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Abstract

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
the CT18 parametrization of the global analysis of the parton distribution functions
(PDFs). This is achieved with the help of the distinct small x behaviors of these two
sea parton components 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. This
allows lattice calculations of separate flavors in both the connected and disconnected
insertions to be directly compared with the global analysis results term by term.
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1 Introduction

Extracting PDFs information is intrinsically an inverse problem, since the factorization for-
mula involves an integral of the product of the parton distribution functions (PDFs) and the
perturbative short distance kernel. 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
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Figure 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
as follow. The left panel: the valence and connected sea (CS) partons qv+cs; the
middle panel: the CS anti-partons q̄cs; the right panel: the disconnected sea (DS)
partons qds and anti-partons q̄ds with q = u, d, s, and c. Only u and d are present in
the left and middle panels for the nucleon hadronic tensor.

a global fit of the available experimental data at different Q2 with evolution. In paricu-
lar, the flavor structure of the partons and antipartons can be improved with experiments
which directly address the flavor dependence. For example, the NMC measurement [1, 2] of
∫ 1

0 d x[F p
2 (x) − F n

2 (x)]/x turns out to be 0.235 ± 0.026, a 4 σ difference from the Gottfried

sum rule IG ≡
∫ 1

0 d x[F p
2 (x)− F n

2 (x)]/x = 1/3, which implies that the ū = d̄ assumption was
invalid [3].

The violation of the Gottfried sum rule prompted the Euclidean path-integral formulation
of the the hadronic tensor of the nucleon which uncovered that there are two kinds of sea
partons, one is the connected sea and the other disconnected sea [4, 5]. The connected sea
(CS) results from a connected insertion of the currents on the ‘valence’ quark lines and the
disconnected sea (DS) is from a disconnected insertion involving a vacuum polarization from
the quark loop involving the external currents. It was proven [4] 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.

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 [6] of unpo-
larized PDFs.

2 Global fitting

As a common practice, the global fitting programs adopt the parton degrees of freedoms as
u, d, ū, d̄, s, s̄ and g at the initial scale Q0, about 1 GeV, from where the PDFs are evolved via
DGLAP equations [7–9]. However, we see that from the path-integral formalism of QCD, each
of the u and d have two sources, one from the connected insertion (CI) (left panel of Fig. 1)
and one from the disconnected insertion (DI) (right panel of Fig. 1), so are ū and d̄ from the
middle and right panels of Fig. 1. On the other hand, s and s̄ only come from the DI (right
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panel of Fig. 1). In other words,

u= uv+cs + uds, d = d v+cs + dds

ū= ūcs + ūds, d̄ = d̄ cs + d̄ds,

s = sds, s̄ = s̄ds, (1)

In CT18 [6], at Q0 = 1.3 GeV, the non-perturbative PDFs parametrization involves totally 6
degrees of freedom: g, uv , d v , ū, d̄, and s, with the assumption that s = s̄. When the separation
of CS and DS partons are considered, we would have more partonic degrees of freedom (11
in total) at the Q0 scale, as shown in the Eq. (1). To reduce the number of partonic degrees of
freedom for simplicity and symmetry reasons, we shall make the following assumptions:

• uds(x) = ūds(x) and dds(x) = d̄ds(x), similar to the assumption of sds(x) = s̄ds(x)≡ s(x).

• Isospin symmetry for the u and d quarks, so uds(x) = dds(x), ūds(x) = d̄ds(x).

• The DS components of u and d quarks are proportional to the s quarks, i.e.

uds(x) = ūds(x) = dds(x) = d̄ds(x) = Rs(x). (2)

• We define ucs(x) = ūcs(x) and d cs(x) = d̄ cs(x) so that the valence up- and down-quark
PDFs are defined as uv ≡ uv+cs − ūcs. and similar for d. We note that this is not the
same as the usual definition qv = q − q̄. The latter has certain conceptual difficulties,
such as the strange quark will be a part of the valence when sds 6= s̄ds. It is shown that
next-to-next-to leading order (NNLO) calculation can perturbatively generate sds 6= s̄ds,
and they can also differ in the wavefunction at the Q0 scale, about 1 GeV. Also, the
conventional definition has an ambiguity in entangling the uv and d v in evolution [14]
when qds 6= q̄ds. We further assume that ucs and d cs have the same small-x and large-x
behaviors, as the fraction of parton momentum (x) inside the proton goes to 0 or 1 limit,
respectively.

