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We present a new parton distribution function analysis which includes new data forW boson production
in proton-proton collisions and lepton pair production in proton-proton and proton-deuteron collisions.
The new data provide strong constraints on the light antiquark parton distribution functions in the proton.
We identify an interesting correlation between the d=u ratio and the d̄=ū ratio which leads to a modification
of our previous results for the d=u ratio as the parton momentum fraction x → 1.
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I. INTRODUCTION

Predictions for high energy lepton-hadron and hadron-
hadron hard collisions rely on perturbative QCD-based
calculations for the parton-parton scattering cross sections.
These are then convoluted with the appropriate parton
distribution functions (PDFs) to obtain predictions for
experimentally measured observables. A recent evaluation
of PDF determinations can be found in Ref. [1]. Global fits
for PDFs by the CJ Collaboration have focused on simulta-
neously extending the reach in x toward x ≈ 1 and reducing
the minimum value of the squared four-momentum transfer,
Q2, included in the fitting process [2,3]. The focus of this
analysis is, instead, on the flavor dependence of the light-
quark sea, specifically the behavior in x of the ratio d̄=ū. One
important source of information on the behavior of this ratio
is lepton pair production using a proton beam on both proton
and deuteron targets. The most precise such data available
previously came from the E866 experiment [4]. These data
suggested that d̄=ū initially rose from a value of unity to a
maximum near x ≈ 0.15 followed by a fall-off to a value
below unity by x ≈ 0.30. However, by this region in x the
data were statistically limited. The CJ12 PDFs [2] were
parametrized in such a way that the ratio could follow the
data to values below one. This led to a rapid falloff of the d̄
PDF below 0 as x increased beyond about 0.3. The CJ15
PDFs [3] employed an alternative parametrization which

constrained d̄=ū to approach one from above at large
values of x.
New data from the SeaQuest experiment [5], the suc-

cessor to the E866 experiment, have a greater reach in x as
well as increased statistics. Additionally, new data [6] from
the STAR Collaboration onW boson production in proton-
proton collisions have become available. These data also
offer additional constraints on d̄=ū. It is the purpose of this
analysis to assess the effects of these new datasets on the
behavior of d̄=ū over the x range out to x ≈ 0.4. At the
same time, we expose the effects of the (anti)correlation
between the light-antiquark and light-quark ratios inherent
in the available lepton pair production data and in the
mid-rapidity weak boson production data, that affects the
extrapolation of the d=u ratio to values of x approaching 1.
In particular, we examine different parametrizations to see
their effects on the extracted ratios. Preliminary results have
been presented at DIS 2021 [7], and analyses of the new
data have also been performed by the CT [8] and JAM [9]
collaborations.
The plan of the paper is as follows. In Sec. II the

framework for the global fits is described, including the
parametrizations used for the various PDFs and the higher-
twist and nucleon off-shell corrections. Section III contains
a discussion of the datasets used with special attention paid
to the new data, while Sec. IV presents the results of this
analysis. The conclusions are summarized in Sec. V.

II. LIGHT QUARKS AND ANTIQUARKS
IN THE CJ GLOBAL ANALYSIS

The new CJ22 global fit we report in this paper
combines elements of the CJ15 [3] and CJ15-a [10]
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analyses in order to provide sufficient flexibility in the
determination of the mid-x d̄=ū ratio after the inclusion of
the STAR and SeaQuest data. The new fit will also allow us
to properly analyze the correlation of the mid-x d̄=ū ratio
and the large-x d=u ratio induced by weak boson produc-
tion data and how these impact the extrapolation of d=u to
x → 1. In this section we focus on the methodological and
numerical aspects of our fits, and in the next one we will
discuss the global dataset we utilize.

