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The Fermilab E906/SeaQuest collaboration performed measurements of the Drell-Yan process using
120 GeV proton beams bombarding liquid hydrogen and liquid deuterium targets. A combined analysis of
all collected data was performed to obtain the final results for the σpd=2σpp Drell-Yan cross section ratio
covering the kinematic region of 0.13 < x < 0.45. The x dependencies of d̄ðxÞ=ūðxÞ and d̄ðxÞ − ūðxÞ are
extracted from these cross section ratios. It is found that d̄ðxÞ is greater than ūðxÞ over the entire measured x
range, with improved statistical accuracy compared to previous measurements. The new results on
d̄ðxÞ=ūðxÞ and d̄ðxÞ − ūðxÞ are compared to various parton distribution functions and theoretical
calculations.

DOI: 10.1103/fdrg-gw3s

Following the discovery of the pointlike constituents in
the proton in deep-inelastic scattering (DIS) experiments,
evidence for a nucleon sea, made of quark-antiquark pairs,
was revealed from the observation of the sharp rise of the
structure functions as x → 0. In contrast to the situation for
atoms, where the particle-antiparticle pairs play a relatively
minor role, the quark-antiquark pairs in the nucleon form an
integral part for depicting the internal structure of hadrons,
owing to the large coupling strength αs in strong inter-
actions [1].
The earliest parton models assumed that the proton sea

was SU(2) flavor symmetric, even though the proton’s
valence quark distributions are not flavor symmetric. This
flavor symmetry assumption for the proton sea was not
based on any known physics; instead, it reflected the
expectation from perturbative QCD that the splitting of
gluons into quark-antiquark pairs should be nearly up-
down flavor symmetric due to the comparable masses for
the up and down quarks.
Evidence for the asymmetry of the ū and d̄ sea-quark

distributions in the proton was first found in deep-inelastic
scattering experiments [2–4] via the observation of the
violation of the Gottfried Sum Rule [5]. Field and Feynman
attributed the asymmetry observed in the early SLAC DIS
data to the Pauli Exclusion Principle [6]. Many theoretical
models have been proposed to explain the asymmetry,
including the meson-cloud model [7,8], which already
predicted the asymmetry in 1982; the chiral-quark model
[9]; and the statistical model [10,11]. It was pointed out
[12] that an independent experimental technique to probe
this flavor asymmetry is to measure the Drell-Yan cross
section ratios, σpd=2σpp, which can further determine the x
dependence of this flavor asymmetry.
The Drell-Yan cross section ratios, σpd=2σpp, have been

measured by the CERN NA51 experiment at 400 GeV for a
single value of x [13] and by the FNAL E866/NuSea
experiment for the 0.015 < x < 0.35 region with an
800 GeV proton beam [14–16]. Subsequent measurements
by the HERMES collaboration, using the semi-inclusive
DIS reaction [17], and by the STAR collaboration, using
W-boson production in pþ p collisions, gave further
confirmation of the up-down sea-quark flavor asymmetry
in the small x region. The surprisingly large flavor

asymmetry of the nucleon sea has inspired much theoretical
work, as discussed in several review articles [18–22].
While the small x region of the sea-quark flavor

asymmetry was accurately measured by the FNAL E866/
NuSea experiment, the highest x data points from E866
suggest a possible reversal of the sea-quark flavor asym-
metry for x > 0.25, but with large statistical uncertainties.
A new measurement with improved accuracy for the large x
region was clearly warranted. The FNAL E906/SeaQuest
experiment, using a new spectrometer [23] and a 120 GeV
proton beam, was performed to shed new light on the flavor
asymmetry of the proton at the large x region.
Results from the analysis of the first part of the SeaQuest

data, corresponding to roughly half of the total data
collected in the experiment, have been reported in earlier
publications [24,25]. These analyses, adopting two differ-
ent methods, showed that the σpd=2σpp Drell-Yan cross
section ratios remain above unity, implying that d̄ is greater
than ū for the entire x range measured at SeaQuest. Results
on the σpd=2σpp cross section ratios for charmonium
production, reported recently in Ref. [26], are also con-
sistent with the flavor asymmetry deduced from the Drell-
Yan data. Several recent global parton distribution function
(PDF) analyses [27–31] have included these results, in
addition to the W-boson production data from the STAR
collaboration [32], to better constrain the flavor asymmetry
of ū and d̄ in the proton. The SeaQuest flavor asymmetry
data have also been compared with the predictions from the
statistical model [33], the pion-cloud model [34], and the
Pauli blocking effect [35,36].
In this Letter we present the final results on Drell-Yan