We denote the PDFs global fit with the CS and DS separation specified above as the CT18CSpre
fit. In the above-mentioned third assumption, we have made an ansatz that the uds and dds

distributions are proportional to the sds distribution. The value of the ratio R is taken from
that calculated on the lattice QCD,

1
R
=< x >s+s̄ / < x >ū+d̄ (DI) = 0.795(79)(77) at 2 GeV [10], (3)

where < x >ū+d̄ (DI) is the momentum fraction carried by uds + ūds (or dds + d̄ds) in the
disconnected insertion.

To facilitate this lattice QCD prediction in the CT18CSpre fit, we need to convert the R
value evaluated at 2 GeV to 1.3 GeV, the initial scale from which the CT18CSpre PDFs are
evolved according to the DGLAP evolution equations. This is done by applying the matching
coefficients presented in Ref. [11], which yields 1/R= 0.822(69)(78) at 1.3 GeV.

The distinguishing feature of CS and DS lies in their characteristic small-x behavior. Since
the DS component can have Pomeron exchanges, we assume in this study that qds(x), q̄ds −→

x→0
x−1

for q = u, d, s. In Regge theory, the small-x behavior of qcs and q̄cs, being in the flavor non-
singlet connected insertions, are dominated by the reggeon exchanges. To explore its most
probable small-x behavior, we have performed a Lagrangian multiplier scan with the ansatz
noted above, while allowing all the other fitting parameters to float [6], and found that the
choice of qcs(x) = q̄cs −→

x→0
x0, for q = u, d, can lead to a reasonable fit to the global data set

used by the CT18 fits.
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Figure 2: The upper panel shows the CS components of the up- and down- antiquark
distributions in CT18CSpre (green curves), which are compared to the prediction
of CT18NNLO (blue dashed lines for central values and blue regions for the error
bands at 90% confidence level) on (ū − R ∗ s) and (d̄ − R ∗ s), respectively. The
lower panel compares x(d̄ − ū) of CT18NNLO and x(d̄ cs − ūcs) of CT18CSpre to the
NuSea E866 [12] and HERMES data [13], which were obtained from a leading order
analysis. We also plot x(ūcs + d̄ cs) in CT18CSpre, for comparison.

3 Results

We found that the qualities of fits for CT18CSpre and the standard CT18NNLO are comparable.
The CT18CSpre, as an alternative parametrisation of CT18, has a total χ2

CT18CSpre = 4299,

which is slightly higher than the standard CT18NNLO value χ2
CT18 = 4292. Considering the

CT18 data sets containing 3681 data points totally, both CT18CSpre and CT18NNLO are fitted
well. Below, we compare a few interesting features of the fits.

Plotted in the upper panel in Fig. 2 are the fitted xūcs and x d̄ds in CT18CSpre at Q =
1.3 GeV, which are compared with x(ū− R× s̄)(x) and x(ū− R× s̄)(x) in CT18NNLO, respec-
tively. The lower panel gives x(d̄(x)− ū(x)) in comparision with experiments. We also show
x(d̄ cs(x) + ūcs(x)) which has not been obtained in previous global fits. The CT18CSpre and
CT18NNLO predictions of x(d̄(x)−ū(x)) are in agreement with the NuSea E866 data [12] and
the HERMES data [13]. The non-vanishing feature of the x(d̄(x)− ū(x)) distributions reflects
the violation of the Gottfried sum rule, which motivated this study. Particularly, we attribute
the difference in the up- and down-antiquark distributions solely to the difference in their CS
components, since their DS components are the same, i.e. ūds = d̄ds. For completeness, we
also compare the disconnected sea distributions in Fig. 3. The shapes of ūds, d̄ds and sds = s
are strongly correlated, as implied by the ansatz in Eq. (2). For the central values of strange
PDFs, CT18CSpre and CT18NNLO show good agreement, particularly in the small-x region.
The ratio plot of (s + s̄)/(ū + d̄), evaluated at Q = 1.3 GeV, shows that CT18CSpre prefers a
somewhat larger value than CT18 in the small-x region, where the PDF uncertainty remains
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Figure 3: Similar to Fig. 2, but for the DS components of ū, d̄ and s distributions.
The ratio plot of (s+ s̄)/(ū+ d̄) is also shown on the right panel at Q = 1.3 GeV. For
CT18CSpre, ū and d̄ include both the CS and DS components, while s only has DS
component.

