channel and in the singlet channel, consistent with the ob-
servation in the quasi-TMDPDF section. If one expands the dressed prop-
agator —— E(k-lv/,lu) 55 to any given order in X, then one will encounter
integrals of the form of

Y(k-v'=0,by)~ (110)

1 bk _q 1
d ek S (kv b)) —— 111
/ kq)+10(kv/+zo)n+1 ( le)kZ_i_Z'O? ( )

which are power-divergent if n > 3. However, after resummation into the
dressed propagator, the power-IR divergences all cancel. We should also

notice that if there were only the —1 or etk terms in Eq. (109), although
the integral is convergent, the “ultra—ultra” soft region would generate Y

dependent logarithms. However, with the color cancellation between e?+ ¥+t
and —1, the ultra-soft region is now suppressed by the boost factor. The
softest momentum that one can probe in the vertex diagram is still around
the natural cutoff 1 . However, if we were in the rest frame of the gauge
link staple, the so-c aJHed soft-collinear modes do exists, although they do not
generate IR divergent logarithms, namely, if we treat this as an independent
scale 6 F/, then we have well-posed limit as ¥ — 0 of the form é EIndE. But
in our case, they differ from the collinear modes simply by a factor of as.
For ag ~ 1, the contribution is leading.
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There is another type of diagrams that are capable of generating log-
arithmic divergences. Namely, a diagram in which a soft gluon is emitted
from a higher-order vertex diagram of the effective gauge link, see Fig. 21 for
a depiction. In the example above, the soft gluon can be emitted from the

Fig.21. A typical diagram generating logarithmic IR divergences in single line (left)
and double line (right) representations. The red blobs are collinear to the gauge
links.

ladders. In the single-line representation, the resulting diagram then corre-
sponds to the first-order vertex diagram. When both ends of a soft gluon
are inside such vertex diagrams, there appears to be no color cancellation
available, thus to show the absence of Y-dependent ultra-soft scales, one
must demonstrate the cancellation of such logarithms after summing over
all the diagrams. This can be argued as follows. Since the IR divergence is
logarithmic now, we can only keep the power-leading part of the IR diver-
gence. We now factorize the “ultra-ultra” soft, “ultra” soft and soft modes
into a single soft function from the collinear and soft collinear modes. This
is possible since for all the three modes, the connections to the collinear
and soft collinear sub-diagram can be approximated by the standard soft-
to-collinear eikonal approximation. In order for the Ward-identity argument
to be valid, the resummation must be performed consistently to preserve the
corresponding Ward identities. This can be achieved by first calculating the
self-energy diagram to a given order, then resum to the dressed propagator.
Then we consider only the vertexes formed by insertion of a gluon into these
already resumed self-energy diagrams. If we need more vertexes, then we
need more self-energy diagrams. Then the Ward identity can still be sat-
isfied. This is in fundamental contrast to many “off-shell” regulators where
gauge-invariance has been explicitly broken and no Ward identity is applica-
ble. The resulting soft function, however, is nothing but the standard TMD
soft function, which is clearly free from such Y-dependent “ultra—ultra” soft
modes as well as separate “ultra’-soft modes. The wavelength for the soft
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gluon, therefore, is still bounded by b, . It is the applicability of Ward iden-
tity that guarantees the independence of the soft contribution to the internal
structures of a hadron.

In conclusion, the off-lightcone soft function in single time-ordering is
IR finite only after the resummation of gauge link self-interactions, due to
the so-called “ultra™soft modes in the rest frame of a heavy-quark—anti-
quark pair. These modes carry the energy-scale at the order of the binding
energy g‘—j. After boosting, the ultra-soft modes become the “soft-collinear”

modes. The Y-dependent “ultra—ultra” soft modes at the order of e_Yg‘—j is
suppressed by the color-neutrality condition after summation over diagrams.
Therefore, for the off-lightcone soft function, we obtain the modes listed
below in the unit of b

collinear: ko ~ (eY,efy,l,l) /by . (112)
soft-collinear: ks ~ g (eY,e_Y,l,l) /bl . (113)
soft: kg ~ (1,1,1,1)/b, . (114)

The absence of the Y-dependent “ultra’-soft modes is crucial for the TMD-
factorization. In the following section, we will factorize the “soft” modes
from the “collinear+soft collinear” modes using lightlike TMD observables
for heavy-quark state. These factorization will build the relation between
on-lightcone and off-lightcone regulators.

4.4. Factorization in the lightcone limit

A crucial property of the soft functions is the factorization of rapidity di-
vergences in the lightcone limit. This is one of the cornerstones of the TMD
factorization formalism and deserves a throughout study. In early 1980s,
Collins and Soper have developed a diagrammatic technic for the deriva-
tion of rapidity evolution equations for TMD observables. When applied
to the off-lightcone soft functions, it was claimed in Ref. [47] that collinear
modes responsible for the rapidity divergences are power-suppressed by the
Feynman rules for the evolution kernel, therefore in the lightcone limit, the
rapidity evolution kernel is a constant. This leads to the rapidity factor-
ization. However, a detailed explanation regarding how the collinear modes
were suppressed to the extent that were sufficient to kill all the rapidity di-
vergences beyond one-loop level is not presented. The nature of the rapidity
divergence has also been studied in Ref. [19] using the conformal transfor-
mation method. It was claimed that the rapidity divergence can be mapped
to UV divergences for Wilson-line cusps, thus can be factorized. In this
subsection, we show that based on the region analysis of the off-lightcone
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soft function, a factorization formula can be found that matches the off-
lightcone soft functions into the lightcone WFs for the external color-charge
state. This implies the rapidity factorization for the off-lightcone soft func-
tions. In Appendix E, a more direct approach will be provided.

The region analysis can be performed similar to the quasi-TMDPDF.
The power-counting parameter is A = e~ (YHY)/2 1 the lightcone limit,
one can consistently label all the eikonal propagators sourced by soft gluons
to be collinear, since in this case one can keep only the k* components of the
soft-gluon momentum in the eikonal propagator. For the power-counting of
the hard kernel, there are no Lorentz contraction or enhancement associated
with the gauge links, since they are now of spin 0. There is Lorentz boost
factor enhancement associated with longitudinal polarized collinear gluons.
The disconnected hard regions can be argued to be non-essential similar
to that of quasi-TMDPDF. Thus in the leading region, there are two hard
cores around 0 and b, 1, two collinear gauge links and arbitrary many collinear
gluons inserted into the hard core. There can be arbitrary many soft gluon
connections to the collinear sub-diagram.

The major distinction from the quasi-TMDPDF is that the hard kernel
is actually trivial, due to the lacking of a natural hard scale. The absence of
the hard kernel can also be shown in the following way. Since all the “real”
diagrams do not contribute to the hard kernel, one can obtain the hard
kernel by calculating with a form factor of two external gauge links. Similar
to the standard calculation of such form factors, to calculate the hard kernel,
one can put the external gauge links on shell with large momentum /enenrgy,
and then subtract out the corresponding IR divergences. However, the on-
shell external momentum will be killed in all the eikonal propagators due
to the linearity of the gauge link propagators. Therefore, the form factor
and, consequently, the hard kernel are independent of the external momenta.
Thus, the hard kernel can only be trivial.

With the hard kernel being trivial, the factorization for the form factor
soft function then reads

S (br, YY) =@ (b, Y)W (i, Y), (115)
where the lightcone Wave function for the color-charged state reads
_ L (7 _ /o
(0l@. (50) wit (5) | @u0]@@ (b1))
=00 S(bL’ K, 67 6)

v (116)

in which the lightlike gauge links in W, chosen to be future pointing differ
from the past pointing case only by an overall complex conjugation due to
the time-reversal symmetry. We now examine this factorization formula.
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First, we notice that the “un-subtracted” TMDWF for the heavy-quark
pair depends on Y and & only through the combination e™Y'§ due to the
boost invariance. Therefore, we can always boost the QQ state to be purely
static, namely to v = (1,0,0,0). The corresponding un-subtracted WF can
then be interpreted as a soft function with an off-lightcone timelike staple
and a lightlike staple

(0| TW, (bl;t) W (bl) 1510)
Z(2t,b1, )

where W; is a gauge link staple in ¢t direction pointing to the future. The
self-interaction is removed by v/Z. It is defined with a single time-ordering
as that of the form factor. Comparing the soft function S(b_, i, 9, 2) defined
in quasi-TMDPDF section, which is independent of time-ordering, we find
that the only difference is that the W, have been replaced by W;. However,
based on the analyticity property of the single time-ordered soft function to
be discussed later, we can show that they relate to each other through an
analytic continuation

~ (7 - ~ (7> \\T - N
<0‘Qu (M) 1A% (bJ_) ’(SQv(U)‘QQ (b¢)> =S (by,p,0,t) = S(by,p,—id, 2)
v

(118)
for § > 0. In the lightcone limit, the soft function only depends on Ind and
they are equal up to a phase factor associated with In6™ — In —i§™, which
will cancel between ¥ and ¥f. Thus, we will omit the imaginary part and
write

| (o]@.@ow; (1) | @.o]ee (5.)).

S(vau’(su f) =

7 (117)

2
—e 5K (b1, In sty +D1(bL)
?

(119)
where Dj is the same as that for S(b,, u,0, 2). Using the similar expansion
of the on-lightcone regulator, we found that

Wby, pwY)| = eK(bL7N)Y+Dl(bL7M)_%DO(bL7N) . (120)

Thus, the off-lightcone soft function S has the following expansion:

S (bJ_7 wY, y’) — oKL (Y+Y")+2D1 (b ) =Do(br,p) (121)

Using the relation S = Spy, we found that
Dby, p) =2D1(bi,p) —Do(bi,p)- (122)

This demonstrates the scheme independence of the intrinsic soft function
claimed in the previous section. It also reveals the physical meaning of the
intrinsic soft function: it can be interpreted as the lightcone wave function
for a QQ state.
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4.5. Analyticity in hyperbolic angle

Although the soft function depends on two vectors v; and wo, in the
single-time-ordered case one only needs a single function to represent all the
choices. This is due to the fact that the single-time-ordered soft function is
an analytic function of the relative hyperbolic angle defined as

V1 - Uy — 10
Vi +i0y/v3 +i0

A general proof of this property will be given later. Intuitively, it can be
explained in the following way. The single-time-ordered soft function can
be viewed as a form factor where the external incoming momenta pi,ps
are replaced by v; and —wvy. Thus, we expect it poses similar analyticity
property as that of a form factor. The form factor is an analytic function
of p? 4+ i0, p3 + i0 and the momentum transfer p; - py + 0. Thus, the soft
function should be an analytic function of three variables v; - vo — 70, v% + 10,
and v2 + i0. However, the soft function is invariant under Lorentz boost
in longitudinal plan and as well as independent rescalings of v; and wvs.
Thus, it can only depend on the ratio ——=222£0__ " which enters into the

definition of the hyperbolic angle. The square root and the 0 are introduced
to properly take into account the additional imaginary parts as one moves
from spacelike vector/momentum transfers to the timelike ones.