σpd=2σpp ratios from the SeaQuest experiment, including
all data collected during the run periods of June 2014–July
2015 and March 2016–July 2017. The combined dataset
contains roughly twice as many detected muons as in our
previous publications. Because the trigger conditions and
detector configuration differed between the two running
periods, we analyzed each dataset separately. Results from
the two datasets were first compared for consistency and
then combined to produce the final results.
The SeaQuest experiment detects μþμ− pairs (dimuons)

produced in the interaction of a proton beam with various
target nuclei. The production of massive dimuon pairs is
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described by the Drell-Yan process [37] with the leading
order cross section given as

d2σ
dx1dx2

¼ 4πα2

9x1x2s

×
X

i∈u;d;s;…

e2i ½qAi ðx1Þq̄Bi ðx2Þþ q̄Ai ðx1ÞqBi ðx2Þ�; ð1Þ

where α is the fine-structure constant, s is the center-of-
mass energy squared, ei is the charge of a quark with flavor
i, and qA;Bi ðx1;2Þ are the quark distribution functions in
hadrons A and B for quarks carrying a momentum fraction
x1 and x2, respectively. The variables x1 and x2 of the
quark-antiquark pair are calculated from the four-momen-
tum Q of virtual photon,

x1 ¼
P2 ·Q

P2 · ðP1 þ P2Þ
; and x2 ¼

P1 ·Q
P1 · ðP1 þ P2Þ

; ð2Þ

where P1 and P2 are the four momenta of the projectile and
target hadron, respectively. An analogous notation is used
for antiquark distribution functions q̄A;Bi ðx1;2Þ. For fixed-
target experiments like SeaQuest, the spectrometers have
large acceptance only for the positive xF
[xF ¼ 2pL=

ffiffiffi
s

p ð1 −M2=sÞ] region, where pL is the longi-
tudinal momentum of the dimuon in the hadron-hadron
center-of-mass frame and M is the dimuon mass. Thus, the
Drell-Yan cross section is dominated by the first term in
Eq. (1), corresponding to the annihilation of a beam quark
with a target antiquark. Assuming σpd ≈ σpp þ σpn, which
neglects small nuclear effects of the deuteron [18,38], and
charge symmetry for the parton distributions [39], Eq. (1)
yields the following approximation for the target ratio:

σpd

2σpp
≈
1

2

4þ dðx1Þ
uðx1Þ

4þ dðx1Þ
uðx1Þ

d̄ðx2Þ
ūðx2Þ

�
1þ d̄ðx2Þ

ūðx2Þ
�

≈
1

2

�
1þ d̄ðx2Þ

ūðx2Þ
�
: ð3Þ

While Eq. (3) illustrates the power of the σpd=2σpp

Drell-Yan cross section ratio to reveal the flavor asymmetry
between d̄ and ū, the actual extraction of the d̄ðxÞ=ūðxÞ
ratios from the measured σpd=2σpp Drell-Yan cross section
ratios is performed using a Next-to-Leading Order (NLO)
calculation.
The SeaQuest spectrometer is described in detail in

Ref. [23]. The experiment receives the proton beam from
the Fermilab Main Injector at 120 GeV once every minute
in four-second periods (spills), with an average intensity of
6 × 1012 protons per spill. The target system consists of two
liquid targets (hydrogen and deuterium), three solid targets
(iron, carbon, and tungsten), and two calibration targets
(“empty flask” and “no target”). A solid iron magnet

focuses the high-mass dimuons into the spectrometer.
The spectrometer consists of four tracking stations, with
an open-air magnet between stations 1 and 2. Each tracking
station consists of hodoscope planes, which provide fast
signals for triggering, and drift chambers or proportional
tubes, which provide precise position information for
tracking. The main physics trigger requires a coincidence
of two opposite-sign muons, one in the top half and one in
the bottom half of the spectrometer. A separate trigger only
requires one muon track, and it is mainly used for studying
the accidental background.
The muon tracks are reconstructed using the hits in the

