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Introduction
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Drell–Yan Process
Cross section (p+ p, Leading order)

d2σ

dxtargetdxbeam
=

4πα2

9xtargetxbeam

1

s

∑
i

e2i [qi(xbeam)q̄i(xtarget) + q̄i(xbeam)qi(xtarget)]

An antiquark is always involved

q̄(xbeam)q(xtarget) vanishes in forward
detection (xbeam ≫ xtarget)

◦ Access antiquarks in target proton
and quarks in beam proton

No strong interaction in final state
◦ Able to measure initial state effect

Final state dimuons are measured in
SeaQuest
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SeaQuest Experiment

Performed at Fermilab (Illinois, US)
Main Injector

◦ 120 GeV (
√
s ∼ 15 GeV) proton beam

◦ 5 seconds of beam is provided every 60 seconds
(other 55 seconds for neutrino experiments)

◦ 53 MHz beam bunch, ∼40k protons in a bunch

Topics
◦ Antiquark Flavor Asymmetry
◦ Partonic Energy Loss
◦ Angular Distribution
◦ Dark Photon Search (analysis is in progress...)
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SeaQuest Spectrometer
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Well fitted:
Detectors & tracking tool work as expected

Drell–Yan can be selected with
mass > 4.2 GeV/c2

Kei Nagai (Academia Sinica) Nucleon Structure / Drell–Yan / SeaQuest DIS2018 @ Kobe, Japan 18th Apr., 2018 6 / 21



TimelineStatus of Data Taking
• Data-taking periods

Year Month Event
2012 03-04 1st data taking (commissioning)
2013 11- 2nd data taking (10 months)
2014 11- 3rd data taking (8 months)
2015 10- 4th data taking (10 months)
2016 12- 5th data taking (7 months)

• Beam protons on targets
◦ 1.4 × 1018 recorded
◦ 0.6 × 1018 analyzed for preliminary d̄/ū

• New data taken in FY2017
◦ 0.3 × 1018 recorded
◦ Wider chamber acceptance at St. 1

=⇒ 40% more events at high x (∼ 0.4)
◦ Top+Top & Bottom+Bottom events

(thanks to faster DAQ)
=⇒ 30% more events

FNALドレル・ヤン実験 SeaQuestによる 陽子内の反クォークフレーバー非対称度の測定 7 / 11
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Year Month

2011 08 Finish spectrometer construction

2012
03-04 Commissioning data taking (Run I)
05– Detector upgrade

2013 11–
Phys. data taking (Run II)

2014
–09
11–

Phys. data taking (Run III)
2015

–07
10-

Phys. data taking (Run IV)
2016

–08
11–

Phys. data taking (Run V)
2017 –07

Finished data taking (2017.07)

Recorded protons on targets: 1.4× 1018

Status in FY2017
◦ 0.3× 1018

◦ Wider St. 1 chamber:
40% more effective for large x (∼ 0.4)
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Antiquark Flavor Asymmetry d̄/ū
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Antiquark Flavor Asymmetry
Gluon splitting: Flavor Independent ū = d̄

NMC Experiment (DIS) @ CERN (1991)∫ 1

0

d̄(x)dx >

∫ 1

0

ū(x)dx

NA51 Experiment (Drell–Yan) @ CERN
◦ Significant Flavor Asymmetry
d̄/ū = 1.96@ x = 0.18

E866 Experiment (Drell–Yan) @ Fermilab
x-dependence of d̄/ū@ 0.015 < x < 0.35

◦ Significant Flavor Asymmetry
d̄/ū ∼ 1.7@ x ∼ 0.2

◦ d̄/ū < 1.0@ x ∼ 0.3?

with large stat. uncertainty
No theories can reproduce

x : Bjorken x =
Pparton

Pproton

(@ high energy)
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Models for d̄/ū

Pauli Blocking
◦ g → uū is suppressed compared to g → dd̄ (p = uud)
◦ Only few % effect [NPB149, 497 (1979)]

Statistical model [NPA948, 63 (2016)]
◦ Fermi (quarks) and Bose (gluons) statistics

Meson cloud model [PRD58, 092004 (1998)]
◦ |p⟩ = |p0⟩+ α|Nπ+⟩+ β|∆π−⟩+ γ|ΛK⟩+ · · ·