A. PDF parametrization and theoretical setup

The latest CTEQ-JLab global fit (CJ15) was performed
using the world deep-inelastic scattering (DIS) dataset, as
well as a variety of jet and electroweak boson production
measurements [3]. Among these, lepton pair production
measurements by the E866 experiment at Fermilab pro-
vided the strongest constraints on the light antiquark sea,
covering the 0.015≲ x≲ 0.3 parton momentum fraction
region, with additional sensitivity provided by fixed target
DIS data, in particular from the NMC experiment.
At the input scale of Q2

0 ¼ 1.69 GeV2, a standard five-
parameter functional form was used for most of parton
species, including the ūþ d̄ combination:

xfðx;Q2
0Þ ¼ a0xa1ð1 − xÞa2ð1þ a3

ffiffiffi
x

p þ a4xÞ ð1Þ

The valence d quark was however allowed to mix with the
valence u quark parametrization at large x, as to allow a
finite limit for the d=u ratio:

dvðx;Q2
0Þ → adv0

�
dvðx;Q2

0Þ
adv0

þ bxcuvðx;Q2
0Þ
�
; ð2Þ

with b and c as two additional parameters. As a result, the
ratio dv=uv could tend to a nonzero value as x → 1,
provided that adv2 > auv2 , which is usually the case. As in
the CJ15 and CJ15-a fits, only the b parameter was left
free and c ¼ 2 kept fixed, since the new data do not provide
additional constraints on the valence quark ratio at large x.
Turning to the light antiquarks, the d̄=ū ratio in the

original CJ15 fit was parametrized as

d̄=ū ¼ a0xa1ð1 − xÞa2 þ 1þ a3xð1 − xÞa4 ð3Þ

due to the limited x coverage of the E866 data and the sharp
downturn these required of the d̄=ū ratio. With this para-
metrization we also enforced the theoretical expectation
from most modeling efforts that d̄=ū remains greater than
or equal to one all the way up to x → 1, and tends to 1 in
that limit. This assumption was however revisited in
Ref. [10], where the d̄ − ū difference was considered
instead of d̄=ū and parametrized as in Eq. (1),

xðd̄ − ūÞ ¼ ā0xā1ð1 − xÞā2ð1þ ā4xÞ; ð4Þ

with the resulting fit called CJ15-a. Even if the new
parametrization allowed for it, no strong indication of a
sign change in the d̄ − ū asymmetry in the x≲ 0.3 region
measured by E866 was found.
With the new data from STAR sensitive to the smaller-x

rise of the d̄ − ū asymmetry, and the new SeaQuest data
constraining the d̄=ū ratio at 0.15≲ x≲ 0.4, well across the
region where E866 indicated this would drop below 1, we
can now revisit this whole issue. To allow for sufficient
versatility in the description of the light quark sea, in this
paper we will utilize the more flexible parametrization (4).
Furthermore, we will leave the ā2 parameter free instead of
fixing it to 2.5 units larger than the corresponding param-
eter for the ūþ d̄ combination as done in the CJ15-a
analysis, thus providing additional freedom to the d̄=ū ratio
in the limiting x → 1 region.
Apart from this change in parametrization, we will adopt

the same theoretical setup as in the CJ15 fits, as described
in Ref. [3]. In particular: we perform fits at next-to-leading
order accuracy in the ACOT-χ heavy quark scheme; include
target mass corrections for DIS data according to the OPE
prescription by Georgi and Politzer [11,12]; and adopt the
“weak-binding approximation” to correct for nucleon bind-
ing and Fermi motion in DIS and DY cross sections on
deuteron targets, with the AV18 deuteron wave function
describing the nucleon dynamics inside the target. Higher-
twist corrections for DIS structure functions and off-shell
nucleon corrections in deuteron targets will be discussed in
more detail in the next subsection.
From a numerical point of view, and at variance with the

CJ15 family of analyses, NLO QCD corrections to the
calculation of W and Z production cross sections were
implemented by means of the APPLgrid [13] fast NLO
interface. The necessary coefficient grids were calculated
by means of the MCFM 6.8 event generator [14,15], and
tested against the Tevatron weak boson production data
already included in the CJ15 analysis. Details about the
grids for weak boson production at the Relativistic Heavy
Ion Collider (RHIC) will be discussed in Sec. III.

