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1. Drell–Yan process and proton structure
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• Deep Inelastic scattering 
experiments have investigated 
the proton structure

‣ Scattering with all charged 

partons ( )

‣ Great achievement for u, d quarks 

PDFs

u, d, ū, d̄, ⋯

Access proton structure
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!arks are confined into hadrons, so that we cannot detect them directly...
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• Drell–Yan process

‣ 

‣ Antiquark is always involved in 

the reaction

‣ Access antiquarks PDFs

‣ If the hadron is the proton, 

antiquark is always sea quark

q + q̄ → γ* → l + l̄



• Fermi National Accelerator Laboratory (FNAL)

‣ 120 GeV proton beam provided by Main Injector


• Fixed target Drell–Yan experiment

‣ Typical momentum of the muon ~ 40 GeV


• Four tracking stations

‣ Drift chamber (St.1-3) or proportional tube (St.4)

‣ Hodoscopes


• Data acquisition: 

‣ SeaQuest: 2014-2017  POT

‣ SpinQuest: Beam commissioning will start this year

8.6 × 1017

SeaQuest & SpinQuest
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Extended Data Fig. 3: Reconstructed invariant mass spectra. The reconstructed muon pair
invariant mass spectra for the liquid hydrogen (top) and liquid deuterium (bottom) targets. In the
lower mass region, the predominant signal is produced by J/ ! µ+µ�decay, followed by the
µ+µ� decay of the  0. The prominence of the J/ provides a calibration point for the absolute field
of the solid iron magnet. At invariant masses above 4.5 GeV/c2 the Drell-Yan process becomes the
dominant feature. The data are shown as red points. Additionally, Monte Carlo (MC) simulated
distributions of Drell-Yan, J/ , and  0 along with measured random coincidence and empty target
backgrounds are shown. The sum of these is shown in the blue solid curve labeled MC sum. The
normalizations of the Monte Carlo and the random background were from a fit to the data.
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• 


‣ : Forward detection

‣  at large  is small

★ Second term  can be ignored


‣ Access sea-antiquarks in target proton

‣ Cross section ratio  1/s

★ 800 GeV (E866) → 120 GeV (E906)

d2σ
dxtdxb

=
4πα2

9xtxb

1
s ∑ e2[q̄t(xt)qb(xb) + q̄b(xb)qt(xt)]

xt ≪ xb
q̄ x

q̄b(xb)qt(xt)

∝

p-p Drell–Yan Process
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• SeaQuest (Unpolarized Drell–Yan)

‣ Antiquark flavor asymmetry (PDFs)

‣ Drell–Yan angular distribution (Boer–Mulders Function)


• SpinQuest (Polarized Drell–Yan)

‣ Single spin asymmetry (Sivers Function)

Physics Topics
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2.Recent Progress  
           on SeaQuest Analyses
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Antiquark Flavor Asymmetry

9

• Gluon splitting (perturbative QCD) 




• Gottfried sum rule: PRL 18 (1967) 1174 




• NMC Experiment (DIS) @ CERN 
 




• NA51 (Drell–Yan) @ CERN: 

• E866 Experiment (Drell–Yan) @ Fermilab 

-dependence of  @ 

‣ Significant Flavor Asymmetry 

 @ 

‣  @  ? 

with large statistical uncertainty

ū(x) = d̄(x), ∫
1

0
dxū(x) = ∫

1

0
dxd̄(x)