⋆ Nπ+ = (udd)(ud̄)
⋆ ∆π− = (uuu)(dū)
⋆ α > β

→ d̄ > ū

u
u
d

p

+ (u  d)

n

u

d
d

u
u
d

etc...
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Extract d̄/ū

Basic Idea

σpd(x)

2σpp(x)
≈ 1

2

[
1 +

d̄(x)

ū(x)

]
Drell–Yan cross section ratio is proportional to d̄/ū

with xbeam ≫ xtarget

Cross section ratio:
σpd

2σpp
=

1

2

(
ND · CD

PD

)/(
NH · CH

PH

)
◦ Cross section ratio of LD2 to LH2

◦ Background and reconstruction efficiency corrections

Convert σpd/2σpp to d̄/ū

◦
d2σ

dxtargetdxbeam
=

4πα2

9xtargetxbeam

1

s

∑
i e

2
i [qi(xbeam)q̄i(xtarget) + q̄i(xbeam)qi(xtarget)]

LO Drell–Yan cross section is used for extracting d̄/ū
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d̄/ū Preliminary Result
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H contamination in LD2

background

hit-rate dependence of
reconstruction efficiency

uncertainty from CT10 PDF
(cross section ratio → d̄/ū)

SeaQuest Preliminary Result (LO)

d̄/ū > 1.0@ 0.10 < x < 0.58

d̄/ū = 1.0@ 0.45 < x < 0.58

within stats. error

Comparison with NA51, E866

0.1 < x < 0.24: well consistent

x > 0.24: SeaQuest > E866 !?
◦ Investigation is in progress...

For the final result

Better S/N ratio & hit-rate dependence, nuclear effect on LD2, NLO extraction
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Angular Distribution
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Lam–Tung Relation

µ+

µ�

q

q̄✓
�

kT
kT

z

h1 h2Hadron Plane

Lepton Plane

Collins–Soper Frame

Drell–Yan cross section:
dσ

dΩ
∝ 1 + λ cos2 θ + µ sin 2θ cosϕ+

ν

2
sin2 θ cos 2ϕ

qq̄ annihilation parton model: λ = 1, µ = ν = 0

pQCD: Lam–Tung Relation (PRD 18 (1978) 2447)
1− λ− 2ν = 0
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Results from Previous Experiments 2
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FIG. 1: Parameters λ, µ, ν and 2ν − (1 − λ) vs. pT in the
Collins-Soper frame. Solid circles are for E866 p + d at 800
GeV/c, crosses are for NA10 π− + W at 194 GeV/c, and
diamonds are E615 π− + W at 252 GeV/c. The error bars
include the statistical uncertainties only.

ment of π−+W Drell-Yan production at 252 GeV/c with
broad coverage in the decay angle θ [11]. The E615 re-
sults showed that λ deviates from 1 at large values of xπ

(the Bjorken-x of the incident pions), and both µ and ν
have large non-zero values. Furthermore, the E615 data
showed that the Lam-Tung relation, 2ν = 1−λ, is clearly
violated. (See Fig. 1.)

The NA10 and E615 results on the Drell-Yan angu-
lar distributions strongly suggest that new effects be-
yond conventional perturbative QCD are present. Sev-
eral attempts have been made to interprete these data.
Brandenburg, Nachtmann and Mirke suggested that a
factorization-breaking QCD vacuum may lead to a corre-
lation between the transverse spin of the antiquark in the
pion and that of the quark in the nucleon [12]. This would
result in a non-zero cos 2φ angular dependence consistent
with the data. As pointed out by Boer et al., a possible
source for a factorization-breaking QCD vacuum is helic-
ity flip in the instanton model [13]. Several authors have
also considered higher-twist effects from quark-antiquark
binding in pions [14, 15], motivated by earlier work of
Berger and Brodsky [16]. This model predicts behavior

of µ and ν in qualitative agreement with the data. How-
ever, the model is strictly applicable only in the xπ → 1
region while the NA10 and E615 data exhibit nonpertur-
bative effects over a much broader kinematic region.

