
Connected and disconnected sea partons from the CT18 parametrization of PDFs

Tie-Jiun Hou ,1,* Mengshi Yan,2 Jian Liang ,3 Keh-Fei Liu ,4 and C.-P. Yuan5
1School of Nuclear Science and Technology, University of South China, Hengyang, Hunan 421001, China
2Department of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University,

Beijing 100871, China
3Guangdong Provincial Key Laboratory of Nuclear Science, Institute of Quantum Matter,

South China Normal University, Guangzhou 510006, China
and Guangdong-Hong Kong Joint Laboratory of Quantum Matter,

Southern Nuclear Science Computing Center, South China Normal University,
Guangzhou 510006, China

4Department of Physics and Astronomy, University of Kentucky, Lexington, Kentucky 40506, USA
5Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824, USA

(Received 19 June 2022; accepted 11 October 2022; published 10 November 2022)

The separation of the connected and disconnected sea partons, which were uncovered in the Euclidean
path-integral formulation of the hadronic tensor, is accommodated with an extended parametrization of the
nonperturbative parton distribution functions in the CT18 global analysis. This is achieved with the help of
the distinct small x behaviors of these two sea partons and the constraint from the lattice calculation of the
ratio of the strange momentum fraction to that of the ū or d̄ in the disconnected insertion. The whole
dataset of CT18 is used in this CT18CS fit. The impact of the recent SeaQuest data on the d̄ðxÞ − ūðxÞ
distribution of CT18CS is also discussed. The separate momentum fractions for the valence, the connected
sea and disconnected sea of u and d, the strange and the gluon partons are presented at the input scale
μ ¼ 1.3 GeV for the first time. They can be compared term-by-term with systematic error controlled
lattice calculations.
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I. INTRODUCTION

In high energy experiments, such as those at hadron
colliders, theoretical analyses depend on the parton structure
of the hadronic beams in terms of their parton distribution
functions (PDFs) in order to understand the W�; Z and
Higgs productions in precision measurements of the
Standard Model parameters and the search of new physics.
The universal PDFs can be extracted from deep inelastic
scattering (DIS) and Drell-Yan processes with the help of
factorization theorem and global analyses which involve the
Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) evolu-
tion equations. Since the factorization formula involves an
integral of the product of the parton distribution functions
(PDFs) and the perturbative short distance kernel, extracting
PDFs is intrinsically an inverse problem. The common
approach is to model the PDFs in terms of the valence
and sea partons with respective small and large x behaviors

and perform a global fit of the available experimental data at
different Q2 values. As a result, the quality of the fit and its
accuracy depend on the precision and availability of the
experimental data in the relevant kinematic range. In
particular, the flavor structure of the partons can be improved
with experiments which directly address the flavor depend-
ence. For example, the first experimental evidence that
the sea patrons have nontrivial flavor dependence is
shown in the experimental demonstration of the violation
of Gottfried sum rule. The original Gottfried sum rule,
IG ≡ R

1
0 dx½Fp

2 ðxÞ − Fn
2ðxÞ�=x ¼ 1=3, was obtained under

the assumption that ū and d̄ sea partons are the same [1].
However, the New Muon Collaboration (NMC) measure-
ment [2,3] of

R
1
0 dx½Fp

2 ðxÞ − Fn
2ðxÞ�=x turns out to be

0.235� 0.026, a 4σ difference from the Gottfried sum rule,
which implies that the ū ¼ d̄ assumption was invalid. The
recent SeaQuest experiment clearly shows that the d̄=ū ratio
in the range 0.1 < x < 0.4 is substantially larger than unity
(∼1.5) [4]. Other flavor-dependent issues under active
experimental and theoretical pursuits include the intrinsic
strange and charm partons [5–9], and the sðxÞ − s̄ðxÞ [8–13]
and cðxÞ − c̄ðxÞ [14] differences.
The violation of the Gottfried sum rule prompted the
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of the nucleon for DIS which uncovered that there are two
kinds of sea partons, one is the connected sea and the other
disconnected sea [15,16]. They are so named to reflect the
topology of the quark lines in the 4-point current-current
correlator in the nucleon. The connected sea (CS) results
from a connected insertion of the currents on the same
“valence” quark line and the disconnected sea (DS) is from
a disconnected insertion involving a vacuum polarization
from the quark loop involving the external currents. These
are “hand-bag” diagrams. On the other hand, the “cat’s
ears” diagrams, where two currents in the current-current
correlator couple to different quark lines, are higher twists
and are suppressed in the DIS region, but they are as
important as the leading twists in low-energy lepton-
nucleon scattering [17,18]. The suppression of the higher
twist contributions at large Q2 has been demonstrated in a
recent lattice calculation which shows that the cat’s ears
diagrams drops out quickly as compared to those hand-bag
diagrams when the three momentum transfer becomes large
[18]. It is proved [15] that, in the isospin symmetric limit,
the Gottfried sum rule violation originates only from the CS
which is subject to Pauli blocking due to the unequal
numbers of the valence u and d quarks in both the proton
and the neutron. Attempts have been made [19–22] to
separate out the CS and DS partons by combining strange
parton distribution from a HERMES experiment [23], ūþ
d̄ from the CT10 analysis [24], and the ratio hxis=hxiu
(disconnected insertion) from lattice calculations [22,25].
In this work, we shall accommodate parton degrees of

freedom delineated in the path-integral formulation of the
hadronic tensor in the form of CT18 global analysis [26] of
unpolarized PDFs. Adopting lattice results as constraints to
perform the global fits has been applied to quark transversity
distribution [27]. The present work goes one step further to
explicitly separate the CS andDS degrees of freedom for the
first time under the CT18 parametrization [28].
This manuscript is organized as follows. Section II gives

a brief review of the path-integral formulation of the
hadronic tensor which defines the parton degrees of free-
dom. Section III describes the parametrization of the PDF
for each of the parton degrees of freedom and the details of
the global analysis. The result of a global analysis with the
inclusion of both CS and DS partons fitted to the original
CT18 datasets, termed as CT18CS fit, is presented in
Sec. IV. The second moments of the separate valence, the
disconnected sea, and the gluon partons are presented for
the first time at the input scale which can finally be
compared directly with lattice calculations for each term
and each flavor. We note that the E906 SeaQuest [4] data
only became available after the completion of the CT18
analysis. Hence, we shall examine in Sec. V the impact of
the E906 SeaQuest [4] data on a global fit similar to
CT18CS, in which the E866 NuSea [29] data was already
included. Section VI contains our summary.

