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Abstract. We discuss the use of light-front field theory in the descriptions of hadrons. In
particular, we clarify the confusion in the prevailing notion of the equivalence between
the infinite momentum frame and the light-front dynamics and the advantage of the light-
front dynamics in hadron physics. As an application, we present our recent work on the
flavor asymmetry in the proton sea and identify the presence of the delta-function con-
tributions associated with end-point singularities arising from the chiral effective theory
calculation. The results pave the way for phenomenological applications of pion cloud
models that are manifestly consistent with the chiral symmetry properties of QCD.

1 Introduction

When particle systems have characteristic momenta which are of the same order or even much larger
than the masses of the particles involved, it is part of nature that a relativistic treatment is called for
in order to describe those systems properly. In particular, relativistic effects are most essential to de-
scribe the low-lying hadron systems in terms of strongly interacting quarks/antiquarks and gluons in
quantum chromodynamics (QCD). For the study of relativistic particle systems, Dirac[1] proposed
three different forms of the relativistic Hamiltonian dynamics in 1949: i.e. the instant (x0 = 0), front
(x+ = (x0 + x3)/

√
2 = 0), and point (xµxµ = a2 > 0, x0 > 0) forms. The instant form dynamics (IFD)

of quantum field theories is based on the usual equal time t = x0 quantization (units such that c = 1
are taken here) and provides a traditional approach evolved from non-relativistic dynamics. The IFD
makes a close contact with Euclidean space, developing temperature-dependent quantum field theory,
lattice QCD, etc. The equal light-front time τ ≡ (t + z/c)/

√
2 = x+ quantization yields the front form

dynamics, nowadays more commonly called light-front dynamics (LFD) and provides a progressive
approach for the study of relativistic dynamics. The LFD works strictly in Minkowski space, develop-
ing useful frameworks for the analyses of deep inelastic scattering (DIS), parton distribution functions
(PDFs), deeply virtual Compton scattering (DVCS), generalized parton distributions (GPDs), etc. The
quantization in the point form (xµxµ = a2 > 0, x0 > 0) is called radial quantization and this quanti-
zation procedure has been much used in string theory and conformal field theories [2] as well as in
hadron physics [3–5]. Among these three forms of relativistic dynamics proposed by Dirac, the LFD
carries the largest number (seven) of the kinematic (or interaction independent) generators leaving
the least number (three) of the dynamics generators while both the IFD and the point form dynamics
carry six kinematic generators and four dynamic generators within the total ten Poincaré generators.
Indeed, no matter what form of relativistic dynamics is taken, the number of kinematic generators
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Figure 1. Scattering amplitude of spinless particles.

cannot be larger than seven, i.e. the LFD has this maximum number of kinematic generators. Thus,
the LFD maximizes the capacity to save dynamical efforts in obtaining the QCD solutions that reflect
the full Poincaré symmetries. In this presentation, we discuss this remarkable advantage of the LFD
in hadron physics and exemplify it in the study of the flavor asymmetry in the proton sea.

2 Interpolating Scattering Amplitudes

The IFD and the LFD can be interpolated[6–10] by an interpolation angle between the ordinary time
t and the light-front time τ. Introducing the interpolating scattering amplitude[8–10] that links the
corresponding time-ordered amplitudes between the two forms of dynamics, we discussed the phys-
ical meaning of the kinematic transformations in contrast to the dynamic transformations by means
of checking the invariance of each individual time-ordered amplitude for an arbitrary interpolation
angle. Using this interpolation method, we were able to also trace a dramatic change of the longitu-
dinal boost’s characteristics, namely, from “dynamic" in IFD to “kinematic" in LFD. This provides a
distinct advantage to LFD in hadron phenomenology.

To trace the forms of relativistic quantum field theory between IFD and LFD, we begin by adopting
the following convention of the space-time coordinates to define the interpolation angle[6–10]:[

x+̂

x−̂

]
=

[
cos δ sin δ
sin δ − cos δ

] [
x0

x3

]
, (1)

in which the interpolation angle is allowed to run from 0 through 45◦, 0 ≤ δ ≤ π
4 . All the indices with

the wide-hat notation signify the variables with the interpolation angle δ. For the limit δ→ 0 we have
x+̂ = x0 and x−̂ = −x3 so that we recover usual space-time coordinates although the z-axis is inverted
while for the other extreme limit, δ→ π

4 we have x±̂ = (x0 ± x3)/
√

2 ≡ x± which leads to the standard
light-front coordinates. Of course, the same interpolation applies to the momentum variables.