We now start to prove the analyticity. We first start with the DY shape
soft function. We fix v¥ = v = 1 and v{ = —v = v%. We chose to work in
physical gauge where the Hilbert space consists of positive norm states only.
We assume that there is a regularization in which the energy is positive and
satisfies the relation £ — P* > 0 for arbitrary |3| < 1. We further assume
that the Lorentz invariance in ¢,z plane for gauge-invariant quantities is
preserved by the regularization. Using the definition of the soft function, we
expand the gauge links in terms of gluon fields, and order all the gluon fields
according to the time. The consecutive differences in the time components
then read

0(v1,v2) = Arcosh (123)

O (t-t), (124)

where 0 > t > t' > —tp parameterizing the gauge links. After insertion
of intermediate states, the energy exponentials for the time-differences then

read N
e—ZEU (t—t) ) (125)

Due to the positivity of the energy, ¥ > 0, we can analytically continue in
vo — vE +ivd with v§ < 0. We should mention that besides the exponential
decay, which is the most decisive property, the analyticity has also some
moderate regularity requirements on the “spectrum functions”. For more
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details see [66]. For any finite ¢y by integrating over the ¢,#'s we obtain an
analytic function in z = v§ + iv{. We now take the large-to limit. Since the
Hilbert space consists of a purely physical state, the energy is assumed to
be uniformly gaped with respect to the regularization (although no one can
prove it!). The tp — oo is then at exponential speed. By performing the
corresponding subtractions using v/Zs which removes the leading exponen-
tial decay factor, the results converge uniformly in the region v§ < e < 0
for any e. Thus, we obtain an analytic function f(z) in the lower half-plane
to any order in the expansion. Then, although we cannot claim that the
expansion converges, it is natural to expect that the full result shares the
same analyticity. See Fig. 22 for a depiction of the analytic domain for f(z).

Fig.22. A depiction of analytic domain of f(z). The f(z) was extended to upper
half-plane through f(z) due the reality of f(v°) with —1 < v < 1. There are
branch cuts stating at v = 41 to +00. The v = F1 corresponds to the lightcone
singularity.

Similarly, for the form-factor shape soft function, we fix v = —v5 =1
and analytically continue in v}. We again obtain an analytic function in
the lower half-plane, this time called g(z). We now consider F(z) = f(2).
This is again an analytic function in the lower half-plane. We consider
z = —ivg. Then we have F(—ivg) = f(—v%) However, with the imaginary
time component, this is simply a Euclidean soft function in the (7, z) plane.

T

The ratio between the 7,2 components then reads 7 = % Let us consider

g(—ivg). This is again a Euclidean soft function in the (7, z). It is of the
same shape up to a Euclidean rotation 7 — z, 7 — z. Thus, due to the
Lorentz therefore rotational invariance, the two Euclidean Wilson loop must
be real and equal and one has the relation F(—ivg) = g(—ivg) for any vg > 0.
Due to the uniqueness of analytic continuation the two analytic functions
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must be equal. Therefore, we have

7 (1) —g(2). (126)

z

We can actually extend f(z) and g(z) into upper half-plane due to the fact
that they are real for —1 < v® < 1 and 1% > 1,v° < —1, respectively. Then
the relation between the two functions reads

6z =1 (1) | (127)

i) =fE =13
-1 Rz

!
0_. s

g(=iv’)

9(z) = FH) = /()

Fig.23. A depiction of analytic domain of G(z). The G(z) was extended to upper
half-plane through g(z) due to the reality of f(v°) with v > 1,0% < —1. There
are branch cuts between —1 < v° < 1. The v° = F1 corresponds to the lightcone
singularity.

Given this relation, we can now show the analyticity in hyperbolic angle.
It suffices to consider $(z) > 0. We define the hyperbolic angle for the DY
case

1+ 22
1+z2
Y =1 129
it (120)
where the branch of In is —7 — 7, and for the form-factor case :
22 +1
Cosh(Y) = 130
osh(v) = (130)
1
Yy = 2t (131)

z—1"
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Then in the DY case, one can show that the hyperbolic angle with —7 <
QY < 0 is in one-to-one correspondence to z and in the form factor case one
can choose 0 < Y < 7. Denote the inverse as zpy(Y) and zgom (Y), and
we define

fY) = flzpy(Y)), (132)
9(Y) = g(2om(Y)). (133)

) = g(2), we have

W=

Since we have f(

FV) = F ooy (V) = f (1(},)> —g(¥) . (134)

This relation extends the f(z) into the upper plane. Comparing with the
previous definition of the #(Y) in terms of the hyperbolic cosine, we found
complete consistency. The analyticity in the case where vi,vy are both
spacelike or timelike is therefore established. To extend to the case where one
of v1, vo is spacelike but another one is timelike, one can boost the spacelike
staple to be time-independent and analytically continue in the other vector.
By considering a purely imaginary time component, one again obtains a
Euclidean Wilson loop which relates to the f(—ivg) or g(—ivg) through
Euclidean rotations. Thus, all the soft functions can be connected with each
other through a single analytic function. This finally builds the analyticity
in the hyperbolic angle, see Fig. 24 for a depiction of the analyticity property
of the soft function.

Y
Y =7
Sh(\m - S(Y) RY
TV
Spy = S
Y = —7

Fig.24. A depiction of S(Y), analytic in the shaded strip —7 < QY < 7 . The
dots at Y = 4im indicate the poles located there. The Spent denotes the Euclidean
Wilson loop at 5 angle.
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As a direct consequence of the analyticity relation, we now show that
the DY soft function indeed equals the form-factor soft function. The DY
soft function is given by f(8 — ie) with 2 = 8 —ie and § < 1. Based on
the functional equation, it equals to g(ﬁ) = g(% —ie/3%). However, g(%)
is nothing but the form-factor soft function: the two vectors read (%, +1)
which differ from v,v" only by overall re-scalings, therefore are completely
equivalent. By taking the e — 0 limit and noticing that the two soft functions
are real, we obtain the equality.

One can also see this from the definition of the hyperbolic angle. For the
DY soft function, u = (3,1,0,0) and z = 3, therefore, the hyperbolic angle

reads Arcosh(Y) = 142 > For the form factor soft function, v = (%, 1) and

= 5.
z = %, the hyperbolic angle reads Arcosh(Y”') = }7512/?? = }fgi

the hyperbolic angles in the two cases are indeed equal. A list of hyperbolic
angles for various choices of v; and vy are given in Table 1.

Therefore,

Table 1. Hyperbolic angles for different off-lightcone vectors.

vy Vg Orientation of v; | Orientation of v, | Hyperbolic angle
spacelike | spacelike past past Y
timelike | timelike past past Y —im
timelike | timelike past future Y
spacelike | spacelike past future Y +im
timelike | spacelike past future Y + %
timelike | spacelike past past Y-=&

Due to the analyticity in hyperbolic angle, one can use the same symbol
S(bi,p,Y +Y') to represent all the single-time-ordered soft functions. By
taking the lightcone limit, the single-time-ordered soft functions can then be
written in the universal form

S (bi,p, Y + V') =YY IEGCLm+DEL) (135)

To obtain this formula, we have assumed that the lightcone limit is uniform
in the imaginary part of the rapidity. In the perturbation theory, the power-
suppressed contributions decay exponentially in Y for SY = 0,£7, £,
which are the only value for which the soft functions can be realized in a
real Minkowski space. For another imaginary part this is also supposed to
be true. Then, by considering the smallest decay speed, the lightcone limit
is indeed uniform in {Y, in this case, one can show that limy; o In S(Yp +
Y') = (Yo+Y')K(by, ) defines an analytic function and equals Y'K + D.
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We shall also mention that the methods presented here can be slightly
adjusted to show that the “half on-lightcone, half off-lightcone” soft func-
tions using ¢ regulator in the single time-ordering all relate with each other
through analytic continuation as well. For example, we can show

S(bi,p,6,2) =5 (br,p,—id,t) . (136)

As discussed in the previous subsection, this relation combined with the
TMD factorization of a QQ form factor shows that the two definitions for the
intrinsic soft function are equal. In the mixed time-ordered case, however,
the analyticity is more complicated. The situation is similar to a cross section
evaluated using cut-diagrams, where the left-hand side and the right-hand
side of the cut poses opposite 70 prescriptions in the Feynman propagators,
thus we expect that the analyticity of the left- and right-hand sides “collide
with each other” when one tries to move from the timelike to the spacelike
case, namely, one might encounter logarithms like In(v;-vo—i0) In(vq -v2410).
However, if one treats the rapidities in the two sides of the cut to be an
independent variable, then one can still reach a certain form of analyticity,
although much more complicated and weaker than that of the single-time-
ordered case.

4.6. Soft functions in double-time-ordering

After introducing the single-time-ordered soft functions, we briefly com-
ment on the double-time-ordered ones, especially those involving timelike
vectors. They can be classified as:

SIDIS soft function. The SIDIS soft function is defined with the same
v, v’ as that of the form factor one, using double time-orderings

Ss1pIs (bJ_a w, Y, Y,) = Smix (bJ_a H, v, U/) : (137)

This soft function carries a clear physical meaning. It can be inter-
preted as a total cross section for a SIDIS process with incoming and
outgoing heavy quarks

Ssiois (b, i, YV, Y') =) / AL [(Q (v) n|J (v,0") [Q(v))[*, (138)

where |Q(v)) and |Q(v')) are heavy-quark state and J(v,v’) is a heavy-
quark transition current. In the lightcone limit, based on the factor-
ization theorem for the SIDIS process, it factorizes into TMDPDFs
and TMD fragmentation functions for the heavy-quark state.
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Timelike DY soft function. This soft function is defined as Spix (b1 , i,
v, —v'). It is similar to Spy, but with timelike gauge links. It describes
the total cross section of a DY process with a timelike heavy-quark
state.

Spacelike SIDIS soft function This soft function is defined as Syix (b1 , 1,
u, —u’). In Appendix F, we will argue that in the lightcone limit, it is
equivalent to Spy.

“Quasi-TMD” soft function. This soft function is defined as Spix (b,
w,v, 2), where 2 = (0,1,0,0). It can be viewed as a quasi-TMDPDF
for a heavy-quark state.

“Quasi-fragmentation” soft function. This soft function is defined as
Smix(b1, i1, 2,v). It describes the fragmentation of a spacelike gauge
link into a heavy quark and other “hadrons”.