II. PARTON DEGREES OF FREEDOM FROM
EUCLIDEAN PATH-INTEGRAL FORMULATION

OF THE HADRONIC TENSOR

The Euclidean hadronic tensor was formulated in the
path-integral formalism to identify the origin of the Gottfried
sum rule violation [15,16]. It is defined as the current-current
correlator in the nucleon with Fourier transform in the spatial
directions

W̃μνðq⃗; p⃗; τÞ ¼ hNðp⃗Þj
Z

d3x
eiq⃗·x⃗

4π
Jμðx⃗; τÞJνð0; 0ÞjNðp⃗Þi;

ð1Þ

It is a function of τ, which is the Euclidean time separation
between the currents. Formally, the inverse Laplace trans-
form converts W̃μνðq⃗; p⃗; τÞ to the Minkowski hadronic
tensor

Wμνðq⃗; p⃗; νÞ ¼
1

2mNi

Z
cþi∞

c−i∞
dτeντW̃μνðq⃗; p⃗; τÞ; ð2Þ

with c > 0. However, this is not practical in lattice calcu-
lation, as there are no data on the imaginary τ. Instead, one
can turn this into an inverse problem and find a solution from
the Laplace transform [30]

W̃μνðq⃗; p⃗; τÞ ¼
Z

dνe−ντWμνðq⃗; p⃗; νÞ: ð3Þ

This has been studied [17,18,30,31] with the inverse
algorithms such as Backus-Gilbert, maximum entropy and
Bayesian reconstruction methods. The spectral density in
lepton-nucleon scattering has several kinematic regions as
the energy transfer ν increases—the elastic scattering, the
inelastic reactions (πN; ππM; ηN etc.) and resonances (Δ,
Roper, S11, etc.), shallow inelastic scattering (SIS), and deep
inelastic scattering (DIS) regions. To determine how large a
ν is needed for DIS, we look atW, the total invariant mass of
the hadronic state for the nucleon target at rest

W2 ¼ ðqþ pÞ2 ¼ m2
p −Q2 þ 2mpν: ð4Þ

The global analyses of the high energy lepton-nucleon and
Drell-Yan experiments to extract the parton distribution
functions usually make a cut with W2 > 12 GeV2 to avoid
the elastic and inelastic regions. Thus, to be qualified in the
DIS region, the energy transfer ν needs to be greater than
8 GeV for Q2 ¼ 4 GeV2, a typical choice made in the
CTEQ-TEA PDF global analysis.
It is shown [15,16,32,33] that, when the time ordering

tf > t2 > t1 > t0 is fixed, the 4-point function for
extracting the matrix element W̃μνðq⃗; p⃗; τÞ in Eq. (1) can
be grouped in terms of 6 topologically distinct and gauge
invariant path-integral insertions, according to different
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Wick contractions among the Grassmann numbers in the
two currents and the source/sink interpolation fields. They
can be further grouped into two classes. The first class
includes those where the currents are coupled to the same
quark propagator as illustrated in Fig. 1. The second class
involves those where the two currents are coupled to
different quark propagators as illustrated in Fig. 2. In
low energy lepton-nucleon scattering, all 6 diagrams
contribute and they are not separable [33]. However, in
the DIS region, the first class are hand-bag diagrams which
include the leading twist contributions, the second class are
cat’s ears diagrams, which are higher twists and are
suppressed by Oð1=Q2Þ.
The first class in Fig. 1 includes three path-integral

diagrams that can be denoted as connected insertions (CI)
[Figs. 1(a) and 1(b)], where the quark lines are all
connected, and disconnected insertions (DI) [Fig. 1(c)],
where there are vacuum polarizations associated with the
currents in disconnected quark loops. We should note that
Fig. 1(b) includes the exchange contribution to prevent the
u or d quark in the loop in Fig. 1(c) from occupying the
same Dirac eigenstate in the nucleon propagator, enforcing
the Pauli principle. In fact, Figs. 1(c) and 1(b) are
analogous to the direct and exchange diagrams in time-
ordered Bethe-Goldstone diagrams in the many-body
theory [34].

As far as the leading-twist DIS structure functions F1,
F2, and F3 are concerned, the three diagrams in Fig. 1 are
additive with contributions classified as the valence and sea
quarks qvþcs in Fig. 1(a), the connected sea (CS) antiquarks
q̄cs in Fig. 1(b), and disconnected sea (DS) quarks qds and
antiquarks q̄ds in Fig. 1(c) [15,16,32,33]. Since the u and d
partons in the quark loop in Fig. 1(c) appear in a different
flavor trace than the one involving the nucleon propagator,
they cancel in the Gottfried sum in the isospin symmetric
limit. Thus, the Gottfried sum rule violation comes entirely
from the connected sea (CS) difference ūcs − d̄cs in the F2

structure functions in this case [15]. It is proven [16,33]
from short distance expansion that the parton degrees of
freedom defined in diagram in Fig. 1 are separable, unlike
the case of low-energy lepton-nucleon scattering, where the
higher twists are important [17,18]. Furthermore, these
parton degrees of freedom are identical to those defined
from the recent Feynman-x approaches [33], i.e., quasi-
PDF [35], pseudo-PDF [36], and lattice cross section [37].
PDFs can be extracted from the factorization formula

[38] where the experimental cross section or structure
functions are expressed as a convolution integral of the
coefficient functions and the PDFs. In practice, the global
fitting programs adopt the parton degree of freedoms as
u; d; ū; d̄; s; s̄ and g. We see that from the path-integral
formalism of QCD, each of the u and d have two sources,

FIG. 1. Three gauge invariant and topologically distinct insertions in the Euclidean-path integral formulation of the nucleon hadronic
tensor where the currents couple to the same quark propagator. In the DIS region, the parton degrees of freedom are (a) the valence and
connected sea (CS) quarks qvþcs, (b) the CS antiquarks q̄cs. Only u and d are present in (a) and (b) for the nucleon hadronic tensor.
(c) the disconnected sea (DS) quarks qds and antiquarks q̄ds with q ¼ u, d, s, and c.

