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Light-front wave functions play a fundamental role in the light-front quantization approach to QCD and
hadron structure. However, a naive implementation of the light-front quantization suffers from various
subtleties including the well-known zero-mode problem, the associated rapidity divergences which mixes
ultraviolet divergences with infrared physics, as well as breaking of spatial rotational symmetry. We
advocate that the light-front quantization should be viewed as an effective theory in which small k™ modes
have been effectively “integrated out,” with an infinite number of renormalization constants. Instead of
solving light-front quantized field theories directly, we make the large momentum expansion of the equal-
time Euclidean correlation functions in instant quantization as an effective way to systematically calculate
light-front correlations, including the light-front wave function amplitudes. This large-momentum effective
theory accomplishes an effective light-front quantization through lattice QCD calculations. We demonstrate
our approach using an example of a pseudoscalar meson wave function.
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I. INTRODUCTION

Light-front (LF) quantization (LFQ) or formalism is a
natural language for parton physics in which partons are
made manifest in all stages of calculations. The goal of the
Hamilton formulation of LFQ is to solve nonperturbative
quantum chromodynamics (QCD) just like a nonrelativistic
quantum mechanical system, i.e., diagonalizing the
Hamiltonian and obtaining the wave functions for the
QCD bound states [1],

M;
2P*

PoIY,) = 00 1) (1)

where P is the LF momentum (see Eq. (5) below for light-
front coordinate definition) and P~ is the LF Hamiltonian,
and M, and |¥,) are a hadron mass and wave function,
respectively. Then all the partonic densities and correlations
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functions may be calculated as the expectation values of the
LF wave functions (LFWF). The LFWFs naturally arise in
high-energy processes. For exclusive processes [2,3], one
usually probe a given Fock component and the nonpertur-
bative distributions for these components are exactly

LFWFs and the k | integrated LFWF or the distribution
amplitude (DA). They have been applied to various form
factors such as the pion electromagnetic form factor [4,5],
the proton form factors [6—9] and exclusive processes such
as B decays [2,3,10,11]. A good introduction to hadronic
form factors in perturbative QCD is given in [12].

Moreover, like in condensed matter physics, knowing
quantum many-body wave functions allows one to under-
stand interesting aspects of quantum coherence and entan-
glement, as well as the fundamental nature of quantum
systems. Therefore, a practical realization of the LFQ
program clearly would be a big step forward in under-
standing the fundamental structure of hadrons, particularly
the nucleon (proton and neutron), which are the funda-
mental building blocks of visible matter.

To be sure, wave functions for the hadron bound states
are not the most natural objects in quantum field theory
(QFT) due to the nontrivial QCD vacuum, ultraviolet (UV)
divergences as well as Lorentz symmetry, according to the
latter the space and time shall be treated on the equal
footing. The proton and other hadrons are excitations of the
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QCD vacuum which by themselves are very complicated
because of the well-known phenomena of chiral symmetry
breaking and color confinement. To build a proton on the
top of this vacuum, one naturally has a question about what
part of the wave function reflects the property of the bound
state and what reflects the QCD vacuum: This difference
yields the properties of the proton that are experimentally
measurable. There is no clean way to make this separation
unless one builds the proton out of elementary excitations
or quasiparticles that do not exist in the vacuum, as often
have been done in condensed matter systems.

The parton degrees of freedom in the infinite momentum
frame (IMF) fulfill the above purpose to some degree. Due
to the kinematic effects, all zero modes in the vacuum have
longitudinal momentum k™ = 0, and to some degree of
accuracy (incorrect for higher-twist observables as we will
discuss), the proton is made of partons with k* > 0. This
separation of degrees of freedom is particularly welcome,
making a wave function description of the proton more
natural and interesting than in any other frame. Moreover,
one can impose an infrared (ir) cutoff on the k™ > ¢ in the
effective Hilbert space, such that all physics below k™ = ¢
are taken into account into counterterms in a way similar to
the renormalization of uv divergences. The result is an
effective LF theory with “trivial” vacuum,

a;(x;, ]_gil)|0> =0, (2)

where |0) is the vacuum of QCD, a;(x;, k;| ) is an generic
notation for annihilation operator of parton species i with
longitudinal momentum fraction x; and transverse momen-

tum 1?,- . Therefore schematically one can write down the
Fock-space expansion for the proton state in LF gauge
At =0,

n
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2T (20
with x; = k7 /P, y,(x;. k;, ) are LEWF or LFWF ampli-
tudes or simply LF amplitudes. The latter are a complete set
of nonperturbative quantities which describe the partonic
landscape of the proton.

We should mention that if one is not satisfied with an
effective theory for k™ > 0 partons, but instead would like
to apply the LF quantization procedure to construct the full
theory, then the zero-mode problem must be treated with
great care. The naive idea that the vacuum of LF QFT is
trivial turns out to be inaccurate. In fact, it have been proved
in Ref. [13,14] that not only the nontrivial QFT vacuum
cannot be simple, even the Green’s functions of the theory
together cannot pose generic meaningful restrictions to
the null planes T = constant. Therefore, zero modes do

where the phase-space integral reads dI', =[]

contain nontrivial dynamics and contribute to the high-twist
properties of the proton, such as mass and transverse spin
[15]. As we explain in the next section, an effective theory
view of LFQ simply cuts off the zero-mode complication
and relegates these physics to renormalization constants,
and this view point, when applied to the covariantly
quantized theory, is sufficient for us to make sense the
LFWF amplitudes in a self-consistent manner. In very few
cases when frontal attack of the zero mode problem are
practically feasible, the more ambitious goal of solving the
full theory can be achieved [16,17].

With the above caveat, it is possible to invert the LF
quantum state, by express the LFWFs in terms of invariant
matrix element amplitudes,

o) = O [[atm Bl @)
i=1

As we will show in the paper, the above can be expressed
equivalently as equal LF time field correlators similar to
other standard LF quantities such as parton distribution
functions (PDFs) and transverse momentum dependent
PDFs (TMDPDFs) [18]. By properly restoring gauge-
invariance through LF gauge links exp(ig [ A*d2) and
imposing regularizations, the above amplitudes can be
calculated not only in LF theory but can also be accessed
through the large momentum effective theory (LaMET)
approach [19-22]. Therefore, one can actually obtain a LF
picture of the proton without going through the explicit
LFQ, or one can effectively obtain the results of LFQ
through instant quantization at a large momentum frame.

In this paper, we will show how the generic rapidity-
renormalized LFWFs can be obtained from LaMET in a
way similar to the TMDPDFs [23]. The organization of the
paper is as follows. In Sec. II, we review the LF quantiza-
tion and its conceptual difficulties, especially the rapidity
divergences. We emphasize that there is an implicit infinite
rapidity limit behind the LF quantization which adds
additional transcendentality to LF formulation of QFT in
comparison to the equal time formulation. Due to the
effective theory nature of LFQ, the rapidity divergences
appear in a way similar to the emergence of uv divergences
in the continuum limit and require a proper treatment. In the
LF formulation, however, it is very difficult to regulate the
rapidity divergence consistently due to breaking of Lorentz
invariance. We argue that it is simpler to stay in the instant-
quantized theory and treat the LF quantities as gauge-
invariant correlation functions with rapidity regulators. In
the spirit of LaMET, using rapidities of external states as
physical off-light-cone regulator, one can obtain the LF
quantities without LF quantization.

In Sec. III, we formulate LFWF amplitudes as gauge-
invariant correlation functions with lightlike gauge-links
attached to maintain gauge invariance. These gauge-links
lead to rapidity divergences which must be regularized
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using rapidity regulators. The naive LFWF amplitudes
depend on these regulators and contain additional soft
contributions. We introduce the generalized soft functions
to remove these additional soft contributions and define the
physical LFWF amplitudes that can be used in factorization
theorems.

In Sec. IV, we present the LaMET formulation of LFWF
amplitudes. We first introduce the quasi-LFWF amplitudes
defined similar to the quasi parton distribution functions
(PDF) and quasi-TMDPDF. The large hadron momentum
P? plays the role of a physical off-light-cone regulator. At
large P*, the quasi-LFWF amplitudes can be matched to the
physical LFWF amplitudes with the help of reduced soft
functions. We introduce the generalized off-light-cone soft
function and present the factorization theorem of quasi-WF
amplitudes. A sketch of its proof is included. As an
application of the factorization formula, we show that
the Collins-Soper (CS) rapidity evolution kernels can be
extracted from ratio of quasi-WF amplitudes in which the
soft function contribution cancels.

In Sec. V, we use the leading LFWF amplitude of a
pseudoscalar meson as an example to demonstrate to
illustrate the large momentum expansion formalism. And
we conclude the paper in Sec. VL.

II. PARTONS AND LIGHT-FRONT
QUANTIZATION AS EFFECTIVE THEORY

Partons are an idealized concept which has been moti-
vated from high-energy scattering, in which the constitu-
ents of hadrons all travel collinearly at large momenta,
which can be taken to the limit of infinity on the scale of the
strong interaction scale Agcp. These are specialized modes
of QCD whose dynamics can be described by an effective
theory of soft and collinear degrees of freedom from which
the individual hadrons can be constructed. By choosing a
particular direction of collinear modes, one can construct a
Hamiltonian formulation of the theory, which has been
called light-front quantization. In this view, LFQ of a theory
is actually an effective theory, just like the heavy quark
effective theory in which a particular set of modes is
selected to describe the quark of infinite mass. As such, the
LFQ cannot describe well the soft-gluon physics at very
small k™ which are part of the hadrons.

