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Abstract We evaluate the impact of recent SeaQuest
(FNAL-E906 experiment) data on dimuon production in
proton-deuteron and proton-proton collisions on parton dis-
tribution functions (PDFs). We find these data in a good
agreement with the QCD predictions based on PDFs fitted to
the Tevatron and LHC data on forward production of W and
Z bosons. As a basis for this study we use the ABMP16 PDF
fits and show that they turn out to be compatible with the
SeaQuest data, and that these data have constraining power,
allowing to reduce the uncertainties on the isospin asymme-
try of the light-sea-quark distribution at large longitudinal
momentum fraction x . We discuss the nuclear corrections
needed to describe the deuteron and show that they affect
the theoretical description of the proton-deuteron Drell–Yan
cross section at the level of O(0.5−1)%. We also comment
on the compatibility of the SeaQuest results with other state-
of-the-art PDF fits and show that these data are in clear dis-
agreement with models proposing an SU(3)-flavor symmet-
ric quark sea. Finally, we perform a comparison between
the second Mellin moments of the light-quark PDFs and
recent results from various lattice QCD computations, which
demonstrates good compatibility, albeit limited by the uncer-
tainties inherent in current lattice QCD simulations.

1 Introduction

The knowledge of parton distribution functions (PDFs) at
large values of longitudinal momentum fraction x is one
of the most urgent open questions [1,2] concerning pro-
ton and nuclear structure to which not only theoretical but
even experimental efforts are going to be dedicated in the
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future. While in the long term data from the Electron Ion
Collider (EIC) [3,4] are expected to play a very impor-
tant constraining role, as also emphasized in the Snowmass
2021 EIC-dedicated whitepaper [5], in the near future fur-
ther experiments might also offer promising opportunities.
Among those at the Large Hadron Collider (LHC), we men-
tion here the fixed-target (FT) configurations exploiting one
of the LHC beams [6], a possibility already realized by com-
plementing the LHCb detector with the SMOG and SMOG2
apparata [7,8], and also conceptually studied, although not
realized, by the ALICE collaboration with the ALICE-FT
experiment [9], as well as perspective projects still under dis-
cussion, like the Forward Physics Facility [10,11]. In particu-
lar, the LHCb + SMOG system has already delivered the first
data using proton and Pb beams impinging on gaseous nuclei
like 4He, 20Ne and 40Ar, at different nucleon-nucleon center-
of-mass energies

√
sNN ∼ O(50−100) GeV, corresponding

to various past LHC runs. The LHCb + SMOG2 system,
active during Run 3 and 4, can make use of even lighter
gases, like deuterium 2H as well as hydrogen, with increased
statistics.1 These experiments allow to probe the longitudinal
momentum fraction interval 0.1 < x < 1 for target partons,
on which the constraints from the sets of HERA data [12]
which traditionally form the backbone of PDF fits, are quite
loose and mostly indirect.2

For the time being, constraints on PDFs at large x
are imposed by legacy measurements from inclusive deep-
inelastic scattering (DIS) experiments at fixed-targets (SLAC,
BCDMS, NMC, etc.), semi-inclusive DIS experiments using
ν beams and capable of measuring heavy-quark production in
DIS (CCFR, NuTeV, CHORUS, NOMAD, etc.) and fixed-

1 The data released so far concern open and hidden charm production.
We expect that in the future even data on Drell–Yan production will
become available.
2 HERA has also delivered some sets of experimental cross-section data
which could constrain PDFs at large x , up to ∼ 1, see e.g. Ref. [13],
but these data have not been used in most of the PDF fits.
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target Drell–Yan (DY) experiments (CERN-NA51, FNAL-
E605, FNAL-E866, etc.), complemented by measurements
of cross sections for DY (+ jets) production and other specific
processes in the main detectors at the Tevatron and the LHC
in the standard collider-mode configuration (for an overview,
see e.g. Ref. [1] and references therein).

The valence quark distributions are constrained by DIS
HERA data, up to x < 0.1, and in fixed-target experiments,
up to x ∼ 1. A large-x and relatively low-Q domain is also
probed at JLab [14]. The DY data from the Tevatron and the
LHC (both inclusive cross sections and charge asymmetries)
as well as from fixed-target experiments have also been used
to probe up (u) and down (d) quark distributions and their
differences (isospin asymmetries). Single-top quark produc-
tion data have allowed to probe the u/d ratio at x ∼ 0.1,
where u = uval + ū and d = dval + d̄ , notwithstanding the big
systematic uncertainties still accompanying the experimental
cross sections for this channel of top-quark production [15].
The (anti)strange sea quark distributions (s, s̄) has been con-
strained by DY (+ jets) LHC data and older (anti)-neutrino-
nuclear DIS data, with large uncertainties [1,16,17], and
improving their determination remains one of the pressing
issues in PDF analysis. The s(x) − s̄(x) asymmetry [18]
can be constrained by semi-inclusive DIS data on dimuon
production distinguishing neutrino and antineutrino beams
(as discussed e.g. in Refs. [19] and [20]), by W+ + c̄ and
W− + c data at the LHC [21] and by future DIS experiments
using separate beams of neutrinos and anti-neutrinos (e.g. at
the Forward Physics Facility). The up and down sea quark
distributions are constrained by DY data. Finally, the gluon
PDF at large-x is mostly constrained by measurements of
heavy-quark and jet production at the LHC [22].

Recently, the SeaQuest collaboration (FNAL-E906 exper-
iment) has released fixed-target data on dimuon production
on 2H and proton targets through DY, which allow to con-
strain the difference between down and up sea quarks, i.e.
d̄(x) − ū(x) as the crucial ingredient in the violation of the
Gottfried sum rule [23], and the d̄(x)/ū(x) ratio [24]. This
experiment can be considered as a continuation of previ-
ous ones, FNAL-E866 [25] (NuSea) and FNAL-E605 [26],
lowering the center-of-mass energy

√
s and extending the

kinematic coverage in x towards large x values.3

The new experimental results motivate the present study,
where we focus on the light-quark distributions, within the
framework of collinear factorization in QCD and with par-
ticular emphasis on the sea antiquark case. General reviews
on the flavour structure of the nucleon sea, including a

3 Another past experiment providing insights on isospin symmetry
breaking through ratios of pd and pp DY cross sections, following the
idea of Ref. [27] and using a CERN-SPS proton beam of 450 GeV/c,
was NA51 [28]. However, they gave results in the form of only one data
point around x ∼ 0.18. Their results are compatible within experimen-
tal uncertainties with those of E866 that covers a wider x range.

broad range of hadron models, have been provided, e.g.,
in Refs. [29,30]. In Sect. 2, we show the impact of the
SeaQuest results on the ABMP16 fits, considering both ver-
sions, at next-to-leading order (NLO) and at next-to-NLO
(NNLO) in perturbative QCD, published in Refs. [31] and
[32], respectively. This leads to new PDF fits, dubbed as
ABMP16 + SeaQuest NLO and NNLO, performed ab-initio
using the same statistical methodology and inputs as for the
ABMP16 fits, plus the most recent SeaQuest data. In Sect. 3
we comment on the compatibility of other state-of-the-art
PDF fits with these data and in Sect. 4 we discuss nuclear
corrections. In Sect. 5 we compare the second moments of
the light-flavor quark PDFs with recent lattice QCD results.
Our conclusions are delivered in Sect. 6. Specific compar-
isons of our theory predictions with NuSea data and discus-
sion of the compatibility with SeaQuest data are presented
in the Appendix.