For the simplest possible illustration of applying the interpolation to relativistic quantum field
theory[8], we first discuss the scattering amplitude of two spin-less particles, i.e., the analogue of the
well known QED annihilation/production process e+e− → µ+µ− in a toy φ3 model theory, as depicted
in Fig.1. As shown in Refs.[9, 10], we have extended our discussion to the gauge bosons and the
fermion spinors introducing the interpolating helicity of polarization vectors and spinors. However,
for the simplicity of our discussion in this presentation, we don’t involve spins or any other dynamical
degrees of freedom beyond the momenta of particles to discuss just the main point. Modulo inessential
factors including the square of the coupling constant, the lowest order tree-level Feynman diagram
shown in Fig.1 is proportional to the propagator of the intermediate particle: Σ = 1/(s − m2), where
s = (p1 + p2)2 is the Mandelstam variable, which is invariant under any Poincaré transformations,
and m is the mass of the intermediate boson. Of course, the physical process can take place only
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Figure 2. Time-ordered amplitudes for the Feynman amplitude depicted in Fig.1.

above the threshold s > 4M2, where M is the mass of the final particle and anti-particle that are
produced, e.g. the muon mass in the e+e− → µ+µ− scattering process. The corresponding time-
ordered amplitudes for an arbitrary interpolation angle δ are graphically represented in Fig.2(a) and
Fig.2(b) and respectively given by

Σa
δ =

1
2q+̂

 C

p+̂
1 + p+̂

2 − q+̂

 , Σb
δ = −

1
2q+̂

 C

p+̂
1 + p+̂

2 + q+̂

 , (2)

where C = cos 2δ. We note that the individual time-ordered amplitudes are invariant only under the
transformations given by the kinematic generators, i.e. they are not invariant under the transformations
given by the dynamic generators, although the sum of the time-ordered amplitudes, e.g. the Feynman
diagram shown in Fig.1, is invariant under all ten Poincaré generators. This discussion clarifies the
physical meaning of the kinematic generators vs. the dynamic generators.

Fig. 3 shows Σa
δ and Σb

δ as functions of the initial particle’s total momentum (~p1̂ + ~p2̂) · ẑ = Pz while
(~p1̂ + ~p2̂) · x̂ = 0 and (~p1̂ + ~p2̂) · ŷ = 0, and the interpolation angle δ. The ranges of δ and Pz are taken
as 0 ≤ δ < π

4 and −4 ≤ Pz ≤ 4 in some unit of energy, e.g. GeV, respectively. For illustrative purpose,
we took s = 2 and m = 1 using the same energy unit.

Figure 3. Interpolating Amplitudes
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As clearly visible in Fig. 3, the contributions from Σa
δ and Σb

δ are such that the sum of them yields a
constant, independent of Pz and δ. For δ = 0, Σa

δ and Σb
δ are the maximal and minimal, respectively, at

Pz = 0. For δ = π
4 , Σa

δ is the whole answer and Σb
δ = 0. The individual time-ordered amplitudes, Σa

δ=π/4
and Σb

δ=π/4, are now separately independent of Pz or invariant under the longitudinal boost. This shows
clearly that the longitudinal boost becomes the kinematic generator in LFD and makes the number of
kinematic generators get maximized in LFD.

We now pay attention to the apparent J-shaped ridge in Σa
δ matched by a similar valley in Σb

δ. For
positive values of momentum, Pz > 0, the amplitudes Σa

δ and Σb
δ show a smooth behaviour, while for

negative values of Pz we observe the presence of the J-shaped curve. We find that these J-shaped

features are given by the function Pz = −

√
s(1−C)

2C . An interesting point to observe in this J-shaped
curve for negative values of momentum Pz is that it is stable as it is independent of the mass and does
not disappear as the momentum goes to the negative infinity. Thus, if the limit δ → π

4 is taken in the

exact amplitude with Pz given by the J-shaped curve, i.e. Pz = −

√
s(1−C)

2C
C→0
−→ −∞ , then the connected

contribution to the current arising from the vacuum Σb
δ→ π

4
does not vanish but remains as a nonzero

constant, i.e., − 1
2m(
√

s+m) = − 1
2(
√

2+1)
≈ −0.207, although this nonzero constant (i.e. the minimum of

Σb
δ→ π

4
) is cancelled by the overshoot in the maximum of Σa

δ→ π
4
, given by 1

2m(
√

s−m) = 1
2(
√

2−1)
≈ 1.207

to yield the total amplitude 1
s−m2 = 1.