drift chambers and proportional tubes in each station. After
identifying hits potentially originating from interactions
within the target region, the Kalman filter algorithm [40] is
used to reconstruct the muon tracks. A Kalman filter
algorithm [40] is used to reconstruct muon trajectories
and momenta from hits in the drift chambers and propor-
tional tubes. Hits originating in the target region are first
selected; the Kalman filter is then applied to determine the
best-fit tracks and the interaction vertex. A detailed
description of the analysis procedure can be found in
earlier publications [24,25].
A GEANT4 [41–43] based Monte Carlo simulation has

been developed to compare data with expectations. The
Drell-Yan events are generated with the dimuon mass and
xF distributions obtained with the CT14 nucleon PDFs
[44]. The dimuon transverse momentum distribution is
adjusted to match the measured distribution [45,46]. The
efficiency and the resolution of the chambers are taken into
account in the simulation. An embedding procedure has
also been developed to simulate the background hits by
embedding each Monte Carlo event with hits recorded by
the random trigger [47].
The dimuon mass spectrum, as shown in Fig. 1 for data

collected on the liquid hydrogen target for the second part

2 3 4 5 6 7 8 9

Dimuon Mass (GeV)

1

10

210

3
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410

Y
ie

ld

Data

Fit Total

Drell-Yan

ψJ/

(2S)ψ
Accidental

Empty Flask

Hydrogen Target

FIG. 1. Dimuon mass distribution for events collected on the
liquid hydrogen target for the second dataset. The data points
(solid squares) are compared with a fit consisting of various
components (see text).
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of the experiment, consists of various components includ-
ing the Drell-Yan process, the charmonium production,
accidental background, and other background sources.
These different components often have distinct mass
spectra; for example, the J=ψ and ψð2SÞ decays would
have sharp distributions centered around their masses.
Therefore, the data can be fitted to various templates to
obtain the relative contribution from each source. As input
parameters to the fit, the mass distributions for J=ψ, ψð2SÞ
and the Drell-Yan are obtained from studying the
Monte Carlo simulation. The mass distribution of acci-
dental coincidence events was made by pairing at random
μþ and μ− collected with the “single-muon” trigger under
the condition that the beam intensities of μþ and μ− events
were comparable. An empty-flask target, which consists of
a vacuum filled target flask, is used to measure the
background from interactions of the beam with materials
other than the target, such as the target flask itself and the
beam dump. The magnitudes of these components, with the
exception of the empty-flask data for which the normali-
zation is known, were varied in the fit to the mass spectrum.
The statistical uncertainties of the Monte Carlo and empty-
flask data are taken into account using the algorithm
described in Ref. [48]. Figure 1 shows the fit to the pþ p
dimuon spectrum, and the mass distribution is well described
by this fitting procedure.
After the mass fit is performed, a mass cut

(M > 4.5 GeV) is applied to remove the J=ψ and ψð2SÞ
events. The remaining events are projected into various
kinematic variables, such as x1, x2, and xF. The accidental
background and empty-flask contributions are then sub-
tracted from the data. Several corrections are applied to
extract the final Drell-Yan yields. These include the dead
time correction for the effective luminosity, and a target
contamination correction is also applied to the D2 data due
to H contamination in the target cell. The reconstruction
inefficiency and data acquisition system dead time, which
have a small but non-negligible target dependence, are also
taken into account. For this analysis, a revised target
contamination correction is used, as compared with the
earlier work [24,25], resulting in a roughly 2% upward shift
in the measured cross section ratios.