SG = ∫ dx
Fp

2 − Fn
2

x
=

1
3

+
2
3 ∫

1

0
dx(ū(x) − d̄(x)) =

1
3

SG = 0.235 ± 0.026 < 1/3

→ ∫
1

0
d̄(x) dx − ∫

1

0
ū(x) dx = 0.147 ± 0.039

d̄ /ū ∼ 1.7

x d̄ /ū 0.015 < x < 0.35

d̄ /ū ∼ 1.7 x ∼ 0.2
d̄ /ū < 1.0 x ∼ 0.3

E906/SeaQuest aims at measuring  in a large and wide  ranged̄/ū x
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Extended Data Fig. 3: Reconstructed invariant mass spectra. The reconstructed muon pair
invariant mass spectra for the liquid hydrogen (top) and liquid deuterium (bottom) targets. In the
lower mass region, the predominant signal is produced by J/ ! µ+µ�decay, followed by the
µ+µ� decay of the  0. The prominence of the J/ provides a calibration point for the absolute field
of the solid iron magnet. At invariant masses above 4.5 GeV/c2 the Drell-Yan process becomes the
dominant feature. The data are shown as red points. Additionally, Monte Carlo (MC) simulated
distributions of Drell-Yan, J/ , and  0 along with measured random coincidence and empty target
backgrounds are shown. The sum of these is shown in the blue solid curve labeled MC sum. The
normalizations of the Monte Carlo and the random background were from a fit to the data.
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• Cross section ratio of p–d to p–p Drell–Yan process 

                              


‣ Measure p-d and p-p Drell–Yan dimuons

‣ Extract cross section ratio

‣ Convert cross section ratio to antiquark flavor asymmetry 


• Dimuon mass distribution fitted 
with estimated components

‣ Well fitted: 

Detectors & reconstruction 
work as expected


‣ Drell–Yan dimuons: 
Mass > 4.5 GeV/

1
2

σpd

σpp
≈

1
2 [1+

d̄(xt)
ū(xt) ]

xb≫xt

d̄/ū

c2

Measurement
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• Antiquark flavor asymmetry  (antiquark PDF) of the proton 
at large   ( )


•  in all measured ranges

d̄/ū
x 0.13 < x < 0.45

d̄/ū > 1.0

Proton antiquark flavor asymmetry d̄/ū
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February 2021: The asymmetry of antimatter in the proton

                                                                       Nature 590, 561 (2021)

x

d̄/ū

(SeaQuest)



• Intensity-Extrapolation 
Method (Nature)

‣ Extrapolate the cross-section 

ratio to zero-intensity

★ Suppose no background and 

rate dependence at zero-
intensity


• Mass-Fit Method

‣ Subtract the background

‣ Rate dependence correction 

using efficiency curve by 
simulation

Two Methods Comparison
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Extended Data Fig. 2: Extrapolation to zero intensity. Extrapolation to zero intensity fits for
representative xt bins (0.13  xt < 0.16, 0.195  xt < 0.240, and 0.290  xt < 0.350). The I
(intensity) and I2 coefficients are common to all bins. The �2/dof = 38.7/40 for the simultaneous
fit of all xt bins.
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0.195 ≤ x < 0.240
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Extended Data Fig. 3: Reconstructed invariant mass spectra. The reconstructed muon pair
invariant mass spectra for the liquid hydrogen (top) and liquid deuterium (bottom) targets. In the
lower mass region, the predominant signal is produced by J/ ! µ+µ�decay, followed by the
µ+µ� decay of the  0. The prominence of the J/ provides a calibration point for the absolute field
of the solid iron magnet. At invariant masses above 4.5 GeV/c2 the Drell-Yan process becomes the
dominant feature. The data are shown as red points. Additionally, Monte Carlo (MC) simulated
distributions of Drell-Yan, J/ , and  0 along with measured random coincidence and empty target
backgrounds are shown. The sum of these is shown in the blue solid curve labeled MC sum. The
normalizations of the Monte Carlo and the random background were from a fit to the data.
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•Submitted to Phys. Rev. C. (https://arxiv.org/abs/2212.12160)


•Cross-check with another method and analysis details


•Results from two methods agree well

Another  paperd̄/ū
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• Collins–Soper frame

‣ Virtual photon rest frame

‣ : polar angle of positive lepton

‣ : azimuthal angle of positive lepton


• Drell–Yan cross section 




‣ Naively,  at leading order

★No transverse momentum on quarks

★No gluon emission


‣ NLO: ,  but  and  still satisfy   
(Lam–Tung relation)


• Lam–Tung relation

‣ Analogue of Callan–Gross relation (scattering of spin 1/2 particles)