In this section, we will review the standard formalism of
the light-front quantization and explain why one shall take
the view that it is an effective theory of QCD and hadron
structure.

A. Basics of light-front quantization

As early as 1949, Dirac had advocated three forms of
dynamics, with light-front being one of them [24]. In light-
front theory, one defines two coordinates,

£ =(£8)/V2, (5)

where T is the light-front “time,” and &~ is the light-front
“spatial coordinate.” And any four-vector A* will be now

written as (AT, A™, A 1 ). Dynamical degrees of freedom are
defined on the ¢ = 0 plane with arbitrary &~ and E 1, with

conjugate momentum k" and k . Dynamics is generated by
light-cone Hamiltonian H;- = P~. For a free particle,
with 3-momentum (k*,lz 1), the on-shell LF energy is
k= = (K. + m?) )2k

For theories like QCD, the dynamical degrees of free-
doms are defined as y, and A . Defining Dirac matrices
vt =1/v2(y° £¢7), the projection operators for Dirac
fields are defined as P, = (1/2)yFy*. Any Dirac field y
can be decomposed into y =y, +y_ with y, = Py,
and y, is considered as a dynamical degree of freedom.
For the gauge field, AT is fixed by choosing the LF gauge

A* =0 and A | are dynamical degrees of freedom. The
physics of the LF correlation becomes manifest if one
introduces the LF quantization conditions for dynamical
fields

(Wl @y, (0)} = P&, (6)

W@, 07 (0)] =595 (B) )

where three-vectors and delta-functions are all in the sense
of LF coordinates. To solve the commutator relation, one
starts with the canonical expansion,

l//Jr( t= 0’ 5_’§L)

B / &k, di*

= | Grrger 2l kyutio)

x e~k E=kiED) 4 gt (K)w(ke)elK € —kiED](8)

where b'(b) and d'(d) are quark and antiquark creation
(annihilation) operators, respectively. We adopt covariant
normalization for the particle states and the creation and
annihilation operators, i.e.,

{by(k), bl (K)} = {d, (k). d},(K')}
= (27)38,,2k5(k+ — K+ (k, — k),
9)

where o is the light-cone helicity of the quarks which can
take +1/2 or —1/2. We ignore the masses of the light up
and down quarks.

Likewise, for the gluon fields in the light-cone gauge

At =0, E | 1s dynamical and has the expansion,
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A (67 =0,6,¢))

d*k, dk* e P

= [ —=— k)&, (k)e~ K& =kél) L Hel. (10

| G Dlestaoe FHel (10

And we have the following covariant normalization for the
creation and annihilation operators for gluon,

lay(k). @ (kK')] = (27)38,,2k*8(k* — k+)0@ (ky — KL).
(11)

Implicitly, the gauge fields A* is a traceless 3 x 3 matrix
with A# =" AT, where T“ are the SU(3) Gell-Mann
matrices satisfying [79,T?] = ife¢T¢ and {79, T’} =
184y + dypT¢, where f9¢ and d“° are the group
constants. .

Given i, and A |, using equation of motions y_ and A~
can be expressed in terms of y, and A, [25]. In terms of
these light-cone free fields, the LF Hamiltonian can be
decomposed into a free part H® and an interaction part
V+ vinst

Hic = /df_dzng_+(‘f+ = 075_15L),
= H{r%e +V+ Vinst’ (12)

where HITe* is the free kinematic energy on the light-cone,
and the interaction V contains the standard quark-gluon
vertex and the 3-gluon, 4-gluon interactions. The new
feature of the light-cone quantization lies in the instanta-
neous interactions Vi, [1] similar to the static Coulomb
interactions in Coulomb gauge quantum electrodynamics.

Given the LF Hamiltonian, bound states in QCD can be
formulated in a way similar to standard eigenvalue problem
in quantum mechanics. The expansion coefficients of the
hadronic functions in the above free Fock states are called
LFWF amplitudes. Perturbatively, one can apply the old-
fashioned perturbation theory to Hic to calculated the
LFWFs. The resulting perturbative series is called light-
front perturbation theory (LFPT) and can be formally
obtained from Feynman perturbation theory in light-cone
gauge by integrating out £k~ first [26]. A major feature of
LFPT is that naively looking, due to the k* > 0 constraints,
no particle can be created out of or annihilated into the
vacuum, therefore there is a clear separation between
particles with k* > 0 and the vacuum. This is in sharp
contrast with the equal-time quantization where particles
can be created from vacuum and there is no clear separation
between particles and the vacuum.

The hope of LFQ for QCD is not about perturbation
theory, but to solve the hadron states on the light-front [1].
The discretized light-cone quantization was proposed in
[27] to solve the bound state problem. This nonperturbative
framework allows one to treat the zero-mode problem

explicitly in [16,17,28] and turns out to be successful for
models in 1 + 1 dimension, such as the Schwinger model
[16,29-31], the 1 + 1 QCD [32-34], the 1 + 1 ¢* theory
[35] and the sine-Gordon model [28].

B. Zero modes, rapidity divergences and LFQ as
effective field theory

However, as one realized later, the simplification due to
LFQ is not as trivial as one might thought about at a first
glance. Even in 1+ 1 dimensions, the triviality of the
vacuum is invalid [14] due to the presence of non-
negligible light-cone zero modes (modes with k™ = 0).
They corresponds to long-wave length fluctuations at large
light-cone separation and are sensitive to the vacuum
structure [17]. A proper treatment of such modes requires
an ir regulator such as a finite box in £~ direction that was
adopted in the “discrete light-cone quantization” [27]. In
LFPT, naively neglecting light-cone zero modes will also
lead to inconsistent results for certain Feynman diagrams
where the + components of certain external momenta
become zero. For example, as argued in Ref. [36], the
vacuum bubble diagram for the 1 + 1 ¢* theory is nonzero
at P™ = 0. This contribution is entirely due to light-cone
zero modes. Integrating out the k= at P* = 0 in a way that
leads to LFPT will omit the zero modes contribution and
produce incorrect result.

The light-cone zero modes problem that serves as a
conceptual “back-door” against vacuum triviality of LFQ is
not the only severe problem of LFQ. It has been found [37]
that the standard power-counting method that works in
equal-time or Euclidean formalism failed to produce a
simple pattern of uv divergences in LFQ. In fact, in 4-D
gauge theory, a new type of divergence at small k" called
“light-cone divergence” appears due to presence of k% in the
phase space measures and in the instantaneous vertices. In
LFPT, the individual diagrams can diverge even more than
logarithmically. One might think that the light-cone diver-
gence is simply an artifact of LFQ and should cancel at the
final step of calculation for physical quantities such as §
matrix elements. However, there are quantities for which
the cancellation of light-cone divergences are not complete.
Among them are LFWF amplitudes and the associated
eigenvalue Eq. (1). We will show in Sec. III that by
expressing the LFWF amplitudes as gauge-invariant cor-
relations functions in covariant gauge, one can identify the
noncanceling light-cone divergences as the famous rapidity
divergences known in the literature of transverse momen-
tum dependent (TMD) phenomenon [18,38,39]. In covar-
iant gauge, they are caused by lightlike gauge links
extending to infinities and can be regulated efficiently
by introducing rapidity regulators to the gauge-links, but in
LFQ and LFPT they appears in all diagrams. The appear-
ance of the light-cone or light-front divergences is a signal
that LFQ theory is an effective one in the sense that the
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theory serves to emphasizes the infinite-momentum col-
linear modes.

Due to the above reasons, LFPT has not been used for
any calculations beyond one-loop, except for two-loop
anomalous magnetic moment in QED [40]. In fact, the
common wisdom of using dimensional regularization (DR)
for the transverse-momentum integral, and cut-off for
longitudinal momentum has not been proven useful for
multiloop calculations. However, a successful use of the
LFPT has been the derivation of the Balitsky-Fadin-
Kuraev-Lipatov evolution [41-43] by Mueller for quarko-
nium wave functions, for which the rapidity divergence
structure is relatively simple [44].

Due to the complication caused by the LF divergences,
there appear infinite number of counterterms in the LF
Hamiltoinian [37], which describe the interactions of zero-
modes with nonzero modes. This is the price that one pays
for an effective theory to truncate away the zero modes
which contain infrared physics as well. Even without these
problems, one has to use a severe truncation in the number
of Fock states to solve Eq. (1). Such truncation usually
breaks simple rotational symmetry in the sense that the
states belonging the same angular momentum multiplets
will have different energies. Moreover, there has been no
demonstration so far that the Fock truncation converges
well in QCD [37].

Thus, the LFQ provides a great way to understand the
parton physics, but it is difficult to solve it directly due to
the complicated LF divergences and their renormalization.