B. Higher-twist and off-shell corrections

In DIS at low Q2 values, power suppressed corrections
exist beyond target mass corrections, for example, genuine
multiparton correlations; missing higher order perturbative
corrections can also resemble power corrections at small
scale values. Regardless of their origin, we account for
these residual power suppressed contributions by using a
phenomenological multiplicative factor to modify the
proton and nucleon structure functions as in all earlier
CJ fits,

F2ðx;Q2Þ ¼ FLT
2 ðx;Q2Þ

�
1þ CðxÞ

Q2

�
; ð5Þ
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where FLT
2 denotes the leading twist structure function

including target mass corrections, and C is assumed to be
isospin independent due to the relatively weak constraining
power of the adopted datasets [16–18]. Following common
usage, we generically refer to the fitted 1=Q2 term as a
“higher-twist” (HT) correction, and parametrize the coef-
ficient function C by

CðxÞ ¼ aHTxbHTð1þ cHTxÞ: ð6Þ

For ease of notation, we collect the higher-twist parameters
in the vector

aHT ¼ ðaHT; bHT; cHTÞ: ð7Þ

In deuteron targets, the nucleons are off their m2
N mass

shell with a four-momentum squared p2
N ≠ m2

N . While the
off-shell nucleon PDF, f̃, is not an observable per se, its
dependence on the nucleon virtuality p2

N can be studied
within a given theoretical framework. For weakly bound
nucleons such as in the deuteron, for example, one may
expand f̃ to lowest order about its mass shell [19,20],

f̃ðx; p2
N;Q

2Þ ¼ fðx;Q2Þ
�
1þ p2

N −M2

M2
δfðx;Q2Þ

�
; ð8Þ

and the off-shell correction function δf can be parametrized
and fitted to data. In this work, we adopt the flavor-
independent CJ15 parametrization

δfðxÞ ¼ N ðx − x0Þðx − x1Þð1þ x0 − xÞ ð9Þ

inspired by earlier work by Kulagin and Petti on off-shell
PDF deformations in heavier nuclei [21]. The x0 crossing
and N normalization parameters are simultaneously fitted
with the PDF and HT parameters, and x1 is determined by
requiring that the off-shell correction does not modify the
number of valence quarks in the nucleon,

Z
1

0

dxδfðxÞ½qðxÞ − q̄ðxÞ� ¼ 0 ð10Þ

with q ¼ u, d, see [3] for details. More flexible para-
metrizations have been studied [22] and will be reported
elsewhere. Finally, for ease of discussion, we collect the
off-shell parameters into the vector

aoff ¼ ðN ; x0; x1Þ: ð11Þ

C. Treatment of uncertainties

The full set of fit parameters, including the PDF
parameters discussed in Sec. II A, the higher-twist param-
eters and the off-shell parameters reads

a ¼ ðaPDF; aHT; aoffÞ ð12Þ

for a total number npar of parameters. The observables σ we
are interested in (for example the PDFs themselves, or the
DIS structure functions, or the lepton pair production
cross section) depend on the fitting parameters via the
PDFs f, the HT function C, and the off-shell function δf.
Schematically,

σ½a� ¼ σðf½aPDF�; C½aHT�; δf½aoff �Þ: ð13Þ

The uncertainty on these observables can be estimated in
the Hessian formalism [23,24]. With a sufficiently precise
dataset m ¼ fm1;…; mndatg and a suitably defined χ2 ¼
χ2ða;mÞ chi-squared function, this method can approxi-
mate the parameter likelihood LðajmÞ ¼ expð− 1

2
χ2ða;mÞÞ

as a multivariate Gaussian distribution in parameter
space centered around the best-fit value, a0, of the
parameters [25]. Namely,

LðajmÞ ∝ exp

�
−
1

2
ΔaTHΔa

�
; ð14Þ

where m represent the dataset being fitted, Δa ¼ a − a0,
and the Hessian matrix elements are given by