2 Constraining power of the SeaQuest data on the
ABMP16 NLO and NNLO PDF fits

The study extends the ABMP16 PDF fits (NLO and NNLO),
which have used the combined data from HERA for inclusive
DIS, data from the fixed-target experiments NOMAD and
CHORUS for neutrino-induced DIS, as well as data from
Tevatron and the LHC for the DY process and the hadro-
production of single-top and top-quark pairs. The ABMP16
approach uses a fixed-flavor-number scheme for n f = 3, 4, 5
and simultaneously determines the PDFs, the value of the
strong coupling αs(Mz) and all masses of heavy quarks, fully
preserving the correlations among these quantities.

For illustrative purpose, we summarize in Fig. 1 the
(x1, x2) coverage of most of the DY data used in constrain-
ing the up and down sea quark distributions at large x in
these fits4, together with the (x1, x2) coverage of the recently
released SeaQuest data. The variables x1 and x2 represent the
momentum fractions carried by the incident (anti)quarks in
beam and target, respectively, which roughly characterize the
region of x probed by a particular experiment. Since x1 and
x2 are not observables and cannot be measured, we detail
here how we reconstruct them, assuming leading order (LO)
kinematics. For the SeaQuest experiment x1,2 are computed
as follows:

x1,2 = P1,2 · Q
P1,2 · P , (1)

where Q is the four-momentum of the virtual photon from
the quark–antiquark annihilation in the non-resonant produc-

4 We leave out the LHCb pp → W± + X → l± + (−)
ν + X production

data [33,34], whose kinematical coverage is similar to the one from
LHCb pp → Z + X → l+l− + X data shown in the plot.
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tion process, P1,2 are the four-momenta of the projectile and
target hadron, respectively, and P = P1 + P2. Consider-
ing γ ∗ → μ+μ− decays, the average values for x1,2 in the
bins of the muon-pair average Feynman variable 〈xF 〉 are
reported in Ref. [24]. These values are plotted in Fig. 1 in
comparison with the kinematics of other DY data included in
the ABMP16 fits. In particular, for the E605 Fermilab fixed-
target data [26], given in the form of a double differential
distribution in

√
τ = M/

√
s and y, where M and y are the

invariant mass and rapidity of the μ+μ−-pair, respectively,
and

√
s is the collision center-of-mass energy, the values of

x1,2 are computed according to the relation

x1,2 = √
τe±y . (2)

For the E866 experiment [25] the same relation is employed.
However, since the muon-pair rapidity is not tabulated in
Ref. [25], it is computed from the muon-pair xF and trans-
verse momentum pT using basic definition as follows:

y = 1

2
ln

(
E + pL
E − pL

)
, (3)

where pL = xF pL , max and E =
√
p2
L + p2

T + M2 are the
muon-pair longitudinal momentum and energy, respectively,
in the center-of-mass frame of the colliding hadrons, with
pL ,max the maximum longitudinal momentum of the muon-
pair, depending on

√
s according to the formula pL ,max =√

s (1 − M2/s)/2.
The approach of Eq. (2) is also used for the LHCb data on

Z -boson production [35–37] released in the form of lepton-
pair pseudorapidity distributions.5 The data on W -boson pro-
duction evidently probe the same kinematics. However, the
use of Eq. (2) is impossible in this case due to the neutrino
escaping detection. Therefore, for W -boson production in
the D0 experiment [38,39], we use the following approxi-
mate estimate:

x1,2 = MW√
s
e±yl , (4)

where MW is the W -boson pole mass and yl is the lepton
rapidity.

Both DY data at the Tevatron and the LHC and DY data in
fixed-target experiments play a role in constraining the sea
quark PDFs at large x . They allow to reach similarly large-x
values, although in the case of fixed-target data, relatively
large-x partons from both the projectile and the target par-
ticipate in the same hard interaction, whereas in the case of
the LHC, a large-x parton is typically probed simultaneously

5 For the lepton energies of LHCb the numerical difference between
pseudorapidity and rapidity is negligible.

Fig. 1 The (x1, x2) coverage for the SeaQuest experiment [24] (full cir-
cles), with x1,2 given by Eq. (1), in comparison to the coverages from DY
data of other experiments used in the ABMP16 PDF fits (down-oriented
triangles: E866 Fermilab fixed-target experiment [25]; up-oriented tri-
angles: E605 [26] with x1,2 computed from the lepton-pair rapidity
using Eq. (2) for both the data sets; squares: LHCb, the LHC exper-
iment [35–37] with x1,2 computed from the Z -boson rapidity using
Eq. (2); open circles: D0, the Tevatron collider experiment [38,39],
with x1,2 estimated from the charged-lepton rapidity using Eq. (4))

with a low-x one, as exemplified in the (x1, x2) correlation
in Fig. 1. The correlation is quite evident for the LHC data
and is related to the exchange of heavy bosons in the DY pro-
cess. In the case of LHC, the largest x1 values are probed by
the LHCb detector with data at large positive rapidity, which
covers the interval 2 < y < 4.5. On the other hand, the
fixed-target experiments E866 and E605, which have much
lower center-of-mass energies than the LHC, probe larger x2

values and present a less evident (x1, x2) correlation, related
to the exchange of a γ ∗ with a broad range of mass val-
ues in the DY process. In the case of SeaQuest, the (x1, x2)
correlation is again evident, considering that the invariant
mass of the observed γ ∗ decay products is fixed to approxi-
mately M ∼ 5 GeV. SeaQuest covers x2 values higher than
the LHC due to the use of a beam with much lower center-
of-mass energy (

√
s = 15.1 GeV). The x2 region covered

by SeaQuest extends up to ≤ 0.45. The E605 experiment has
a coverage extending even up to slightly higher x2 values.
However, the E605 experiment used a Copper target, thus
requiring an evaluation of nuclear corrections (see the end
of Sect. 4). Having only one target material, they could not
provide data on cross-section ratios, unlike SeaQuest that has
both a deuteron and a proton target. Also, given that Copper
is a heavy nucleus close to isoscalarity, the E605 data are
much less sensitive to the isospin asymmetry effects, that we

123



829 Page 4 of 16 Eur. Phys. J. C (2023) 83 :829

Fig. 2 The SeaQuest data [24] on the ratio of pd and pp DY distribu-
tions over Feynman variable xF with respect to the NNLO predictions
obtained using the code VRAP [40] (solid line) and DYNNLO [41]
(dashes). For the DYNNLO predictions we have used a fixed 〈M〉 =
5 GeV in all bins, to simplify the computation

investigate in this work. We explicitly verified the very small
impact of E605 data, by removing them from our fits where
they are included as default.