C. An effective approach to light-front quantization

We have emphasized that LFQ is an effective theory of
high energy scattering in which the infinite-momentum
limit is taken before uv renormalization. This is also the
spirit of the soft-collinear effective theory (SCET) [45,46].
On the other hand, one can perform uv renormalization first
before taking the infinite-momentum limit. One can obtain
the former result from the latter by simple EFT matching.
This is the spirit of the large momentum expansion or
effective theory [19,47].

More specifically, there is a procedure to obtain the LF
correlators from Euclidean correlation functions in equal-
time quantization. Let us consider for simplicity the
following two-point function inside a fast-moving hadron
state |P) with large but finite hadron momentum P¥#

§-pP

where A = £ - P is the longitudinal invariant length and b 1
is the transverse component of £. The large rapidity gap
between the separation £ and the hadron is characterized by

the variable {; = % that plays the role of a hard scale as

well. In order to obtain the corresponding LF version

Fo (ui,(:g _ ) — (PlO@©0O)P).  (13)

fol4, b,.c u) at rapidity scale ¢, two nontrivial operations
need to be performed to obtain the corresponding light-
cone version

(i) An operation in uv which removes the contributions
in f that are due to fluctuations at the hard scale ¢ £
This process is usually called matching. After
performing the matching, the hard scale {; depend-
ency “transmutes” into the renormalization scale y
dependence of the LF-correlator.

(ii) An operation in small k" region, the rapidity
renormalization, that removes all the contributions
form the small kT fluctuation. After rapidity re-
normalization, the physical rapidity dependence
“transmutes” into the rapidity renormalization scale
¢ dependence of the LF-correlator.

Schematically we have the relation:

fO(’LI;J_an“)
¢ Ce

:C},i—r}chRD <€_§> ®Cuv (;) ®.}~CO()*’EJ_7C§’”>' (14)

The Zyp is the rapidity renormalization factor and the C,
is the matching kernel. The ¢ is a rapidity renormalization
scale which emerges after performing the rapidity renorm-
alization. Therefore, in this sense the light-cone theory is
obtained from the full theory by “integrating out” uv
modes above {,, and the small k™ modes below Aqcp, and
can be viewed as an effective theory to the full theory. As
expected, the LF quantum fields ¢ are not the original
quantum fields of the full theory.

III. WAVE FUNCTION AMPLITUDES
AND RAPIDITY DIVERGENCES

In this section, we first express the naive WF amplitudes
as LF correlation functions between hadron state and the
QCD vacuum, in which lightlike gauge-links extending to
infinities are required to maintain gauge-invariance. This
also allows the identification of LF divergences as the
rapidity divergences, known in the literature of TMD
physics, which we will review after introducing the LF
amplitudes. We then introduce the generalized soft func-
tions composed of N + 1 Wilson-line cusps that remove the
regulator dependency in naive LF amplitudes (or defining a
universal regulator scheme consistent with DR). The
physical LFWF amplitudes and their evolution equations
will also be discussed.

A. WF amplitudes as LF correlation function

As we have pointed out before, the WF amplitudes can
be expressed in the form of Eq. (4). By inverting the LF
creation-annihilation operators in term of LF fields in
Egs. (8) and (10), one can express the WF amplitudes as
LF correlation functions with quark and gluon fields
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separated in E | and & directions. Here we present a precise
definition of the LFWF amplitudes in terms of the matrix
elements of nonlocal LF operators between the hadron
states and the QCD vacuum.

We first introduce the dimensionful light-cone vectors
p= ﬁ (1,0,0,1) and n = %(1,0, 0,—1) in convention
AF = (A%, A, A%, A3). They satisfy p - n = 1. P* is a mass
dimension-1 parameter which will be chosen appropriately
in specific applications. We use a generic notation ¢; to
denote dynamical parts of the quark and gluon fields y and
A#, with indices i to label field types, and any other features
such as color representation, flavor, etc. We introduce
gauge-invariant version of the field @®; which contains
gauge-link along the light-cone direction n, pointing to
positive or negative infinity:

(&) = Wi (£)$(9). (15)

with lightlike gauge-link Wi () defined as

+oo
WE(E) = Pexp [—ig[) din-A(E+n)|,  (16)

where P is a path order. In the LF gauge n-A = 0, the
gauge-links formally disappears and the ®; simply reduces
to local LF fields ¢, in Egs. (8) and (10). From these fields,
one can construct the generic naive LFWF amplitudes,

Wl (% b1 )

N
:/Hdﬂieu‘xi X e+iﬂox0

i=1

N
X <0|77NHq)ii(/1in +bi1 )@y (don+boL)|P).  (17)

i=1

where xg = 1 =Y, x;, 4g = —>_; 4;, and all longitudinal
momentum fractions carried by partons satisfy 0 < x; < 1.
We single out a field labelled with O with a fixed
longitudinal coordinate 4, and conjugation momentum
Xo- We choose the sum of the all longitudinal coordinate

A; as 0 due to translational symmetry. Likewise, when P has
no transverse momentum P; = 0, the transverse coordi-

nate b | can be shifted by an overall constant without any
effect. The O superscript on the amplitude indicates that
rapidity divergences have not been regularized. However,
regular uv divergences are regularized in dimensional
regularization (DR) with renormalization scale x and in
the modified minimal subtraction (MS)-scheme.

All fields are properly coupled to the quantum numbers
of the hadron under consideration. The projection operator
Py is to project all the color indices onto the singlet
channel. For example, for N = N, — 1 and all the ®;s are in
the fundamental representation, the projection is the total

FIG. 1. The LFWF amplitudes 1//;0 (blue) and 1//1‘\,0 (red). The
crossed circles denotes the operator insertion ®; or junctions of
gauge-links. The explicit form of the junctions of the gauge-links
are light-cone infinities is irrelevant as far as gauge-invariance is
preserved.

anti-symmetrization while for N = 1 and one fundamental,
one conjugate fundamental, the projection is the trace. It
must be distinguished from the path-ordering operator P.
There may be different ways to couple the same set of fields
into the required quantum numbers and they are treated as
independent. We have also omitted the helicity and angular
momentum coupling to generate a specific helicity combi-
nation [48]. See Fig. 1 for a depiction of these LFWF
amplitudes.

The above amplitude is gauge-invariant without the
transverse gauge-link at light-cone infinity if calculated
in nonsingular such as the covariant gauge. However, in
light-cone gauge A" =0, the gauge potential does not
vanish at infinity, one must specify connections of the
gauge-links at 1 = £o0 [49]. A similar observation is true
for calculation in a finite spacetime volume with a fixed
boundary. The choice of connection method does not affect
the relative amplitude between partons with k* # 0, but
will affect the overall normalization of the amplitudes
through the effects of the zero modes as boundary con-
ditions at infinity can only affect zero modes.

One can further Fourier-transform the above amplitudes
to the transverse momentum space. Since the matching
formula to lattice is much simpler in the coordinate space, it
is usually done at the end of a calculation.

B. Rapidity divergence and rapidity regulators

Neglecting all the divergences, one can formally show
that the naive LF amplitudes in Eq. (17) reduces to the ones
in the hadron wave function defined in light-cone gauge.
The naive amplitudes in Eq. (17), however, suffers from a
new type of divergence associated with the infinitely long
lightlike gauge-links. These divergences are due to radia-
tion of gluons collinear to the lightlike gauge-link and
cannot be regularized by the standard uv regulators. An
example is the following integral in dimensional regulari-
zation (DR) [50],
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_ J(kTk) dy f(m
/dk+dk k+k 1+€_ / /d : 2+2s (18)

where m?> = k*k~ and y = kT /k™ is the rapidity-related
variable. The divergences in y arise from large and small y
where the integral is unregulated. It is clear that this
divergence is precisely the noncanceling part of the
light-cone divergence at small k* when Eq. (17) was
evaluated in LFPT. However, in LFPT such divergences
scatter across all the diagrams and cannot be regulated
consistently. In the manifestly Lorentz-covariant formal-
ism, it is purely caused by the gauge-link and is much easier
to keep track with. This rapidity divergence is the signature
that partons are objects in effective field theories.

To regulate the light-cone or rapidity divergences, a
number of methods have been introduced in literature (for a
review see [50]). They can be put into two classes: on-light-
cone regulators and off-light-cone regulators. In the former
case, the gauge-links are kept along the light-cone direction
n* after regularization. For example, the so-called o
regulator [51,52] regularizes the gauge-link as:

Wi (&) = Wi (&)ls-

+oo -
= Pexp {—ig/ din - A(E+ n)e~ T |, (19)
0

and similarly for the conjugate direction, where 6~ is a
positive dimensionless quantity that regulates the light-
cone divergence. The & regulator breaks gauge-invariance
nominally, but the breaking effects might go to zero
smoothly as 6~ — 0. The regulator preserves the boost
invariance 6% — e*'6* where Y is the rapidity of the
(residual) Lorentz boost. The LF-distance regulator [53],
on the other hand, regulates the LF divergence through
finite LF distance L~

Wi (§) = Wi (9)l.-

= Pexp [—ig /iL_ dn - A(f + /11’1) s (20)
0

which preserves the gauge-invariance at large L~, but is
difficult for analytic calculations, in additional to adding
transverse gauge links. Other on-light-cone regulators
include the exponential regulator [54], n regulator [55],
analytical regulator [56], etc. Not all of them work in the
case of LFWF amplitudes, since some of them are defined
with the presence of intermediate state cuts. Nevertheless, the
o regulator and the LF-distance regulator can still be
implemented in the context of LFWF amplitudes. In the
remainder of this section, we will use the 6 regulator as a
representative whenever we need an on-light-cone regulator.