to be quite large. When x ≥ 10−2, the ratio starts to dip. This is because ūcs + d̄ cs begins to
show up. Here ū= ūcs + ūds and the same for d̄.

Knowledge of the integrated PDF Mellin moments has long been of interest, both for their
phenomenological utility, and for their relevance to lattice QCD computations of hadronic
structure. Separating the CS and DS components of sea quark PDFs allows direct comparison
between lattice calculations and global analysis for each parton degree of freedom.

In Table 1, the second moments 〈x〉 for the CT18CSpre at the initial 1.3 GeV scale are
compared to their CT18NNLO values, when possible. For those partonic degrees of freedom
that can be compared, the CT18CSpre and CT18NNLO provide close predictions.

In the future, global analyses should incorporate the extended evolution equations [14]
where the connected sea and the disconnected sea are evolved separately so that they will
remain separated at all energy scale for better and more detailed delineation of the PDF degrees
of freedom.

Table 1: The second moments 〈x〉 for CT18CSpre and CT18NNLO at 1.3 GeV. Here,
we define q̄sea ≡ q̄cs + q̄ds, with q = u or d, and s ≡ sds for CT18CSpre.

uv d v ūcs d̄ cs ūsea d̄sea s+ s̄ gluon
CT18CSpre 0.323 0.136 0.013 0.021 0.029 0.037 0.032 0.386
CT18NNLO 0.325 0.134 - - 0.028 0.036 0.027 0.385

4 The NuSea and SeaQuest data

The NuSea E866 [12] and the SeaQuest E906 [15] experiments are particularly sensitive to
the ratio of ū and d̄ PDFs in the intermediate to large-x region, where the CS components
dominate. As shown in Fig. 4, the predictions by the CT18CSpre and CT18NNLO PDFs are
mostly consistent with NuSea and SeaQuest experimental data, except for the last bin of the
NuSea data with x > 0.3. Comparing to the CT18NNLO predictions, the CT18CSpre predic-
tions are slightly shifted upwardly, in better agreement with the SeaQuest data. We note that
the SeaQuest data were not included in either the CT18NNLO or CT18CSpre fits.
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Figure 4: Comparisons of predictions by CT18CSpre (green curves) and CT18NNLO
(blue curves) to the NuSea E866 [12] and SeaQuest E906 [15] data, respectively.

5 Conclusions

The Euclidean path-integral formulation of the hadronic tensor of the nucleon uncovered that
there are two kinds of sea partons, one is the connected sea and the other disconnected sea. To
isolate the disconnected component of sea quarks, we assume that uds and dds are proportional
to that the strange, i.e. uds(x) = dds = Rs(x) (see Eq. (2)), where R is taken from the lattice
calculation of the ratio of the strange momentum fraction to that of the ū or d̄ quark in the
disconnected insertion. A new global fit with the separate degrees of freedom of connected
and disconnected sea partons results in CT18CSpre, which is consistent with the nominal
CT18NNLO in the measurement of total χ2. As expected, the CS components are dominating
the total sea quark distributions in the intermediate to large x region, while the DS pieces
contribute predominantly in the small-x region. In general, the parton degrees of freedom
in CT18CSpre are more than those in CT18NNLO. We have compared various flavor PDFs of
CT18CSpre and CT18 to the extent that they can be compared. For example, we can combine
ūcs and ūds in CT18CSpre to ū in CT18NNLO, etc.

Separating the CS and DS components of sea quark PDFs allows direct comparison between
lattice calculations and global analysis for each parton degree of freedom. In the future, global
analyses should incorporate the extended evolution equations [14] where the connected sea
and the disconnected sea are evolved separately so that they will remain separated at all energy
scale for better and more detailed fits of the PDF degrees of freedom.
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