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Abstract. The proton is a composite particle in which the binding force is responsible

for the majority of its mass. To understand this structure, the distributions and origins of

the quark-antiquark pairs produced by the strong force must be measured. The SeaQuest

collaboration is using the Drell-Yan process to elucidate antiquark distributions in the

proton and to study their modification when the proton is held within a nucleus.

Over the last half century, an understanding of the proton has developed in which it contains three

valence quarks and an effervescing sea of antiquarks, quarks and gluons. The flavors of the three

valence quarks determine many of the characteristics, but the strong force and the sea of antiquark-

quark pairs are primarily responsible for its mass. Experimentally, this picture was established based

on a variety of probes, one of the most important being deep inelastic scattering (DIS). DIS, however,

lacks the ability to distinguish between antiquarks and quarks.

Measurements of the sea quarks are important, however, as they are manifestations of the effects

of the strong force. The Drell-Yan reaction necessarily involves antiquarks. To leading order in the

strong coupling constant, αs, the Drell-Yan process is the annihilation of a quark from one hadron with

an antiquark from another hadron into a massive virtual photon that decays into a detectable lepton-

antilepton pair, a process first observed by J.H. Christenson et al. [1]. The features of the cross section
were explained by S.D. Drell and T.-M. Yan [2] in terms of the parton model as a hard scattering of

point-like particles multiplied by a convolution of the parton distributions of the interacting hadrons:

d2σ

dx1dx2
=

4πα2e
9sx1x2

∑
q∈{u,d,s,...}

e2q
[
q̄1(x1)q2(x2) + q1(x1)q̄2(x2)

]
, (1)

where x1(2) represent Bjorken-x, xBj; qi(xi) is the parton distribution of quark of flavor q; eq is the

charge of quark flavor q;
√

s is the center-of-mass energy; αe ≈ 1/137 is the fine structure constant;

and the sum is over all quark flavors. The e2q weighting of the parton distributions implies that the

cross section is primarily sensitive to the u- and ū-quark distributions. This expression is only leading
order, and next-to-leading order (NLO) terms in αs contribute up to half of the cross section. In a

typical fixed-target experiment, the acceptance is biased toward large Feynman-x, xF ≈ x1 − x2, and
thus the beam parton is generally a large xBj valence parton. For a proton beam this implies that the

interaction is between a valence beam quark and a lower-xBj target anti-quark.
The SeaQuest experiment was proposed to measure the distributions of sea quarks in the nucleon

and the modifications of these distributions in nuclei. The experiment is designed to measure the

μ+μ− (dimuon) decay of the Drell-Yan virtual photon, using a 120 GeV proton beam extracted in a
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Figure 1. This figure schematically shows the SeaQuest spectrometer. The 120 GeV proton beam enters from

the left, and the solid iron magnet also serves as an absorber for the beam that did not interact in a target.

4 s long, slow-spill from the Fermilab Main Injector. The spectrometer’s basic concept is based on

previous Fermilab Drell-Yan spectrometers that were used with 800 GeV extracted beams [3–5].To

account for the difference in boost, the spectrometer was shortened significantly. Key features of the

spectrometer include two large dipole magnets and four independent tracking/triggering stations. A

schematic drawing of the spectrometer is shown in Fig. 1. More details about the spectrometer may be

found in Ref. [6]. The experiment uses liquid hydrogen, liquid deuterium, carbon, iron and tungsten

targets as well as an empty liquid target flask and a "no target" position for background subtraction.

These targets are mounted on a horizontally movable table, so that only one target intercepts the

beam during any given slow-extraction spill. The first dipole is a closed-aperture, solid iron magnet.

The beam which does not interact in the targets is absorbed in the iron of the first magnet, allowing

only (to a large extent) muons to traverse the remaining spectrometer. The downstream magnet is a

large open-aperture magnet that was previously used in the Fermilab KTeV experiment. Each of the

tracking/triggering stations consisted of a set of scintillator hodoscopes that provided fast information

for an FPGA-based road look up and a drift chamber for fine-grained tracking.

Initially, it was believed that, at some very low energy scale, the proton could be described by

empirically derived distributions of three valence quarks [7]; however, this approach disagreed with

existing data [8]. Gluons spontaneously splitting into antiquark-quark pairs and the spontaneous re-

combination of antiquark-quark pairs into gluons was believed to be the process primarily responsible

for the generation of the quark sea. Studying the flavor dependence of the antiquark sea can determine

the relevant importance of this process. Nevertheless, the assumption that the sea was flavor symmet-

ric was maintained until measurements by NMC [9] of the Gottfried sum rule [10] showed otherwise.