FIG. 2. Three other gauge invariant and topologically distinct insertions where the currents are inserted on different quark propagators.
In the DIS region, they are higher-twist diagrams.
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one from the connected insertion (CI) [Fig. 1(a)] and one
from the disconnected insertion (DI) [Fig. 1(c)], so are ū
and d̄ from Figs. 1(b) and 1(c). On the other hand, s, c and
s̄; c̄ only come from the DI [Fig. 1(c)]. In other words,

u ¼ uvþcs þ uds; d ¼ dvþcs þ dds;

ū ¼ ūcs þ ūds; d̄ ¼ d̄cs þ d̄ds;

s ¼ sds; s̄ ¼ s̄ds;

c ¼ cds; c̄ ¼ c̄ds: ð5Þ

This classification of the parton degrees of freedom
is richer than those in terms of q and q̄ in the global
analysis due to the fact that there are two sources for the
quarks—qvþcs and qds—and two sources for the anti-
quarks—q̄cs and q̄ds. The distinguishing feature of CS and
DS lies in their characteristic small-x behaviors, which we
shall explore in this work to perform global analysis. In
the Regge theory, the small-x behavior of qvþcs and q̄cs,
being in the flavor nonsinglet connected insertions, are
dominated by the Reggeon exchange. Thus, we expect
qvþcsðxÞ; q̄csðxÞ→x→0x−α for q ¼ u, d, where α ∼ 0.5 is
the slope of the Regge trajectory. Whereas, DS is
flavor singlet and can have Pomeron exchanges. Hence,
qdsðxÞ; q̄ds→x→0x−1 for q ¼ u, d, s, c. In an attempt to
separate the CS and DS quarks [19] by combining strange
quark distribution from a HERMES experiment and ūþ d̄
from CT10, it is found that xðūcs − d̄csÞ spans the same x
range as that of xðū − d̄Þ, which suggests that they have
similar small-x behaviors; whereas xðūds þ d̄dsÞ is much
singular for x < 0.05 [19]. This is consistent with
expectation.
Until the Feynman-x and/or the hadronic tensor

approaches on the lattice have all the systematic errors,
such as excited states contamination and large nucleon
momentum, are under control so that all region of x can be
compared with those from the global analyses, the most
reliable comparison between global fittings and lattice
calculations are via the parton moments. The latter are
getting mature with all the systematic errors (e.g., con-
tinuum and infinite volume extrapolations, excited states
contamination, physical pion mass, nonperturbative
renormalization, and scale setting) have been taken into
account [39,40]. However, as pointed out in [33,41], it is
not possible to compare the moments from global analyses
and those from the lattice calculations in detail, except for
the limited isovector (u − d) and stangeness moments.
This is because the lattice calculation of moments in the
three-point functions are organized in the connected
insertions (CI) and disconnected insertions (DI). The CI
includes both qvþcs and q̄cs, while DI includes qds and q̄ds.
On the other hand, in the present global analyses, CS and
DS degrees of freedom are not separated. To make a
comparison at the moment level, it is encumbered upon

global analyses to disentangle the connected sea from the
disconnected, so that the full lattice results of moments in
CI and DI can be compared to them for each flavor.

III. GLOBAL FITTING

In this section, the general setting of the CT18CS global
fit is presented. The CT18CS, as an extended parametriza-
tion of PDFs in accommodation with the Euclidean path-
integral formalism of QCD, requires a different scheme of
parton classification with more parton degrees of freedom.
The specific parton degrees of freedom to be parametrized
and a number of ansatzes imposed in this global analysis
will be explained in the following Sec. III A. In the
Sec. III B, we will introduce the settings of small-x and
large-x behavior for CS and DS parton distributions.

A. Parton degrees of freedom

In the QCD global analysis of parton distributions in the
proton, the PDFs of various partons are parametrized in
some functional forms at the initial scaleQ0 (about 1 GeV),
from where the PDFs are evolved to any arbitrary higher
energy scale Q via DGLAP evolution equations. Typically,
it is assumed that the charm and bottom quark PDFs are
generated perturbatively from QCD evolution, though in
some special studies, the possibility of having nonpertur-
baive charm PDF at the Q0 scale was also considered, such
as in Refs. [6–9,42]. Therefore, in general, the total number
of parton degrees of freedom at the Q0 scale is 7, which
includes the following partons:

g; uv; dv; ū; d̄; s; s̄ ð6Þ

In CT18 [26], it is also assumed that the strange PDFs s ¼ s̄
at the Q0 scale, though s ≠ s̄ will be generated at large Q
scale via NNLO QCD evolution. Given this ansatz, the
number of parton degrees of freedom is 6 in CT18. We note
that in MSHT20 PDFs [13] and NNPDF4.0 [9], a non-
vanishing asymmetric strangeness sðxÞ ≠ s̄ðxÞ is imposed
in the nonperturbative parametrization at their respective
Q0 scales.
As mentioned in the last section, when the separation of

CS partons and DS partons are considered, we would have
more partonic degrees of freedom. The classification of
partons becomes:

g; uvþcs; uds; ūcs; ūds; dvþcs; dds; d̄cs; d̄ds; sds; s̄ds; ð7Þ

totally 11 of them. To implement all the degrees of freedom
in Eq. (7) and obtain their Q2 dependence would require
generalized DGLAP evolution equations as developed in
Ref. [41]. In the present study, we shall pararmetrize the
extended set of partons in Eq. (7) at the input scaleQ0. with
some specific assumptions to be listed below, and then
combine the CS and DS into the conventional partons in
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Eqs. (5) and (6) so that we can use the same NNLO
evolution equations as for CT18. In this way, we can
compare with the results of CT18 to discern the different
roles played by CS and DS and their respective impacts on
physics at this stage. When the generalized evolution code
is ready, we can fully explore the CS and DS effects at all
scales.
For the present work, we have adopted the following

assumptions to reduce the number of parton degrees of
freedom from 11 to 6, similar to that in CT18.