‣ Satisfied when the quark-antiquark axis is coplanar to hadron plane

θ
ϕ

dσ
dΩ

∝ 1+λ cos2 θ+μ sin 2θ cos ϕ +
ν
2

sin2 θ cos 2ϕ

λ = 1, μ = ν = 0 (dσ ∝ 1 + cos2 θ)

λ ≠ 1, μ, ν ≠ 0 λ ν 1 − λ = 2ν

Angular distribution of Drell–Yan
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Past Experiments
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• NA10 (CERN), E615 (Fermilab)

‣ ( )+W

‣ NA10: 194 GeV, E615: 252 GeV beam

‣ L–T violation @ large 

‣ Strong  dependence of 


• E866 (Fermilab)

‣ p+d (p+p), 800 GeV beam

‣ Smaller L–T violation than  beam 

experiments

‣ Weak  dependence of 

π− ūd

pT
pT ν

π

pT ν

Phys. Rev. Lett. 99, 082301, (2007)

Size of L–T violation depends on beam type

Boer–Mulders function :  
        


Small B-M of sea quark → Small  in P-beam

h⊥
1

ν/2 ∝ h⊥
1,beamh⊥

1,target
ν



0 0.5 1 1.5 2 2.5 3 3.5 4
 (GeV/c)

T
p

0.2−

0.1−

0

0.1

0.2

ν

SeaQuest Stat.
SeaQuest Stat.+Syst.
E866 p-p

-W-πE615 
-W-πNA10 

SeaQuest Preliminary
40% of full data

SeaQuest Stat.
SeaQuest Stat.+Syst.
E866 p-p

-W-πE615 
-W-πNA10 

• The SeaQuest  result is larger than E866 p-p results.

‣ March 2023


• Similar level as pion-induced Drell–Yan results.

‣ Further analysis with full data will give accurate results. 

‣ p-d analysis will also be performed.

ν

Preliminary Results
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• Is the  cloud model the cause of  
asymmetry?

‣ 

★ Superposition of baryon-meson state

★  is in  of 


✦ Naively imagine that  floats around the 
neutron


★  is in  of 

‣ The orbital angular momentum of 

antiquarks should be large

π d̄/ū

|p⟩ = α |p0⟩ + β |Nπ+⟩ + γ |Δ++π−⟩ + ⋯

d̄ π+ |Nπ+⟩
π+

ū π− |Δ++π−⟩

Orbital Angular Momentum

18

Nπ

The source of the flavor asymmetry can be investigated by  
measuring the contribution of OAM to proton spin


Non-zero Sivers function → Non-zero OAM



• Sivers asymmetry is accessible by 
polarized Drell–Yan process

‣ First accurate measurement of 

antiquarks Sivers function


• Difference from SeaQuest: 
Polarized target instead of un-
polarized target

‣  , 


• Dynamic nuclear polarization

‣ 80-90% polarization ( )


• Polarization flips every 8hrs

NH3 ND3

NH3

SpinQuest Experiment

19
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• Single spin asymmetry 

‣ 


‣ Accuracy: 


• Current Status:

‣ Polarized targets and 

detectors are ready for the 
data acquisition


‣ Beam commissioning will start 
late this year


‣ 2-year data acquisition is 
planned

AN
0.1 < xtarget < 0.3

δAN
∼ 0.04

SpinQuest Projection

20

SpinQuest実験で予想される結果
• 実験の現状 &計画

◦ 偏極標的・検出器は準備完了
◦ 2023年春:
陽子ビームを用いたコミッショニング

◦ 2023年から 2年間のデータ収集
• 横単スピン非対称度: AsinφS

N
◦ 0.1 ! xtarget ! 0.3
◦ 測定精度 δAN ∼ 0.04

• 非ゼロの反クォーク Sivers分布関数
(と x依存性)の初観測を目指す

陽子内の海クォークはどこまでわかったか？—反クォークのドレル・ヤン反応による検出— 38 / 40



• The sea-quarks and antiquarks structure of the proton is probed by 
Drell–Yan process accurately.