Hij ¼
1

2

∂
2χ2ðaÞ
∂ai∂aj

����
a¼a0

; i; j ¼ 1;…npar: ð15Þ

The Hessian matrix can then be diagonalized, and repar-
ametrized in terms of the eigendirections of the Hessian
matrix via

aðtÞ ¼ a0 þ
Xnpar
k¼1

tk
ekffiffiffiffiffiffi
wk

p ; ð16Þ

where ek and wk are the orthonormal eigenvectors and
eigenvalues of the Hessian matrix, respectively, and t ¼
ft1;…; tnparg is a vector of scaling factors. In terms of these
variables, the approximated likelihood (14) is a symmetric
Gaussian with t2 ¼ 1 identifying the 68% confidence level
on the fitted parameters.
The standard CJ PDF error sets are then obtained by

uniformly scaling each eigenvector by a “tolerance factor”
tk ¼ T to nominally produce an increase of T2 above the
minimum in the χ2 function. In both the CJ15 and the
CJ15-a analyses T ¼ 1.645was chosen, corresponding to
a 90% Gaussian confidence level. In other analyses differ-
ent choices are made to also account for tensions between
the chosen datasets: for example, T ¼ 10 in the CT10
global fit [26].
However, in global QCD fits including CJ15, a few

Hessian eigenvectors are typically not constrained enough
by the available data and the likelihood can deviate from a
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Gaussian shape even within tk variations of order Oð1Þ.
This can happen, in particular: when data are scarce for a
particular flavor combination, such as for d̄=ū at x≳ 0.3; or
closer to a kinematic threshold, such as for the d=u ratio as
x → 1, where one expects the ratio to decrease toward 0,
but not necessarily reaching that value [27].
A better approximation to the likelihood function [25,28]

can be obtained by scanning the χ2 function along each
eigenvector starting from the best-fit parameters a0, until
parameters ai are found in the plus- and minus-directions
such that the χ2 function increases above its best-fit value
by an amount T2:

Δχ2ða2iþ1Þ ¼ Δχ2ða2iÞ ¼ T2

∀ i ¼ 1;…; npar; ð17Þ

where Δχ2ðaÞ ¼ χ2ðaÞ − χ2ða0Þ. These parameter vectors
correspond to a set of t�k values that are close to T wherever
the Gaussian approximation holds, but can substantially
deviate from this value along a few eigendirections. In
other words, we adopt a local and asymmetric tolerance
criterion instead of assuming tk ¼ T globally. In practice,
this scheme deforms the Hessian approximation of the
likelihood in order to account in an approximate way for
departures from a purely Gaussian behavior. It is also
suitable for large T values, for which the Hessian approxi-
mation cannot be a priori assumed to hold. As with other
global QCD analyses using local tolerance criteria [29,30],
the price to be paid is that, while the chosen T value
legitimately defines a confidence region in parameter
space, this cannot be readily and unambiguously associated
with a confidence level figure as one can do with the pure
Hessian approximation.
In practical terms, we define parameter sets correspond-

ing to variations along each eigendirection in the plus and
minus directions, respectively, as

a2k ¼ a0 þ tþk
ekffiffiffiffiffiffi
wk

p ð18Þ

a2kþ1 ¼ a0 − t−k
ekffiffiffiffiffiffi
wk

p ; ð19Þ

such that Δχ2½ai� ¼ T for all i ¼ 1;…; 2npar. Then, the
upper and lower δσþ and δσ− uncertainties on an observ-
able σ can be calculated using the expressions

δσ2þ ¼
Xnpar
i¼1

½maxðσ½a2i−1�− σ½a0�;σ½a2i�− σða0Þ;0Þ�2 ð20aÞ

δσ2− ¼
Xnpar
i¼1

½maxðσ½a0�− σ½a2i−1�;σ½a0�− σ½a2i�;0Þ�2: ð20bÞ

Alternatively, a symmetrized uncertainty can be obtained
via

δσ2 ¼ 1

4

Xnpar
i¼1

ðσ½a2i−1� − σ½a2i�Þ2: ð21Þ

Note that the choice of tolerance T value (T ¼ 1.645 in this
paper) is already incorporated in Eqs. (20a)–(21). The
effect of alternative T 0 tolerance choices can be approx-
imately obtained by rescaling these uncertainties by a T 0=T
factor as long as the two tolerance values are not too
different from each other. However, care must be exercised
for observables sensitive to the non-Gaussian regions of the
parameter space.