The green dots along two parallel lines in Fig. 1 refer to
the cases of Z -boson production at the LHC at

√
s = 7 and

8 TeV, given that data at these center-of-mass energies were
included in the ABMP16 PDF fits.

In order to compute predictions for the DY cross sections,
we use the FEWZ2.1 code [42] for the collider cases and
the VRAP code [40] for the fixed-target cases. In particular,
the present analysis of SeaQuest data is based on the xF -
distribution, that was directly measured in the experiment
and could also be computed to NNLO QCD accuracy using
a Monte-Carlo code, like e.g. FEWZ or DYNNLO [41].6

However, in the fit we employ the VRAP code, which is based
on 2-dimensional integration that allows to greatly improve
the code performance. To compute VRAP predictions for the
SeaQuest data on the xF -distribution we perform a mapping
of xF to the rapidity using the basic relation Eq. (2) and taking

PL = 〈xF 〉√s/2(1−〈M〉2/s), E =
√

〈M〉2 + P2
L + 〈PT 〉2,

where s is the center-of-mass energy squared and 〈xF 〉, 〈M〉
and 〈PT 〉 are the averages of muon-pair Feynman variable xF ,
invariant mass and transverse momentum, respectively, over
the bins in xF . 〈M〉 varies bin by bin, ranging from 4.9 Gev in
the bin with largest 〈xF 〉 to 5.6 GeV in the one with smallest
〈xF 〉. These averaged quantities are all given in Ref. [24] for

6 Note that NNLO predictions for the DY process obtained using non-
local subtraction methods, may differ by power corrections, whose size
varies depending on the experimental cuts on final-state leptons [43].
These corrections are, however, negligible in the context of this work.

each bin in xF . To validate such an approach, we compare its
predictions with those obtained with the methodology used
in Ref. [24], where the DYNNLO [41] code is employed,
instead of VRAP, and the exact information concerning the
transverse momentum and the invariant mass of the μ+μ−-
pair on an event-by-event basis is considered to build the xF
distributions, instead of the average value of these quanti-
ties per xF bin. We find that the difference is mostly well
below the data uncertainties, cf. Fig. 2, where we compare
predictions obtained with VRAP using the approximations
outlined above with the DYNNLO predictions based on the
exact values for PT and M as input, as in Ref. [24], and apply-
ing their same cut M > 4.5 GeV. The latter suppresses the
μ+μ−-background contribution from J/ψ and ψ ′ produc-
tion and decay. We build the xF distributions using Eq. (4)
of Ref. [24]. From Fig. 2 it is evident that only in the small-
est xF bin the difference between VRAP and DYNNLO is
comparable to the data uncertainty, an observation that might
be related to the width of the bin, which is much larger for
this bin, than for the other ones. Obviously, such a differ-
ence cannot have relevant impact on fit results. Therefore,
considering that the approximated procedure with the use of
VRAP allows for NNLO simulations much faster than the
exact procedure using DYNNLO, and given that the results
turn out to be very well compatible, we use VRAP for the
analyses and all other plots presented in the rest of this work.

We observe that the corrections related to spectrometer
acceptance as a function of x1 and x2 reported in Ref. [44] do
not impact distributions depending on measured quantities,
like e.g., xF , that we consider in this work. On the other hand,
their inclusion is relevant for the extraction of the d̄ − ū
asymmetry and the d̄/ū ratio from the SeaQuest data, as
performed by the SeaQuest collaboration in approximated
form as described in their papers [24,44].

The constraints from the SeaQuest experiment turn out to
be compatible with those already imposed by collider data, as
shown by the fact that the χ2/NDP of the analyses including
also the SeaQuest data does not change significantly with
respect to the χ2/NDP of the original ABMP16 analyses.
Here NDP indicates the number of data points and the differ-
ences are well within theχ2 statistical uncertainties, as shown
in Table 1. The χ2/NDP for the NNLO analyses turns out
to be 1.18, slightly closer to 1 than the χ2/NDP of the NLO
analyses, which is equal to 1.20. We also observe that incor-
porating SeaQuest data in the fits has a negligible impact
on the values of αs(MZ ) and heavy-quark masses, extracted
simultaneously to PDFs in all the fits considered in Table 1.

Separate χ2 values for various data sets included in our
NNLO QCD analyses are reported in Table 2. We have
considered four variants: (I) the ABMP16 analysis, (II) the
ABMP16 + SeaQuest analysis, as well as (III) an analysis,
where we consider all data of (II), except the D0 DY data and
(IV) an analysis, where we consider all data of (II), except the
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Table 1 The total values of χ2 obtained for the NLO and NNLO
ABMP16 fits in comparison with the ones of the present analyses,
including all data already considered in the ABMP16 fits plus SeaQuest
data. See text for more detail

Fit NDP χ2

NLO NNLO

ABMP16 2861 3428.9 3377.6

Present analysis (ABMP16 + SeaQuest) 2868 3438.4 3384.7

LHCb DY data. We include variants (III) and (IV) due to the
fact that in the past we have observed some tension between
the D0 and LHCb DY data. By comparing (I) and (II), we find
that, for each considered data set, the addition of SeaQuest
data does not introduce significant modifications of the χ2.
Thus SeaQuest data are well compatible with both the LHCb
and the D0 DY data. On the other hand, by comparing (II)
and (III), we find that the elimination of the D0 DY datasets
from the fit allows to improve the χ2 of the analysis of the
7 TeV LHCb DY dataset by several units, beyond the statis-
tical χ2 uncertainty. Vice versa, the elimination of the LHCb
DY datasets allows to improve the description of D0 data,
as can be understood by comparing (II) and (IV). The role
of the NuSea data, for which χ2 values are also presented in
Table 2 for the four variants of our fit, and their compatibility
with other data in our fits is discussed in Appendix A.

The χ2 values were computed accounting for statistical
and systematic uncertainties of the SeaQuest data, assum-
ing that systematic uncertainties are fully correlated bin-by-
bin. Detailed information concerning correlations among the
uncertainties characterizing the SeaQuest data are, however,
not available. Therefore, we also consider a variant of the fit,

where the systematic uncertainties are considered as fully
uncorrelated. We have found that the χ2 values related to the
analysis of the SeaQuest data in both analyses are compatible
within statistical fluctuations (χ2

corr. = 7.3 vs. χ2
uncorr. = 5.9,

for NDP = 7). This implies that more details on the precise
degree of bin-by-bin correlations of the systematic uncertain-
ties in the SeaQuest data, when available, will not modify the
main conclusions of our study.

Figure 3 shows the constraining power of the SeaQuest
data on the d̄(x) − ū(x) difference, increasing towards large
x values. At NLO, the uncertainty band of the analysis with
SeaQuest data has a large overlap, but is not completely
included within the band of the default ABMP16 analysis
(not including these data). Additionally, for 0.1 < x < 0.2,
the band of the analysis with SeaQuest data turns out to be
of the same size of the band of the one without these data.
On the other hand, at NNLO, the uncertainty bands are in
general smaller than at NLO and the one of the analysis with
SeaQuest data is always included and smaller than the band of
the analysis without SeaQuest data. These findings confirm
that theory predictions at NNLO accuracy are in general more
robust and consistent among each other than NLO ones, i.e.,
the theory description at NLO is still incomplete and hardly
provides a simultaneous excellent description of all DY data,
like is instead happening at NNLO. This is also reflected in
the comparison of the χ2/NDP values presented in Table 1.
In any case, in Fig. 3, the constraining power of SeaQuest
data is certainly evident for x > 0.3 for both the NLO and
NNLO analyses. However, for large x values the difference
between the distributions of d̄(x) and ū(x) diminishes.