(i) Similar to CT18, we assume the symmetric discon-
nected sea parton distributions:

uds ¼ ūds; dds ¼ d̄ds; and sds ¼ s̄ds: ð8Þ

(ii) The isospin symmetry is imposed for the u and d
quarks:

uds ¼ ūds ¼ dds ¼ d̄ds: ð9Þ

(iii) The DS components of u and d quark PDFs are
proportional to the s quark PDF, i.e.,

uds ¼ ūds ¼ dds ¼ d̄ds ¼ R × s: ð10Þ

Since the DS in the lattice calculation involves a
correlation between the quark loop and the nucleon
propagator via the gluons, it is not as sensitive to the
nucleon wave function as are the valence and CS
partons in the connected insertion. The only differ-
ence between uds, dds, and s is their quark masses.
Thus, it is reasonable to postulate that their dis-
tribution are the same modulo a proportional con-
stant R. In this work, we determine the value of R
from the ratio of the second moment between the
strange and the sum of u and d in the disconnected
insertion, predicted by a lattice QCD calculation
which has taken all the systematic errors into
account [22]. It yields 1=R ¼ hxisþs̄=hxiūþd̄ðDIÞ ¼
0.822ð69Þð78Þ at 1.3 GeV, where hxiūþd̄ðDIÞ is the
momentum fraction carried by the light quark
(either u or d) in the disconnect insertions. This
result was obtained by properly evolving the match-
ing coefficients from 2 GeV to 1.3 GeV [43], using
the known result of 1=R at 2 GeV, which was found
to be 0.795(79)(77) [22].
In the CTEQ-TEA PDF global analysis, the

normalizations for individual sea quark PDFs are
computed using the valence quark and momentum
sum rules, and the first moments hxig and the ratio
hxis̄þs̄=hxiūþd̄ fitted as free parameters. Since the
parametrizations do not determine the ratio of the
strange-to-nonstrange PDFs, we restrict this ratio in
the present work by the above-mentioned prediction
from lattice-QCD. Specifically, we require that the

ratio ðsdsðxÞ þ s̄dsðxÞÞ=ðūdsðxÞ þ d̄dsðxÞÞ, at Q0 ¼
1.3 GeV, is constrained at the 68% confident level to
be in the interval [0.718, 0.926] with a central value
of 0.822, by imposing the appropriate Lagrange
multiplier constraint in the CT18CS fit.

Finally, we note that the assumption in Eq. (10) can
be checked by the similar hx3i ratio in lattice
calculations in the future.

(iv) We further define

ucs ≡ ūcs and dcs ≡ d̄cs; ð11Þ

so that

uv ¼ uvþcs − ucs ¼ uvþcs − ūcs; ð12Þ

which agrees with the usual definition of the valence quark:
qv ≡ q − q̄ ¼ ½uvþcs þ uds� − ½ūcs þ ūds�, when uds ¼ ūds.
It was pointed out in [41] that when uds and ūds are not
equal, the qv ≡ q − q̄ definition leads to conceptual puz-
zles, such as the valence u can evolve into valence d in
NNLO evolution and that the strangeness can have valence
distribution when s ≠ s̄. These puzzles are resolved with
the definition in Eq. (12) [41].
With all the above conditions taken into account, the

remaining parton degrees of freedom are g; uv; ucs; dv;
dcs; sds. As discussed earlier below Eq. (7), we shall
combine CS and DS into the usual ū=d̄ d.o.f., i.e., ū ¼
ūcs þ ūds ¼ ūcs þ Rs and d̄ ¼ d̄cs þ d̄ds ¼ d̄cs þ Rs at the
input scale and evolve them in the same NNLO equations
as CT18 in the global fitting.

B. Small-x and large-x behavior

At the starting Q0 scale, the nonperturbative PDFs are
parametrized as

fðxÞ ¼ xa1−1ð1 − xÞa2−1PolyðxÞ; ð13Þ

where the parameters a1 and a2 dominate the behavior of
PDFs as x approaches 0 or 1, respectively, and the PolyðxÞ,
constructed with a set of Bernstein polynomials in CTEQ-
TEA PDF family, is responsible for the shape of PDFs in a
wide range of x. In practice, we implemented the following
ansatzes to parametrize various parton distributions at the
Q0 scale.

(i) d̄=ū⟶x→0 1 Based on the isospin symmetry in strong
interaction, we require ū and d̄ to have the same
small-x behavior, where the disconnected sea domi-
nates. Specifically, this ansatz is implemented by
setting aū1 ¼ ad̄1 to preserve the isospin symmetry in
the small-x region. This ansatz was also applied in
the CT18 fit. See, Appendix C of Ref. [26].

(ii) uds; ūds; dds; d̄ds; sds; s̄ds ⟶x→0 x−1. Since the DS par-
tons are flavor singlet and can have Pomeron
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exchanges, their small-x behavior goes like x−1.
Based on Eq. (10), this ansatz is implemented by
setting as1 ¼ 0, which is the value of the shape
parameter a1 of the strangeness PDF. We note that
as1 ¼ 0 is consistent with the CT18 error PDF sets,
with the value of as1 of the CT18 central set shown in
the first row of Table I.

(iii) ucs; dcs ⟶x→0 uv; dv. Like valence partons, the CS
partons are in the connected insertion, which is
flavor nonsinglet. Thus, we set the small-x behavior
of CS partons to be the same as those of valence-
quark partons: au

cs

1 ¼ ad
cs

1 ¼ au
v

1 ¼ ad
v

1 .
(iv) d=u⟶x→1 d=u of CT18. In the CT18 fit, the ratio d=u

was required to approach a finite number as x → 1.
This assumption is also kept in the CT18CS fit,
which is done by setting au

v

2 ¼ ad
v

2 ¼ au
v

2;CT18 ¼
ad

v

2;CT18 ¼ 3.036. Since the ratio d=u at x → 1 is
dominated by valence partons and the parameter a2
controls the PDF behavior as x → 1, we fix the a2
values of valence partons as those in CT18 fit, for
simplicity.

(v) d̄=ū⟶x→1 d̄=ū of CT18. As shown in Refs. [4,26],
CT18 PDFs can describe reasonably well both the
E866 NuSea [29] and E906 SeaQuest [4] data,
though the SeaQuest data were not included in
the CT18 fit, as they only became available after
the completion of the CT18 fit. Since both datasets
provide important constraints on the ratio d̄=ū as
x → 1, and the CS component of anti-quarks domi-
nates the sea parton behavior in the large x region,
we set aū

cs

2 ¼ ad̄
cs

2 ¼ aū2;CT18 ¼ ad̄2;CT18 ¼ 7.737 in
the CT18CS fit, for simplicity.

For a quick comparison, we list in Table I the fitted
values of a1 and a2 parameters of various partons in the
CT18 and CT18CS NNLO fits. The numbers marked with
“⋆” indicate that they are not fitted, but input values in the
CT18CS fit. Note that we did not list the values of the other
shape parameters used in these fits. In total, there are 28
such shape parameters to be fitted in both the CT18 and
CT18CS fits, with the same number (6) of parton degrees of
freedom. We note that the published CT18 PDF error sets
include an additional pair of eigenvector sets to account for
the larger error of gluon PDF in the small-x region.