III. DATASET

The CJ15 analysis included DIS data from fixed
target electron-hadron scattering experiments at Jefferson
Lab [31,32], HERMES [33], SLAC [34], BCDMS [35,36],
and NMC [37,38], and from the HERA ep collider [39];
W [40–44] and Z [45,46] asymmetries as well as jet [47–49]
and γ þ jet [50] data from CDF and D0 experiments at
Tevatron; lepton pair production (LPP) from the E866
experiment at Fermilab [4].
Previously, the antiquark PDFs in the mid-x region were

mainly constrained by the lepton pair production data
from the E866 experiment. In the CJ22 fits we have
now included recent data that are sensitive to the antiquarks
from the new lepton pair production measurements by the
E906/SeaQuest experiment [5] and the rapidity distribution
of the Wþ=W− ratio in pp collisions by the STAR
experiment [6]. The datasets used in the CJ22 fit are
listed in Table I.
The SeaQuest data covers the kinematic range 0.1 <

x < 0.45 extending the large x reach from the E866
experiment at different Q2. The cross section ratio of
the lepton pair production in pp and pd interactions
attracts particular interest as it can be directly related to
antiquark d̄=ū and quark d=u ratios. This can be appre-
ciated by writing the cross section ratio at leading order in
collinear factorization; in particular, in the forward region,
this reads

σpd
σpp

≈
4þ dðxbÞ

uðxbÞ

4þ dðxbÞ
uðxbÞ

d̄ðxtÞ
ūðxtÞÞ

�
1þ d̄ðxtÞ

ūðxtÞ
�
: ð22Þ

When xb → 1, the d=u ratio tends to 0 and can be
neglected, so that the cross section ratio becomes sensitive
only to the d̄=ū ratio. However, neither for the E866
experiment (xb ¼ 0.3–0.5) nor for the SeaQuest experi-
ment (xb ¼ 0.5–0.7) is this condition satisfied, and the data
are sensitive both to the d̄=ū quark ratio and, subdomi-
nantly, to the d=u ratio. While the cross section ratio
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receives corrections at higher perturbative orders, Eq. (22)
clearly indicates an anticorrelation between the quark and
antiquark PDF ratios, that will be important to understand,
in particular, the behavior of the large-x d=u ratio in the
CJ22 fit compared to the CJ15 analysis.
In pp collisions, W bosons are produced from quark-

antiquark fusion and therefore provide clean access to
quark and antiquark distributions inside the proton at a
large momentum scaleQ2 ¼ M2

W . The STAR experiment at
RHIC has recently reported the unpolarizedW and Z boson
cross sections at

ffiffiffi
s

p ¼ 510 GeV via W� → e� þ ν and
Z → eþe− decays, respectively in the pseudorapidity range
−1.0 < η < 1.5. An observable that is particularly sensitive
to the d̄ðxÞ=ūðxÞ ratio is theWþ=W− ratio ofW boson cross

sections. Looking again at the leading order calculation,
one can approximate

σWþ

σW−
≈
uðx1Þd̄ðx2Þ þ d̄ðx1Þuðx2Þ
dðx1Þūðx2Þ þ ūðx1Þdðx2Þ

≈
yW≈0

d̄=ū
d=u

; ð23Þ

where x1;2 ¼ ðMW=
ffiffiffi
s

p Þ expð�yWÞ is the fractional
momentum carried by the scattering partons, and yW the
rapidity of the produced boson. At midrapidity, where
x1 ¼ x2 ≈ 0.16, the cross section ratio directly accesses
both the antiquark and the quark ratios. At larger rapidity,
the accessible x1;2 range is somewhat limited by the boson
decay kinematics as well as by the statistical precision of
the data, and the measured lepton asymmetry effectively
probes light quarks and antiquarks with fractional momenta
x in the 0.05≲ x≲ 0.25 range.
Of the STAR measurements, theW boson charge ratio is