More recently, Boer pointed out [17] that the cos 2φ an-
gular dependences observed in NA10 and E615 could be
due to the kT -dependent parton distribution function h⊥

1 .
This so-called Boer-Mulders function [18] is an exam-
ple of a novel type of kT -dependent parton distribution
function, and it characterizes the correlation of a quark’s
transverse spin and its transverse momentum, kT , in an
unpolarized nucleon. It has an interesting property of be-
ing a time-reversal odd object and owes its existence to
the presence of initial/final state interactions [19]. The
Boer-Mulders function is the analog of the Collins frag-
mentation function [20], which describes the correlation
between the transverse spin of a quark and the trans-
verse momentum of the particle into which it hadronizes.
Model calculations for the nucleon (pion) Boer-Mulders
functions have been carried out [21, 22, 23, 24] in the
framework of quark-diquark (quark-spectator-antiquark)
model, and can successfully describe the ν behavior ob-
served in NA10 [24].

To shed additional light on the origins of the NA10 and
E615 Drell-Yan angular distributions, we have analyzed
p + d Drell-Yan angular distribution data at 800 GeV/c
from Fermilab E866. There are several physics motiva-
tions for this study. First, there has been no report on the
azimuthal angular distributions for proton-induced Drell-
Yan – all measurements so far have been for polar angular
distributions [3, 25]. Second, proton-induced Drell-Yan
data provide a stringent test of theoretical models. For
example, the cos 2φ dependence is expected to be much
reduced in proton-induced Drell-Yan if the underlying
mechanism involves the Boer-Mulders functions. This
is due to the expectation that the Boer-Mulders func-
tions are small for the sea-quarks. However, if the QCD
vacuum effect [12] is the origin of the cos 2φ angular de-
pendence, then the azimuthal behavior of proton-induced
Drell-Yan should be similar to that of pion-induced Drell-
Yan. Third, the validity of the Lam-Tung relation has
never been tested for proton-induced Drell-Yan, and the
present study provides a first test.

The Fermilab E866 experiment was performed using
the upgraded Meson-East magnetic pair spectrometer.
Details of the experimental setup have been described
elsewhere [26]. An 800 GeV/c primary proton beam with
up to 2 × 1012 protons per beam spill was incident upon
one of three identical 50.8 cm long cylindrical stainless
steel target flasks containing either liquid hydrogen, liq-
uid deuterium or vacuum. A copper beam dump located
inside the second dipole magnet (SM12) absorbed pro-
tons that passed through the target. Downstream of the
beam dump was an absorber wall that completely filled
the aperture of the magnet. This absorber wall removed
hadrons produced in the target and the beam dump.

PRL 99 (2007) 082301

π beam — NA10 & E615
◦ Lam–Tung relation is violated
◦ Large ν : large cos 2ϕ dependence

proton beam — E866
◦ Lam–Tung relation is satisfied?
◦ Small ν : small cos 2ϕ dependence

Results indicate that the
Boer–Mulders functions of sea
quarks are small

◦ Boer–Mulders functions may be a
cause of large ν and Lam–Tung
violation

◦ Difference between π-beam and
proton-beam results
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Expected Stats. of SeaQuest

Anticipated Result by SeaQuest
• SeaQuest measures the Drell-Yan angular distribution in p+p & p+d

◦ ν = size of cos(2φ) modulation
◦ Probably small as past measurements indicate small h⊥

1 of q̄
◦ Better accuracy is anticipated

 (GeV/c)Tp
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ν
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 p+d              @ 800 GeV  (E866)

 p+p              @ 800 GeV  (E866)

 p+p & p+d  @ 120 GeV  (SeaQuest expected)

• Convolution of two Boer-Mulders functions:
ν ∝

[
h⊥

1 of q̄
]
×
[

h⊥
1 of q

]

• Extraction of h⊥
1 from p+p & p+d Drell-Yan (E866)

... PRD 81, 034023 (2010), PRD 82, 114025 (2010)
Drell-Yan Process: Most Recent Results and Open Issues 23 / 29

SeaQuest is proton-induced Drell–Yan experiment
◦ Better statistics than E866
◦ Will show the difference from pion-induced Drell–Yan clearly

Optimizing the method for correcting background, hit-rate dependence,
trigger efficiency
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Partonic Energy Loss
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Partonic Energy Loss