The σpd=2σpp cross section ratios versus x2 obtained
from the analysis of the full SeaQuest dataset are shown in
Fig. 2. The ratios as functions of other variables are shown
in Fig. 4 in the End Matter. The main systematic uncer-
tainties originate from modeling the accidental background
(0.41%–3.82%). Different methods for generating the
accidental background distributions have been studied
[49] to estimate the uncertainty, and the differences are
quoted as the systematic uncertainty. Other sources of
systematic uncertainties include the efficiency corrections
(0.46%–0.74%), the empty flask normalization (0.10%–
0.16%), and the relative beam luminosity (2%).
The two datasets are analyzed separately and compared

for consistency. The final results are obtained by taking an
average, weighted by the inverse of the total uncertainty
squared. A comparison of the two datasets is shown in
Fig. 5 in the End Matter. Except for the smallest x2 point,
the results from the two datasets are in good agreement,
with differences less than 1σ. The flavor asymmetry is very
well constrained for the smallest x2 bin by previous
experiments, and the final result on the measured cross
section at the smallest x2 bin is in better agreement with

0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

2x

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

pp
σ

 / 
2

pd
σ

CJ22 NLO NNPDF4.0 NLO

SeaQuest

FIG. 2. Measured σpd=2σpp Drell-Yan cross section ratio from
SeaQuest compared calculations using CJ22 [29] and NNPDF4.0
[28]. The error bands on the theoretical calculations correspond to
the 68% confidence level from the PDFs.

TABLE I. Measured σpd=2σpp cross section ratio as well as the extracted d̄=ū and d̄ − ū for each x2 bin. The first uncertainty is
statistical, and the second is systematic. The average values of kinematic variables in each x2 bin are also shown.

x2 range hx2i hx1i hpTi (GeV=c) hMi (GeV=c2) σpd=2σpp d̄=ū d̄ − ū

0.130–0.160 0.146 0.687 0.760 4.71 1.177� 0.033� 0.028 1.383þ0.058þ0.060
−0.053−0.060 0.176þ0.021þ0.024

−0.022−0.023

0.160–0.195 0.181 0.610 0.759 4.87 1.174� 0.022� 0.025 1.431þ0.041þ0.061
−0.051−0.061 0.111þ0.011þ0.011

−0.011−0.011

0.195–0.240 0.222 0.553 0.760 5.11 1.275� 0.024� 0.027 1.672þ0.052þ0.082
−0.052−0.082 0.092þ0.012þ0.012

−0.012−0.012

0.240–0.290 0.263 0.516 0.761 5.44 1.232� 0.029� 0.037 1.653þ0.073þ0.123
−0.073−0.113 0.043þ0.003þ0.013

−0.003−0.013

0.290–0.350 0.324 0.492 0.762 5.83 1.205� 0.040� 0.052 1.694þ0.124þ0.174
−0.114−0.174 0.024þ0.004þ0.004

−0.004−0.004

0.350–0.450 0.395 0.474 0.762 6.34 1.212� 0.055� 0.047 1.925þ0.205þ0.205
−0.195−0.205 0.015þ0.005þ0.005

−0.005−0.005
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theoretical expectations than the individual datasets. The
results are shown in Fig. 2 and tabulated in Table I. Figure 2
compares the SeaQuest results with NLO calculations
using DYTurbo [50], with nucleon PDFs CJ22 [29] and
NNPDF4.0 [28]. Both PDFs are obtained from global
analyses including the earlier SeaQuest results [24]. This
partly explains the better agreement between the data and
the NNPDF4.0 calculation, although the data tend to lie
above the calculation at large x. Nevertheless, Fig. 2 shows
that both the data and the NNPDF4.0 calculation for the
σpd=2σpp cross section ratio exceed unity over the entire
measured x region. With the increased statistics in the
updated analysis, the constraint on the light sea-quark
asymmetry in futureglobal analyses canbe further improved.
To facilitate comparison between the SeaQuest result and

predictions from various models, the d̄ðxÞ=ūðxÞ ratio is
extracted from the cross section ratio using an iterative
method described in Ref. [24]. We first estimate the
d̄ðxÞ=ūðxÞ ratio over the measured x2 and calculate the
cross section ratio R using a chosen PDF set. This PDF set
provides all parton distributions including the d̄ðxÞ þ ūðxÞ,
except that the d̄ðxÞ=ūðxÞ ratio is allowed to vary. The
calculated cross section is weighted by the spectrometer
acceptance, determined using Monte Carlo simulations.
The acceptance is tabulated in Table IV. The cross section
ratios R are then computed at next-to-leading order as
functions of x2 and compared with the data. The d̄ðxÞ=ūðxÞ
ratios are adjusted until the difference between data and
calculation is less than 10−3.