the most sensitive to the quark and antiquark ratios, and has
been included in the CJ22 analysis. We have not included
either of the charged separated W or the Z measurements
because these do not provide significant additional con-
straints on the PDF determination, but we will discuss in
the next section how well the new fit describes those data.
As already mentioned, for the STARW and Z cross section
calculations we use fast NLO interpolation grids that were
created using APPLgrid [13] interfaced with the MCFM
event generator [14,15]. The events were generated using
the experimental cuts for electron transverse momentum
(pe > 15 GeV=c) and energy (25 < Ee < 50 GeV). The
STAR W� → e� þ ν measurements also require cuts to
suppress jet background. To reproduce a similar condition,
we excluded events with produced jets, obtaining approx-
imately a 20% reduction in the calculated cross section. For
Z → eþe− events, the generated events are collected within
the experimental invariant mass range of 70 GeV <
Meþe− < 110 GeV for electron pairs. During the fit, the
grids so obtained are then convoluted with the PDFs to
calculate the needed NLO cross sections.

IV. RESULTS

In this section, the results of the new analysis are
presented and compared with the previously published
CJ15 results [3].
Figure 1 compares the lepton pair production cross

section ratios from E866 and SeaQuest with our calcu-
lations before and after including SeaQuest data into the
CJ22 fit. The comparison is done separately for the
kinematics of each experiment, with E866 using a
800 GeV proton beam and SeaQuest a 120 GeV beam,
and each experiment accessing a different range of lepton
pair mass M. For the SeaQuest data, we include the
spectrometer acceptance matrix provided in Ref. [5], which
has a relatively small effect on an already relatively flat
observable. The figure also demonstrates the role of the
quark / antiquark ratio anticorrelation discussed earlier.

TABLE I. Datasets and corresponding number of data points
and χ2 values from the CJ22 analysis.

Observables Experiment References # Points χ2

DIS JLab (p) [31] 136 161.0
JLab (d) [31] 136 119.1
JLab (n/d) [32] 191 213.2

HERMES (p) [33] 37 29.1
HERMES (d) [33] 37 29.5
SLAC (p) [34] 564 469.8
SLAC (d) [34] 582 412.1
BCDMS (p) [35] 351 472.2
BCDNS (d) [36] 254 321.8
NMC (p) [37] 275 416.5
NMC (d/p) [38] 189 199.6

HERA (NC e−p) [39] 159 249.7
HERA (NC eþp 1) [39] 402 598.9
HERA (NC eþp 2) [39] 75 98.8
HERA (NC eþp 3) [39] 259 250.0
HERA (NC eþp 4) [39] 209 229.1
HERA (CC e−p) [39] 42 45.6
HERA (CC eþp) [39] 39 52.5

LPP E866 (pp) [4] 121 144.1
E866 (pd) [4] 129 157.4

SeaQuest (d=p) [5] 6 7.5
W CDF (e) [40] 11 12.6

D0 (e) [41] 13 28.8
D0 (μ) [42] 10 17.5

CDF (W) [43] 13 18.0
D0 (W) [44] 14 14.5

STAR (eþ=e−) [6] 9 25.3
(less ηmax point) (8) (15.4)