A parton loses its energy by the nuclei
◦ Collision with cold nuclear matter
◦ Gluon radiation

Measurement by Drell–Yan
→ only the effect in initial-state

Parton Energy Loss → smaller xBeam

▶Galvin and Milana : ∆x1 = −κ1x1A
1/3

▶Brodsky and Hoyer: ∆x1 = −κ2

s A1/3

▶Baier et al. : ∆x1 = −κ3

s A2/3

Measures cross-section/Atomic number ratio

RpA =

(
1

AA
σ(p+A)

)/(
1

AC
σ(p+ C)

)
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Energy Loss Measurement
Results from E866

Cross-section ratio drop
was found

Drop can be explained
by only shadowing
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Energy Loss Results

(plots are deleted) (plots are deleted)

(plots are deleted)

5× 1017 PoTs

Both Fe & W results: negative slope

A1/3 dependence is also observed

Most part of systematic error is from
uncertainty of tracking efficiency

Minimizing the systematic
uncertainty is in progress
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Summary
SeaQuest measures the dimuons from Drell–Yan process and investigates the
structure of the proton.

d̄/ū : FY2015 data, preliminary result
◦ d̄/ū > 1.0 (0.10 < x < 0.58)
◦ d̄/ū is consistent with 1.0 at large x (0.45 < x < 0.58) within statistical
uncertainty.

◦ Analysis toward final results is in progress.

Angular distribution
◦ Analysis is in progress.
◦ SeaQuest will show the proton-induced Drell–Yan results precisely and will show
the difference between pion-induced Drell–Yan results.

Partonic energy loss
◦ σ(p+A)/σ(p+ C) was found
◦ Minimizing systematic uncertainty. Analysis toward preliminary/final results is in
progress.
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Backup
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Extraction of CSR
σpd

2σpp
=

1

2

(
ND · CD

PD ·GD

)/(
NH · CH

PH ·GH

)
N : Number of dimuons, C : Correction factor,
P : Number of protons in the beam, G : Number of nucleons in the target
1. Count dimuon yields of each LH2 and LD2 target as a function of x (N )
2. Correct dimuon yields (N · C)

◦ Background subtraction
◦ Tracking efficiency correction

⋆ Tracking efficiency depends on beam intensity or chamber hit rate
3. Normalize the corrected dimuon yields (N · C/P ·G)

◦ GD ∼ 2 ·GH

4. Take ratio of them
◦ Cross section ratio is obtained!

Benefit of taking the ratio
Don’t have to require the absolute value of cross section
Cancel out the systematics

◦ detector acceptance
◦ intensity of the beam
◦ efficiencyKei Nagai (Academia Sinica) Nucleon Structure / Drell–Yan / SeaQuest DIS2018 @ Kobe, Japan 18th Apr., 2018 23 / 21



Cross-Section Ratio

Systematics uncertainty

hydrogen contamination in
deuterium target

background

remaining rate dependence
of reconstruction efficiency

SeaQuest Preliminary Result (2016)

σpd/2σpp > 1.0 @ 0.10 < x < 0.58

σpd/2σpp = 1.0 @ 0.45 < x < 0.58

within stats. error

Comparison with E866

Inconsistent??
→ Average x1 is different
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Conversion from CSR to d̄/ū

Obtain Rdata

Calculate
Rpred based on
the estimate of

d̄/ū

Update d̄/ū
based on

Rpred and Rdata

Rpred = Rdata

return

Yes

No

d2σ

dx1dx2
=

4πα

9M2

∑
i

e2i [qi(x1)q̄i(x2) + q̄i(x1)qi(x2)] (1)

Using the Drell–Yan cross section formula, d̄/ū is extracted
with iterative analysis in each x2 bin.

1. Calculate cross section ratio from data (Rdata).

2. Set the estimate of d̄/ū = 1.0.

3. Using Eq.(1), parton distribution functions taken from
CT10LO and estimate of d̄/ū, calculate Rpred.

4. Update the estimate of d̄/ū based on Rpred and Rdata.

5. Repeat the steps 3-4 until |Rpred −Rdata| < 10−4.
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Difference of Q2

CT10LO: PDF at leading order calculated by CTEQ group.
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Difference of d̄/ū cannot be explained by Q2 difference
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