The off-light-cone regulator was introduced in [18,57-59],
and also used in [58]. This type of regulator chooses
off-light-cone directions to avoid the rapidity divergence.

One can choose, for instance, to deform the gauge-links
into the spacelike region:

- p
nenyzn—ezy(PJr)z. (21)

Here Y plays the role of a rapidity regulator, as when
Y — o0, ny — n. In certain cases one can also deform ny
into timelike region [60].

The on-light-cone regulators are consistent with the spirit
of parton physics, and therefore are useful to define
residual-momentum-independent parton densities. The
off-light-cone regulators, on the other hand, are in a similar
spirit as LaMET, and therefore can be exploited for
practical lattice QCD calculations, as we shall see in the
next subsection.

To avoid light-cone divergences, from now on we
include the rapidity regulator in the definition of the
LFWF amplitudes. The gauge-invariant fields ®; are
regularized as

= Wi (95 9(8). (22)

in terms of which the unsubtracted LFWF amplitudes
becomes

OFE(E67)

Wi (xi. b p67)
_ /Hdlliei/lixi % @it
i=1

N
x (0[Py [ [ @ (hin + b;1:67) @5 (Agn + by1:67)|P).
i=1

(23)

The subscript 6~ denotes that the gauge-links in ®; are
regulated by the & regulator in the light-cone minus
direction. Similar to the case of TMDPDFs, as 6~ — 0,
y diverges logarithmically, and the finite part also depends
on the rapidity regulator. Therefore, the naive amplitudes in
Eq. (23) cannot appear in factorization formulas for
physical observable by themselves. One must remove all
divergences and rapidity regularization scheme dependen-
cies in y, in a way similar to removing uv divergences in
physical quantities. These can be accomplished with
the help of soft functions to be introduced in the next
subsection.

We should mention that the rapidity divergence in gauge
theory is not simply an artifact, it reflects the deep fact that
as one boost a hadron to faster and faster speed, soft gluons
at long-wave length are continually generated with larger
and larger population. Therefore, the rapidity divergence is
closely related to the small-x physics. Here we simply
mention a famous example of Mueller for the onium wave
function. Assuming the initial wave function is given by
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wo(x, br), let us consider the radioactive correction to the
wave function at order a2. This calculation has been
performed by Mueller in [44], see also [61]. For the valence
component consists of one quark and one antiquark we
simply need the virtual part of his result. The divergent
piece is given by:

l//z,q(x’ Xmin» bJ_v/”)|div
a,C I-x dx
o =0 / Dol by). (24)
X,

‘min g9

The coefficient of the divergence is nothing but the one-
loop Collins-Soper evolution kernel for TMDPDE. If we
probe reals emissions with Glauber exchanges as normally
happens in the real collision, then the rapidity divergence
simply cannot be captured by a linear evolution equation.
Instead, at large N, the rapidity evolution for the generating
functional for the soft-gluon wave functions is controlled
by the nonlinear Balistky-Kovchegov (BK) equation
[62,63], which can be mapped to the Banfi-Marchesini-
Smye (BMS) equation [64] associated to those “nonglobal”
infrared logarithms. A throughout discussion on the small-x
evolution equation and the BMS equation is beyond the
scope of this paper.

C. Generalized soft functions for LFWF amplitudes

Similar to the case of TMDPDFs, the rapidity divergen-
ces as well as scheme dependencies in Eq. (23) can be
renormalized with the help of generalized soft functions,
introducing a new rapidity scale {. Specifically, the
generalized soft function for the wy in Eq. (23) is
composed of N 4+ 1 Wilson-line cusp operators in the
representation set R = {R;;i € (0,N)} where R; denote
the color representation of the ith cusped Wilson-line. The
Wilson-line cusp operator is defined as

CE(by,6%,67) = Wi (b L)y Wh(b)l5.  (25)

where W, is defined as

W,,(I;l) = Pexp {—z’g/_00 dilp-Ap+b)|. (26)
0

Here the A’ has mass dimension —2. And the =+ choice for
the LF minus direction n in W, should be chosen the same
as that of the WF amplitudes in Egs. (22) and (23).

With the above, we define the generalized soft
function as

N
Sy (biL.p.6%.67)=(0|TPy ] [C*(bir.6%.67)[0). (27)
i=0

where 7 is a time-ordered product for quantum fields.
Notice that the time and path orderings are operating on

p n

FIG. 2. The soft function Sy, (upper) and Sy (lower) which can
be used to renormalize the light-cone rapidity divergences in
LFWF amplitudes.

different spaces of operators. For N = 1 and R = {f, f}
where f,f denote fundamental and conjugate fundamental
representations, the definition reduces to the standard
TMD soft function for quark-TMDPDF [18]. See
Fig. 2 for a depiction of the above generalized soft
function. In the following discussion, we will always
omit the label R for the color-representation of the
generalized soft functions unless otherwise mentioned.
We will also omit the “generalized” from their names and
call the case with N =1 and N > 1 generically as soft
functions.

Intuitively, the soft functions are obtained from the
WF amplitudes by performing eikonal approximations to
the incoming parton lines. They re-sum all the soft-gluon
radiations from the bare WF amplitudes and suffer from
rapidity divergences. Therefore, the generic rapidity
regulator is also imposed on the soft function. Since
the soft function contains two lightlike directions, the
scheme dependencies of the soft function are expected
to “double” that of the WF amplitudes, therefore a
square root is introduced in the next subsection to
ensure the renormalized WF amplitude is scheme
independent.

Indeed, it has been argued in [39] based on conformal
transformation that the rapidity divergences in the un-
subtracted WF amplitude and the soft functions are indeed
multiplicative and is controlled by the generalization of the
Collins-Soper kernel, labelled here by Ky (b;,,u) [57]. As
8 — 0, one has
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Sﬁ@u,,ﬂ, 6t,67)

2 432
> u/(P >
= exp KN(bu,ﬂ)ln%%"Dz,N(bu,ﬂ) :

(28)

where only the product 76— appears due to boost
invariance and (P*)? comes from the definition of dimen-
sionful light-cone vectors. In principle, the mass parameters
in the light-cone vectors can be chosen differently from that
of the hadron, but here we chose them to be the same for
simplicity. As a result of this choice, the hadron momentum
dependency is entirely transmuted to the soft functions. The
generalized rapidity evolution kernel depends on the color
representations R and reduces to the standard Collins-

Soper kernel for N =1 and R = {f,f}. Ky(b;,p) is
independent of rapidity regularization scheme. On the other

-

hand, the finite part D, y(b;;,u) (where subscript 2
indicates the definition depending on the two on-light-
cone vectors) is scheme-dependent.

Similar to the N =1 case, the soft-function in &
regularization satisfies the renormalization group equation

d -
ﬂzﬁln Sy(bis p,6%,67)
u

N+1 w/(PF)
=0T (e AL
2 Tam(@) 5"
N+1
P ), (29)

where I, (@) is the lightlike cusp anomalous dimension
[65,66] and the y,(ay) is the soft anomalous dimension
independent of N [67]. But they all depends on the color
representation R. The generalized Collins-Soper kernel
satisfy the renormalization group equation (RGEs):

- N+1

d
2 = Ky(bip) = ———
H d,u2 N( il ﬂ) 2

Feugplas).  (30)
It is worth pointing out that S5 and K in some special
cases have been calculated to two loops in [38].

One should notice that the 4 sign in the logarithms in
Eq. (28) is related to the analyticity structure of the soft
functions. Notice that the ¢™*" in the definition of the
delta-regulator can be viewed as residual imaginary exter-
nal momenta 6k, = i~ p and 6k, = i5*(P")?n carried by
the corresponding gauge-links in p and n direction,
respectively. For the S} space-time picture, both of them
are incoming and the residual momentum transfer equals to
Q* = (6k, + 6k,)* = —(P*)?5"6~, which is spacelike.
Therefore the corresponding soft functions Sy are purely
real. On the other hand, for the S}, picture one residual
momentum is incoming while another is out-going and the

residual momentum transfer (6k, — 5k,)? becomes time-
like, which will generate an imaginary part. In fact, one can
show that the two versions of the soft functions are related
through analytic continuation

St (biy o, 6767) = Sy (b p, =576 +i0).  (31)

This is similar to the relation between spacelike and
timelike form-factors [68] where the momentum transfer
Q? equals to —(P*)25%6™.

D. Rapidity-renormalized LFWF amplitudes
and rapidity-scale evolutions

With the above soft functions, we take its square root to
perform the rapidity renormalization of y% in Eq. (23) and
define the “physical” LFWF amplitudes as

Wl (X, by p,87)
\/SﬁR(EiL,M’ 5-ePn,57)

vii (i by £) = lim (32)

where SﬁR is the generalized TMD soft function defined
in Eq. (27).