Z CDF [45] 28 29.2
D0 [46] 28 16.1

jet CDF [47] 72 14.0
D0 [48,49] 110 14.0

γ þ jet D0 1 [50] 16 8.7
D0 2 [50] 16 19.3
D0 3 [50] 12 25.0
D0 4 [50] 12 12.2

Total 4557 4936.6
Totalþ norm 4573 4948.6
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Indeed, looking at Eq. (22), if dðxbÞ=uðxbÞ ≪ 1 was really
negligible in the measured kinematic range, one would
expect that the ratio of the proton to deuteron cross section
data should be approximately independent of M2. Instead,
the ratio measured by the experiments is different, which is
a direct reflection of the role of the dðxbÞ=uðxbÞ ratio in
Eq. (22). In more detail, at the higher xb probed by
SeaQuest that ratio is smaller than at the lower xb values
of the corresponding E866 measurement. Therefore, one
should expect the cross section ratio to be higher for
SeaQuest than for E866, which is confirmed in Fig. 1.
Furthermore, Eq. (22) shows that an increase in the
antiquark d̄ðxtÞ=ūðxtÞ ratio can be compensated in the
PDF fit by a decrease in the dðxbÞ=uðxbÞ quark ratio and
vice versa. The resulting, non-negligible anticorrelation
will be important to understand the behavior of the fitted
PDF ratios that will be discussed later.
In the left panel of Fig. 1, the calculations from the fit that

only includes the E866 data show a steeper downturn in the
cross section ratio than allowed by the SeaQuest data. With
the new data added to the fit, however, the CJ22 PDFs bring
the ratio plotted in the right panel distinctly above 1 in the
large-x region where E866 has limited kinematic coverage
and statistical precision, with substantially reduced PDF
uncertainty. While the new cross section calculation lies
higher than the last two E866 data points, only a minor
increase in χ2=datum from 1.63 to 1.93 is observed for the
E866 data because of the relatively large uncertainty of the
last few data points. Conversely the χ2/datum value sharply
reduces from 3.19 to 1.25 for the SeaQuest data after
including the new data, reflecting both the enhanced
kinematic range and the precision of the new data.
The CJ22 fit also included the Wþ → eþ=W− → e−

cross section ratio measured by the STAR collaboration,

which, as discussed in the previous section, provide
complementary information on the d̄=ū ratio around a
smaller x ≈ 0.16 value, overlapping with the E866 data but
at a higher scale. The quality of the fit to the charge ratio
data is shown in the upper left panel of Fig. 2. The
remaining panels show a comparison of NLO calculations
using the new CJ22 PDFs to the unfitted STAR data
on the Z, Wþ → eþ and W− → e− rapidity distributions.
Differences with CJ15 calculations are minor, and the
corresponding curves not shown in the plots.
Overall, CJ22 describes reasonably well the W and Z

measurements. However, there is a suggestion of more
structure in the W− → e− channel than shown by the
theory. One can also note that the highest rapidity point
of the Wþ cross section is much lower than the corre-
sponding theoretical calculation, which has PDFs strongly
constrained by the rest of the world dataset and cannot
accommodate such a small measurement. Similar features
were also observed in other PDF analyses of the STAR
data [6,8,9]. In fact, reducing the calculated Wþ cross
section in this region would require substantially increasing
the dðx1Þ=uðx1Þ ratio at large values of x1 and/or decreasing
the value of the d̄ðx2Þ=ūðx2Þ ratio at small values of x2.
Both possibilities would cause the fits to the lepton pair
production data to be worse. Hence, it has not proven
possible to get a good description of this one data point.
Figure 3 shows the impact of the new data on the d=u

and d̄=ū ratios at a scale of Q2 ¼ 10 GeV2. The CJ22
results are compared with the CJ15 light quark and
antiquark ratios. In the CJ15 analysis, the E866 data
provided the strongest constraints for the light-antiquarks
and the larger-x region (x > 0.3) was essentially left
unconstrained by data. As a result, the CJ15 analysis
was performed with a more rigid parametrization of the