The above enumerates all different classes of off-lightcone soft functions in
the double time-ordering. Similar classification can be made for single-time-
ordered soft functions as well, but as we have shown in detail, all the single-
time-ordered soft functions are universal in the lightcone limit.

4.7. Universality in lightcone limit

In the lightcone limit, the off-lightcone soft function in double time-
ordering is less universal in the case when there are timelike vectors. This
is because timelike gauge links represent physical heavy-quarks propagating
in real time, therefore, we can clearly distinguish between the two distinct
situations, namely they are in the initial or final state along, or they are in
the final-state jet. The former case corresponds to the TMDPDEF while the
latter case corresponds to the fragmentation function. There is no natural
physical reason for their equality, therefore, we expect them to be different
in general.

Using lightcone regulators, we found the following factorization formulas:

Smix (blvﬂavav/) = fTMD(bLauvy)DTMD (bJ_nu'vY/) ) (139)
Smix (bla w, v, _U,) = fTMD(bLa L, Yv)le\/[DJf (bla Ky Y,) ) (140)
S (blaﬂavvv/) = y'/T (bJ_alua Y/) w(bl_nu'vy) : (141)

The TMDPDF in the § regularization scheme is defined as

fTMD(bL“u’Y) — lim (Q()|Qy (lﬁ) Wh (li) 15Q0(0)|Q(v))

4)
6—0 S(bLa/jﬂé) 5)
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and similarly for the wave function and the fragmentation function. All
other can be expressed in terms of these functions, including those “quasi-
observables”. Therefore, in the lightcone limit, we expect that there are
three independent off-lightcone soft functions in total, each associated with
a natural physical interpretation. As we have seen, the form factor and the
quasi-PDF/TMDPDF all allow Euclidean formulations or can be matched
to Euclidean quantity, but the fragmentation functions are believed to be
not. A list of the classification of off-lightcone soft functions is given in
Table 2.

Table 2. Universality classes of off-lightcone soft functions in the lightcone limit.

Type Time-order vy v Ultra-soft Factorization Euclidean
(orientation) | (orientation) formulation
form factor single arbitrary arbitrary yes wty yes
(arbitrary) (arbitrary)
spacelike DY double spacelike spacelike yes wty yes
(past) (past)
timelike DY double timelike timelike no FTMDt TMD yes
(past) (past)
~* — QQ+hadrons double timelike timelike no pTMDt pTMD no
(future) (future)
timelike SIDIS double timelike timelike no pTMD yTMD no
(past) (future)
spacelike SIDIS double spacelike spacelike yes ARz yes
(past) (future)
quasi-TMD double timelike spacelike yes ‘PTfTMD yes
(past) (arbitrary)
quasi-fragmentation double spacelike timelike yes DTMDy, no
(arbitrary) (future)

5. Intrinsic soft function and TMDWTFs

In this section, we show that the intrinsic soft function can be extracted
from combining the LFWFs and the TMD factorization for a light-meson
form factor at large momentum transfer. This section is largely taken from
Ref. |33] and we refer to [42] for more details on the LFWF amplitudes.

Let us consider the following form factor of a pseudoscalar light-meson
state with constituents 1517,

F (bJ_,P,P/,,U) = <P/

7 (50) I'n (BL) 9 re|P) . (143)

where 1) and 7 are light-quark fields of different flavors; P#* = (P!, P* .0 1)
and P* = (P, —P=, 0 1) are two large momenta which approach two oppo-
site lightlike directions in the limit of P* — oo; I" and I" are Dirac gamma
matrices, which can be chosen as I' = I" =1 or I' =~ and I = ~, so
that the quark fields have leading components on the respective lightcones.
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At large b, the form factor factorizes through TMD factorization into
LFWEFs. To motivate the factorization, we need to consider the leading
region of IR divergences in a similar way for SIDIS and Drell-Yan [6, 47],
and the result is shown in Fig. 25.

Fig.25. The reduced diagram for the large-momentum form factor F' of a meson.
Two H denote the two hard cores separated in space by b, C are collinear sub-
diagrams, and S denotes the soft sub-diagram.

There are two collinear sub-diagrams responsible for collinear modes in p
and n directions, and a soft sub-diagram responsible for soft contributions.
Besides, there are two IR-free hard cores localized around 0 and b 1. In
the covariant gauge, there are arbitrary numbers of longitudinally-polarized
collinear and soft gluons that can connect to the hard and collinear sub-
diagrams. Based on the region decomposition, we now follow the standard
procedure to make factorization [47].

We first factorize the soft divergences. This can be done with the soft
function S(by,p,d%,67). It resums the soft-gluon radiations from fast-
moving colored charges. Intuitively, soft gluons have no impact on the
velocity of the fast-moving color charged partons, and the propagators of
partons eikonalize to straight gauge links along their moving trajectory.

We then factorize the collinear divergences. For the incoming direction,
the collinear divergences are captured by the un-subtracted WF amplitude
for the incoming parton ¢ (z, b, , 1,6~ ) defined with a future-pointing gauge
link staple W,! as

/ dX e - - -
" <x,bl,u,5_ ) :/ ; <o‘¢ (An%—bL) Wi (An%—bl)‘é ,757+¢(0)‘P>.
T _
(144)
However, the naive WF amplitude contains soft divergences as well, to avoid
over-counting, we must subtract out the soft contribution from the bared
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collinear WF amplitude with the soft function S(by, u, ™, (5*/). This leads
1/1(937171_»#75_,)

to the collinear function for the incoming direction: S, 5t 5)" Similarly,
. o : . . t(z! +

for the out-going direction, one obtains the collinear function m’u,’é_)
S(bj_nuvé-'— 76 )

Here, we briefly comment on the choices for the gauge link directions
in the soft functions and the WF amplitudes. Naively looking, the gauge
links along the p direction have to be past-pointing. However, similar to
the arguments in Ref. [46] for the SIDIS process, based on the spacetime
picture of collinear divergences, one can choose future-pointing gauge links
along p direction as well. With all the gauge links being future pointing, the
soft function is independent of time-ordering and equals to the standard DY
soft function S, and the WFs for the incoming and outgoing hadrons are in
complex conjugation to each other.

Besides the collinear and soft functions, we still need the hard core
Hi(Q?% Q2 1?), where Q?> =z2'P - P, Q*>=2zz'P - P’, and an integral over
the momentum fractions z, x’ is assumed. Taking together, we have the
TMD factorization of the form factor into hard, collinear, and soft functions

F (b, P, P p) = / dzds'Hy (Q% Q% %)

vl (ajl’bin“a 5+/) ¥ <x,b¢,,u,5_l>
—+ —
* S (b 8,00 S(bbu75+’5—')5(bl>%5 ,07),  (145)

noticing the manifest cancellation of all the rapidity regulators in all the WF
amplitudes and the soft functions.

Let us consider a one-loop example. The incoming hadron state consists
of a free quark with momentum z¢P™ and a free anti-quark with momentum
ZoPT. Similarly, the outgoing state consists of a pair of free quark and anti-
quark with momentum zjP —, THP'~, respectively. The spin projection
operator for the incoming state is proportional to 4>y~ and for the out-going
state is proportional to ¥°y*. The tree-level form factor is normalized to
1. At the one-loop level, the pseudo-scalar form factor with vector currents
I =~# I = ~, reads

asCp

F(by, P, P p) =1+ FO(b,Q% Q% 1%, (146)

T
where Q? = 2xozhPTP'~, Q2 = 2707y PP’ and

FO (b, Q% Q% p%) = —T+ <—;ln2 »:Q? + glnbiQQ +(Q — Q)> :
(147)
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This result can be obtained from the one-loop DY structure function [67] us-
ing the substitution ln2(—QQbi) — % In? Q*% +1n? Q%% and In(—Q%»? ) —
%ln Q2bi + In szi. Similar to the TMD factorization for the SIDIS and
DY processes, one should also notice that the hard kernel Hi(Q?, Q?, u?)
can be obtained from that of the spacelike Sudakov form factor

H, (Q27Q27M2) — ySud (—Q2) Sud (_QQ) , (148)

where H"(—@Q?) is given in Ref. [13]. At the one-loop level, we then obtain

_ o 2
Hy (Q% Q% 0?) =1+ (—16+7;+3LQ+3LQ—L22—L§2> :

where Lg = In %22 and Ly = %22

Now we construct the Euclidean version of the collinear contributions,
left only with the intrinsic soft function and hard cores. We define the
quasi-WF, similar to the quasi-TMDPDF as

~ _ d) .
¢(xabLaN><7C) :/471_6_”»\

(O (22/2+ 51 ) W (22/2+ 815 L) v (~22/2) [P)
x . (149)
Zu(2L,b1)

where W, (22/2 + b, ;—L) is a spacelike gauge link staple pointing to —z
direction. Similar to the quasi-TMDPDF, we can factorize it using quantities
defined in the on-lightcone rapidity scheme,

7 = _ & Q %Zf(l‘»bbﬂa(s_) +
1/’ (.’E,bL,,M, CZaCZ) - H2 <,U27 /L2> S(bL,,U,é‘F,(S*)S (bL,H,(; ) . (150)

This factorization is the result of applying a similar leading-region analysis
to the quasi-WF. One should notice that we have chosen the +oo version
of the quasi-WF where the gauge links along the z direction are point-

ing to —L instead of +L. It simply relates to the +L through a complex

conjugation. The %

the “half lightcone half off-lightcone” soft function S(b,pu,d%) is the on-
lightcone version of S(b, , i1, Y, 0) where one of the off-lightcone directions is
along Z. It re-sums the soft divergences of the quasi-WF. The soft functions
S(by,p,0%,67) and S(by,u,dT) subtract away the regulator dependencies
introduced in the bared LEWFs. The overall combination on the right-hand
side of Eq. (150) is rapidity-regularization-scheme-independent. One needs

resums all the collinear divergences, while
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: ./
S~

Fig.26. A schematic depiction of the factorization formula of Eq. (150).

to pay attention to the gauge link directions again. Similar to the case of the
form factor, we can choose all the gauge links along the incoming collinear
direction to be future-pointing. See Fig. 26 for a depiction of Eq. (150).
Combining together Eq. (145) and Eq. (150) and using the relation (¢’ =
¢.C., one notices that all the wave functions and the Collins-Soper kernel
contributions can be removed, left with the intrinsic soft function

F (bJJ 7)) Pla H)
[ dwda’H (2, 2') 1 (2/,b1) (2, b1) |

Si(bi,p) = (151)

where the full expressions for the wave functions read Ol b)) = (2, by,
w, ¢, CL), (w, by ) = Y(x, by, 1, ¢, C.), and the matching kernel is given by

Hy (Q2,Q% 1?)
C./12,C./u) Hy (C./ 2, C/u2)
(152)

H (ZB,$/) =H (Cz’<;75z7§;7u2) = HQ(

where Q? = \/(.¢/ and Q% = \/(.C.
Based on the one-loop results for the form factor, the quasi-WF, and the
intrinsic soft function, the one-loop matching kernel for the vector current

can be extracted as
s sC) 2 2CL -
H (GG Gy Copi?) = 14 25CF (—8+1n2“?+1nvff +(<ﬁ<))
asCr |

4 Vi 1

iln \/@ .