Analogous observations can be made when examining
Fig. 4, whose left panel illustrates the variation of the ratio

Table 2 The values of χ2 obtained for the data sets probing the large-
x PDFs, which are included in various analyses (column I: NNLO
ABMP16 PDF fit [32], column II: present analysis, column III: a variant

of present analysis with D0 DY data excluded, column IV: a variant of
present analysis with LHCb DY data excluded)

Experiment Process
√
s (TeV) References NDP χ2

I II III IV

SeaQuest pp → γ ∗X → μ+μ−X 0.0151 [24] 7 – 7.3 8.1 7.6

pd → γ ∗X → μ+μ−X

NuSea pp → γ ∗X → μ+μ−X 0.0388 [25] 39 52.8 54.3 52.5 53.0

pd → γ ∗X → μ+μ−X

D0 p̄ p → W±X → μ±(−)
ν X 1.96 [45] 10 17.6 17.6 – 14.5

p̄ p → W±X → e±(−)
ν X 1.96 [39] 13 19.0 19.0 – 15.9

LHCb pp → W±X → μ±(−)
ν X 7 [33] 31 45.1 43.9 35.0 –

pp → Z X → μ+μ−X

pp → W±X → μ±(−)
ν X 8 [34] 32 40.0 39.6 38.2 –

pp → Z X → μ+μ−X

pp → Z X → e+e−X 8 [46] 17 21.7 21.9 21.9 –
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Fig. 3 The 1σ band for the n f = 3-flavour isospin asymmetry of the
sea distribution x(d̄ − ū)(x) at the scale μ =3 GeV obtained in the
present analysis (central pdf: dashed line, uncertainty band: left-tilted

hash) compared to the one of the ABMP16 fit (central pdf: dot-dashed
line, uncertainty band: right-tilted hash). The left panel shows results
of the NLO analysis, whereas the right panel refers to the NNLO one

Fig. 4 Left panel: the 1σ band for the ratio of the n f = 3-flavour sea
distributions d̄/ū as a function of x at the scale μ = 3 GeV obtained in
the present NNLO analysis (central pdf: dashed line, uncertainty band:
left-tilted hash) compared to the one of the ABMP16 fit (central pdf: dot-
dashed line, uncertainty band: right-tilted hash). Right panel: same as

in the left panel, but at the scale μ2 = 25.5 GeV2 at which the SeaQuest
collaboration extracted the d̄/ū ratio, that is also plotted. Also shown
are the 1σ predictions with the NNPDF4.0 NNLO PDF fit (central pdf:
dotted line, uncertainty band: solid), which has incorporated SeaQuest
data

d̄(x)/ū(x) with respect to x for μ = 3 GeV. The ratio is larger
than unity within a large x interval, up to at least x < 0.5
- 0.6. At these x values, both the xū and xd̄ sea distribu-
tions are tiny, of the order of 10−5. The analysis incorpo-
rating SeaQuest data exhibits a high level of compatibility
with the analysis that excludes them, and displays a smaller
uncertainty band, especially for x > 0.3. This confirms the

constraining role of the SeaQuest data. As shown in the right
panel of Fig. 4, the results are also very well compatible
with the d̄(x)/ū(x) ratio extracted by the SeaQuest collab-
oration at the scale Q2 = 25.5 GeV2, which is character-
istic of the kinematics of the experiment, using as a start-
ing point the experimentally measured cross-section ratio
σpd/(2σpp) and Eqs. (8), (10) and (11) of Ref. [24]. Although
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this extraction depends in principle on the PDFs used (the
quoted SeaQuest values are those reported in Table 8 of
Ref. [24], obtained using cross sections computed with the
CT18 PDF fit as input of their Eq. (11)), this dependence is
quite weak, i.e., it comes from subleading terms in Eq. (11) of
Ref. [24], generating minor corrections to the leading result
corresponding to the case x1 ∼ x2. Therefore the extracted
d̄/ū ratio can be considered as a robust quantity, as also
already observed in Ref. [24].7 We also note that the SeaQuest
data cover target x values up to 0.45. The uncertainty band
of the ABMP16 + SeaQuest PDFs remains small at even
larger x values, which is a consequence of assumptions about
the parameterization of these PDFs and their extrapolation
to large x , performed under assumption of smoothness of
the distributions. The same is true for the ABMP16 PDF
fit. Only future experimental data in the large x region will
be able to check the correctness of this extrapolated result
shown here. Regardless, it is important to emphasize that the
ABMP16 + SeaQuest fits rely on the identical PDF param-
eterization employed in the original ABMP16 fits. Remark-
ably, this parameterization already yielded a satisfactory fit
to the new data, without necessitating any post-adjustments
through the introduction of additional parameters. During the
original ABMP16 fit, we employed a strategy that involved
investigating the impact of various functional forms while
minimizing the number of parameters used. Our aim was to
avoid introducing any additional parameters that did not con-
tribute significantly to an improved description of the data.

We also point out that the effect of SeaQuest data, when
comparing the ABMP16 PDFs to the ABMP16 + SeaQuest
PDFs, is not dramatic, because the ABMP16 fits already
included the E866 data, capable of constraining the d̄/ū ratio
up to slightly lower x values than SeaQuest. The main addi-
tion of SeaQuest has been to have provided reliable measure-
ments in the interval x ∼ 0.24 - 0.45, which have helped to
further constrain PDFs with respect to the past.

3 Compatibility of SeaQuest data with other PDF fits

The compatibility of the SeaQuest data with a number of
modern PDF fits is shown in Fig. 5. The SeaQuest data align
well with the predictions based on the NNPDF4.0 fit [47],
which is not surprising since the NNPDF collaboration incor-
porated these data into their fitting process. Nevertheless, the
uncertainty range associated with this particular fit remains
larger compared to our own uncertainty range, in contrast to
the uncertainties accompanying the data. We argue that this

7 We refrain from comparisons with the (d̄− ū)(x) values also reported
in Table 8 of Ref. [24], because these values are indeed more sensitive to
the PDF used in their extraction, depending on additional assumptions
on the ū(x) distribution.

behaviour can be ascribed to inefficiencies in the statistical
estimators used in their analysis.

This issue seems to be confirmed also by the predictions
on the d̄/ū ratio shown in Fig. 4 (right), where the constrain-
ing power of the SeaQuest data seems to be only partially
reflected in the NNPDF4.0 uncertainties. This is particularly
visible in the region x ∼ 0.3 - 0.45, where the NNPDF4.0
uncertainties become large, although this region is still cov-
ered by SeaQuest data. The inclusion of the FNAL-E605 and
the SeaQuest data in the NNPDF4.0 fit should have imposed
additional constraints on the d̄/ū ratio at these specific val-
ues of x . Consequently, one would expect the size of their
1σ band to be smaller compared to the result from their fit.
The use of a large fixed number of parameters in the parame-
terization of these PDFs might be responsible for a relatively
large uncertainty in the x region where SeaQuest data are
present. The shape of the spike region around x ∼ 0.5 in
Fig. 4 (right) seems to be driven by the step functions used
in the parameterization of these PDFs. A careful study from
the NNPDF collaboration on this issue is warranted, also to
delineate it from the impact of other datasets used in their fit.