IV. RESULTS

In this section, we present the results of the CT18CS
global fit on aspects of quality of the fit, the configuration
of PDFs, and various PDF Mellin moments. The compari-
son between CT18CS and the standard CT18 NNLO fits
shows that CT18CS, with an extended parametrization, is
consistent with the CT18 global analysis. Note that this
global analysis uses the same datasets as the ones used in
the CT18 analysis. There are in total 39 datasets, with 3681
data points included [26].

A. Quality of the fit

In Table II, we compare the quality of the CT18CS
fit to that of the CT18 fit. It turns out, both have the total

TABLE I. The fitted values of a1 and a2 parameters of various
partons in the CT18 and CT18CS NNLO fits. The numbers
marked with “⋆” indicate that they are not fitted, but input values
in the CT18CS fit. Furthermore, the ansatz made in the CT18CS
fit includes ucs ¼ ūcs and dcs ¼ d̄cs, cf. Eq. (11), and
uds ¼ ūds ¼ dds ¼ d̄ds ¼ R × s, with 1=R ¼ hxisþs̄=hxiūþd̄
ðDIÞ ¼ 0.822ð69Þð78Þ at 1.3 GeV, cf. Eq. (10).

CT18 uv dv g ū d̄ s

a1 0.763 0.763 0.531 −0.022 −0.022 −0.022
a2 3.036 3.036 3.148 7.737 7.737 10.31

CT18CS uv dv g ūcs d̄cs sds

a1 0.739 0.739 0.553 0.739 0.739 0.000⋆
a2 3.036⋆ 3.036⋆ 3.371 7.737⋆ 7.737⋆ 11.57

TABLE II. The χ2 of selected datasets included in the CT18 and CT18CS fits, with non-negligible
Δχ2 ¼ jχ2CT18 − χ2CT18CSj. Npt;E is the number of data points of individual dataset, and χ2CT18 and χ2CT18CS are
the χ2 values obtained by using the central set of CT18 and CT18CS PDFs, respectively.

ID Experimental dataset Npt;E χ2CT18 χ2CT18CS

104 NMC Fd
2=F

p
2 [44] 123 125.7 120.6

124 NuTeV νμμ SIDIS [45] 38 18.49 19.75
125 NuTeV ν̄μμ SIDIS [45] 33 38.45 40.05
201 E605 Drell-Yan process [46] 119 103.4 107.1
203 E866 Drell-Yan process σpd=ð2σppÞ [29] 15 16.09 13.50
204 E866 Drell-Yan process Q3d2σpp=ðdQdxFÞ [47] 184 244.4 240.3
246 LHCb 8 TeV 2.0 fb−1 Z → e−eþ forward rapidity cross section [48] 17 25.82 23.63
249 CMS 8 TeV W cross section and Ach. [49] 11 11.37 8.089

All other datasets 3141 3708 3719

Total 3681 4292 4292
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χ2CT18 ¼ 4292 for a total of 3681 data points. The exper-
imental datasets which made non-negligible contributions
to the change in χ2 of these two fits are also listed in Table II
for comparison. As expected, they are the data most
sensitive to valence and sea quark PDFs.

B. Comparison of PDFs

In this section, we compare the fitted CT18CS PDFs
obtained in this analysis to the published CT18 PDFs [26].
In CT18CS, the u and d quark distributions are repre-

sented by the combination of valence, connected sea, and
disconnected sea quark distributions. For ū and d̄ distri-
butions, they are also made of connected sea, and dis-
connected sea distributions. In Figs. 3 and 4, the
decomposition of u, d, ū, d̄ in terms of CS and DS parton
distributions, at Q0 ¼ 1.3 GeV, are shown, respectively.
The PDF error bands, obtained at the 90% confidence level
(C.L.), are also shown for comparison.
As shown in Figs. 3(a) and 3(b), the summation of

valence, connected sea, and disconnected sea quark dis-
tributions of u and d agrees well with the CT18 central
PDF values. The CS components of u and d provide
sizable contributions in the intermediate-x region only, i.e.,
10−3 < x < 0.4. The u and d PDFs in the large-x region are

dominated by uv and dv. At small-x, the DS components
are, as expected, dominating u and d PDFs, where both
the valence and CS components are suppressed. Similar
comparisons made for ū and d̄ are displayed in Fig. 4.
As shown, CT18CS is in good agreement with CT18
NNLO for these parton distributions. Furthermore, in
CT18CS, the novel CS parton distribution is found to
be responsible for u and d sea quark distributions in the
intermediate-x region. On the contrary, the DS patron
distribution plays a more important role in the small-x
region. We should note that the errors of u; d; ū and d̄ at
small x (i.e., x < 10−3) from CT18CS are substantially
smaller than those in CT18. This is mainly due to the
ansatz that we imposed on their small x behavior to be x−1

in Sec. III B.
A useful format to compare d̄ and ū PDFs resulted from

the CT18CS and CT18 fits is to examine their difference, as
shown in Fig. 5. Since we have assumed in this analysis that
the DS component of d̄ and ū are the same, hence ðd̄ − ūÞ ¼
ðd̄cs − ūcsÞ in CT18CS PDFs. It shows that the CT18CS
central value is close to that of CT18 NNLO for x > 0.03.
In the small-x region, the difference ðd̄cs − ūcsÞ of CT18CS
vanishes. This result is consistent with the prediction
presented in Fig. 4 of Ref. [19] in which the E866

FIG. 3. The decomposition of CT18CS u and d quark distributions in the CS and DS classification at Q ¼ 1.3 GeV. The CT18CS
PDFs are compared to the nominal CT18 NNLO, which is presented in blue dot line (for central set prediction) and blue error band (for
PDF uncertainty).