Similar to the case of TMDPDF [18], We also introduced
a dimensionless rapidity parameter y,, for the renormalized
WF amplitude. The rapidity divergences cancel between
the bare or unsubtracted WF amplitudes and the soft
function, leading to the explicit dependence of WF ampli-
tudes on a set of rapidity scales ¢ defined as

£ = 2(P+)2en, (33)

Sometimes it is also useful to introduce N + 1 rapidity
scales related to ¢ and x; through

gi=xh (34)

Given x; and £, they are not independent variables, but they
are the most natural hard scales around the N + 1 link-field
vertices. The rapidity evolution equation for the rapidity-
renormalized WF amplitudes reads

d . .
zgd—glnlﬂﬁ(xi,bu,ﬂ,é) = Ky(bi1.p). (35)

where the generalized Collins-Soper kernel is nonpertur-
bative for large I;i 1. The proof of the above equation is
similar to TMDPDF and will not be discussed here. See
Refs. [47,57] for further details.

The RGE for the uv-renormalized WF amplitude can be
derived easily,
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d -
2_1 +(y. b.
H d/l2 nl//N(xzv ll’ﬂ’é’)
1 2 N+1
=- E | .| — H , 36
4 — cusp nigx%—io D) 4 (as) ( )

where y is the hard-anomalous dimension that depends on
the specific field operators ®@,;. We will give an example for
meson amplitude later.

One should notice that for unpolarized TMDPDFs, the
imaginary parts cancel between different diagrams as they
are real quantities, but for WF amplitudes there are no such
cancellations. The imaginary parts are caused by rapidity
logarithms of P* and various rapidity regulators. The
proper £ in the +{; —i0 term is determined by the i0
prescriptions in the gauge-link propagators for the unsub-
tracted or bare WF amplitudes and the soft functions. A
correct prescription must guarantee its exponential decay at
light-front infinities. The standard set of the LFWF ampli-
tudes defined above can serve in factorization of exper-
imental processes or comparing with various theoretical
calculations.

IV. QUASI LFWF AMPLITUDES AND
FACTORIZATION IN LAMET

The standard LFWF amplitudes are natural quantities to
solve in LFQ if a viable approach can be found to
implement a nonperturbative solution of Eq. (1). The
rapidity dependence will appear naturally when the LF
Hamiltonian is implemented with a rapidity regulator, such
as finite length in the LF coordinate, without breaking the
manifest Lorentz symmetry. Alternatively, they can be
calculated using the effective large-momentum expansion
approach once the instant-form solutions of some
Euclidean matrix elements in a large momentum state
are found [22]. The goal of this section is to show how
to implement this.

We first need to find a Euclidean version of the WF
amplitudes which contain the same collinear and soft
physics as that of the LFWF amplitudes. Similar to the
case of TMDPDFs, the collinear part can be taken into
account by boosting the gauge links in the standard
amplitudes without time dependence, and the light-front
time dependence can be taken into account by the large
rapidity external hadron states. Thus all the ingredients
required to reproduce the correct collinear and soft physics
for WF amplitudes are available on a Euclidean lattice.

In this section, we first define the quasi-WF amplitudes
in general. We then introduce the reduced soft functions as
the rapidity independent part of the generalized off-light-
cone soft functions. They are required to cancel the
off-light-cone scheme dependencies from the quasi-WF
amplitudes and match to the standard LFWF amplitudes.
We then discuss the factorization of quasi-WF amplitudes
and present the matching formula.

A. Quasi-WF amplitudes

Let us denote the unit four-vector in z direction as
n, = (0,0,0, 1). We consider the ordinary equal-time (also
named as Euclidean) quasi-LFWF amplitudes or simply
quasi-WF amplitudes in a large momentum hadron,

Py (X, by . C)
:Lli_l;EO/Hdllie_MiXi_Moxo
L

0[Py [IYV, @ (A, + b,y ;L)@ (gn.;L)|P)
ZE(2L551'J_»/4)

(37)

where 1o=->",4 and xo=1-37%,x;. The
OE(An, + by L) is the gauge-invariant field with
gauge-links along z directions (extended to length L) being

attached

OF (1) = Pexp [ig A T e+ ) | o). (8)

with & = —¢£ - n, and the &=L corresponds to the F choices
for the WF amplitude. The ¢, = (2P - n.)? are the Collins-
Soper rapidity scale similar to that of the quasi-TMDPDFs.
One also needs the N + 1 rapidity scales {,; = ¢{.x? similar
to the ;. Clearly the above quantity is the external
momentum P* = (P°,0,0, P?)-dependent. The choices
of the fields and couplings in the quasi WF are not unique,
for a given LFWF amplitude to be reproduced. This is the
universality principle of LaMET discussed in Ref. [22].
Zp(L,b; ) is the vacuum expectation of a set of space-
like Wilson-lines along z direction and separated in the
transverse plane:

Zp(L.bjy.p)

N L .
= (O|PNTHPexp [ig/ dAA* (b, +/1nz)} |0). (39)
i=0 0

The connection in the transverse plane is needed for gauge
invariance and might not be unique and shall be in
accordance with that in the standard LFWF amplitudes
to be reproduced. The purpose of the factor Z, in the quasi-
LFWF amplitudes is the same as for quasi-TMDPDFs, in
additional to cancel the Wilson line self-energy. See Fig. 3
for a depiction of the quasi-LFWF amplitudes and the Z.

The external momentum-dependence of the quasi-WF
amplitudes can be calculated when the hadron momentum
is large. The momentum RG equation can be shown in a
way similar to [57] as
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FIG. 3. The quasi-LFWF amplitudes ¥y (upper) and Zg
(lower). The crossed circles denotes the operator insertion ®;
or junctions of gauge-links. Notice that the connection of the
gauge-links at z = L is not unique, however, the contribution at
z = L should cancel after taking the ratio with /Zp.

pe 4
dP?

N
- |
= KN(biJ_’/‘) + Zzgi@lzx%v”)’ (40)
i=0

lnli/]%/(xi’ bii’ﬂ’ Cz)

where we have omitted terms of higher powers in (1/P%)?,

and the K N(l; i1, M) is the nonperturbative rapidity evolution
factor same in Eq. (35) and G*({.x?,u) are perturbative
kernels. From the rapidity evolution equation, one clearly
see that as P* — oo, there are large logarithms in P?, part of
it being nonperturbative and part of it being perturbative.
Therefore, to match to the WF amplitude one needs a hard
kernel H to take into account the perturbative logarithms,
and an exponential of K to take into account the non-
perturbative rapidity logarithms.

B. Generalized off-light-cone soft functions

In the previous subsection, we have introduced the
gauge-invariant quasi-WF amplitude. However, it still
suffers from implicit scheme dependency since they are
defined with an off-light-cone regulator along the z
direction. To match them to the physical WF amplitudes
introduced in Sec. III, one needs the (generalized) off-light-

cone soft functions Sf,(l;ivj_,ﬂ, Y,Y’) composed of N + 1
Wilson-line cusps which we now introduce.
We first define the off-light-cone spacelike vectors as

d
=2y _p and

p=py=p—e(P)Pnn—ny=n-e?" gk

the off-light-cone Wilson-line cusps C(b,Y,Y"):

CE(by.Y.Y) = Wi, (b)W,(b.). (41)

where the off-light-cone gauge-links W, and W, are
defined as

-

Wpy(bL) ="Pexp [_ig/—oo d/VPY'A(/VPY‘*‘ZL)}’ (42)
0

and

> +oo -
W, (b1) =Pexp {—ig/ diny: -A(Any + bL)] . (43)
0

respectively. With the off-light-cone Wilson-line cusps, the
soft functions are defined in a way similar to Eq. (27):

-

S[T/(biL’ H, Y! Y/)

ORI G Y10
Ze VN Zel7)

where /Z is introduced similar as in Eq. (39) to subtract
the pinch-pole singularities and power divergences of the
off-light-cone gauge-links. In terms of Inp? = 2(Y + Y’),
we can also write the off-light-cone soft functions as

Sﬁ(bu»ﬂal))
In the light-cone limit ¥ + Y’ — oo, we have:

SIZ{:/(I;Z‘J_?/'tv Y’ Y/)
=exp[Ky (b p)In(F " —i0) + Dy (b .p)].  (45)

where K is the same Collins-Soper kernel as in Eq. (28),
but Dy is different from the on-light-cone version D, y.
Similar to the case of ¢ regulator, imaginary part appears in
the Sy case due to analyticity property. In fact, one can
show that the off-light-cone soft function depends only on
the (complex) hyperbolic angle for the directions vectors
from which the imaginary part can be generated. The
rapidity-independent part is defined as the generalized
reduced soft function:

Sn(bip.p) = e Prlbin), (46)

which is independent of the oo choice. Based on the
renormalization property of nonlightlike Wilson-loops, the
reduced soft function satisfies the RG equation

N+1

d -
M2 d—,uzln Son(biL.p) =— C(ay), (47)

where I'g is the constant part of the cusp-anomalous
dimension at large hyperbolic cusp angle Y + Y’ for the
off-light-cone soft function:
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d -
ﬂzd_ﬂgln Sy(biy.p. YY)

N+1
2

N+1

Iﬁcusp(“x) + —FS

~(Y +Y) .