The large uncertainties of NNPDF4.0 at larger x values
in Fig. 4 (right), on the other hand, can be attributed to the
lack of data. The smaller uncertainty of the ABMP16 fits (in
comparison to NNPDF4.0) in the very large x region, not
covered by the SeaQuest data, is neither related to the use
of looser W cuts (W > 2 GeV) on the invariant mass of the
hadronic system

W 2 = M2
P + Q2(1 − x)/x , (5)

in DIS data8 (MP is the proton mass), nor to the inclusion
of higher-twist corrections in the fit. Moreover, it is impor-
tant to note that these uncertainties cannot be considered
highly informative. This is due to the fact that the uncertainty
arises solely from the extrapolation beyond the region where
data are available, relying on assumptions of smoothness, as
already mentioned in the previous section. It is however true
that the sum rules play a role in constraining the shape of
PDFs there. We have checked that a shape with even more
spikes and larger uncertainties for the d̄/ū ratio occurs in the
case of the predecessor of NNPDF4.0 fit, i.e. the NNPDF3.1
PDF fit [48] (not shown in the plot), not including SeaQuest
data.

These concerns about the NNPDF4.0 PDFs at large x
are also manifest in unusual predictions for the forward-
backward asymmetry A∗

FB in the invariant mass of the
dilepton final state at the LHC, quite different from those
of many others PDF fits particularly for large invariant
masses [49,50]. The measurement of this quantity and its

8 In fact electron DIS data are sensitive to the total q = qval + q̄ dis-
tributions, which can be separated into the valence and sea components
only by adding DY data and/or neutrino DIS data to PDF fits.
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Fig. 5 The pulls for SeaQuest data [24] on the ratio of pd and pp
DY distributions over xF with respect to predictions obtained using
the code VRAP [40] in combination with the NNLO ABMP16 PDFs.
The 1σ band for prediction (right-tilted hash) is compared to the NLO
ABMP16 [31] (left-tilted hash) and NNLO NNPDF4.0 [47] (shaded
area) ones. The central values of predictions with other PDFs are shown
for comparison (solid: NNLO ATLAS21 [53], long dashes: NNLO
epWZ16 [54], suggesting the SU(3)-symmetric quark sea, dashed dots:
NNLO MSHT20 [19], dots: NLO CJ15 [55])

comparison with theory predictions might be important for
improved fits of large-x quark PDFs within the Standard
Model (SM) and/or for discovering new physics associated
to new gauge sectors beyond the SM, such as a heavy neutral
Z ′-boson, see, e.g. Refs. [51,52].

The SeaQuest data are also compatible with the CT18
fit [56] (not shown in Fig. 5), although the uncertainty of the
latter looks particularly large, even due to the tolerance cri-
terion used in this PDF fit (	χ2 = 100 at 90% C.L. roughly
corresponding to 	χ2 ∼ 30 at 68% C.L., vs 	χ2 = 1 used
in various other PDF fits adopting the Hessian approach,
although not in all9), and this prevents any strong conclu-
sion. The CT18 collaboration has investigated the impact
of first SeaQuest data of Ref. [44] on their NNLO PDFs
in Ref. [58] and they have compared their predictions even
to the BNL STAR data on W -boson production [60]. Addi-
tionally, the CT18A variant of the fit, together with further
variants incorporating lattice QCD data on the strangeness
asymmetry distribution s(x) − s̄(x), have also been com-
pared to first SeaQuest data of Ref. [44] in Ref. [20]. An
advanced study aiming at separating the so-called connected
and disconnected sea components, reflecting the topology of
the quark lines in the four-point current–current correlator
in the nucleon, under the CT18 parameterization, has led to
the CT18CS fit [61], using as a basis the original CT18 data

9 MSHT, for instance, uses a dynamical tolerance procedure [57], while
CT18 uses a combination of global and dynamic tolerance.

sets. The CT18CS PDFs have also been compared with the
distributions extracted from the SeaQuest data of Ref. [44],
and older E866 data of Ref. [25].

On the other hand, a comparison of the SeaQuest data with
predictions obtained with the MSHT20 [19] and CJ15 [55]
fits, both shown in Fig. 5, reveals that the d̄/ū ratio according
to the latter has a trend compatible with the data only in part
of the (x1, x2) range. The CJ collaboration has also inves-
tigated the impact of the first SeaQuest data of Ref. [44]
plus the aforementioned STAR data, on the CJ15 PDFs in
Ref. [59]10 and very recently proposed the new global PDF
fit CJ22 in a follow-up paper [63], incorporating the SeaQuest
data plus the aforementioned STAR data, including higher-
twist effects and nucleon off-shell corrections. It would be
interesting to study as well the modification of the MSHT20
fit, after inclusion of the SeaQuest data.

Finally, we remark that the behaviour of the (d̄/ū)(x)
ratio predicted by the ATLAS 2016 fit [54] turns out to be
incompatible with the SeaQuest data, systematically under-
estimating the latter, pointing to issues in the whole technique
to derive these PDFs and/or shortcomings during the fit. In
particular, the comparison of the xF distribution with the
SeaQuest data in Fig. 5 confirms the point raised already in
Ref. [16] that the assumptions concerning d-quark suppres-
sion with respect to the u-quarks in the ATLAS PDF param-
eterization adopted in that fit, using 14 parameters and now
outdated, are problematic.11 The considerations in Ref. [16]
were based on the observation that these PDFs already exhib-
ited disagreement with the E866 data, which were already
accessible at that particular time. One should in any case
not be surprised that this old PDF fit is not in agreement
with SeaQuest data, considering that, by definition, it did
not include typical non-ATLAS datasets constraining high-x
PDFs. In turn, this lack of data required to make more con-
straining assumptions on the PDF form. Newer ATLAS PDF
fits have added more ATLAS data, partially extending x cov-
erage and allowing for more flexible parameterizations. How-
ever, we have verified that even the central PDF from a more
recent ATLAS fit, ATLASepWZVjet20-EIG [66] (not shown
in our plot), including 16 parameters and the W, Z/γ ∗ + jet
data that are sensitive to partons at larger x’s than the inclu-
sive W, Z/γ ∗ data, turns out to be also incompatible with
the SeaQuest data, overestimating the data up to several ten
percent in the smallest xF bin (corresponding to the largest
x). On the other hand, the central PDF from the most recent
publicly available ATLAS PDF fit, ATLASpdf21 [53], a fit

10 Almost simultaneously, Ref. [62] has presented a global QCD analy-
sis using these same data in the JAM Bayesian Monte Carlo framework.
11 Also observe that in the CJ15 PDFs the d-quark content of the proton
is parameterized in terms of the u-quark one, introducing a correlation
that can affect results for the d/u ratios at large x’s, as discussed in
Refs. [64,65].
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that includes 21 parameters, further data and also consid-
ers the role of scale uncertainties, largely overestimates the
SeaQuest data in the first xF bin, but is compatible with the
latter in the other bins, i.e. for 0.2 < xF < 0.8, as shown in
Fig. 5. The lack of agreement in the smallest xF bin can be
probably attributed to the fact that ATLAS does not have data
constraining ū(x) and d̄(x) for x > 0.3. On the other hand,
the agreement visible at larger xF , corresponding to x < 0.3,
remarks the compatibility between SeaQuest and DY ATLAS
and Tevatron data. In Ref. [53] the ATLAS collaboration has
provided their own comparison of ATLASpdf21 (d̄/ū)(x)
ratio with that extracted by the NuSea and SeaQuest collab-
orations in Refs. [25,44]. Considering that the smallest xF
correspond to the largest x values, our results and conclu-
sions on compatibility between fixed-target and collider DY
datasets are compatible with their ones.