‣ Access antiquark PDFs (SeaQuest)


★  results were published in Nature.

★ Two methods comparison and analyses details are discussed in a new 

long paper. They agree really well.


★  in all measured ranges.

‣ Access sea-quark Boer–Mulders function (SeaQuest)


★ Released the SeaQuest preliminary results (  and ), and large  is 
obtained.


★ Further investigation toward final results.

‣ Access antiquark Sivers function (SpinQuest)

★Contribution of antiquarks OAM to the proton spin.

★ First direct measurement of antiquark Sivers function.

★ Beam commissioning will start late this year

d̄/ū

d̄/ū > 1.0

μ ν ν

Summary
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• Gluon splitting: Flavor Independent 
                       


• Gottfried sum rule: PRL 18 (1967) 1174 

 

 

• NMC Experiment (DIS) @ CERN 
 

ū = d̄

SG = ∫
1

0
dx

Fp
2 − Fn

2

x

=
1
3

+
2
3 ∫

1

0
dx(ū(x) − d̄(x)) =

1
3

SG = 0.235 ± 0.026 < 1/3

→ ∫
1

0
d̄(x) dx > ∫

1

0
ū(x) dx

Antiquarks PDFs

23

= 0 if d̄ = ū

Antiquark Flavor Asymmetry



• NA51 Experiment (Drell–Yan) @ CERN 
-dependence of  @ 

‣ Significant Flavor Asymmetry 

 @ 


• E866 Experiment (Drell–Yan) @ Fermilab 
-dependence of  @ 

‣ Significant Flavor Asymmetry 

 @ 

‣  @  ? 

with large statistical uncertainty

x d̄/ū x = 0.17

d̄/ū = 1.9 x = 0.17

x d̄/ū 0.015 < x < 0.35

d̄/ū ∼ 1.7 x ∼ 0.2
d̄/ū < 1.0 x ∼ 0.3

-dependencex
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• Pauli blocking: small effect (few %)


• Pion Cloud model (Phys. Rev D 58 (1998) 092004)

‣ 

‣  

 
 
 

• Statistical Parton Distributions (Nucl. Phys. A 948 (2016) 63)

‣ Parton distribution calculated under the assumption of

★Quarks obey Fermi-Dirac function

★Gluons obey Bose-Einstein function


‣

|p⟩ = |p0⟩+α |N(udd)π+(ud̄)⟩ + β |Δ(uuu)π−(ūd)⟩+γ |ΛK⟩ + ⋯
α > β → d̄ > ū

d̄ > ū

u
u
d

p

p+ (u`d)

n

u

d
d

u
u
d

Models

25



• Cross section ratio  has beam intensity dependence

‣ Higher beam intensity → More hits on detectors

★ Random background

★ Lower reconstruction efficiency


• Instead of figuring out the effect separately, fit [Cross section ratio] vs 
[Beam Intensity] as a function of beam intensity (extrapolation 
method)

(σpd /2σpp)

Beam Intensity Dependence

26
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Extended Data Fig. 2: Extrapolation to zero intensity. Extrapolation to zero intensity fits for
representative xt bins (0.13  xt < 0.16, 0.195  xt < 0.240, and 0.290  xt < 0.350). The I
(intensity) and I2 coefficients are common to all bins. The �2/dof = 38.7/40 for the simultaneous
fit of all xt bins.
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0.13 ≤ x < 0.16 0.195 ≤ x < 0.24 0.29 ≤ x < 0.35

f(I) = Rx + aI + bI2
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Figure 2: Ratios of d̄(x) to ū(x). Ratios of d̄(x) to ū(x) in the proton (red filled circles) with their
statistical (vertical bars) and systematic (yellow boxes) uncertainties extracted from the present
data based on next-to-leading order calculations of the Drell-Yan cross sections. Also shown in the
open black squares are the results obtained by the NuSea experiment with statistical and systematic
uncertainties added in quadrature11. The cyan band shows the predictions of the meson-baryon
model of Alberg and Miller23 and the green band shows the predictions of the statistical parton
distributions of Basso, Bourrely, Pasechnik and Soffer19. The red solid (blue dashed) curves show
the calculated ratios of d̄(x) to ū(x) with CT1827 (CTEQ634) parton distributions at the scales of
the SeaQuest results. The horizontal bars on the data points indicate the width of the bins.