FIG. 4. Similar to Fig. 3, but for the decomposition of CT18CS ū and d̄.
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NuSea [29] and HERMES [23] data were compared to
CT10 PDFs [24] in the framework of leading order analysis.
We also show in Fig. 6 similar comparison for g-PDF,

s-PDF, d − u, and PDF ratio ðsþ s̄Þ=ðūþ d̄Þ at Q ¼
1.3 GeV. In Fig. 6(a), gluon distributions in CT18CS and
CT18 fits are in very good agreement across the whole x
range. The quark CS and DS separation has no effect on the

gluon distribution. As shown in Fig. 6(b), the uncertainty in
the strangeness distribution in CT18CS is reduced by a large
margin, as compared to CT18 for x < 0.03. This is of the
same pattern as for u, d and ū; d̄ since we have adopted the
same ansatz, i.e., as1 ¼ 0, in the CT18CS fit, cf. Sec. III B.
The central value of the s-PDF distribution of CT18CS for
small x is correlated with those of ū and d̄ via the R ratio
introduced from the lattice result.
The comparison of d − u distribution between CT18CS

and CT18 is shown in Fig. 6(c). The d − u distribution
corresponds to the dvþcs − uvþcs distribution in CT18CS.
This is because uds and dds are assumed to be the same
under isospin symmetry, cf. Eq. (9). For x > 0.005, both
central values and sizes of the uncertainty bands of the two
PDFs are in good agreement. In the low-x region, the ansatz
that CS and valence partons have the same behavior for
x → 0 in CT18CS leads to a significant reduction in the
uncertainty size.
In Fig. 6(d), the ratio of ðsþ s̄Þ=ðūþ d̄Þ in CT18CS is

compared to that in CT18. In the small-x region, where the
DS parton dominates the sea quark distribution, this ratio
for CT18CS is constrained by the lattice input, in addition
to the ansatz as1 ¼ 0, which reflects its central value and

FIG. 5. Comparison of CT18CS and CT18, for d̄ − ū. In
CT18CS, ðd̄ − ūÞ ¼ ðd̄ − ūÞcs due to the ansatz d̄ds ¼ ūds,
cf. Sec. III A.

FIG. 6. Similar to Fig. 5, but for comparing g-PDF, s-PDF, d − u and PDF ratio ðsþ s̄Þ=ðūþ d̄Þ at Q ¼ 1.3 GeV.
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small uncertainty. As a consequence, the error in CT18CS
is greatly reduced as compared to that of CT18 for
x < 0.03. In the larger-x region, where the CS parton
becomes important, this ratio is constrained by imposing
the same large-x behaviors for ū and d̄ as in CT18. It is
noted [22] that the PDF ratio ðsþ s̄Þ=ðūþ d̄Þ starts to dip
for x > 0.01. This is due to the fact that ū or d̄ has two
components—CS and DS, in contrast to s̄ which only has
DS. As shown in Fig. 4(b), when x > 0.01 the CS
components start to show up and contribute to the denom-
inator of the ratio, making it smaller.

C. PDF Mellin moments

The momentum carried by a certain flavor parton can be
calculated in terms of the second moment hxi of its PDF. In
Table III, we compare the predictions of CT18CS to CT18
PDFs on the second moments of various partons at the
input scale. The ū and d̄ are split into CS and DS in
CT18CS and hxiuvþcs is from the direct insertion calculation
of the u quark on the lattice, which corresponds to the sum
of the valence and CS, cf. Eq. (12). Other similar compar-
isons can be found in Table VII of Ref. [26]. Without the
CS and DS separation, one is not able to compare separate
flavor-dependent PDF moments to those from the lattice
calculation [41], since the disconnected insertion lattice
calculation corresponds to the DS, while the CS is lumped
with the valence in the connected insertion. The only
exceptions are the strange moments which only have DS

and those of u − d which only involve the connected
insertion. They are quite limited. One cannot compare
the moments for u; d; ū and d̄.
Now that the CS and DS are separated (although at the

input scale) in CT18CS, the lower half of Table III shows
that, at Q0 ¼ 1.3 GeV, ūcs and d̄cs carry about 1.20% and
1.97% of the total momentum of the proton, respectively.
Namely, d̄cs carries more momentum than ūcs. For com-
parison, ūds and d̄ds each carries about 1.67% of the total
momentum of the proton. Totally, the CS and DS compo-
nents of up- and down-quarks carry about 6.34% and
6.68% of the total momentum of the proton, respectively. In
addition, the strange PDF only has DS component which
accounts for 2.74% of proton’s total momentum, with both
s and s̄ contributions included. This is driven by the
input value of R taken from the lattice prediction of
1=R¼hxisþs̄=hxiūþd̄ðDIÞ¼0.822ð69Þð78Þ at Q¼1.3GeV,
where hxiūþd̄ðDIÞ is the momentum fraction carried by the
DS component of ū and d̄ partons. By separating the CS
and DS components of partons in the global analysis, the
predictions in Table III can be directly compared to lattice
calculations of separate flavors in both the connected and
disconnected insertions, term by term.
In Table IV, we collect the second moments of

uþ − dþ ¼ ðuþ ūÞ − ðdþ d̄Þ and sþ ¼ sþ s̄ predicted
by CT18CS and CT18 calculations, at 1.3 GeV and
2.0 GeV, respectively. Lattice results of hxiuþ−dþ and
hxisþ at Q ¼ 2.0 GeV are also given and they are found

TABLE III. The second moment hxi of CT18CS and CT18 NNLO at 1.3 GeV. The superscript “�” indicates that
due to the fourth ansatz imposed in Eq. (11), the second moments for CS components between quarks and
antiquarks are identical, namely, hxiūcs ¼ hxiucs and hxid̄cs ¼ hxidcs . The superscript “†” indicates that due to the
second ansatz imposed in Eq. (9), the second moments of DS components of u, ū, d, and d̄ are identical.

PDF hxiuv hxidv hxig hxiū hxid̄ hxis
CT18 0.325(5) 0.134(4) 0.385(10) 0.0284(22) 0.0361(27) 0.0134(52)

CT18CS 0.323(4) 0.136(3) 0.384(12) 0.0287(25) 0.0364(34) 0.0137(39)

PDF hxiuvþcs hxidvþcs hxi�ūcs hxi�̄
dcs hxi†

uds

CT18CS 0.335(7) 0.155(8) 0.0120(64) 0.0197(70) 0.0167(49)

TABLE IV. The second moments of ðuþ − dþÞ and sþ predicted by CT18 [26] and CT18CS at 2.0 GeV and
1.3 GeV, respectively. We also show lattice results at 2.0 GeV. For hxiuþ−dþ, we follow Ref. [40] in supplying ranges
obtained from various calculations, grouped according to the number of active flavors, Nf, in the lattice action used.