2 Ve
Here, we briefly comment on the end-point problem. As x ~ 1, the hard
kernel diverge logarithmically near the end points as 1 + o In? z, but the

quasi-WF decay at large or small x linearly, thus the end-point regions
behave as z In? 2, which is free from those problems for the kr factorization

(153)
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for electromagnetic form factor [68]. Moreover, we can fix the z-component
momentum transfer at each of the vertexes to be P?, which indicates that
z 4+ 2’ = 1. In this case, the end-point behavior is improved to 22 In? .

Finally, we should point out that Eq. (151) can be rewritten in the form
of

F (bLapa Pl?/"l’) = SI(wau) /d.CITdZC/H (QT,CL',) QET (:E/a bL) 12)(3:, bL) ) (154)

which can be regarded as the gauge-invariant completion of the axial-gauge
factorization [1].

Finally, we make a comment that combining the intrinsic soft function
and the quasi-TMDPDF, one can effectively factorized the DY cross section
in a manifestly regularization-independent fashion

o = /d:nAde d%u_e’ol'ﬁ& (-"EA,fUB,QQaN)
xf(anbJ_vu>CA)f(xBabJ_mUﬂCB) SI(bJJM)' (155)

This can be regarded as the gauge-invariant completion of the axial-gauge
factorization proposed in [1].

6. Discussion and conclusion

We should notice, however, that there are some issues not addressed in
the paper. First, we did not address the issue regarding renormalization
and matching for practical lattice calculations. They will be provided in
a separate publication. Second, we did not study the polarized and gluon
TMDPDFs. Third, we did not carefully discussed the analyticity property in
the double time-ordering case, and we are not clear at this moment whether
the heavy-quark TMDPDEF and fragmentation functions are equal to all or-
ders in the perturbation theory. We should also mention that all the proofs
in the paper, except the ones for the analyticity, follow the typical rigorous
standards in the TMD factorization literature. To promote all these “phys-
ical proofs” to fully mathematically consistent proofs at the level of those
works for UV renormalization remains to be an important but difficult task
since one is forced to define and study the rather singular Feynman integrals
directly in Minkowski space and develop a rigorous multi-scale analysis which
allows simultaneous decomposition of the longitudinal and transverse phase
space. A study of these issues is beyond the scope of the paper.

The TMDPDFs are also crucial for understanding the small-x physics.
Small-x or long wavelength gluons intercept the Lorentz-contracted pan-

2
cake composed of active partons at transverse area AS ~ 1/k | . The color
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neutrality of the hadron highly suppresses the fluctuations with AS com-
parable to the hadron size, while for small AS, the gluon can still probe
the local color imbalance that is less suppressed. Therefore, it is natural
that small-z gluons tend to concentrate at large k; [69]. At the quantum
level, the fast-moving color sources tend to emit soft gluons, which in turn
split into more and more soft gluons at smaller and smaller . This leads
to the BFKL or the BK evolution equation which controls the evolution of
the soft-gluon population with respect to  and naturally involves the trans-
verse momentum [70-73]. One of the major conjectures of small-z physics is
that at sufficiently large rapidity or small-z, the intrinsic k; dependency of
the hadron shifts towards the perturbative saturation scale (5. To achieve
a good understanding of this deep interplay between the longitudinal and
transverse degrees of freedom, we need a good understanding of the TMD
parton densities |74].

If we generalize the TMDPDFs to include the impact parameter depen-
dence, we can further define the Wigner function, the parton orbital angular
momentum distributions, etc. |75, 76]. Therefore, the TMDPDFs allow for
a more complete and refined 3-D description (or tomography) of the hadron
structure [77, 78| rather than the simple 1-D picture offered by the collinear
PDFs. The 3-D tomography of hadrons is also one of the major goals of EIC
physics for the next several decades.

In conclusion, we have made a careful study of the factorization property
for the lattice calculable quasi-TMDPDFs by showing that they match the
physical TMDPDF through a factorization formula in the lightcone limit.
We carefully studied the properties of the off-lightcone soft functions and
have shown that the reduced soft functions defined in various ways are indeed
equivalent. We also studied their analyticity and universality properties. We
have also shown that the intrinsic soft function can be obtained from the
light-meson form factor and quasi-TMDWFs. Therefore, all the gaps in [40,
41] have been filled, and the proposed methods for the lattice calculation of
TMD parton densities are justified at the theoretical level.

This is an extended version of the lecture presented at the 61%¢ Cracow
School of Theoretical Physics on the Electron—Ion Collider Physics, Septem-
ber 20-24, 2022, on-line, based on results obtained in collaboration with
Prof. Xiangdong Ji. More detailed and refined analysis will be published
somewhere else. We thank Stefan Meinel, Peng Sun, Wei Wang, Yi-Bo Yang,
Feng Yuan, and Yong Zhao for valuable discussions. This work is supported
partially by the U.S. DOE grant DE-FG02-93ER-40762, and by the Priority
Research Area SciMat under the program Excellence Initiative — Research
University at the Jagiellonian University in Krakow.
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Appendix A
Analyticity of gauge links and HQET

It is well-known that the gauge link can be identified as a heavy quark
propagator in HQET. First, we start from a segment of gauge link. Let us
consider the correlation function

Gy(€) = (0l (&)W (€, 0)1(0)]0) (A.1)

where v = (v°,7) is the unit vector pointing from 0 to ¢, and the gauge link
is defined by
l¢|

Wy (£,0) = Pexp —ig/d)\v-A()\v) . (A.2)
0

The gauge link can be written in terms of auxiliary field |79, 80]

D(E)Wu(€,0)1(0) — J(£)J(0), (A-3)

where J(x) = Qu(x)1(x) is the heavy-to-light quark current. @, is the
auxiliary field with the Lagrangian

Loux = Qv (iv : D)Qv . (A4)

The propagator for @, can be written as

~ 1
(Qul@)Q() = {al-—

which is a segment of gauge link along the v direction from 0 to = up to
an overall normalization factor. If v is timelike (v? > 0 and plus sign in
f-function), then @, can be identified as the standard heavy-quark field
in HQET. On the other hand, if v is spacelike (v?> < 0 and minus sign in
f-function), the auxiliary field cannot be interpreted directly as physical
modes propagating in the real time. However, based on analytic property
and Lorentz invariance, they can be interpreted as a heavy-quark propagat-
ing in imaginary time.

One can show that with some assumptions, we can analytically con-
tinue G(§) with timelike ¢ into Euclidean space. Without loss of gener-

0) = Wy(2,0)8° (0°F — 2%) O(£v-2)  (A.5)

ality, we can consider £ = tn! with v = n* = (1,0,0,) in (t,z,l) coor-
dinate for all timelike £ since we can boost the latter to the former one.
We can denote G,(£) = G,:(tn') as G(t). In the heavy-quark formal-
ism, one can insert a complete set of heavy-light meson state |n) and write
G(t) = (0|J(t)J(0)|0) as

G(t) = 3 (017(0)In) (n]7(0)|0) e Fnt = / dEp(E)e ™, (A6)

n
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where p(FE) is the spectral function, and we assume that p(E) is not too sin-
gular to perform the Fourier transformation and the spectrum FE is bounded
from below. Furthermore, the UV regulator also needs to preserve the above
properties. According to the Paley—Wiener theorem [81], one can analyti-
cally continue ¢ — ¢ = x + iy into the lower half-plane y < 0. Thus,
we define the y-axis in the lower half-plane, ( = —i7, to be the Euclidean
time. The corresponding G(—i7) is the Euclidean version of the correla-
tion function. After the analytic continuation into the Euclidean time, the
original gauge link along the real time direction then becomes a segment of
Euclidean gauge link along the imaginary time direction. If the Euclidean
theory preserves the invariance under (7,2z) — (z,7) (rotation and time
reversal), one obtains the equality between G(—i7) and the spacelike cor-
relation function G,,z(7n®) where the gauge link is along the z direction
with unit vector n* = (0, 1, ﬁl) The above argument can be generalized to
generic v = (1, 8,0, ) in Refs. [82, 83].

We demonstrate the above argument in the dimensional regularization
scheme (d = 4 — 2¢). One can integrate out k° first and impose the DR,
on the transverse direction. This results in the time-ordered perturbation
theory in the real time for G(t). Denoting the Fourier variable conjugate to
t as F/, a generic term in the time-ordered perturbation theory in the real
time then reads

(A7)

c) ~ [ D (E) ()T

2r palel) O <k> +i0

where dpu(e, E) is the phase space measure of the intermediate states with
three momenta k. D(e, E) is the generic numerator of the integrand. E; > 0
is the total energy of the i intermediate state. It is clear to see that we
can perform the Wick rotation ¢ — —i7 and F — iE. on Eq. (A.7). The
result is exactly the imaginary time version G(—i7)

[ n 1y | Py R

Next, we show that the anomalous dimensions of timelike [G(¢)] and space-
like [Gy=(7n?)] correlation functions are equal. The anomalous dimension of
G(t) can also be considered as an analytic function in ¢t — ¢ = x +iy. Since
the anomalous dimension is constant at ( = —i7, it is constant everywhere
in ¢. Thus, the anomalous dimensions of G(¢) and G(—i7) are the same. We
also notice that for the perturbation theory in the Euclidean space, before
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integrating out the time component k7 in G(—it), the Feynman integrand
in the Euclidean space is invariant under (7,z) — (z,7). This leads to
G(—iT) = Gp=(1n?). Consequently the anomalous dimensions of timelike
|G(t)] and spacelike |Gz (7n?)] correlation functions are equal. This is ar-
gued and directly verified to the two-loop level in Ref. [84] based on explicit
parameterization of the Feynman integrals. On the contrary, our argument
is a consequence of a general analyticity property of QFT.

For another example, one can also consider the vacuum expectation value
of a gauge-link along the time-like direction v = (1,0,0,0) in a gauge pre-
serving the Lorentz symmetry

F(t) = - Te{0[Pe=io i 440) o). (A.9)

Based on similar assumptions, F'(t) can be analytically continued into the
lower half-plane, t — ¢ = = + iy with y < 0. For z = —ir, F/(—i7) is then
defined to be the Euclidean gauge link along the imaginary time direction.
The Lorentz invariance of the original theory then leads to Euclidean in-
variance which indicates that F'(—i7) and a segment of spacelike gauge link
along the z direction with the total length 7 are equivalent.