Here, one may notice that the limits Pz → −∞ and δ → π
4 do not commutate. However, this fact

should not be construed as an ambiguity of the suggested interpolation procedure, which is completely
independent of the order of taking these limits. Rather, one may understand the non-commutativity as
a possible issue for the common folklore of “equivalence of IFD and LFD in the infinite momentum
frame (IMF)". Our work qualifies this notion, since it applies in the limit of Pz → ∞, but requires
a great caution in the limit Pz → −∞, i.e. P+ = (P0 + Pz)/

√
2 → 0 limit. One should note that,

as P+ = p+
1 + p+

2 → 0, both p+
1 → 0 and p+

2 → 0, i.e. the light-front plus (+) momenta of all the
particles involved in the scattering become zero. Thus, only the light-front zero-modes contribute to
the scattering amplitude in this limit. This is remarkable because the limits from the IMF[11] of IFD
to LFD are clearly asymmetric between P+ → ∞ and P+ → 0, while the IMF of IFD itself is entirely
symmetric between Pz → ∞ and Pz → −∞. In the interpolation we discuss here, the treacherous
point is related to the particular way the limit Pz → −∞ is taken. If it is taken along the J-shaped

curve, i.e., Pz = −

√
s(1−C)

2C
C→0
−→ −∞, then the result Σb

δ= π
4

= − 1
2m(
√

s+m) , 0 is valid, but if δ and Pz

are not so correlated that the longitudinal boost invariance of the LFD is manifest then Σb
δ= π

4
= 0.

No matter how the limits turn out, one should note that the longitudinal boost is kinematic in LFD
and the invariance of each time-ordered amplitude must hold under the transformations given by the
kinematic generators. The sum of the two amplitudes Σa

δ= π
4

+ Σb
δ= π

4
remains of course invariant as it

should be.
Although we discussed here the simplest possible scattering amplitude of two spinless particles in

a toy φ3 model theory, it clarified the confusion in the prevailing notion of the equivalence between
the infinite momentum frame and the LFD. It also alerts the caution in handling the contribution from
the light-front zero-modes.

3 Leading Nonanalytic Behavior in Chiral Dynamics

While the light-front zero-modes appear treacherous as discussed above, they play a vital role in
guiding the hadron phenomenology to fulfill the first principles in hadron physics. As an example, we
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discuss here the leading nonanalytic (LNA) behavior determined by the infrared properties of chiral
loops (characteristic of Goldstone boson loops in chiral perturbation theory[12]). The LNA behavior
in chiral dynamics is model-independent[13–15], and places the physics of the pion cloud on a firm
ground in QCD.

The pion cloud of the nucleon plays a vital role in understanding the nucleon’s long-range structure
as it is known from the approximate chiral symmetry of QCD. It provides important corrections to
static nucleon properties, such as the mass, magnetic moment and axial charge, and significantly
influences its electric and magnetic charge distributions (for a review see Ref.[16]). This will also
have important consequences for correctly implementing chiral extrapolation of lattice QCD data
on parton distribution moments and subsequently on other quantities, such as GPDs[17], as well as
on understanding the pion distributions in the nucleon in a well-defined theoretical framework. In
addition to the traditional studies of elastic form factors and parton distributions, there has also been
a great deal of interest in GPDs. As with the ordinary PDFs, the physical interpretation of GPDs
in terms of probability distributions is most natural in the LFD, and one knows that here too chiral
corrections can be very important. It is timely, therefore, to address the question of how to provide a
consistent derivation of the chiral corrections to all of these observables in LFD.