The extracted d̄ðxÞ=ūðxÞ from the measured SeaQuest
cross section ratio, using the CT18 PDFs as the basis, is
shown in Fig. 3 and tabulated in Table I. While the
SeaQuest results are consistent with previous E866 results
[16] at low x, the extracted d̄ðxÞ=ūðxÞ ratios from the
SeaQuest measurement continue to rise as x increases and
are in tension with the E866 result. The extracted
d̄ðxÞ=ūðxÞ ratios are compared with results from CJ22
[29] and NNPDF4.0 [28] global analyses in Fig. 3.
NNPDF4.0 and the CJ22 global analyses, which both
include the earlier SeaQuest results [24], both prefer
d̄ðxÞ=ūðxÞ > 1 in the large x region covered by the
SeaQuest measurement. With the improved statistical
accuracy from the combined analysis presented in this
Letter, the uncertainty on d̄ðxÞ=ūðxÞ in these global
analyses can be further reduced. The SeaQuest results
are also in much better agreement with predictions from the
meson cloud model [34] and the statistical model [33].
The isovector quantity d̄ðxÞ − ūðxÞ is of interest since

perturbative processes should not produce any significant
difference between d̄ðxÞ and ūðxÞ. Hence, d̄ðxÞ − ūðxÞ can
provide a direct measure of the nonperturbative contribu-
tion to the proton sea. From the d̄ðxÞ=ūðxÞ ratios extracted
from SeaQuest, we calculated d̄ðxÞ − ūðxÞ by taking the
d̄ðxÞ þ ūðxÞ values from the CT18 proton PDFs. The
values of d̄ðxÞ − ūðxÞ derived from the SeaQuest data
are shown in Fig. 3 and tabulated in Table I, and they
are compared with results from E866 [16] and HERMES
[17]. The derived d̄ðxÞ − ūðxÞ are also compared with
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predictions from the meson cloud and the statistical models
in Fig. 3. Like the d̄ðxÞ=ūðxÞ ratio, the deduced d̄ − ū is
also in good agreement with both models.
The SeaQuest data can also be used to calculate

two integrals:
R
0.45
0.13 ½d̄ðxÞ − ūðxÞ�dx, which describes

the integrated sea-quark flavor asymmetry, andR
0.45
0.13 x½d̄ðxÞ− ūðxÞ�dx, which represents the difference in
the momentum fractions carried by ū and d̄ quarks. These
values are listed in Table II and compared with different
PDFs and models. The SeaQuest results are in good
agreementwithNNPDF4.0 andwith themodel predictions.
In summary, we have reported the improved results on

the σpd=2σpp Drell-Yan cross section ratio up to x2 ¼ 0.45,
based on the analysis of the entire SeaQuest dataset, which
supersedes the earlier results in Refs. [24,25]. The mea-
sured ratio remains above unity, which suggests that the
d̄ðxÞ=ūðxÞ ratio continues to increase at large x. The
improved statistical precision presented in this Letter will
help to further constrain the light sea-quark asymmetry in
future global analyses. These results support the excess of d̄
compared to ū that is obtained in various model predictions,
including the meson cloud model and the statistical model.
With recent developments in lattice calculations within the
framework of large momentum effective theory [51], these
results can provide an important benchmark for future
lattice calculations. With the advent of the Electron Ion
Collider, the flavor asymmetry in the small x region, where
abundant sea quarks reside, can be further measured via the
semi-inclusive DIS reaction [17].
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2016–2017 (black circles), and the combined result (red squares).

TABLE III. Measured σpd=2σpp cross section ratio as functions of x1 and xF. The first uncertainty is statistical, and the second is
systematic.

x1 range hx1i hpTi (GeV=c) hMi (GeV=c2) σpd=2σpp xF range hxFi hpTi (GeV=c) hMi (GeV=c2) σpd=2σpp