Appendix B

Non-Abelian eikonal exponentiation

First, we briefly review the replica method to prove the exponentiation
theorem. Let us consider an SU(N)™ gauge theory with A = @, A;,
where ¢ denote n copies of Yang—Mills fields with no interaction between
each other. By definition, the VEV of the Wilson loop is

W(C,A)=W(C,A)"=1+nlnW(C,A)+ O (n?) . (B.1)

On the other hand, the perturbative expansion for W (C, .A) consists of iden-
tical diagrams and momentum integrals as those for W (C, A). The only dif-
ference is that every gauge field now carries an extra label ¢ ranging from 1 to
n, and the results of the color trace will depend on the arrangement of these
extra labels along the contour. Summing over all possible arrangements for
each diagram, the color trace becomes a polynomial in n. Comparing with
the expansion in Eq. (B.1), we obtain In W(C, A) from the linear term of n.
One can show that only web diagrams contain contributions linear in n using
diagrammatic analysis. Therefore, W(C, A) can be exponentiated.

Next, we consider the partial exponentiation of a gauge link in correlation
function of bilinear operators, see Eq. (46),

F(C,z,a") =T (O(x)W (C,a" — z) O’ (2')) . (B.2)
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The replica method cannot be used in this case due to the presence of other
operators. To show the partial exponentiation, we use the diagrammatic
method proposed in Refs. [54, 60]. The color factor C(G) of each diagram G
can be written as a sum of color factors C'(d), where d belongs to a set of
decompositions dec(G)

c@)= > cC@. (B.3)

dedec(G)

Each decomposition of the color factor of G consists of an operator-link 2PI
vertex wo and several webs w;, where i = 1 ~ n(d) with n(d) being a number
of webs, see Fig. 27 for an example. The color factor for each decomposition
is equal to the product of color factors

n(d)
c(d) =[] Clw), (B.4)
=0

where C'(wp) is the modified color factor of operator-link 2PI vertex, and
C(wiz0)s are the standard “maximally non-Abelian” color factors. In gen-
eral, C'(wp) is not “maximally non-Abelian” because the gluon attached to
the operators cannot be disentangled.

To prove the partial exponentiation, we need the generalized “eikonal
identity”

n(d)
> 1(6) = 5 [[ 1w, (B.5)
GeGy =0

where G4 is a set of diagrams whose decomposition set contains d, I(G)
denotes the Feynman integral of diagram G, and “symmetry factor”

Sa= ][], (B.6)

where n; counts the multiplicity of identical web diagrams for a given d. For
a Wilson loop, the product runs from 1 to n(d) and Eq. (B.5) reduces to
the standard eikonal identity [60]. To include operator-link 2PI vertex wo,
we must fix the diagram within the vertex and the proof is similar to the
standard one.

With the above ingredient, we start to prove partial exponentiation

n(d)
F(Cxa') =Y c@IG) =Y > J]cw)a)
G G dedec(G) i=0
n(d)

n(d)
=Y Y 1@ [[Cw) =Y ;d [I CtwI(w). (B.7)
d =0

d GeGyqy =0
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(a) An example

R

(b) Decompositions

Fig.27. Decomposition of color factors: In example (a), there are five different
decompositions [n(d) = 5], shown in (b). The grey blob is the operator-link 2PI
vertex wy, and the circled double line represents an arbitrary contour of the gauge
link. The decomposition d; contains two webs and wy; ds, d3, and d4 each contains
one web and wy; ds belongs to wy.

We used Eq. (B.5) to obtain the last line. Next, we change the sum of
decompositions into the sum over webs by fixing wg

n(d")

H C'(wi) I (w;) (B.8)

=1

Cxac ZC’U)O wOZSd/

where d’ is the decomposition of the gauge link part without the operator-
link 2PT vertex. Following the same argument in Ref. [60], we have the
exponentiation

I CwiI(w;) =™, (B.9)

d
ST
d’ Sd/ =1

which is similar to exponentiation of a vacuum bubble. By expressing the
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operator-link 2PI vertex as

T (O(x)W (C,z" = ) O (2') ) ypy = Z C(wo)I(wp) (B.10)
wo
and combining Egs. (B.8) and (B.9), the proof of Eq. (47) is concluded.

Appendix C

Landau equation

In this appendix, we briefly introduce the Landau equation that deter-
mines the IR divergences of a Feynman integral. The basic idea is that the

Feynman integrand
N(k,z)

[ > ziDi(k) +i0

is analytic in the loop momenta k£ and Feynman parameters x;. The singular-
ity of the integrand is caused by >, z;D;(k) = 0. If the contour of the inte-
gration can be chosen in such a way that the singularities at ), 2;D;(k) = 0
can be avoided completely, then the integral is called IR safe. If the inte-
gration contour cannot be deformed away from the singularities, then the
singularities of the integral are “pinched.” However, those pinched singular-
ities may not lead to IR divergences due to the power suppression.

To determine the possible pinching solutions, we Taylor expand the de-
nominator » . x;D;(k) around a singularity at z; and k. It is sufficient to
assume that x;s are not at the boundary of the integration domain, namely
x; # 0,1. Indeed, z; = 0 indicates that the propagator corresponding to x;
does not participate in the pinching and x; = 1 indicates that it is the only
propagator that participates in the pinching. In both cases, one can remove
all the propagators that do not participate in the pinching and perform the
analysis in the remaining propagators. Notice that if there are linear terms
in the expansion, then the integral is not pinched since in such cases, the
integral near the singularity is of the form of

1
(aizi +i0)N "’

]N (C.1)

(C.2)

where z;s are complex variables, which are linear combinations of x; and k,
and a;s are generic constants. Clearly such an integral is not pinched. How-
ever, if the linear terms all vanishe, then one encounters integrals of the form

of )
—_—, C.3
(aiz? +i0)" 3
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which are generally pinched. Therefore, the coefficient of the linear term in
the Taylor expansion of the denominator ), z;D;(k) in powers of z; and k
must vanish. We obtain the pinching corresponding to solutions to the
equations

Di(k) = 0, (C.4)

The second one is called the Landau equation.

If all the D;s are massless relativistic propagators, D; = p? + 10, the prop-
agators can be classified as collinear or soft. Any p!'#0 is called a collinear
propagator, while p' =0 are called soft propagators. All the soft propagators
decouple from the Landau equation since 319]912 x p; = 0. The Landau equa-
tion applies to the collinear propagators and can be viewed as a constraint
on the diagrammatic structure of all possible collinear divergences.

One can show that the condition has a clear physical meaning [11]: All
the collinear propagators can be identified as classical trajectories of parti-
cles traveling with on-shell four-momenta p's in Minkowski space. In the
constraint equation, z;0;D;(k) oc ;p!’ can be interpreted as a total displace-
ment of the collinear particle along a given propagator before joining with
other particles at the same spacetime point. The Feynman parameter z; can
be viewed as the affine/proper time for the massless/massive particle. The
Landau equation then describes the condition that the consecutive displace-
ments must add up to zero along any closed momentum loop [85]. On the
other hand, there are no constraints on the soft propagators.

As an example, let us consider the diagram in Fig. 28. The momenta
for incoming and outgoing collinear particles are p and p’, respectively. The
momentum of the virtual gluon is k. Using the Feynman parametrization,

Fig. 28. Examples of an isolated hard kernel.
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one has the following form of the denominator:

ok +ylp— k) + (1 -z —y) (p’—k)2 . (C.6)

The Landau equation then reads

zk? +y(p — k)2 + (1—$— ) (' —k)® =0, (C.7)
— (' —k)? =0, (C.8)

(p—k)?—(p -k =0, (C.9)
sk—yp—k)—(1-z—y)(p—k) =0 (C.10)

The first three equations require that all the propagators must be zero if
x,y,1 —x — y are all non-vanishing

B=p-k2=@ -k’ =0. (C.11)

However, since p and p’ are non-parallel, in this case, the fourth equation
cannot support non-trivial solutions. Thus either z, y or 1 — x — y must
vanish. If x = 0, then the equation reads

(p—k?=( -k =0, (C.12)
yp—k)+ (1 —vy) (p’—k) = 0. (C.13)

This can only be solved by y = 0,k = p2 or y = 1,k = p;. The two cases
correspond to the quark with momenta p — k, p’ — k being soft. If z # 0,
then y or 1 — x — y must be zero. In the former case, we have

ak=(01-z)(p —k) . (C.14)
This corresponds to the collinear to p’ region. In the latter case, we have
zk=(1—-x)(p—k). (C.15)

This corresponds to collinear to p region. As shown in Fig. 28, zk and
(1 —2x)(p— k) can be interpreted as the displacements of the collinear gluon
and quarks. The propagator ps — k is hard in this region, corresponding to
the crossed vertex in the figure. For both of these two collinear regions, the
end-point © = 1 corresponds to the region where the gluon with momenta k
becomes soft or k = 0.

With the presence of gauge link propagators, namely D; = n; -k for some
1s, the Landau equation can be generalized straightforwardly. If the gauge-
link participates in the pinching, one receives contributions proportional
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to x;0xn; - k = x;n; in the Landau equation. These can be identified as
displacements along the gauge-link directions. Combining with collinear
particles, the Landau equation indicates that the collinear propagators and
the pinched gauge-link propagators can be realized in Minkowski space as
well. The pinched gauge-link propagators correspond to displacements along
the gauge-link directions which can be connected to the same end-point of
the collinear particle trajectory. The total displacement along any closed
contour must vanish, as in the case without the gauge link.

As an example, let us consider the diagram in Fig. 29. The gauge-link
is in n direction and the external momentum p is collinear. Similar to the
case without gauge-link, the Landau equation requires

zk—yp—k)—(1—z—y)n=0. (C.16)
If n? # 0, then the non-trivial solution only supports 1 — z — y = 0, which
leads to the standard collinear to p and soft regions. If n? = 0 but n-p # 0,
then the Landau equation supports the following solution:
k2 =0, (C.17)
zk = (1—z)n. (C.18)
In this case, the gluon is collinear to the lightlike gauge-link. This type of
solution corresponds exactly to the rapidity divergences.

Fig.29. Examples of an isolated hard kernel.