4 Impact of nuclear corrections

SeaQuest data discussed and used in previous sections have
been collected for a deuteron target and for this reason the
analysis should address the corresponding nuclear correc-
tions. Here we discuss the effect of nuclear corrections on the
DY cross section following Ref. [67]. This model addresses
a number of mechanisms for nuclear corrections including
the effect of nuclear momentum distribution (Fermi motion),
nuclear binding, the off-shell modification of bound nucleon
PDFs, as well as meson-exchange currents and nuclear shad-
owing corrections. For the kinematics of SeaQuest data the
relevant corrections originate from nuclear momentum dis-
tribution, binding and off-shell effects on the PDFs. The
deuteron PDFs qi/d of type i = u, d, . . . can be written as
follows [67] (see also Appendix B of Ref. [64])

xqi/d(x, Q
2) =

∫
d3k |
d(k)|2 (1 + kz/M)x ′

×
(
qi/p(x

′, Q2, k2) + qi/n(x
′, Q2, k2)

)
,

(6)

where qi/p(n) is the corresponding proton (neutron) PDFs,
the integration is performed over the nucleon momentum
k, 
d(k) is the deuteron wave function in the momentum
space, which is normalized as

∫
d3k |
d(k)|2 = 1, and M is

the nucleon mass. We consider the deuteron in the rest frame
and the z axis is chosen to be antiparallel to the momentum
transfer. The four-momentum of the bound nucleon is k =
(Md −

√
M2 + k2, k), where Md is the deuteron mass and

k2 = k2
0 − k2 is the invariant mass squared (virtuality), while

x ′ = xM/(k0 + kz) is the Bjorken variable of the off-shell
nucleon.

It is convenient to discuss the virtuality dependence of the
nucleon PDFs in terms of the dimensionless variable v =

Fig. 6 Nuclear effects in the deuteron for the valence quark PDFs
(Rval), antiquark PDFs (Rsea) and the DY cross sections (RDY) (see
text for more detail on the definition of these ratios) vs xF , computed
using Table 5 of Ref. [24]. The upper horizontal axis indicates the cor-
responding x values of the deuteron target (x2)

(k2 − M2)/M2. Since nuclei are weakly bound systems, the
value of |v| is small on average. For this reason the off-shell
PDFs can be expanded in a power series inv aboutv = 0 [68].
Keeping the terms linear in v we have [69]

q(x, Q2, k2) = q(x, Q2)[1 + δ f (x, Q2) v], (7)

δ f (x, Q2) = ∂ ln q(x, Q2, k2)/∂ ln k2, (8)

where the derivative is taken for k2 = M2. The function
δ f (x, Q2) measures the modification of the nucleon PDFs
in the off-shell region. In Eq. (7), in order to simplify nota-
tions, we suppress the subscripts referring to the PDF type
i . Also, we implicitly assume an average over the proton (p)
and neutron (n), qi = (qi/p + qi/n)/2, since Eq. (6) for the
deuteron depends only on this isoscalar PDF combination.
Detailed studies of nuclear DIS, DY lepton-pair and W/Z
boson production indicate that the data are consistent with
an universal function δ f (x), independent of the parton type,
and without significant scale and nucleon isospin dependen-
cies [64,65,67,69–72].12 In this work we use the results on
the function δ f (x) from the recent analysis of some of us in
Ref. [65].

In Fig. 6 we illustrate the nuclear effects obtained for the
valence quark PDFs, antiquark PDFs and the DY cross sec-
tions for the kinematics of the SeaQuest experiment. In par-
ticular, we show the ratios Rval = uval/d/(uval/p + uval/n),
Rsea = ud/(u p +un) and RDY = σpd/(σpp +σpn) computed
using Eq. (6), the NNLO proton PDFs of Ref. [32] and the
values of kinematical variables from Table 6 of Ref. [24].
Note the different shapes of Rval and Rsea vs xF . This is
caused by different x dependencies of the valence and anti-
quark nucleon PDFs and the smearing effect in the nuclear

12 The proton-neutron asymmetry δ f p(x)− δ fn(x) was constrained in
Ref. [65] in a global PDF fit using data on the proton, 2H, 3H, and 3He
targets. This asymmetry is consistent with zero within uncertainties.
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convolution, Eq. (6). The shape and the magnitude of RDY

and Rsea are similar corresponding to the fact that the DY
cross sections σpd , σpp and σpn for SeaQuest kinematics are
dominated by the partonic contribution involving a proton
beam valence u quark and a target ū, considering PDF x and
flavour dependence. However, this dominance is violated for
small values of xF (xF < 0.3), causing the different val-
ues of nuclear corrections for DY cross sections and the up-
antiquark PDFs in this region. The magnitude of the nuclear
corrections on the DY σpd is extremely modest, typically
O(0.5 − 1)%, and has a practically negligible impact on the
present analysis. This result is consistent with the claim of
Ref. [24] that nuclear corrections can be neglected, on the
basis of the results of Refs. [73,74].

Nuclear corrections should also be addressed when deal-
ing with data from FNAL-E605 experiment on proton-copper
collisions [26]. The corresponding corrections on the DY
cross sections have been calculated in Ref. [67] (see Fig. 8
and Table 2 there). The rate of nuclear corrections depends on
both the target x2 and the mass of the muon pair as illustrated
in Fig. 8 of Ref. [67]. Note, however, that the E605 exper-
iment only provides data for copper target and did not take
data for the proton target. Since copper is almost an isoscalar
target with about 8% of the neutron excess, the E605 cross
section data on copper target alone provides a little sensitivity
to measuring the (d̄ − ū)(x) asymmetry of the sea distribu-
tions. We also verified that removing the E605 data from our
fits does not essentially change the results presented in Figs. 3
and 4.

5 Second Mellin moments of quark distributions:
comparisons with lattice QCD computations

Important information on PDFs can also be gained from lat-
tice QCD, which gives access to some of their moments.
Recalling that q(x, Q2)= qval(x, Q2)+ q̄(x, Q2), q̄(x, Q2)

= q̄sea(x, Q2), the following definition allows to summarize
the moments of the q+ ≡ q + q̄ (total) and q− ≡ q − q̄
(valence) quark combinations at a scale Q2:

〈xn−1〉q±(Q2) =
∫ 1

0
dx xn−1 q±(x, Q2), (9)

where n = 1, 2, 3,. . . refers to the first, second, third, etc.
Mellin moment (equivalent to zeroth, first, second, etc. x
moment), respectively. The first Mellin moments 〈1〉q− corre-
spond to the quark number sum rules13. Lattice QCD compu-
tations have allowed to calculate the second Mellin moments
〈x〉u+−d+ (isovector combination) and 〈x〉q+ for all indi-

13 On the other hand, the moments 〈1〉q+ are not constrained by sym-
metries and are divergent.

vidual light quarks, together with the third Mellin moments
〈x2〉u−− d− and 〈x2〉q− [75–77].