0.30–0.40 0.373 0.697 5.16 1.045� 0.074� 0.116 −0.10–0.20 0.112 0.771 5.50 1.182� 0.042� 0.071
0.40–0.50 0.458 0.759 5.19 1.216� 0.030� 0.042 0.20–0.30 0.254 0.779 5.27 1.251� 0.035� 0.038
0.50–0.55 0.525 0.765 5.21 1.222� 0.028� 0.026 0.30–0.40 0.351 0.777 5.20 1.236� 0.026� 0.027
0.55–0.60 0.576 0.764 5.24 1.203� 0.026� 0.025 0.40–0.50 0.449 0.772 5.18 1.221� 0.024� 0.026
0.60–0.65 0.624 0.764 5.28 1.290� 0.030� 0.029 0.50–0.60 0.546 0.766 5.17 1.248� 0.028� 0.027
0.65–0.70 0.673 0.763 5.32 1.221� 0.032� 0.027 0.60–0.70 0.644 0.763 5.15 1.151� 0.033� 0.025
0.70–0.80 0.741 0.761 5.36 1.195� 0.031� 0.026 0.70–0.80 0.722 0.761 4.95 1.126� 0.070� 0.028

TABLE IV. Acceptance of the spectrometer for different x1 and x2 bins. In each cell, the first value is the acceptance, the second is the
average x1, the third is the average x2, and the fourth is the average mass in GeV=c2.

x1

x2 0.30–0.35 0.35–0.40 0.40–0.45 0.45–0.50 0.50–0.55 0.55–0.60 0.60–0.65 0.65–0.70 0.70–0.75 0.75–0.80

0.130–0.160 1.19% 2.47% 3.22% 3.81% 4.35%
0.590 0.628 0.676 0.723 0.772
0.157 0.153 0.148 0.144 0.143
4.54 4.60 4.67 4.77 4.91

0.160–0.195 1.03% 1.97% 2.66% 3.64% 4.08% 4.87% 5.40%
0.489 0.529 0.575 0.623 0.673 0.722 0.771
0.191 0.184 0.178 0.176 0.176 0.176 0.175
4.55 4.63 4.73 4.89 5.08 5.27 5.44

0.195–0.240 0.04% 0.66% 1.51% 2.50% 3.34% 4.32% 5.08% 5.65% 6.06%
0.393 0.433 0.476 0.524 0.574 0.623 0.673 0.723 0.771
0.235 0.226 0.218 0.215 0.215 0.215 0.215 0.215 0.214
4.54 4.64 4.77 4.97 5.20 5.42 5.64 5.85 6.02

0.240–0.290 0.03% 0.26% 0.95% 2.02% 3.00% 4.03% 4.92% 5.56% 6.11% 6.32%
0.343 0.383 0.427 0.474 0.524 0.574 0.623 0.673 0.722 0.771
0.279 0.267 0.264 0.263 0.261 0.262 0.262 0.262 0.262 0.262
4.63 4.76 4.97 5.23 5.49 5.76 6.00 6.23 6.46 6.68

(Table continued)
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Table III. To compare theoretical calculations with
the cross section ratios presented in Figs. 2 and 4,
the calculations are weighted by the spectrometer

acceptance, tabulated in Table IV. The comparison of
the measured σpd=2σpp ratios as functions of x2 from
the different run periods is shown in Fig. 5.

TABLE IV. (Continued)

x1

x2 0.30–0.35 0.35–0.40 0.40–0.45 0.45–0.50 0.50–0.55 0.55–0.60 0.60–0.65 0.65–0.70 0.70–0.75 0.75–0.80

0.290–0.350 0.04% 0.45% 1.38% 2.46% 3.40% 4.18% 5.02% 5.50% 6.19% 6.10%
0.338 0.379 0.425 0.474 0.524 0.573 0.624 0.673 0.722 0.772
0.323 0.318 0.316 0.315 0.316 0.315 0.314 0.314 0.313 0.315
4.92 5.16 5.44 5.75 6.04 6.32 6.59 6.84 7.09 7.36

0.350–0.450 0.08% 0.64% 1.48% 2.32% 3.09% 3.80% 4.37% 4.68% 4.93% 4.85%
0.337 0.377 0.425 0.475 0.523 0.573 0.624 0.671 0.721 0.772
0.385 0.387 0.386 0.385 0.385 0.384 0.383 0.379 0.380 0.378
5.38 5.69 6.03 6.38 6.69 6.99 7.29 7.53 7.81 8.06
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