(a;).  (48)
Notice that I'g depends on the color representation k.

Similar to the N =1 case [23], the off-light-cone soft
function S;,(l;,- 1,4, Y, Y') equals to a time-independent
form factor of fast-moving color-charged state. Thus it
can be simulated using the Euclidean formalism of heavy-
quark effective theory (HQET). The explicit form of the
HQET implementation depends on the color-representa-
tions of the Wilson-line cusps. We will not go into the
details here for the general case.

In the next subsection, we will show that similar to the
case of quasi-TMDPDFs [69], the corresponding non-
perturbative rapidity independent part that cancels the
off-light-cone scheme dependencies in quasi-WF ampli-
tudes is exactly the reduced soft function.

C. Factorization of quasi-WF amplitudes

Given the reduced soft function, we can state the
matching formula between the quasi-WF amplitudes at
finite momentum and that in LF theory’'

SrN(giLvﬂ)

{,—i0 o -
¢ KN(bll,#)le\tl(é’z.i//’ﬂ)u/lj\; (xi’bil’/’t’é‘) +e (49)

1/71%/ (xivbij_nu’ Cz)
In*

1
—=e2

where Hx($.;/u?) is the perturbative matching kernel
which is responsible for the large logarithms of P*
generated by the perturbative G* part of the momentum
evolution equation. The H3; and Hy relates with each other
through analytic continuation in ¢, Similar to the quasi-
TMDPDFs, the momentum fractions of the quasi-WF
amplitudes and the LFWF amplitudes are the same since
the momentum fractions can only be modified by collinear
modes when |k, | < P%. And AN i the part
involving the nonperturbative rapidity evolution kernel.
The imaginary part is required again in the S}, case due to
our definition of S,y. As in the case of quasi-TMDPDFs,
this factor is required to cancel the nonperturbative loga-
rithms in P*. The omitted terms are the power-corrections

which are of order O(AéCD/C“,MZ/C“, 1/(517,] lCZ,))

with M being the hadron mass and 5bl]l = bll le
Similar to the case of quasi-TMDPDF [69], a sketch of
mathematical proof for the factorization formula Eq. (49)
can be provided with the help of the leading regions for
quasi-LFWF amplitudes, shown in Fig. 4. There are

Tn front of the Collins Soper Kernel K there is a factor 1
which is missing in Refs. [22,23].

FIG. 4. The leading region for quasi-WF amplitude {,,, where
C is the collinear subdiagram, S is the soft subdiagram and H are
the hard subdiagrams. The N + 1 hard-cores are disconnected
with each-other, therefore the momentum fractions of the quasi-
WF amplitudes and physical WF amplitudes are the same.

collinear, soft and hard contributions captured by the
corresponding collinear (C), soft (S) and hard (H) subdia-
grams. The collinear contributions are the same as the WF
amplitudes defined with LF correlators, while the soft
contribution can be factorized using off-light-cone soft
functions. At large P° and large |b;, —b; hard

exchanges between vertices at different Ei | are power-
suppressed, therefore the hard contributions are confined
near the N + 1 vertices. The hard natural scales for the hard
subdiagrams are given by {.; = {_x?, which are Lorentz-
invariant combinations of the gauge-link direction n® and
the parton’s momenta k; = x;P. As a result, the momentum
fractions x; only receive collinear contributions and remain
the same between the quasi-WF amplitude and the physical
LFWF amplitudes.

Given the leading region, a standard application of Ward-
identity argument [ 18] will lead to the factorization formula
Eq. (49). We use oft-light-cone regulator in all the soft
functions as in [18]. The reduced soft function S, emerges
at the final step as the noncanceling soft function combi-
nation that appears when the factorization formula is
expressed in terms of the physical LFWF amplitudes
through the combination in Eq. (32). Similar to the case
of quasi-TMDPDFs, S,y serves to compensate the rapidity
independent part between y and {y. The Collins-Soper
kernel appears to compensate the rapidity mismatch
between yy at { and §ry at ..

Here we should mention that when performing the
factorization of quasi-WF amplitude using off-light-cone
regulators, the emergence of S,y is expected since it is
defined exactly through the off-light-cone soft functions.
However, in the SCET style approach one can use on-light-
cone regulators to do the factorization as well. As shown in
Ref. [22], if one perform factorization of § using on-light-
cone regulators, the S,y can also be defined through the
following type of combination
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e N _'. + -
Sn(biy, p) = lim Sulbis. 0 57) - (50)
55.67=0 §— (blpﬂé )Sy (b ,L,,U,5)

where the S,(,(l;,- 1, 4, 6787) in the numerator is the on-light-

cone soft function defined in Eq. (28). The S;,(l;,» IR
in the denominator is defined similarly, but with one on-
light-cone gauge-link direction along p or n, and another
off-light-cone one along n*. The light-cone regulator for the
on-light-cone gauge-link directions are denoted by &.
Notice that the combination in Eq. (50) also appears in
Ref. [70] in the special case N = 1 and is equivalent to their
“instant-jet TMD distribution” W(£) at special &.

D. Collins-Soper kernel from
quasi-LFWF amplitudes

As an application of the factorization formula Eq. (49),
we show that the Collins-Soper rapidity evolution kernel
can be calculated from the large-momentum dependence
of the quasi-WF amplitude, just like the case of quasi-
TMDPDF [47].

Notice that by taking the ratio of two quasi-LFWFs, the
reduced soft function S, cancels. Furthermore, if we chose
the quasi-LFWFs to have different sets of Collins-Soper
scale, £, and ¢’ but with the same x;, the LFWF amplitudes
will also cancel. This allows the Collins Soper kernel to be
extracted in the following way

-

KN(biJ_’/‘)
1 (C///’t ) ﬁ('xi’l;il’/’tvz:z).
%m% F(Co 1 (xi, b e, CL)

(51)

It is clear that this is a result of the rapidity evolution
equation for quasi-LFWFs. The same method was first
obtained in the context of quasi-TMDPDF in [71] by taking
ratio of quasi-TMDPDFs at different P*. Notice that the
matching kernel and the quasi-LFWF amplitudes all have
imaginary parts in general, but after taking the ratio, the
imaginary parts cancels, left with a purely real Ky.

V. LEADING WAVE FUNCTION AMPLITUDE
FOR PSEUDOSCALAR MESON

In previous sections, we have presented the general
theoretical framework to calculate LFWF amplitudes using
LaMET formulations. As an application of the general
principles, we present in this section the example for the
leading gg component wave function for a pseudo-scalar
meson. As usual, we first present the standard definition in
terms of the light-front formulation, then introduce the
corresponding Euclidean formulation in large momentum
expansion.

A. The light-front formulation

According to the general rules, the leading unsubtracted
wave function amplitude for a pseudoscalar meson is
defined by

l//qi(?(x blv H, 5_)

_/d/1 —ix,A
2) 2x

X (O[¥ (An/2 + b )y Wi (=an/2)|P) 5. (52)
where x, is related to the standard definition of x by
x, = x —1/2, and the “gauge-invariant” quark field is

¥ (8) = Wi (©)lsw(&). (53)

Due to rotational invariance, the amplitude defined above is
a function of b, = |b |, thus we have omitted the vector

arrow for b 1, and we will do so throughout the section for
the N =1 case. See Fig. 5 for a depiction of the meson
wave functions.

We now present the perturbative one-loop calculation for
the above amplitude. We consider a system where the
incoming quark and antiquark momenta are xoPt and
(1 — xo)P*, respectively. The spin projection operator for
the incoming state is proportional to y°y~ and the tree-level
wave function amplitude is normalized to &(x — xg).
Evaluated in the 6 regularization scheme, the bare WF
amplitude reads

a,Cr a,C
= EIF(x,x0,b1 1)) +‘2—7TF5(x—x0)

A Smr?) ) o

Yig !
)\n -+ gJ_
1
z
P

l//qq(x blﬂé )

0 _
N, Y

FIG.5. The gq wave function for a pseudoscalar meson. Again,
the red case corresponds to w7, and the blue case corresponds

to w7,
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where Cr = (N2—1)/2N, and L, = 1n4 };; and

Fx.x0. b1 1)
) G )+
% 0(x)0(xo — x) + (x = X. X — X). (55)

where 1 indicates that there is an ir divergence. The plus

€ir

prescriptions at x = x(, 1 — x, is defined for x = x; as

/ f(x) g(x)dx = / dxf(x)[g(x) = g(xo)].  (56)

and similarly for x = 1 — x,,. Notice that x and x =1 —x
are the momentum fractions carried by the quark and the
antiquark.

The soft function with N = 1 and R = {f, f} is defined
with two Wilson-line cusps explicitly as

SE(by.p.5%6) =Nitr<0|7 W5 (5)]5+
X Wi (b)]5- Wi (0)]5- W5 (0)]5+ [0). (57)

At one-loop, the soft function Sli(b L4, 67,67) is given
by [72]:

ST(by,p,6%67)

a,Cr u 7’
L2-2L,n—" 47 (58
2 < T (58)

ST(by,pu,6%67)

asCF ﬂz . ”2
—1 2-20,(m—*t 7).
s ( b b(“z(P+)25+5— + ’”) %

(59)

where ST contains an imaginary part. Therefore, we can
extract at the leading order the CS kernel and reduced soft
function,

K](blnu) ==

(XCF 7[2
L2 +—). 61
o (ne) e

Ly, (60)

DZ 1 (bJJ )

They are consistent with the case for TMDPDFs. The
rapidity dependence coming from the initial-state quark
radiation is intrinsic and nonperturbative for large b .