In Ref. [32] we compared the values of 〈x2〉u− , 〈x2〉d− ,
〈x2〉u−− d− and 〈x〉u+− d+ that we computed for various
NNLO PDF fits with corresponding values extrapolated from
lattice QCD computations.14 In this work, we update and
extend the comparison of Ref. [32]. On the one hand, in
addition to several modern NLO and NNLO PDF fits, we
incorporate the newly presented PDF fits from the previous
sections, which take into account the SeaQuest data. As dis-
cussed in those sections, these data have minimal impact on
the valence quark distributions. However, they play a crucial
role in constraining the isospin asymmetry (d̄ − ū)(x) of the
sea-quark distributions. On the other hand, we also consider
updated evaluations from lattice QCD, utilizing new compu-
tational methods that yield reduced uncertainties compared to
previous analyses. Additionally, we incorporate the recently
released results on the moments of the u+ and d+ distribu-
tions, which were not available at the time of Ref. [32].

In Table 3 we compare our calculations of second Mellin
moments using as a basis the NLO and NNLO quark distri-
butions considered in the previous section, to the most recent
results from lattice QCD [78–83]. In particular, the χQCD
and ETMC collaborations have recently released data on the
second moments ofu+,d+ andu+−d+ combinations depen-
dent on both valence and sea quarks, in Refs. [78] and [80],
respectively, while the RQCD, NME, PNDME and Mainz
collaborations have determined the second moments of the
u+ − d+ combination in Refs. [79,81,83], respectively.15

The outcomes from Table 3 are also represented graphically
in Fig. 7.

We observe that the present status of PDF fits is advanced
to the point that the quoted uncertainties on the second Mellin
moments, which represent the experimental data uncertain-
ties propagated through the fit, are so small that the results
from different fits are not always compatible among each
other within their uncertainties. This is partly related to the
theory assumptions made in those fits, but also due to the
data sets considered, i.e., inclusion of DY data from collid-
ers, see e.g., Ref. [1]. Across different orders of perturbation
theory, the second Mellin moment values and uncertainties
from NLO and NNLO PDF fits have almost comparable val-
ues, indicating very good perturbative stability.

The corresponding second Mellin moments from QCD
lattice computations turn out to be significantly more uncer-
tain and not yet able to discriminate between the various PDF
fits. Taking into account the range of lattice results and the

14 See [20,61] for similar studies within the framework of the CT18
PDFs, also including lattice data in PDF fits.
15 In the case where lattice collaborations have released values of sec-
ond moments in more than one work, we only cite the most updated
ones.

123



Eur. Phys. J. C (2023) 83 :829 Page 11 of 16 829

Table 3 Comparison of second Mellin moments for various combina-
tions of light-quark distributions from different NLO and NNLO PDF
fits, including those proposed in this work, with uncertainties due to
PDF variations, to corresponding values extrapolated from n f -flavour

lattice QCD computations (Q = 2 GeV). In the case of the CT18 fit,
the uncertainties refer to the 90% C.L. interval, instead of the 68% one
used by other Hessian PDF fits

〈x〉u+ 〈x〉d+ 〈x〉u+−d+

PDF fit

ABMP16 + SeaQuest NLO 0.3523 ± 0.0010 0.1813 ± 0.0023 0.1711 ± 0.0029

ABMP16 + SeaQuest NNLO 0.3535 ± 0.0026 0.1858 ± 0.0028 0.1677 ± 0.0036

ABMP16 NLO 0.3522 ± 0.0026 0.1814 ± 0.0027 0.1708 ± 0.0036

ABMP16 NNLO 0.3532 ± 0.0027 0.1858 ± 0.0029 0.1673 ± 0.0037

NNPDF4.0 NNLO 0.3468 ± 0.0026 0.1934 ± 0.0032 0.1533 ± 0.0041

CT18 NNLO 0.3498 + 0.0078
− 0.0085 0.1934 + 0.0083

− 0.0103 0.1564 + 0.0123
− 0.0120

MSHT20 NNLO 0.3471 + 0.0048
− 0.0048 0.1923 + 0.0046

− 0.0060 0.1548 + 0.0062
− 0.0056

CJ15 NLO 0.3480 + 0.0009
− 0.0012 0.1962 + 0.0015

− 0.0014 0.1518 + 0.0019
− 0.0024

epWZ16 NNLO 0.3628 + 0.0027
− 0.0028 0.1741 + 0.0047

− 0.0039 0.1887 + 0.0041
− 0.0050

Lattice computation

χQCD18 [78] (n f = 2 + 1) 0.307 ± 0.030 ± 0.018 0.160 ± 0.027 ± 0.040 0.151 ± 0.028 ± 0.029

RQCD18 [79] (n f = 2) – – 0.195 ± 0.007 ± 0.015

ETMC20 [80] (n f = 2 + 1 + 1) 0.359 ± 0.030 0.188 ± 0.019 0.171 ± 0.018

PNDME20 [81] (n f = 2 + 1 + 1) – – 0.173 ± 0.014 ± 0.007

NME20 [82] (n f = 2 + 1) – – 0.155 ± 0.017 ± 0.020

Mainz21 [83] (n f = 2 + 1) – – 0.139 ± 0.018 (stat)

Fig. 7 Second Mellin moments of u+(x), d+(x) and the isovector
combination (u+ −d+)(x) and their uncertainties computed for a range
of PDF fits and from lattice QCD. The corresponding numerical values

are tabulated in the columns of Table 3 and reported in the panels of
this plot for a more immediate visualization. The vertical band in each
panel brackets the values from the ABMP16 NNLO fit
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inherent uncertainty associated with each of them, they are
presently exhibiting a high level of compatibility with nearly
all the PDF fits. The lattice moments 〈x〉u+ by the χQCD col-
laboration and 〈x〉u+− d+ by the RQCD collaborations, both
computed in 2018, exhibit a slight tension, deviating from
their 1σ range, when compared to the majority of PDF fits.
Nonetheless, these results carry substantial uncertainties and
align with the findings of PDF fits within a 2σ range. Most of
the recent lattice results, in particular those obtained by the
ETMC collaboration in 2020, turn out to agree very well with
almost all PDF fits. The 2021 result on 〈x〉u+− d+ of the Mainz
collaboration agrees with moments of some of the global PDF
fits, but is slightly smaller, although compatible within 2σ ,
with the second moments from the ABMP16 (+ SeaQuest)
NLO and NNLO PDFs.

We also observe that the addition of SeaQuest data to
the ABMP16 NNLO PDF fit has a tiny effect on the values
of the considered moments, slightly decreasing the associ-
ated uncertainties, while the central values remain approxi-
mately the same. The improvement of the uncertainties turns
out to be more pronounced in the case of the ABMP16
NLO PDF fit. Overall, the results from NLO and NNLO
ABMP16 (+ SeaQuest) PDFs are consistent among each
other and, as mentioned, the order of perturbation theory does
not have a significant impact on the second Mellin moments,
being rather inclusive quantities.

In light of the comparisons discussed here, it will be inter-
esting to develop precise lattice calculations of higher Mellin
moments (beyond the second/third ones), maybe exploiting
concepts and techniques of Refs. [84,85], so as to enable
similar comparisons for the fourth, etc. moments. Another
valuable improvement would be the ability to distinguish
between valence and sea quark PDFs in lattice results.