For quasi-TMDPDFs, there is only one collinear direction, then the cor-
responding displacement can only be timelike, while for the gauge links they
are in z direction. They must add up to zero separately. Therefore, the Lan-
dau equation for the collinear propagators and gauge links decouples. For
the collinear propagators, the Landau equation is completely identical to the
case without any gauge links. Consequently, two collinear propagators are
viewed as joining at the same spacetime points if they are both connected
to the same gauge link. This is the reason why the hard kernel is contracted
to the quark-link vertex. Furthermore, by analyzing the Landau equation
for the gauge-link propagators, one can show that no nonzero solution of
x; is supported unless there is dipolar two-to-two amplitude insertion, in
which the nonzero solution is nothing but the pinch-pole singularity for the
staple-shaped gauge links.
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Appendix D
IR safety for timelike Scut

For a generic off-lightcone soft function, there are two types of IR diver-
gences: one is the pinch-pole singularity and the other is the ultra-soft mode
(the Wilson line self-energy has been subtracted by the vacuum expectation
value of Wilson loop). Both IR divergences behave as power divergences.
However, for a timelike soft function (v; and vo are both timelike) with dou-
ble time-ordering, we show that it is free from IR divergences. We first show
the heuristic argument made in Ref. [1] and point out the loophole caused
by linear divergence. We then present a proper treatment on the pinch-pole
singularity and the ultra-soft mode to prove that the timelike S¢yt is indeed
IR safe.

Following Ref. [1], we consider a soft function contains UV and IR regu-
lators, Ayyv and Ar. Since the logarithmic IR divergences are independent
of the b, and the limit Ajg — oo commutes with the Ayy — oo limit, we can
first fix the UV regulator and take the b; — 0 limit, then the soft function
becomes unity. Then we can drop the IR regulator, then perform the UV
renormalization. Therefore, the IR divergence vanishes for the soft function.
Notice that this argument does not work with the presence of linear IR di-
vergence, since in this case, the UV and IR divergences can mix with each
other in the form of Ayy/Air and the order of removing the IR and UV
regulators does not commute. Hence the breakdown of the argument with
the presence of the pinch-pole singularity or ultra-soft mode.

Before showing the pinch-pole singularity or ultra-soft mode vanishes
in timelike S.u, we analyze the structure of the web diagram of the soft
function. If we take the b, — 0 limit before Ayy and AR, the soft function
becomes unity and the contribution of the web diagram is zero. For example,
if we use DR (d = 4 — 2¢) as UV regulator and the length of the gauge link
staple L as IR regulator, the web diagram must be of the form of

d2—2¢k )
/WQS(M,M,L,E) (e””'bl — 1) : (D.1)

where @(k, , i, L, €) is the summation over all real webs at a finite transverse
momentum. The above equation also indicates the cancellation between
real and virtual diagrams. We will show that @(k,u, L,¢€) is IR safe and
the small-k; behavior of @ is of the form of 1/k**"¢. Therefore, due to
cancellation between real and virtual contributions in the small-k | region,
the resulting integral is IR safe.

We show that there is no pinch-pole singularity in timelike S¢,¢ before
the Wilson loop subtraction. It suffices to consider the self-interaction webs
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for the gauge link staple, since it is straightforward to see that there is no
pinching for the 2PI vertex part. For the self-interactions diagrams, there are
again those intermediate gauge link pairs between the dipolar 2PI amplitudes
insertions that generate the pinch, see Fig. 7. The propagator of a pair of
such gauge links is
1 1

k-v+i0k-v—i0"
Based on the momentum conservation, k£ equals the total on-shell momentum
flowing from one side of the gauge link crossing the cut to another side of
the gauge link

(D.2)

K= > EE, (D.3)

1€cut
o (). o

where m;s are the masses of quarks and gluons. Therefore, k is always
timelike and within the forward lightcone, thus k- v > 0 if any of the m;s is
nonzero. In such case, i0 prescription in the gauge link propagator can be
dropped and there is no pinch-pole singularity. If all m; =0, then k- v =0
when all the l;:; = 0. In such a case, the gauge link can produce standard
infrared divergences which are not regulated by ¢0. This 0 is important only
if k- v can approach zero from both positive and negative sides. Therefore,
in this case, the i0 prescription can still be neglected.

We then consider the 2PI vertex diagrams. To study the IR divergence, it
suffices to treat k, as a hard scale and do power-counting correspondingly.
Let us denote the hard kernel containing the vertex as Hy. Due to the
absence of pinching, the infrared gauge links in the standard double-line
representation can be counted as a soft particle with dimension %, therefore
the power-counting reads

A3 N(SHv,3)+N(SHy,1)—6 H AN (SH:,5)+N(SH;,1)—4 (D.5)

The disconnected hard region can then be absorbed into soft regions. The
leading region then reads

N (SHvy,3) =4, (D.6)

with all other connection numbers equal zero. Thus, the IR divergences are
caused by soft gauge links inserted into the central hard core in which the
k. is flowing across the cut. The relevant diagrammatic structure can then
be stated as follows.
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We define a 4PI “connected” vertex to be a vertex web that cannot be
cut into two disconnected pieces by cutting at 4 gauge links, 2 for each side.
Therefore, a 4PI diagram is free from IR divergence. A generic web diagram
can then be decomposed into a composition of N 4PI webs, between the 4P1
webs there can be 2-to-2 link amplitudes insertions. Each such insertion is
counted as a 4PI web as well. The leading region then can be labeled R;, in
which there are ¢ hard 4PI webs inside and N — ¢ soft webs outside. The soft

Si

ke
ky

ks
ky

S

Fig.30. A diagram with 2 4PI webs. The central one containing the vertex is hard,
and the outside one is soft. To obtain the leading IR divergence, one can neglect
k‘l to ki4 in Hv.

divergence in the region R; can be approximated by neglecting all the soft
momenta inside the hard webs, provided there is no power-IR divergence,
see Fig. 30 for example. Then the leading IR divergences in R; are contained
in soft functions evaluated at b, = 0, but with N —¢ 4PI webs and arbitrary
color structures at the vertex. Assuming up to N — 1 4PI webs, all these soft
functions are free from the power-IR divergence, and their vertex part can
be written in the form of Eq. (D.1) with finite &., in which ¢; denotes the
color structure at the vertex. There is a finite number of linear independent
color structures. In each of the region R; with ¢ > 0, the IR divergences are
contained in the combination

2—2e
/E%Ql_ﬂ;@ci(h,u,he)(l —1) (D.7)

which vanish exactly. Notice that the leading power approximation can only
be performed if there are no power-IR divergences, which is true given our
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assumption. Therefore, in region R; there are no IR divergences. Since there
must be at least a hard region, i # 0, the real vertex diagram @(k ) for the
original soft function at finite &k, is, therefore, IR finite. Moreover, we can
put an arbitrary color factor at the vertexes without changing the argument.
The IR finiteness for N 4PI webs is, therefore, established and by induction,
it works to N 4+ 1 webs as well.

Appendix E

Alternative proof of rapidity divergence factorization

In this appendix, we provide a different approach to the rapidity fac-
torization. We hope that the treatment here illustrates the key points in
a transparent way. We choose to work in the axial gauge n- A = 0. Sim-
ilar to the arguments in [1], we choose n = Z 4+ 7i;, where 7 is a non-
vanishing vector in the transverse plane. We choose the boundary condition
A*(n - x = 400) = 0, and we can choose either the single or mixed time-
ordering with spacelike off-lightcone vectors for the SIDIS kinematics. In
this case, the transverse gauge links in the infinity can be neglected. No-
tice that in this case, the hyperbolic angle reads § = Y + Y’ + iw. The
so-called pinch-pole singularities are not relevant to the rapidity divergence
and can be factorized. One can also choose a finite box in n direction or
include transverse gauge links to regulate them. We separate the webs for
the off-lightcone soft function into two types: the self-interaction webs for
the staples and the 2PI vertex webs connecting the two staples. We need to
show that the vertex webs are free from rapidity divergences to all orders.
Then, the rapidity divergences are isolated to the self-interaction webs. De-
note the divergent part of the full webs of the soft function as divy(Y +Y”)
and those for the self-interaction webs as diva(Y'). We then end up at the
functional equation

divy (Y +Y") = dive(Y) + diva (Y7) . (E.1)

This functional relation can only be solved by linear functions in Y. Indeed,
we can choose a large but finite Yy above which the divergent part is a
continuous function. Then from the functional equation we have

divi(Y) = dive(Y — Yp) + dive(Y0) . (E.2)
Therefore,

divy (YYo+Y'=Yy+Yp) +diva(Yp) = diva(Y —Yp+Yp) +divy (Y =Y +Yp) .
(E.3)
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Thus, for f(t) = dive(Yy + t) — diva(Yp), we obtain the equation

f+t)=fO)+r({). (E.4)

Then we can deduce from it that f(*) = " f(1) for any positive rational
number 7 > 0, and since the function is continuous, we must have f(t) =
tf(1). This shows the linearity of the divergence. Keeping only the divergent
part, we must have divy(Y) = dive(Y) = KY where K is a function of b, .
Furthermore, there are no natural hard scales available for the soft function,
thus no Y dependency can be generated from hard regions as well. This
leads to the rapidity factorization.

We now show that the vertex webs are free from rapidity divergences
after summing over diagrams. For this purpose, we need to know the na-
ture of rapidity divergence. We claim that they are collinear divergences for
the lightlike gauge links. Indeed, if one directly puts the gauge links on the
lightcone, then the corresponding Landau equation supports nontrivial solu-
tion of collinear divergences in the lightcone direction. They correspond to
nothing but the rapidity divergences. With a rapidity cutoff being imposed,
the modes generating rapidity divergences may not necessarily be exactly at
the rapidity cutoff, but will remain in the large rapidity region and will be
pushed into infinity as one removes the rapidity regulator. The quantita-
tive behavior of such a process is very sensitive to the detailed form of the
rapidity regulator. But a common lesson is that the rapidity divergence is
the result of lacking a uniform large rapidity limit and can be obtained by
analyzing the leading regions which supports large rapidity modes.

The generic structure of the region is determined by the solution of the
Landau equation and is independent of the regulator. However, to determine
which regions are leading, we need power-counting information, which may
depend on the regulator. For the off-lightcone soft function, the large rapid-
ity modes are simply boosted from the rest frames of the gauge links, there-
fore, the power scounting for the collinear modes reads (e*, e 1,1)k,.
The soft region as the solution to Landau equation simply corresponds to a
point. But based on the IR safety of the soft functions, the power count-
ing for the soft modes reads (1,1,1,1)k,. The soft and collinear modes are
separated in the rapidity space instead of in the k; space. The rapidity
divergence is induced by those modes with rapidity much larger than 1 but
smaller than Y, namely, they are near the border between collinear and soft
regions. Without a collinear region, however, no rapidity divergences can be
generated. Based on the power-counting information, the leading region for
the soft function is shown in Fig. 31. There are two collinear regions and a
soft region. For real diagrams, the &k, is of the order of 1/b; and for virtual
diagrams the k| can be up to the UV cutoff. Due to eikonal exponentiation,
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the virtual and real diagrams can be treated separately. There are also two
possible hard regions around each of the gauge link cusps.