In term of these, the renormalized WF amplitude is
defined explicitly as

W?’]t(?(x bl,ﬂ,é_)
oI VSt (b, p, 67 e¥n,57)

qu(x bJ_ H, Z.:) ’ (62)

where we have chosen 6t = ¢»»5~ with y, as a dimen-
sionless parameter. While both y° and S, depend on the
regulator 6%, the combination y is regularization indepen-
dent and gives rise to the dependencies on the universal
rapidity variables ¢ = 2(xP*)%e? and { = 2(XP*)e>,
with the dependence on the latter being omitted.
Combining the results above, the one-loop WF amplitude
reads

quq(x’ bJ_a)“? C)
o aSCF
2z

Li 3 W 1
by (24—t =z
X{ ) + /,<2+ rli ?Z’_iO) +2 12}, (63)

which effectively replaces the rapidity regulator 6 by the
rapidity scale . It is important to note that the above result
is now independent of the light-cone regulator .

The renormalized WF amplitude satisfies the rapidity
(momentum) evolution equation

a,C
[F(x.x0 b )] + =55 8(x = x0)

d
P dP+ ]nl//qq(x bl H, z.:) l(bls/’t)v (64)
and the RGE:
d
d 2lnz,uqq(x bi,u¢)
L gl In— 2 (@) (65)
=5 sp\ s — =~ YH\%).
2 cusp + Z:(:—io H

In the above equations, the evolution kernel K (b, u) and
the anomalous dimensions are the same as those of the
TMDDPFs. At one-loop, the above cusp and hard anoma-
lous dimensions read

a,Cr 3a,Cr
Fcusp(as) = P YH(as) = _?'

(66)

Recently the cusp anomalous dimension have been calcu-
lated to 4-loops [73,74].

B. LaMET expansion

To calculate the above gg WF amplitude, we define the
unsubtracted quasi-WF amplitude as

lpécq(x’blvﬂ é,z)

0¥, (%tb )TWs, (—2)|PS
lim ew<| e (54D )T, (=759 >’ (67)

V ZE(ZvaJ_nu)
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t

A

/ z

B

by

2L

FIG. 6. The quasi-LFWF 7, (upper) and the Zg (lower).
In the figure, A=an/2+b,/2, B=—in/2—b,/2 and
C=1Ln,+ b 1. The crosses denote the quark-link vertices.

where x, :x—% and W5, now contains a gauge-link
along the Fz direction pointing to FLn,, similar to
Eq. (38). The Wilson-line self-energy and interaction are
subtracted, which is also similar to the case for quasi-
TMDPDEF. See Fig. 6 for a depiction of the quasi-LFWF
amplitudes w7, and Zg for pseudoscalar meson. Note that
 depends on {, = (2xP - n_)?, £, = (2xP - n,)* and the
renormalization scale p. More generally, the quasi-WF
amplitude satisfies the renormalization group equation

d
ﬂ lnl//qq(x bJ.?/’l gz) _},F( ) (68)

d g2

where yr is the anomalous dimension for a heavy-light
current. This is due to the fact that the quasi-WF amplitude,
after the self-energy and corner-divergence subtraction
contains only logarithmic uv divergences associated with
quark-link vertices. The one-loop quasi-WF amplitude
receives contribution from more diagrams compared to
the WF amplitude. Unlike the LFWF amplitude, all the
“virtual” diagrams and gauge-link self-interactions are
nonvanishing, see Fig. 7 for a depiction of Feynman
diagrams for quasi-LFWF. The total result reads

I;‘inq()@ bJ_,,Ll, Cz)

C
= Z L F (0. by )] + 36— x0)
AR
2 cL+io] 202
{ LET CZilOJrEln_gﬁloJr(Cz—»ZZ)}}. (69)

e
Y

FIG. 7. One-loop diagrams for mesonic LFWF amplitudes and
quasi-LFWF amplitudes. The meson state is treated as a pair of
free quark and antiquark. The first line represents the “virtual”
diagram and the second line represents the “real” diagram.

The imaginary parts are all caused by the rapidity loga-
(2)‘P" 2 _ _(2xpz>2

choices are again determmed by the i0 prescriptions in the
gauge-link propagators that guarantee exponential decay at
infinities. The results here are consistent with the off-light-
cone WF amplitudes calculated in Ref. [75] through
analytic continuation where gauge-links are chosen to be
timelike.

The one-loop off-light-cone soft function reads [50],

rithms in terms of , and the proper i0

_ C
ST by ¥, V) = S22 (1 = (Y + YL, (70)

T

c
Wy, vy =21 —in— (Y +Y)IL,.  (71)

from which the reduced soft function can be extracted as

Ay CF

SV(b1 ) = -2, (72)

These results are the same as the case of TMDPDFs. From
these one can extract the one-loop value of I'y as

Fgl) = a,Cp/x, while and at two-loop level one has

2 2
e == [CFCA( t3— o) tCNegl (3

which can be extracted from the generic results in [76].
The matching formula between the quasi-LFWF ampli-
tude and the light-front one at large P, is:

1
W (X, b1 p,8) S (bop)

— ln¥ —i0 .
= Hi (C./u2 C p2)e™ e K bwn)

l/’gzq(x7 bl’:u’ g)’ (74)

where H| is the perturbative matching kernel. The physics
reason for this factorization formula is similar to that for the
TMDPDF: Our unsubtracted quasi-WF amplitude is
defined in the off-light-cone scheme. By comparing the
TMD factorization in both off and on-the-light-cone
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FIG. 8. The leading region for quasi-WF amplitude 7, for a
pseudo-scalar meson, where C is the collinear subdiagram, S is
the soft subdiagram and H are the hard subdiagrams. Similar to
the general cases, the two hard-cores are disconnected with each
other,therefore the momentum fractions of the quasi-WF ampli-
tudes and physical WF amplitudes are the same.

schemes, one obtains the matching formula above. See
Fig. 8 for a depiction of the corresponding leading region.

Combining the RGEs for the WF amplitude, the reduced
soft function, and the quasi-WF amplitude, the matching
kernel satisfies a simple renormalization group equation:

d —
M2 ——1In Hli(é‘z//'tz’ Cz//"z)

du?
1 —\/¢.C.£i0 1
:Er‘cusp(as)ln$+iyc(as)7 (75)

where VC(as) = 27F<as) - FS(as) + 27H(a5) with 7F(as)
the anomalous dimension for heavy-light current and
I's(a,) the constant part for the cusp anomalous dimension
at large cusp angle, and yy(a,) the hard-anomalous
dimension.

It is convenient to write the matching kernel in the
exponential form, H = e”". At one-loop level, i can be
extracted as:

(RS
N S P Iy 2 L ST
s 1 Ar + + 7 + + .
At two-loop level, we anticipate
s _
D2, L)

1 _
=aicy —— [V(CZ) —azfoci](f1 +24)

4
1[ 2 @&pC ~
—g{rc(:u)sp— ZHF (7L +77)
azﬂOCF 3 23
-2 77
4877,' (fi + fi)’ ( )

where we have 7. = In ~£E0 and . = ln#. Po =

2

i
-8 Cy —=3N;Tr)/(2m) is the coefficient of one-loop
p-function, ¢; = % (—51—”22 —2) and ¢, are constants.

The generalization to the lowest Fock component of the
nucleon state can be done similarly [48]. The WE ampli-
tudes depend on two transverse separations b;, b, and
three momentum fractions x; + x, + x3 = 1. And the soft
function S, in each light-cone direction now consists of
three gauge-links in fundamental representation, piecing
together by the SU(3) invariant tensor €“X. Previous
discussions on the nucleon form factors and wave functions
can be found in [6-9,12]. The nucleon WF amplitude has
also been discussed and calculated in various LF phenom-
enology models [77,78]. The LaMET formalism allows a
first-principle determination of the amplitude following the
general procedures discussed above.

VI. CONCLUSION

In this paper, we present the LaMET formulation for
computing LFWF amplitudes in QCD. We first reviewed
the LFQ approach to QCD and its conceptual difficulties,
especially the LF divergence related to small k™ modes.
These difficulties signals that the QFT on the LF must be
viewed as an effective theory in which small k* modes are
“integrated out.”” The LaMET provides a “two-step”
approach to the LFQ physics and achieves the goal of
LFQ without performing the LFQ explicitly.

We then formulate the LFWF amplitudes as gauge-
invariant LF correlators. To maintain gauge-invariance,
lightlike gauge-links extending to infinities are required
in their definitions and leads to rapidity divergences which
must be regulated through rapidity regulators. The naive
LFWF amplitudes depends on the nonphysical rapidity
regulator, which must be removed with the help of
generalized soft functions composed of arbitrary numbers
of Wilson-line cusps. By combining the unsubtracted WF
amplitudes with square-root of generalized soft functions,
one can construct the scheme-independent WF amplitudes
that can be used in factorization formulas for physical
quantities. Similar to the TMDPDFs, the physical WF
amplitudes depends on additional rapidity scales the
evolution of which is controlled by the CS kernels.
Results for the gg wave function for a pseudoscalar meson
are presented in detail as an application of the general
principles.