Q ¼ 2.0 GeV Q ¼ 1.3 GeV

CT18 Lattice CT18CS CT18

0.111 − 0.209Nf¼2þ1

hxiuþ−dþ 0.156(7) 0.153 − 0.194Nf¼2þ1þ1 [40] 0.173(7) 0.175(8)

0.166 − 0.212Nf¼2

hxisþ 0.033(9) 0.051(26)(5) [43] 0.027(8) 0.027(10)
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to be consistent with the CT18 predictions. However, we
note that the deviation of the lattice calculations from
different groups are large and not all systematic errors have
been taken into account.

V. THE IMPACT OF SEAQUEST DATA

Fixed-target Drell-Yan measurements provide an impor-
tant probe of the x dependence of the nucleon PDFs. This
fact motivated the Fermilab E866 NuSea experiment [29],
which determined the deuteron-to-proton cross section
ratio σpd=2σpp out to relatively large x2, the momentum
fraction of the target. Intriguingly, E866 found evidence
that the cross section ratio dropped below unity,
σpd=2σpp < 1, as x2 approached and exceeded x≳ 0.25.
The E866 results stimulated an interest in performing
a similar measurement out to larger x2 with higher
precision—the main objective of the subsequent E906
SeaQuest experiment at Fermilab [4]. Comparing to the
NuSea data, the recent SeaQuest data include an extra bin
which records data around x ∼ 0.4 with high precision. In
Fig. 7, we compare the predictions by CT18CS to the
NuSea and SeaQuest data. For x2 > 0.2, the NuSea and the
SeaQuest data exhibit different shapes of σðpdÞ=2σðppÞ.
The ratio σðpdÞ=2σðppÞ for the NuSea data clearly
decreases as x2 becomes higher than 0.2, while for the
SeaQuest data, this ratio seems to remain the same up to
x2 ¼ 0.4. The difference in the shape of σðpdÞ=2σðppÞ
distribution implies that NuSea and SeaQuest data
have different preference for the PDF-ratio d̄=ū or the
PDF-difference d̄ − ū in the large-x region. In view of the

fact that, in the CT18CS analysis, q̄ ¼ q̄cs þ q̄ds for q ¼ u
or d and ūds ¼ d̄ds, the deviation of d̄=ū from unity is thus
due to the different ūcs and d̄cs contributions in the proton.
Hence, it is interesting to know how the inclusion of the
SeaQuest data in a global fit such as CT18CS could modify
the PDF-difference ðd̄ − ūÞ, cf. Fig. 5, which is equal
to ðd̄ − ūÞcs.
Below, we discuss the result of a new fit, referred to as

“CT18CSp206” below, which follows the same approach
as CT18CS, but with the inclusion of the E906 SeaQuest
data to the original CT18 dataset. In Table V, we compare
the quality of the CT18CSp206 fit to that of CT18CS.
The only datasets with non-negligible Δχ2 ¼ jχ2CT18CS −
χ2CT18CSp206j are just the E866 NuSea data and E906
SeaQuest data. From CT18CS to CT18CSp206 fit, the
χ2 for E866 NuSea data is increased by about 5 units, while
the fit to the E906 SeaQuest data is improved (with a
reduction of 12 units in its χ2). This tension in the change of
χ2 reflects the different preferences of PDF-ratio d̄=ū or the
PDF-difference d̄ − ū in the large-x region. In Figs. 7 and 8,
we compare the predictions of CT18CS and CT18CSp206
to the NuSea and SeaQuest data. In Fig. 7(a), the prediction
of CT18CS is closer to the E866 NuSea data points for
x2 > 0.2, comparing to those of CT18 and CT18CSp206.
For Fig. 7(b), the CT18CS prediction presents a different
shape from E906 SeaQuest data points particularly for
x2 > 0.2, while CT18 and CT18CSp206 PDFs show better
consistencies with these data points. Figure 8 shows the
comparison of uncertainty sizes between the total exper-
imental uncertainty and the PDF-induced uncertainty in

FIG. 7. Comparison of CT18 NNLO, CT18CS and CT18CSp206 predictions to the (a) E866 SeaQuest and (b) E906 SeaQuest data.
Note that SeaQuest data were not included in the CT18NNLO and CT18CS fits, but are in the CT18CSp206 fit.

TABLE V. The χ2 of selected datasets included in the CT18CS and CT18CSp206 fits. Only those with non-
negligible Δχ2 ¼ jχ2CT18CS − χ2CT18CSp206j are listed. Npt;E is the number of data points of individual dataset, and
χ2CT18CS and χ2CT18CSp206 are the χ2 values predicted by using the CT18CS and the CT18CSp206 fit. Note that the
E906 SeaQuest data [4] (ID ¼ 206) are not included in the CT18CS fit, but are in the CT18CSp206 fit.

ID Experimental dataset Npt;E χ2CT18CS χ2CT18CSp206

203 E866 Drell-Yan process σpd=ð2σppÞ [29] 15 13.5 18.8
206 E906 SeaQuest Drell-Yan process σpd=ð2σppÞ [4] 6 20.6 8.24

HOU, YAN, LIANG, LIU, and YUAN PHYS. REV. D 106, 096008 (2022)

096008-10



predictions for both E866 NuSea and E906 SeaQuest
data. All of three above-mentioned PDFs sets exhibit
conservative uncertainties, so that the PDF-induced uncer-
tainties in predictions are larger than the experimental
uncertainty for both datasets, except for the data point with
the highest x2 value in E866 NuSea measurement. For
x2 > 0.2, the CT18CS predictions for both datasets possess
slightly larger error bands than predictions of CT18 and
CT18CSp206. For most of the range of x2, the error band of
CT18CSp206 is comparable to the CT18 error band, while
in the prediction of E906 SeaQuest data with x2 > 0.3,
CT18CSp206 has a larger uncertainty.
Finally, we remark that the impact of SeaQuest data to

modifying the CT18CS PDFs can also be studied by using
the ePump-updating method, detailed in Refs. [50,51]. The
idea is to add the SeaQuest data, with a given weight, to
the original CT18 dataset and perform a new global fit
using the ePump-updating method. This will update the
original CT18CS PDFs and produce a new set of PDFs.
Given this new set of PDFs, one can calculate the change
in the total χ2 of each dataset included in the global fit, as
compared to that given by the original CT18CS PDFs.
Instead of examining χ2EðNpt;EÞ=Npt;E for the individual

experiment E, which has different probability distribution
and is dependent on the total number of data point Npt;E,
we provide an equivalent information in the form of the
effective Gaussian variables SE ¼

ffiffiffiffiffiffiffiffi
2χ2E

p
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Npt;E − 1

p
[24]. A well-fitted dataset should have SE between −1 and
1. An SE smaller than−1means the dataset is fitted too well
(maybe due to large experimental errors) and an SE larger
than 1 indicates poor fitting. To examine the potential
tensions between the E906 SeaQuest data and the datasets
included in the CT18CS fit, we plot in Fig. 9(a) the change
of the effective Gaussian variable SE for some datasets
included in CT18CS as the weight of SeaQuest data is
increased from 0 to 10. Only the datasets with non-
negligible change in SE are shown. Note that a weight
of zero corresponds to the CT18CS fit, in which the
SeaQuest data were not included, and a weight of one
leads to the above-mentioned CT18CSp206 fit. As the
weight of SeaQuest data increases, the SE of SeaQuest data
becomes smaller, as expected, while the E866 NuSea data
becomes much larger, indicating tension with the SeaQuest
data. Both the NMC Fd