Fig.31. The generic leading region for the off-lightcone soft factor.

In the axial gauge, the structure of the leading region can be further
simplified. Since the power-leading components A* of collinear gluons are
killed by the axial-gauge condition when they are inserted into “hard-parts”,
the two collinear regions cannot talk to each other directly. Thus, the hard
part H is absent in the leading region, and the two collinear regions com-
municate with each other through soft-gluon exchanges. This is shown in
Fig. 32.

Fig. 32. The leading region in the axial gauge, the hard kernel H is absent.

To disentangle the two collinear regions, we need to use the standard
soft-to-collinear eikonal approximation to factorize the leading contribution
of soft gluons. This can be justified in the following way. First, the Glauber
region is not a problem since n; # 0. Second, the ks for collinear prop-
agators are required to be at least of the same order as those for the soft
propagators in order to be power-leading. Thus, both in the real and vir-
tual diagrams, we only need to take into account the possibility that a soft
gluon was inserted into a collinear gluon with a comparable or larger k. In
this situation, we are safe to use the eikonal approximation. The result of
applying the Ward identity is shown in Fig. 33.
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Fig.33. The leading region in axial gauge after soft factorization.

When restricting to web diagrams, the soft factorization implies that the
collinear contributions cancel between different 2PI vertex web diagrams to
any order in a5. To show this, we adopt the replica trick introduced before.
We first notice that the web diagrams are linear in the replica number n. In
order for the contributions in Fig. 33 to be linear in n, either C' or .S must be
trivial. If S is trivial, then one is not dealing with vertex webs. Thus, C must
be trivial, which indicates that all the power-leading collinear contributions
in 2PI vertex webs vanish after summing over diagrams. Therefore, no
rapidity divergence can be generated. Due to the absence of a hard region,
no Y dependence can be generated from the hard region as well. One should
notice that for the virtual diagram, the k, can be comparable to the UV
cutoff, but according to our classification, it is still labeled soft.

A more quantitative argument works as follows. One chooses a large Yj,
large N. To a given order ng in perturbation theory, there are at most n
gluon propagators. We choose N > n with nNYy ~ Y +Y’. Now let us
perform a renormalization group analysis in rapidity spaces and “integrate
out” the large rapidity modes step-by-step. To enforce a clear separation
between different slices in rapidity space, we first split the rapidity spaces
between —NnYy and NnYj into NV parts

R, ={Y :(k—1)nYy <Y < knYy}. (E.5)

For any Feynman diagram up to the order of ng, we partition the phase
spaces for virtual gluons according to their rapidities. We define a group
to be a connected group of gluons with a maximal number n and with
consecutive rapidity differences no larger than Yp. We call the group is
at rapidity slice k if the average rapidity of the group is within Rp. Then,
between 2 groups there is a minimal rapidity gap Y. Since there is only n or
less gluons in the diagram, there can be at most n groups. If all the rapidity
reparations are less than Yp, then all the gluons will be within a single group.
We now “integrate out” all the Ry groups, left only with contributions from
Rpy_1 and lower-groups in the vertex webs diagrams. In this step, we need
to control the IR behavior for the Ry group, namely we need to show that
for gluons with that rapidity scales no IR divergence will be generated,
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and the typical “power counting” for that group is indeed consistent with
ktk™ ~ k% ~ 1/b%. This can be non-trivial, of course. Assuming this can
be done, let us consider the consequence on the Ry _1 and lower groups after
the “integrating out”. For this purpose, we need to sum over all the possible
connections between the Ry group and the Ry_1 groups. We notice that
since there is at least a Yj rapidity separation between gluons lines belonging
to different groups, the rapidity of ky_1 + kn, where ky and ky_1 are in N
and N — 1 group can be estimated as below, assuming the “SCET II” type
power counting

1+e Y0

NnYy+1In g — v - (E.6)

For large enough Yy, the second term is suppressed, and the resulting gluon
with momentum ky_1 + kpy still leaves a gap between Ry_1 and the lower
groups. Therefore, the integrating out process can be approximated in the
following way: we first fix a Ry group and consider all the possible connec-
tions between Ry_1 and the lower groups. Then, the “insertion” of Ry_1
and lower group can be approximated using the standard eikonal approxi-
mation, with the resulting error term of the order of O (e72Y0) due to the
rapidity gap. Therefore, the integrands factorize due to the Ward identity,
which is valid at integrand level after shifting loop momentum, which is ar-
gued to be possible due to the large rapidity gap. Then, for the vertex web
diagrams, if there are non-trivial Ry_1 to Ry connections, the contribu-
tion vanishes due to the replica argument as before, thus we end up at the
unmodified contributions with all the gluons within Ry_1 or lower

VN = VN,pure + VN—l +0 (e_YO) . (E7)

Here, the Vv pure is the contribution from purely Ry group, which is of the
order of @ e NY0 due to the axial gauge condition. Thus, we end up with
the following equation:

Vn=0e M0 4V 1 +0e Y0, (E.8)

There is a finite number of insertions at any given order, therefore, the
coefficient in front of e~Y0 is only a function of n. We then proceed to the
lower order. For each time where we need to consider insertion of the lower
group into the higher group, the usage of Ward identity results in an error
of the order of @ e~Y0. Thus, by summing over the contributions, we have

|V (NnYp) = V(nYp)| ~ (N = 1) (e7*°) (E.9)
when NV > 1. Let us denote Y/ = nYy and Y = NnY;. We then have

V) -V~ (Y=Y eV (E.10)
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We now show that the large-Y limit of V(Y") exists. We first show this allows
a sequence

‘V (ekQ) -V (e(k*m)‘ ~ (ek2 - e(kfl)z) e*e(k_U?/” . (E.11)
Thus,
Jlim v (ek2>‘ _ ‘V(ko) + Y 1 (V (e(k+1>2) e (ek2>) ’

2
< V(ko) + Y (ek2—e(k_1)2>e_e(k V<ol (B12)
k=ko+1

Therefore, along tower-exponential sequences such as Y = ekQ, the large-Y
limit exists. Let us denote the limit as a. Then, we have

YY) —al <|vr) = v (VYT [ v (M) g

< (Y— e[m_l]g> e’e[milﬁ/n—k ’V (e[m_1]2> —a

, (E.13)

where [z] denotes the integer part of x. Thus, if we choose large enough Y,
both terms at the right-hand side of the last line can be made arbitrarily
small, thus V(Y) converge to a.

Therefore, the vertex webs are free from collinear divergences, and all
the collinear divergences are factorized into self-interacting webs for the two
gauge link staples. This leads to the functional equation given before solved
by linear functions in Y. From the arguments above, the rapidity factor-
ization is the consequence of gauge-invariance, the structure of the leading
region for the soft function, and the non-Abelian exponentiation. Without
any one of these, the factorization would not work.

Appendix F
Alternative proof of S = Spy

We now provide two alternative proofs for the equality between
Spy (Y, Y’ by) and S(Y,Y”, b)), which applies to the arbitrary finite gauge
link lengths as well. We will show that

W (=iTy, —iTo, by, p,v,0") = W (11, T2, b1, pyu, ') (F.1)

We first state a proof based on a variation of the methods shown in the main
text. In the DY-shape soft function, we keep v{ = v = 1 and analytically
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continue in v = —v§ = v, We keep the staple length in z direction as L.
This defines a function f(z, L), analytic in z but not necessarily in L. It
relates to the f(z) defined in the main text through f(z) = limy_,~ f(z, L).

In the SIDIS-shape soft function, we consider the consecutive increments
in longitudinal directions

App = U (s—8)t+ (s— )iz, (F.2)
Ap =l (s—8)t+ (s+5)12, (F.3)
Ay = vV (s—s)t—(s—45)1z, (F.4)

with the s, s’ parameterizing the gauge links in initial and final states. s < 0
denotes the link is in the initial state and s > 0 in the final state. [ is the
common “length” in the z direction. Notice that for all the three cases, we
have s—s’ > |sFs’|. Therefore, we can analytically continue simultaneously
in 2l = v’ and [, provided that |3(21)| > || to guarantee the exponential
decay. Let un denote the resulting functions as g(zl,1). It relates to the g(z)
through g(z) = lim;_, o g(zl,1). Notice that this function is analytic in the
second variable including 37 = 0, as far as (zl) > S, since there is always
an exponential decay provided by the first variable.

We now inspect f(—ivg, L) and g(—iL,—voL). One can see that they
are two identical Euclidean Wilson loops related to each other by a rota-
tion, therefore, they are equal for arbitrary vg > 0. Let us consider the
two analytic functions in z at fixed L in the region |Rz| < 1, f(z, L) and
g(—iL,—izL). They are equal at z = —ivg, therefore, equal everywhere in
the domain of analyticity due to uniqueness of analytic continuation. Let us
choose 8 < 1, then the equality indicates

F(B —ie, L) = g(—iL, —i(B — ie)L). (F.5)

Taking € — 0 shows the desired equality.

The second proof is based on the properties of Wightman functions. Let
us denote the Wilson loop for the S as W, and for Spy as Wpy. We again
assume that there is a regularization scheme in which the Lorentz invariance
in the longitudinal direction is preserved, and the energy is positive definite.
We choose arbitrary N+ M points on the contour for the W according to the
time-ordering and show that the analytically continued version for the gluon
Wightman function for these points contracted with direction vectors equals
a corresponding contribution for the Wpy. Then, integrating along the con-
tour shows the equality. For simplicity, one considers points along links
in v and v’ direction, points on the transverse links can be included with-
out changing the argument. For W, one obtains the Wightman functions
VLM 0PN W e (S50 (1 —d€) + 801, sju(1 —de) +t5by ),
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where 0 < s] < s5 < ...s, < T and —T1 < 81 < ...sy < 0. Now,
the analytic continuation simply means s; — —is; and s; — —is}. This
analytic continuation is possible due to the fact that the consecutive incre-
ments (s; — si—1)v(1 — ie), (s; — s;_1)v'(1 — ie) and (v's) — vsy)(1 — ie)
are all in the forward lightcone, as a result, all s and s’ can be analyti-
cally continued to negative imaginary number by multiplying them by an
overall —i, due to the fact that the Fourier transform of these consecutive
increments are supported in the forward lightcone. After analytic contin-
uations, these Wightman functions are in the natural analyticity domain
called the tube of the form of R* — iV, , where V; denote the forward light-
cone. This is nothing but a Paley—Wiener-type result which relates the
support property of the Fourier transform of a distribution f(k) to the an-
alyticity of the original distribution f(z). Now we choose the same N + M
points from the contour of Wpy, but according to the z-ordering. This
is possible since Wpy is insensitive to time-ordering. Then one obtains
nH M PNy (S0 (1 — de) + by, sin(1 — ie) +
t;b 1) where all parameters s and s’ for W and Wpy are in one-to-one cor-
respondence. Then both Wightman functions are in their analytic region,
and all arguments relate with each other through the complex Lorentz trans-
form A(t,z) — (it,iz)) since A(—iv,—iv’') = (n,n’). Then one needs to use
the “edge of the wedge” theorem. This theorem states that the Wightman
functions in their analytic region called the “extend tube” transform under
complex Lorentz transform in a covariant way. In fact, the extended tube
is constructed exactly through complex-Lorentz transforms from the tubes.
Given the theorem, we have

(—i)u™ (=) M (=i)vy, (=),

XWILBN (—isio’ (1 — i€) 4 by, —isjo(1 — i€) + b1 )

e M

/
=n'M nMMp, o,

Wb (singo' (1 — i€) 4+ 1ib1, sn(1 —ie) + ;b1 ) (F.6)
and integrating s; and s} from —L; to 0 or from 0 to Lo leads to the equality.
Note that the theorems mentioned above only rely on the tempered nature
of the Wightman functions, causality (for the “edge of the wedge” theorem),
and support property, but do not require any positivity, thus should also be
valid in a theory with ghost modes. This defines the imaginary time version
for W and finishes the proof of the equality.