We have recently applied the LFD methodology to the case of pion loops and their effects on the
d̄−ū asymmetry in the proton [18]. The observation of the d̄−ū flavor asymmetry in the light quark sea
of the proton [19–22] has been one of the seminal results in hadronic physics of the past two decades,
leading to a major reevaluation of our understanding of the quark structure of the nucleon. In par-
ticular, the measurement revealed the importance of 5-quark Fock state components of the nucleon’s
light-front wave function, and the crucial role played by chiral symmetry breaking and the pion cloud
in describing the nucleon’s internal structure. An important development in establishing a formal
link between models of d̄ − ū and QCD came with the realization that the moments of PDFs could
be formally expanded in chiral perturbation theory (χPT) in terms of power series in the pion mass
squared, m2

π. In particular, the LNA contributions were found to depend on the (model-independent)
long range structure of the pion cloud, with a characteristic m2

π log m2
π dependence [12], whose co-

efficient is given by physical constants [14]. This idea was then applied to the chiral extrapolation
of lattice QCD moments of the nonsinglet u − d distribution in order to reconcile the lattice data at
large pion masses with experiment [13]. We recently refined the computation [23] of the d̄ − ū flavor
asymmetry in the proton sea with a complementary effort to reveal the dynamics of pion exchange
in high-energy processes and generalized our approach to the SU(3) sector [24]. Before we discuss
these development, we present in this section the role of the light-front zero-modes in obtaining the
model-independent LNA coefficient in chiral dynamics using a simple heuristic example first.

To discuss a treacherous point involved in LFD, one may look into a simple example of two-
dimensional loop amplitude for a particle of mass m:

I =

∫
d2k

1
k2 − m2 + iε

. (3)

In the covariant approach, this amplitude can be computed by dimensional regulation and is given by

I = −iπ
(

2
2 − d

− log π − γ + O(2 − d) − log
m2

µ2

)
, (4)

where µ is a mass parameter introduced to give the correct mass dimensions in d dimensions, γ ≈
0.577 is Euler’s constant, and d goes to 2 in this example. The LNA behavior of this amplitude
in the limit m → 0 is thus given by ILNA = iπ log m2. In time-ordered perturbation theory, it is
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straightforward to use Cauchy’s integral theorem and compute the amplitude as follows:

I =

∫
dk1dk0 1

(k0 + ωk − iε)(k0 − ωk + iε)
= −2iπ

∫ Λ→∞

0
dk1 1√

(k1)2 + m2
= lim

Λ→∞
2iπ log

m
2Λ

, (5)

where ωk =
√

(k1)2 + m2 is the on-mass-shell energy of the particle and Λ is the cutoff parameter in
the momentum integration of k1. The LNA behavior of this amplitude is identical to ILNA = iπ log m2.
However, the LFD calculation of this amplitude is not so simple due to a dramatic change of pole
structure:

I =
1
2

∫
dk+dk−

1
k+k− − m2 + iε

=
1
2

∫
dk+

k+

∫
dk−

1

k− − m2

k+ + i εk+

, (6)

where the pole (m2/k+ − iε/k+) of the LF energy k− depends on the k+ variable. Not only is there just
one pole in the k− plane but also the k− pole is moving as k+ varies. One should realize that neither
k+ > 0 nor k+ < 0 can yield any nontrivial contribution as one can take a corresponding contour
in each region (k+ > 0 or k+ < 0) to get the zero result (I = 0) according to the Cauchy’s integral
theorem. The only non-trivial contribution is attained from the light-front zero-mode k+ = 0. It is
crucial to capture the runaway pole at k+ = 0 in order to get the correct result. The details of this
treacherous point have been discussed in Ref.[25]. To capture the zero-mode contribution, i.e. the
runaway k+ = 0 pole, we used the LF cylindrical coordinates (k+ = r cos φ, k− = r sin φ) to perform
the k+ and k− integration as follows:

I =
1
2

∫ ∞

0
dr r

∫ 2π

0
dφ

(
r2 sin φ cos φ − m2 + iε

)−1
= lim

R→∞

(
iπ log

2m2

R2e−iπ/2 + O(1/R4)
)
, (7)

where R is the cutoff parameter in the LF cylindrical coordinate integration. The result correctly
yields ILNA = iπ log m2, identical to the results of the covariant and equal-time calculations. It demon-
strates the vital role of the light-front zero-mode to obtain the correct LNA coefficient in this heuristic
example. Initial calculations of pion loop effects were performed in the context of the “Sullivan” pro-
cess [26], using pseudoscalar (PS) pion–nucleon coupling, which involves only the pion “rainbow”
diagram. Analysis within the χPT, which implements the chirally symmetric pseudovector (PV) cou-
pling, reveals differences in the off-shell behavior of the loops [27], as well as additional pion bubble
terms [14, 15] which contribute only at the light-front zero-mode k+ = 0 [28]. The equivalence be-
tween the PS and PV theories was recently discussed in detail in Refs. [28, 29]. This equivalence
between the PV and PS theories may be summarized in Fig.4. In this description, the first line shows
the equivalence between PV and PS for which it is crucial to include the contribution from the chiral
partner that corresponds to the two-pion contribution, á la σN̄N ∼ ππN̄N, depicted as the white blob
of the vertex in the tadpole diagram shown in first line of Fig.4. This equality can be verified straight-
forwardly using the Dirac equation for the external nucleons [30]. Moreover, as depicted by the two
parallel downward arrows in Fig. 4, the fermion propagator can be split into the so-called "on-shell"
contribution plus the LF instantaneous contribution [31]: i.e.

1
/q − m

=

∑
s u(q, s)ū(q, s)

q2 − m2 +
γ+

2q+
, (8)

where q is the four-momentum of the propagating fermion. We see here that both the instantaneous
contribution and the tadpole diagram contribution are the light-front zero-mode contributions propor-
tional to δ(k+). As shown in Fig. 4, these two zero-mode contributions (tadpole type diagram and
instantaneous contribution) cancels each other in the PS theory while the instantaneous contribution
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!Figure 4. The equivalence between the pseudovector (PV) coupling and the pseudoscalar (PS) coupling in chiral
dynamics. The chiral partner in the PS theory corresponds to the two-pion coupling denoted by the large white
blob in the upper rightmost (tadpole type) diagram. The two parallel downward arrows represent the equality
of the fermion propagator given by Eq.(8). The equivalence in the “on-shell" contribution between PV and PS
coupling theories is boxed with Ref.[32]. The cancellation between the two light-front zero-mode contributions
in the PS coupling is denoted by the double-arrow pointing to those two contributions, i.e. the chiral partner
contribution and the instantaneous contribution.

in the PV theory vanishes by itself due to the derivative coupling. Thus, one may effectively get
the equivalence between the "on-shell" contributions of the PV and PS theories in the self-energy
calculation [32]. This also confirms the model-independence of the LNA behavior in the nucleon
self-energy regardless whether the PV theory or the PS theory is used. However, it is still crucial to
keep track of the light-front zero-modes as their finite nonzero contribution exists in other process
such as the vertex correction [27]. The heuristic example discussed earlier has already shown the
crucial role of the light-front zero-mode contribution. We have indeed verified the chiral symmetry of
QCD in the d̄− ū asymmetry in the proton [18] by examining the LNA behavior of the lowest moment
D − U ≡

∫ 1
0 dx(d̄ − ū). The LNA behavior of D − U is given by

(D − U)LNA =
3g2

A + 1
2(4π fπ)2 m2

π log m2
π

=
4g2

A + (1 − g2
A)

2(4π fπ)2 m2
π log m2

π, (9)
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(b)(a)

Figure 5. Contributions to the pion light-cone momentum distributions in the nucleon, from (a) the pion rainbow,
and (b) the pion bubble diagrams.

where gA = 1.267 is the axial charge and fπ = 93 MeV is the pion decay constant. In the second
line of this equation, Eq.(9), the model-independent LNA coefficient 3g2

A is explicitly split into the
"on-shell" contribution 4g2

A and the light-front zero-mode (δ-function) contribution −g2
A. This result

in the second line of Eq.(9) resolved [28, 29] the factor 4/3 difference between the “Sullivan” process
calculation [12] and the χPT calculation [14, 15], which has been puzzling for more than a decade.
In fact, one can now realize that the absence of the δ-function contributions in the PS version of the
rainbow diagrams leads to the coefficient of the leading nonanalytic term in the chiral expansion of
the quark distribution function moments that differs by a factor 4/3 from the PV result. Thus, in
this resolution of the lingering factor difference, it is evident that δ-function contribution from the
light-front zero-mode has been crucial.