2=F
p
2 (ID ¼ 104) and CMS 8 TeVW

and Ach (ID ¼ 249) data show very slight increase in their

FIG. 8. Similar to Fig. 7, but for the comparison of the sizes of (total) experimental uncertainty of (a) E866 NuSea and (b) E906
SeaQuest experiments to the PDF-induced uncertainty predicted by CT18NNLO, CT18CS, and CT18CSp206.

FIG. 9. (a) The change of the effective Gaussian variable SE for some datasets included in CT18CS, as the weight of E906 SeaQuest
data increases from 0 to 10. Only the datasets with notable changes in SE are shown. Note that a weight of zero corresponds to the
CT18CS fit, in which the SeaQuest data is not included. (b) Comparison of the PDF ratio d̄=ū, as a function of x atQ ¼ 1.3 GeV, among
CT18, CT18CS, and CT18CSp206.
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SE values as the weight of SeaQuest data increases from
zero. In Fig. 9(b), we compare the PDF-ratio d̄=ū, as a
function of x at Q ¼ 1.3 GeV, among CT18 NNLO,
CT18CS, and CT18CSp206, where the E906 SeaQuest
data (labeled as ID ¼ 206 in Table V) is included, via
the ePump-updating method [50,51]. It shows that
CT18CSp206 has a larger PDF ratio d̄=ū at x > 0.2, as
compared to CT18CS. On the other hand, the uncertainty of
the PDF ratio d̄=ū of CT18CSp206 in large-x region is
enlarged from that of CT18CS to tolerate the tension
between the two datasets. For completeness, we also show
in Fig. 10 the comparison of d̄=ū, ðd̄ − ūÞ, s, and
ðsþ s̄Þ=ðūþ d̄Þ, respectively, as predicted by these three
different global fits at Q ¼ 100 GeV. In Figs. 10(a) and 10
(b), at 100 GeV the comparison of PDF ratio d̄=ū, or of the
PDF difference ðd̄ − ūÞ, is similar to those at 1.3 GeV,
cf. Fig. 10. The impact of the SeaQuest data on sðxÞ and
PDF ratio ðsþ s̄Þ=ðūþ d̄Þ at 100 GeV is negligible, as
shown in Figs. 10(c) and 10(d).

VI. SUMMARY

In this work, we present a NNLO QCD global analysis
named CT18CS where the connected sea partons and

disconnected sea partons, as revealed in the path-integral
formulation of the hadronic tensor in QCD, are separately
parametrized at the input scale of Q0 ¼ 1.3 GeV. The
CS and DS are mainly distinguished by their respective
small-x behaviors. Furthermore, we assumed that the
DS of u and d are proportional to the s with the propor-
tional constant constrained by a recent complete lattice
calculation of the second moment ratio [22] hxisþs̄=
hxiūþd̄ðDIÞ ¼ 0.822ð69Þð78Þ at Q ¼ 1.3 GeV, where
hxiūþd̄ðDIÞ is the momentum fraction carried by the
DS component of ū and d̄ partons. This lattice QCD
constraint was included in the CT18CS fit via the Lagrange
multiplier method. Together with the ansatz as1 ¼ 0, this
lattice input has helped reduce the error of the ratio
hxisþs̄=hxiūþd̄ greatly for x < 0.03 as compared to that
of the CT18 fit.
Short of applying the evolution equations where CS and

DS partons are evolved separately, we impose a number of
ansatzes regarding small-x behaviors and isospin sym-
metry, as described in Sec. III A. in the input scale and
evolve the combined CS and DS partons during evolution.
In this way, the PDFs are still evolved from Q0 with the
usual parton classification, namely g; u; ū; d; d̄; s and the
results can be compared with CT18 at Q0.

FIG. 10. The comparison of d̄ − ū, d̄=ū, sðxÞ, and ðsþ s̄Þ=ðūþ d̄Þ PDFs at 100 GeV for CT18, CT18CS, and CT18CSp206.
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It is found that the fit quality of CT18CS is comparable
to that of CT18 NNLO. The CT18CS PDFs, obtained with
an extended parametrization, are consistent with CT18
NNLO in a wide range of x, but the errors of the quark
partons in CT18CS are greatly reduced at small x as
compared to those of CT18, mainly due to the small-x
behaviors imposed and the lattice QCD input. As expected,
the DS components primarily contribute to ū and d̄ in
small-x region, and the CS components provide sizable
contribution in the intermediate-x region. We give the
second moments of CS and DS in different flavors at scale
Q0. They can be compared with systematic error controlled
lattice calculations term by term for the first time. At
Q ¼ 1.3 GeV, we find that up and down quarks in the CS
sector takes about 6.34% of total momentum, while the
momentum in DS sector is about 6.68% of total amount.
They are comparable in size at this low scale. The
implication of CT18CS PDFs are studied in the comparison
of predictions for the NuSea data and SeaQuest data
between CT18CS and CT18 NNLO PDFs. A new global
fit (referred to as CT18CSp206) on the basis of CT18CS is
obtained with the SeaQuest data included. Through a scan
of the effective Gaussian variable SE over various weights
to the E906 SeaQuest data, using the ePump-updating
method [50,51], it is found that the SeaQuest data and the
NuSea data are in tension.
In the future, global analyses should incorporate the

extended evolution equations [41] where the connected sea
and the disconnected sea are evolved separately so that they
will remain separated at all Q2 for better and more detailed

delineation of the PDF degrees of freedom and compared to
lattice results term by term.
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