FIG. 1. Comparison of the measured cross section ratio for lepton pair production in pd and pp collisions from the E866 [4,51] and
SeaQuest [5] experiments with NLO calculations. The solid blue (red) curve with T ¼ 1.645 uncertainty band represents the ratio
calculated at the E866 (SeaQuest) kinematics before (left) and after (right) including the new weak boson production data from SeaQuest
and STAR in the fit.
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light-antiquarks, and d̄=ū ratio was forced to approach 1 as
x → 1. The new data from SeaQuest adds significant
constraints on the d̄=ū with a larger reach in x and allowed
us to relax the parametrization used in CJ22, which does
not prescribe the large x behavior of the d̄=ū ratio. Fits
where only the parametrization was changed but no
new data added were performed as part of the CJ15-a
analysis [10] (but are not shown here for visual clarity) and
will help disentangling the effects of the change in para-
metrization and of the new experimental constraints.
The CJ22 fit obtains a d̄=ū ratio that keeps increasing

until x ≈ 0.25 in the region where the E866 data alone
would have required a sharp drop, as evidenced by the
CJ15-a fit that left the ratio free to drop below 1 as rapidly
as needed (see the green curve in Fig. 5 of Ref. [10]).

At x≳ 0.25, the CJ22 antiquark ratio also naturally starts
decreasing (in order to accommodate both the E866 and the
new SeaQuest data, which by itself would be also con-
sistent with a flatter result) but remains above 1 within
uncertainties because of the pull exerted by the new
SeaQuest data. This is also the case for the d̄=ū ratio
obtained by the CT [8] and JAM [9] collaborations after
inclusion of the SeaQuest data in their global fit. At x≲ 0.2
the antiquark ratio is driven by the STAR data slightly
below the CJ15 result, but remains compatible with the
latter.
Turning to the light quark ratio displayed in the left panel

of Fig. 3, one can see that the CJ15 d=u ratio remains
decidedly above 0 at large x, with a central value extrapo-
lated to x ¼ 1 of 0.09� 0.03. On the contrary, in the CJ22

FIG. 2. The measured (a) σWþ=σW− , (b) dσZ=dyZ, (c) dσWþ=dηþe , and (d) dσW−=dη−e are compared with the CJ22 calculations. The
statistical and the total systematic uncertainties are added in quadrature and shown as the solid error bars for the data points. The solid
red lines show the central values from our fit. The red bands correspond to the T ¼ 1.645 PDF uncertainty. The differences with respect
to CJ15 calculations are minor and the corresponding curves are omitted for visual clarity.
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analysis, the ratio approaches 0 within uncertainties as
x → 1. This is due to the anticorrelation between the d̄=ū
and d=u induced by the lepton pair production data, and
evidenced in Eq. (22), that was discussed earlier: the
increase of d̄=ū in the medium x region, which is allowed
by the more flexible CJ15-a and CJ22 parametrizations,
and further driven by the increased kinematic reach of the
SeaQuest data in the latter, has caused a decrease in d=u
in the large x region. This is purely an effect of the more
flexible parametrization adopted here, as confirmed by the
d=u ratio obtained in the CJ15-a analysis, which is only
very marginally smaller than in the CJ22 fit and is not
displayed in the figure for visual clarity. The CJ15 non-
zero d=u limit was thus the result of a parametrization
bias that also underestimated the nominal uncertainty
band. With this bias removed, the new result is compatible
with the recent d=u fits performed by Alëkhin, Kulagin
and Petti [52,53], that have a similar large-x theoretical
setup and data coverage (except for the SeaQuest and
STAR data).

V. SUMMARY

We have presented the results of the recent CJ122
global QCD analysis of parton distributions which included
new electroweak data from SeaQuest and STAR. The
SeaQuest data, in particular, extends the x coverage to

larger x < 0.45 compared to the previous measurement by
E866, leading to significant constraints on the d̄=ū ratio,
allowing the use of the more flexible light-antiquark
parametrization discussed in the text. In the CJ22 fit the
d̄=ū ratio remains near 1 as x → 1 without having to build
that into its parametrization, as was previously done in
CJ15. The data are also sensitive to the d=u light quark
ratio, and the interplay between this and d̄=ū leads to a d=u
ratio that lies below that found in CJ15 as x → 1, and is
compatible with 0 in that limit.
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