Because of its sensitivity to the anti-quarks, Martin suggested that a comparison of proton-proton to

proton-deuterium Drell-Yan would be an excellent method to study this difference [11]. Using the

approximations that the Drell-Yan cross section is dominated by ubeam and ūtarget annihilations and
that the proton and neutron are charge symmetric, the approximate sensitivity is:

σpd

2σpp
≈ 1

2

(
1 +

d̄
ū

)
, (2)
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Figure 2. On the left, this figure shows the CERN NA51 [12] and Fermilab E866/NuSea [5] measurements of

the d̄/ū ratio using Drell-Yan. The yellow band indicates a global fit by CTEQ including these data [13]. The

right figure shows the lack of any nuclear dependence in the sea quarks as measured by Fermilab E-772, along

with a model prediction [16] and several postdictions [17].

where σpp(d) is the proton (deuterium) cross section and d̄ (ū) is the antidown (antiup) quark dis-

tribution. This idea was seized upon by the CERN NA51 [12] and the Fermilab E-866/NuSea [5]

experiments, whose results are shown in Fig. 2. The Fermilab NuSea data revealed a surprising trend

in the flavor asymmetry–returning to unity as xBj increases–but with decreasing statistical precision at
larger xBj. The Fermilab E-906/SeaQuest experiment will measure this ratio up to xtarget ≈ 0.45. After
engineering runs for both the SeaQuest spectrometer and the high-duty factor, slow-spill extraction

of protons from the Main Injector, SeaQuest began collecting production data in the spring of 2014.

SeaQuest anticipates to continue recording data until the summer of 2016.

The residual strong force is responsible for holding the positively-charged nucleus of an atom to-

gether. Evidence from DIS [14] has shown that the distributions of quarks and antiquarks within the

individual nucleons are modified, presumably because of this. The modification of the sea quark dis-

tributions may be completely different, but DIS is much less sensitive to this. In Fermilab E-772 using

the Drell-Yan reaction, no modifications to sea quark distributions were observed [4]. (See Fig. 2.)

Models of nuclear binding that explain the EMC effect rely on the exchange of virtual mesons [15].

Based on these models, significant enhancements of the antiquark distributions in nuclei were ex-

pected [16]. The lack of sea-quark nuclear effects prompted a number of new models [17]. For

x > 0.2, the E-772 statistical uncertainties allow significant freedom for these models.

The SeaQuest spectrometer is a general purpose muon spectrometer. Several future measurements

using the SeaQuest spectrometer have been proposed to and approved by Fermilab. These include

plans for a polarized hydrogen target to explore the Sivers asymmetry, f⊥
1
(x, kT ), in the sea quarks

and its relation to orbital angular momentum. The polarized target is being provided by Los Alamos

collaborators and work on the beam line for better collimation is underway at Fermilab. The target

will be installed immediately after the completion of the unpolarized experiment, starting in summer,

2016 [18]. An interesting property of the Sivers asymmetry is that its sign is probe dependent. That is,

f⊥1 (x, kT )
∣∣∣
DIS
= − f⊥1 (x, kT )

∣∣∣
DY

. This property has yet to be tested, primarily due to a lack of polarized

Drell-Yan data in a the same kinematic region as the existing DIS data. This can be remedied by using

a polarized proton beam on an unpolarized target in SeaQuest, as proposed in Fermilab E-1027 [19].
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A recent and very exciting addition to the SeaQuest physics program is a search for dark photons

and dark Z’s. If long-lived dark photons are produced by the proton-nucleus collisions in the iron of

the first magnet, they may be identified by selecting dimuons with a vertex downstream of the first

magnet and searching for a peak in the reconstructed dimuon mass spectrum [20].

The SeaQuest experiment was initially designed to measure unpolarized sea quark distributions

to elucidate the origins of the sea quarks and the modifications of their distributions in a nuclear en-

vironment. The physics program has vastly expanded since then to include searches for dark sector

particles and measurements of the Sivers asymmetry with polarized targets and beams. The experi-

ment has been commissioned and is collecting data. The unpolarized phase is expected to be complete

in the summer of 2016, after which the installation of a polarized target will begin.
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