After introducing a standard version of LFWF ampli-
tudes, we start to present their LaMET formulation. We
carefully define the quasi-LF amplitudes in which operator
and gauge-links are all time-independent. The large hadron
momentum P? plays the role of a physical off-light-cone
regulator. At large P?, the quasi-LFWF amplitudes can be
matched to the physical LFWF amplitudes by subtracting
out the off-light-cone scheme dependency with the help
of reduced soft functions. We introduce the generalized
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off-light-cone soft function and their properties, and study
the factorization of quasi-WF amplitudes. The factorization
formula is presented and supported by a sketch of its proof.
As an application of the factorization formula, we show that
the Collins-Soper kernels can be extracted from ratio of
quasi-WF amplitudes in which the soft function contribu-
tion cancels. Again, results for the pseudo-scalar meson
wave functions are presented in details, including a
prediction of two-loop matching kernel.
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APPENDIX A: CUTTING RULE FOR
THE IMAGINARY PART OF
QUASI-LFWF AMPLITUDES

Here we briefly discuss the imaginary part of the LFWF
amplitudes. Unlike the case of quasi-TMDPDFs which can
be represented as amplitude squares, the LFWF amplitudes
cannot be expressed as amplitude squares and there exists
imaginary part for LFWFs.

To see the imaginary part, one only needs to consider the
link-quark vertex diagrams that resembles a form factor
consists of an incoming quark and an outgoing gauge-link
along positive n* direction. It is in fact more convenient to
work in the Hamiltonian formalism or time-independent
perturbation theory. For the quasi-LFWF amplitudes, to
arbitrary order in perturbation theory, generically one has
the following form of the integrals

1 1
drn > dl—‘m =
/1;[ E - ZieP |k| - iOH 0- Zjei’m|kj| —i0
XHZ

In the equation, n labels the intermediate states before t = 0
where the gauge-links are inserted, dI',, are the phase-space
measure for the nth intermediate state, and P,, denotes the
set of the quark and gluons in the nth intermediate state.
Similarly, m labels all the states after 1 = 0 with phase
space measure dI",, and set of partons P,, for the mth cut.
On the other hand, at = 0 one has the time-independent

); + 0’ (A1)

gauge-link propagators labeled by p. N (I_c') is the numerator
comes from the polarization sums and spinors. For stable
particles in the initial state with energy E, it is clear that all
the energy denominators E —) cp |l:,| are negative
(otherwise it will decay), therefore the imaginary part

can only come from N (l_c') and the gauge-link propagator.
However, it is not difficult to see that N(k) is also real for
the leading gg wave functions, thus the imaginary part can
only originate from the gauge-link propagators. More
precisely, from “cutting” the gauge links as k#m =
PV. % — ind(k%).

More generally, for a generic set of gauge link propa-
gators the imaginary part can be obtained through the
cutting rules

ol ol
gk%+io_Hk~f—io
:—2m<25 (k) sz+l0 H i- zO) (A2)

J=1"% j=i+1

namely, by cutting the gauge-links in all possible ways.

After introducing the general principle, lets consider the
one-loop example. The relevant one-loop diagram is
proportional to

[ d¥*k Pt -kt 1 1
I=i ) B N2 . _ . (A3)
(27)* %€ (P —k)* +i0k* +i0k* — k= +1i0
where the numerator comes from the spin-trace

try"y*(P£k)y™ o< (PT — k™). Let us calculate the imagi-
nary part using two methods. One first obtains it by cutting
the gauge-link propagator according to the general rule

1
Im—— = —izd(k* — k),

A4
K- =k~ 40 (A4)

then the imaginary part can be calculated in terms of
Feynman parameter x as

1 1—x

Im/ = 2/ dx 2
T

— " _(vV2y—\/202+1

8(2ﬂ)2<\/_y Yo

2 2
+ /2y + 141
()

where we have included equal quark and gluon masses m =
m, = m, as the infrared regulator. y = 2% can be viewed as
the “rapidity scale” of the incoming particle. At large P or
small m, the above has the asymptotic expansion

2 2
) Y+ 27+ 141
\/Ey— 2y +1+log< i

=-2Iny+In2-1+0(y), (A6)
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which contains the hard scale & = 2(P*)? and the infrared
scale m. On the other hand, the imaginary part is uv-finite
and independent of the renormalization scale u, consistent
with the fact that the anomalous dimension y is real.

To check the general principle above, one can also obtain
the imaginary part by integrating out the £~ first. There are
three poles for k™:

~ K3 —i0

kKo =30 =Py (A7)
R -0

k(Z) =~ okt (A8)
ki) = k" + 0. (A9)

Let us denote k* = xP™, then it is easy to see that only the
regions 0 < x <1 and x > 1 contribute to the integral,
corresponding exactly to the two possible time-orderings in
LFPT. By closing the contour in the lower-half plan, the k=
integrals are evaluated using residue-theorem as

I——/ dz_zekl /°° X
2(2”)3—26‘ 0
+/ d2—2ekl /
2(271.)3—2e ’

1—x 1
2 2 2 2
ki +m x—zk;(;gz—i—io
1—x 1

2 K 2
kﬁmx‘ﬁ*’o

(A10)
It is clear now that the imaginary parts can be obtained using
! PV i ( ) (Al11)
——F X =PV. —ind(x — x
x—x9+ 10 X — X g 0
as
= 2 [ b
42n)* Jo k1 +m
K% +m?
x(1+6) V@+M> (A12)
1+ 2(k2 +m?) \/EP"‘

(P)?

Although it looks complicated, the k| integral is convergent
and leads again to

Im/
2 V224141
S— S( V2y—1/2y*+1+log Y+ y2+ * .
8(2x) y
(A13)
where y = #&. This confirms the general principles above

that it is the cut of the spacelike gauge-link that leads to the
imaginary part of the quasi-LFWF amplitudes.

APPENDIX B: THE VERTEX DIAGRAM
QUASI-LFWF IN PARAMETER SPACE

In this appendix we present the parameter-space repre-
sentation of 7 (z=0.b,.pu.(;) for an ir-safe pair of
vertex-diagrams in Fig. 9 and calculate the imaginary part
explicitly. The integral in momentum space reads

2
C
Ini _ _g 1 Fﬂ2€
%k wyt(P—fy™ 1 1—elkite
x s 2.0 2N (B1)
(27)** (P—k)*+i0 k*+i0 ik-n+0
where n = £n® for ZT and P is the momentum of the

incoming quark. The above can be evaluated in parameter
space by using the standard a-parametrization

1 0 i
R daemk —Oa’
k* +i0 A

1 0 .
[ — d ﬂ(—tk-n—O)’
ik-n+0 A ¢

and performing the subsequent Gaussian integral over k as

(B2)

(B3)

TE = lngﬂzu4 D/ / / daldazdﬂ
(a; + a2
+ . a
« (P* Y pe iln ){W"’lﬁpn
a +(12 2((11 +a2)

2
- L
X (1 —e 4(a|+r12)>’

where one has performed the Wick-rotation in a: a — —ia
thanks to the fact that the integral is essentially below
threshold. After making the following coordinate transform

(B4)

FIG. 9. The pair of vertex diagram at the incoming quark leg.
The corresponding pair at the antiquark leg simply relates
through ¢, = (..
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a, = px, o =
Feynman parameter), the integral then simplifies to

2 4—-D
SRS A Crv2niy / / di / dx
(27)P

x [(1 —x)Pt - ‘;\’H e4ixiypPn [1 —e } (BS)

I =

From the above integral, it is clear that the p integral is
absolute convergent in the infrared region p — co. The only
divergence that appears at D = 4 is the standard logarith-

: : iAnt
mic uv divergence due to the 5 W

term and can be easily

renormalized.

As an application of Eq. (B5), we compute its imaginary
part. By using P - n* = =P, (n.)* = J=and (. = 4(P%)?,
the imaginary part can be calculated by integrating over A
first as

(B6)

/dx(l——)/ LT

which after the integration over p, simply reads

p(1—=x) and A = A/p (x is the standard

ImZ;f(\/C.b,) =

a,Cp ! dx| 1 1—e Zbl\/.
2 d /) T 5 X
(B7)
It is manifestly uv and ir convergent.

We now study the large ¢, limit of the imaginary part and
show that it agrees with Eq. (69). Writing x, = —~—, the
R

integral can be written as
1 1

1]—¢ ™ 1] —es L3
/ 7eodx:—lnx0+/ ¢ 2dl‘—/02d2‘,
0 X 0 t I

(B8)

from which the leading xy — 0 or {, — oo contribution
reads

mIY::: \/Zbl C—>oo

::Fan (lb

—In4+2yp-1), (B9)

where we have used the identity

]1_ L o L
/ ¢ 2dr—/ ¢ dt=y;—n2. (B10)
0 t 1 t

The above results agrees with Eq. (69) by adding the same
expression with {, — (..
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