We state another proof that avoids the usage of properties of Wightman
functions.
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Appendix G

Gauge invariance of double-time ordering

Naively looking, the gauge invariance of the double time-ordered soft
functions follows immediately from the operator definition. However, as
one knows, in the quantum field theory, the real-time correlation functions
are boundary values of analytic functions with imaginary time components.
The correct + choices of the imaginary parts are normally associated with
the spacetime picture of the given correlation function. For the single time-
ordered soft function, there is a natural interpretation as heavy-quark pairs
propagating forwardly in time, thus the analyticity, consequently, the +
choices are the standard ones and there is no issue regarding the gauge
invariance. But for the double time-ordered soft function, the time order-
ings at the two sides of the “cut” are opposite, thus the + choices should
also differ. This can lead to problems regarding the gauge invariance. For
example, let us consider the “quasi-TMD”-type soft function, and let the
timelike gauge links start at t = —t9 < 0. Then, the —ty should be viewed
as —t%(1 — i0) on the left-hand side of the cut, but at the right hand side
of the cut, we should choose —to(1 + 0). This leads to a 2ito0 difference,
which can be dangerous.

Appendix H

Analyticity and universality in 0 regularization schemes

In this section, we study the analyticity in d-regulator soft functions.

Single time-ordering

The case of single time-ordering is similar to that of the off-lightcone
scheme. We first define the generalized soft function with §,0’ that can be
both imaginary or real

S (by, 11,6,8") = (O] TW, (EL, 5’) wi (0, —5’*) Wy (0,8) W] (zﬁ, —5*) 10).
(H.1)
Here, the gauge link is defined to be

Wy(&,6) = Pexp | —ig / dse @ A(ps + £)| . (H.2)

—sign(3d)oo

Notice that the gauge link direction is fixed by the imaginary part of the é.
If 39 > 0 the link is past-pointing, otherwise is future-pointing. If 6 = 0
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then we choose the +i0 to distinguish them. We first consider the case
36, 36" > 0, which corresponds to the “DY-shape”. In this case, we can
actually choose to let the gauge links be off-lightcone as well and define an
analytic function in both the off-lightcone vector and the § regulators. For
this purpose we simply change n,p to be the corresponding off-lightcone
vectors. Let p = (v°,1,0,0) and n = (v°,—1,0,0), then the consecutive
increments read

o—i8s—id's’ (—i"E(s—s') (H.3)

Let z = Rv® + i30°, then we have an analytic function f(4,¢’,2) in the
domain 3z < 0 and 36 > 0. In particular, the S~ corresponds to § = ¢’ = i
and z =1 — 0.

Similarly, let us consider the case where 3§ > 0 but ¢’ < 0. This
case corresponds to the shape of ST, and one obtains an analytic function
g(8,¢’,2) in the domain 6 > 0,3¢" < 0. In particular, the ST corresponds
to d =144,8 = —id’, and z =1 — 0.

We now consider F(6,8',z) = f(i6,i',1) and G(4,8,z) = g(id, —id, 2)
with z = —ivg. Then, by inspecting the shape of the resulting Euclidean Wil-
son loops and wusing rotational invariance, one obtains the relation
F(5,8,2) = G(iz0,i2¢',2) for § > 0, 6’ > 0 and z = —ivg, thus by the
uniqueness of analytic continuation to the whole domain of analyticity. By
taking z = 1 — 0, it indicates the following relation for R4, Ré’ > 0,36 <
0,3¢ <0:

f(i6,i6',1 —i0) = g(—&(1 — i0),8'(1 — i0),1 — 40) . (H.4)
By taking 6,6’ > 0, this relation relates the S* (b, , u, d,6) through
S*t(by,p,8,0) =8 (bL,u, 115“)142:510) . (HL.5)
Thus, at small §, the ST can be obtained from S~ through the substitution
In LK(M, ) — <ln v m) K(bi,p). (H.6)
26t6~ 26t6-

The above relation also indicates that all the single-time-ordered soft func-
tions with J-type regulator can be represented by a single analytic function
in 4.

Double time-ordering

We first define the following generalized soft functions where the ds can
differ at the two sides of the cut:

S (b1,11,6,5,8,8) = (O|TW, (zﬁ, 5T>Wn @, 5’) TWi (o, 5'T>Wp(o, 5)|0),
H.7)
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and the gauge links are defined in Eq. (H.2). We always choose 3930 < 0
and 39’39 < 0 to make sure the gauge links in the same lightcone direc-
tion are pointing to the same direction. We now show that F(4,0;d",0") =
S(by,p,8,0,8,8) defines an analytic function in all the four variables. We
first consider the case where 30 < 0 and $¢’ < 0. By inspecting the shape
of the gauge link, this corresponds to the DY shape. We can use a lightcone
perturbation theory in p direction. The gauge link staple in the n direction
then becomes an equal-lightcone-time observable. The energy denominator
has, in general, the following form:

D; - D
|| LN (8,8 ||7, J H.
L0 — Ky (9, j jo — ki’ (H8)

where the [, are the energy denominators in the “initial state” from —oco — 0
and the [] ; are in the “final state” from 0 — —oc. k; is the total lightcone

energy in the i*! state, and similarly for k; . The D;, Dj are numerators and

the N(&',6") collects the contributions from the equal lightcone time gauge
link staple. The first observation is, since all the intermediate states pose a
positive lightcone energy, k;” > 0 and kj_ > 0, the Feynman integral defines

an analytic function in 6 and ¢ in the complex plane with the positive real
axis being removed. Indeed, the real axis is where the energy denominators
can be zero, and after integration we expect a branch cut to be developed
there. It is again the positivity of energy that leads to analyticity. We fur-
ther notice that in the case with 6 < 0 and &9 < 0, the DY-shape soft
function is independent of time ordering, therefore, invariant under simul-
taneous change of 6 — ¢’ and 6 — ¢’. Thus, we obtain the same analyticity
in ¢’ and ¢ as well and the soft function in this region satisfies the relation

F(5,6,6,8) = F (8.5:6,5) . (H.9)

We now try to move outside this region.

We first analytically continue in § and § to the region where 6 > 0 and
38 < 0. Notice that for any d,, we actually have an analytic function in
8,6 in the region 3¢’ < 0,36’ > 0. Thus, we obtain a separately analytic
function with §¢ < 0 but with 3¢ not constrainted. Then based on the
Hartog’s theorem on separately holomorphic functions, we obtain an analytic
function in all the four variables. To use this theorem we need to slightly
relax the 3936 < 0 condition for §,6 to form an open connected domain,
but that is always possible as far as we chose their real parts to be negative
to make sure we are not going to cross the cut.

Similarly, we can fix a § and §, and analytically continue in &’,8’. This
leads to an analytic function in the region where § < 0 but I’ uncon-
strainted. We therefore obtain an analytic function F(§’,4’; 6, 6) in the region
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where one of the 3¢, 3¢’ is negative and we have the relation F(§,9;¢',6') =
F(8',68';6,6) throughout the region.

We now consider the special example where § = 1 —i0,6 = 1 + i0 with
n < 0 and consider arbitrary ¢ = 6’f. Then we notice that for n < 0, the
energy denominators involving d, § are all negative and independent of i0
choice. Since all the color factors and polarization sums are real, all the
imaginary parts are then provided by the ¢0 prescriptions for the gauge link
staple in the conjugating lightcone direction. By taking complex conjugate,
we find that the gauge link staple in — direction change from past to future
pointing. Since the soft function is real, we find that the two orientations are
equivalent. In conclusion, there is a regularization scheme, corresponding to
the choice § = 6" =7 —i0, &' = §'f =/ T 10, analytically connected to the
standard 0 regularization scheme, in which the DY and SIDIS soft functions
are equal. We can also choose §' = 8" = Fi6. In this case, the F does not
matter either.

We now perform a factorization argument to the SIDIS soft function
in the standard delta regularization. We can regularize all the auxiliary
lightcone gauge links using the n—140 version of the delta regulator and in the
initial state. The choice is possible since for the standard delta regularization
scheme, we have only initial state poles for £~ and final state poles for kT.
Thus, we can choose to deform in the k= direction, instead of in &+ and
put all the gauge links in the initial state. We then find the factorization
formula

SSsipis (bi, p,0,8") = (—id,id;46", —id")

~ S(—i0,i0;n" —i0,n" +i0) S (n — 0,1 4 90;4d’, —id") H.10

B S (n —i0,n + i0; 0/ — 90,7 + i0) , (H10)
where we have omitted the variables on the other side of the cut. We can
do the same type of factorization for the DY case

Spy (b1, p,6,8") =S (—id,id; —id', i)

_ S(=id,i0;n" —i0,n +i0) S (n — 10,1 4 i0; —id’, ")

N S (n —40,m + i0; 1/ — 0,1 + i0) ’
However, since we have shown that S(n —i0,n+140;40’, —id") = S(n—i0,n+
i0; —1d’,40"), we must have Ssipis (b, p,0,8") = Spy (b1, i1, d,0"). This builds
the universality of the standard soft function in delta regularization.

For the off-lightcone soft function in double time-ordering, a similar an-
alyticity pattern in hyperbolic angle can be found. The hyperbolic angles at
two sides of the cut have to be treated differently in order to obtain analyt-
icity. By factorizing the spacelike SIDIS soft function into the on-lightcone

soft function with the generalized § regulator, one can show that they are
equal to the DY soft function in the lightcone limit.

(H.11)
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