6 Conclusions

We have studied a variant of the ABMP16 NLO and
NNLO fits, including the SeaQuest non-resonant data on
σpd /(2σpp) as a function of xF . We find that these data
reduce uncertainties on the (d̄ − ū)(x) difference as well
as on the (d̄/ū)(x) ratio at large x , while leaving essentially
unchanged the values of the other quantities, which are simul-
taneously constrained in these fits (αs(MZ ) and heavy-quark
masses). The χ2/NDP for the fits including SeaQuest data
are within statistical uncertainty of those previously obtained
without these data. The simultaneous description of all DY
data turns out to be slightly more consistent at NNLO than at
NLO, as expected for the improved precision of the theoret-
ical predictions. In particular, we observe the compatibility
of SeaQuest data constraints on the d̄ − ū asymmetry, with
the corresponding constraints from collider DY data at both
the Tevatron and the LHC. This confirms the presence of an

asymmetric sea, ruling out PDF fits based on the assumption
of (or leading to) a symmetric sea.

Our present results support using the SeaQuest data
together with collider DY data in future updated PDF anal-
yses, that would allow further reducing PDF uncertainties,
as well as a cross-check of the compatibility with the data
already included there. The inclusion of SeaQuest data is
facilitated by the fact that nuclear corrections for the deuteron
target, that we have explicitly computed in this work, turned
out to be O(0.5−1)% in all SeaQuest xF bins, thus having a
practically negligible effect on the final PDFs. The smallness
of the observed nuclear effects can be attributed to the kine-
matics of the SeaQuest experiment itself. The experiment
combines partons with relatively small but still significant
x2 values (specifically, xtarget) and larger x1 values (specifi-
cally, xbeam), with only the target experiencing nuclear cor-
rections. The most substantial corrections occur in the bin
with the smallest xF , which corresponds to the largest x2

values (≤ 0.45). It is worth noting that larger nuclear correc-
tions would be anticipated at larger x2 values, which corre-
spond to backward kinematics that fall outside the scope of
SeaQuest’s current detector capabilities.

The second moments of various combinations of light-
quark distributions from NLO and NNLO PDF fits are com-
patible with current lattice QCD results. Although lattice
QCD is not yet competitive for distinguishing between dif-
ferent PDF fits, advancements in techniques and increased
attention from the lattice community are expected to improve
this limitation in the future.

We strongly encourage the SeaQuest collaboration to con-
tinue their efforts in reducing the uncertainties associated
with their measurements, aiming for values below the cur-
rent level of approximately 5%. Achieving this would sig-
nificantly enhance the constraining power of the data on sea
quark distributions. It is worth noting that only around one
half of the experiment’s data has been utilized for the pub-
lished studies thus far, suggesting the potential for further
improvements. Moreover, it would be highly beneficial if the
SeaQuest collaboration releases separate data on pp and pd
cross sections. Such separate data sets would enable more
precise constraints to be obtained for the ū and d̄ quark dis-
tributions, facilitating a deeper understanding of their indi-
vidual characteristics.
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Appendix A: Comparison of our theory predictions with
NuSea data on the DY σ pd/(2σ pp) ratio

A comparison of predictions using as input the ABMP16
and the ABMP16 + SeaQuest fits with the experimental data
on the σpd/(2σpp) ratio of cross sections for DY produc-
tion as a function of xF released by the NuSea collaboration
in Ref. [25] is shown in Fig. 8. These data were included
in both our fits, as well as in many predecessors of them,
and their role was already investigated and discussed at the
time these fits were published. The agreement of our pre-
dictions with the NuSea experimental data turn out to be
of similar quality for both fits considered in this work. The
global χ2 for NuSea data (NDP = 39) differs by 1.5 units
only: χ2(ABMP16) = 52.8 vs. χ2(ABMP16 + SeaQuest)=
54.3, as shown in Table 2. This difference is too small to
be statistically relevant. Beyond considering them globally,
data in the NuSea experimental analysis are organized in
three groups, corresponding to different spectrometer set-
tings, emphasizing the role of different dimuon invariant
mass intervals, as shown in Fig. 2 of Ref. [25]. In particular,
data from the high-invariant-mass settings cover xF values
in the range 0.046 < 〈xF 〉 < 0.624, with x2 in the range
0.35 > x2 > 0.015, data from the intermediate-mass settings
cover xF values in the range 0.153 < 〈xF 〉 < 0.514, with x2

in the range 0.3 > x2 > 0.015, whereas data in the low-mass
settings cover xF values in the range 0.091 < 〈xF 〉 < 0.495
with x2 within the range 0.175 > x2 > 0.015.

In the case of spectrometer settings focused on high
dimuon invariant masses (upper panel), the theory/data
agreement is lost at low xF in both fits, i.e. in the first two
bins (the x2 value corresponding to the ensemble of these

Fig. 8 The NuSea data [25] on the ratio of the pd and pp DY distri-
butions over xF w.r.t. the NNLO predictions obtained using the code
VRAP in combination with the PDFs obtained in the present analysis
(right-tilted hash) and in the ABMP16 one [32] (left-tilted hash). The
three panels correspond to (a): the high-mass spectrometer setting, (b):
the intermediate-mass one, (c): the low-mass one

two bins cover the interval 0.25 < x2 < 0.35). In the case of
intermediate-mass settings (intermediate panel), the agree-
ment is overall reasonable but it slightly deteriorates in the
xF ∼ 0.15 bin (the x2 value in this bin is 0.25 < x2 < 0.3),
whereas in case of settings focused on low invariant masses
(lowest panel) the agreement is also reasonable but so large
x2 values are not involved. One should first of all observe that
the size of the uncertainty bands of our fits is not driven just
by NuSea data, but is defined also by many other data points
from different datasets. Additionally, one should also notice
that the NuSea experimental uncertainties grow at low xF ,
especially in case of high- and intermediate-invariant-mass
settings, that makes our predictions still compatible with the
experimental data within twice the errorbars of the latter at
low xF . Therefore the disagreement mentioned above is of
no statistical significance for our fits. Furthermore, consider-
ing their larger uncertainties, these NuSea datapoints play
a much less relevant role in the global NuSea χ2 of our
fits, when compared to the role played by other data. On
the other hand, NuSea data at large xF are very relevant for
constraining the (d̄ − ū)(x) difference at low x , i.e. in the
0.015 < x2 < 0.12 range, not covered by SeaQuest data (see
Fig. 1 for better visualizing the difference in the kinematical
coverage of SeaQuest and NuSea data). DY data from col-
lider experiments are complementary and also relevant on a
wide x range, although they probe it at a larger scale. Our
findings emphasize that the role of SeaQuest and NuSea data
is partly complementary, considering the x2 kinematical cov-
erage, and point to no statistically relevant tension between
NuSea and SeaQuest results, when considering their inclu-
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sion in our PDF fits. Already in Ref. [44], it was commented
that the NuSea and SeaQuest experiments refer to differ-
ent scales and acceptances. On the other hand, the lack of
smoothness of NuSea data when comparing the behaviour
in some contiguous bins point to the fact that the 1σ uncer-
tainties on the latter might have been underestimated. An
experimental reanalysis of the data collected in 2001 or a
repetition of the measurement would be welcome.
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