4 Flavor asymmetry in proton sea

The model-independence of the LNA behavior in chiral dynamics is so useful that one may regard
it as a sort of global positioning system “GPS" in the practice of chiral phenomenology. With this
guidance, we recently refined the computation [23] of the d̄ − ū flavor asymmetry in the proton sea
with a complementary effort to reveal the dynamics of pion exchange in high-energy processes and
generalized our approach to the SU(3) sector [24]. This complementary effort has been the study of
leading neutron production in semi-inclusive DIS on the proton, in which a forward moving neutron
is produced in coincidence with the scattered lepton in the high-energy reaction ep → enX. Several
dedicated experiments at the ep collider HERA [33–35] have collected high-precision data on the
spectrum of leading neutrons carrying a large fraction of the proton’s energy. Moreover, the upcoming
tagged DIS (TDIS) experiment at Jefferson Lab [36] plans to take data on the production of leading
protons from an effective neutron target in the reaction en→ epX, which, in analogy with the HERA
leading neutron leptoproduction, can be described through the exchange of a π−. In the proposed
experiment, the effective neutron target will be prepared by tagging spectator protons with momenta
between 60 MeV and 400 MeV at backward kinematics in the DIS of the electron from a deuteron
nucleus, using the same technique that was developed for the measurement of the neutron structure
function in the BONuS experiment at Jefferson Lab [37].

In particular, we have recently addressed [23] the question of whether one can reduce the model
dependence of Fπ

2 extracted from the HERA data [33–35] by using additional constraints from the
data on the SU(2) flavor asymmetry d̄ − ū, especially those from the E866 Drell-Yan experiment [22].
Because the E866 data are at relatively high x values compared with the HERA measurements, within
the pion exchange framework they are sensitive to the pion PDFs at large xπ, where these are well
determined from pion–nucleon Drell-Yan data [38–40]. The main variable in describing the d̄ − ū

    
 

DOI: 10.1051/, 05008 (2017) 713705008137EPJ Web of Conferences epjconf/201
XIIth  Quark Confinement & the Hadron Spectrum

8



asymmetry is therefore the pion distribution function in the nucleon. In our study [23], we used
methodology adopted from global PDF analysis [41, 42] to simultaneously fit both the HERA leading
neutron and E866 d̄ − ū asymmetry data. This study allowed us to refine the analysis of the d̄ − ū
asymmetry and at the same time discuss a possible prediction of the future tagged DIS experiments in
JLab.

5 Conclusion and future directions

The LFD is not just formal but consequential in the analysis of physical observables. The interpolation
method that we apply for the scattering amplitude was instrumental to observe the dramatic change of
the longitudinal boost’s character from dynamic in IFD to kinematic in LFD. It clarified also the con-
fusion in the prevailing notion of the equivalence between the IMF of IFD and the LFD. Maximizing
the number of kinematic generators in LFD is a great advantage in saving dynamic efforts to obtain the
QCD solutions that reflect the full Poincaré symmetries. While the light-front zero-mode is treacher-
ous, it plays a vital role in resolving theoretical issues as we have discussed the lingering LNA factor
difference in chiral dynamics which has been persistent more than a decade. The model-independence
of the LNA behavior in chiral dynamics provides a good guidance in chiral phenomenology. More
recently, we generalized this approach to the SU(3) sector [24]. We performed a comprehensive
analysis of the strange-antistrange parton distribution function (PDF) asymmetry in the proton in the
framework of chiral effective theory, including the full set of lowest-order kaon loop diagrams with
off-shell and contact interactions, in addition to the usual on-shell contributions previously discussed
in the literature. We identified the presence of δ-function contributions to the s̄ PDF at x = 0, with a
corresponding valencelike component of the s-quark PDF at larger x, which allows greater flexibility
for the shape of s− s̄. Expanding the moments of the PDFs in terms of the pseudoscalar kaon mass, we
computed the leading nonanalytic behavior of the number and momentum integrals of the s and s̄ dis-
tributions, consistent with the chiral symmetry of QCD. We discussed the implications of our results
for the understanding of the NuTeV anomaly [43] and for the phenomenology of strange-quark PDFs
in global QCD analysis. However, the quantitative analysis of the light-front zero-mode contribution
in the hadron phenomenology is still open for the progress.
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