19

0 0.1 0.2 0.3 0.4
x

0

0.5

1

1.5

2

2.5

u/
d

SeaQuest/E906

Syst. uncert.

NuSea/E866

Alberg and Miller

Basso, Bourrely, Pasechnik and Soffer

CT18NLO, SeaQuest kinematics

CTEQ6m, SeaQuest kinematics
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the SeaQuest results. The horizontal bars on the data points indicate the width of the bins.
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Proton antiquark flavor asymmetry d̄/ū

27

February 2021: The asymmetry of antimatter in the proton

                                                                       Nature 590, 561 (2021)

x

d̄/ū

(SeaQuest)

• Antiquark flavor asymmetry  (antiquark PDF) of the proton 
at large   ( )


•  in all measured range

d̄/ū
x 0.13 < x < 0.45

d̄/ū > 1.0



• NA10 (CERN), E615 (Fermilab)

‣ ( )+W

‣ NA10: 194 GeV, E615: 252 GeV beam

‣ L–T violation @ large 


• E866 (Fermilab)

‣ p+d (p+p), 800 GeV beam

‣ Smaller L–T violation than  beam 

experiments

π− ūd

pT

π

Lam–Tung violation

28Phys. Rev. Lett. 99, 082301, (2007)

Size of L–T violation 

depends on beam type



• Boer-Mulders function and 

‣ 


• B–M function of sea quarks doesn’t 
have to be the same as that of 
valence quarks

‣  beam: antiquark as valence quark, 

valence quark-valence antiquark 
reaction is dominant


‣ proton beam: no antiquarks as 
valence quarks, sea quarks are 
always involved in the reaction

ν
ν/2 ∝ h⊥

1 (beam)h⊥
1 (target)

π

Boer–Mulders function

29Phys. Rev. Lett. 99, 082301, (2007)

PRD 60, 014012 (1999) 

NA10, 194 GeVν

pT

L–T violation and  depend on beam type

→ B–M is one of the candidates of the cause

ν



Motivation of angular distribution measurement 
by SeaQuest

x

d̄ /ū

 resultsd̄/ū

E866 kinematics

SeaQuest kinematics
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• Angular distribution results by fixed-target x proton beam are only by 
E866 at this present

‣ SeaQuest will give another set of results


• Different kinematics of E866

‣ Gives Boer–Mulders function at a larger  region


• Full  range measurement

‣ Suitable to extract  and 

‣  is currently fixed to 1.0 


• Baseline of E1039

‣ E1039: polarized targets 

SeaQuest: unpolarized targets

‣ Pure hydrogen (and deuterium) 

angular distribution

x

ϕ
μ ν

λ

dσ
dΩ

∝ 1+λ cos2 θ+μ sin 2θ cos ϕ+
ν
2

sin2 θ cos 2ϕ



• Prepare correction factors – 2-dimensional histograms

‣ Accepted simulation / 4pi simulation – acceptance factor

‣ Realistic simulation / accepted simulation – reconstruction efficiency 

factor


• 2-dimensional un-binned p-p data

‣ p-p data / acceptance factor / reconstruction efficiency factor


• Subtract background from p-p data


• Fit with 

 


‣  (FIXED) and extracted  and 

A × (1+λ cos2 θ+μ sin 2θ cos ϕ +
ν
2

sin2 θ cos 2ϕ)
λ = 1 μ ν

Analysis Procedure

31



• Introduce quark plane in Collins–
Soper frame

‣ : polar angle of quark

‣ : azimuthal angle of quark


• Lam–Tung relation:

‣ 

‣ Lam–Tung relation is satisfied 

when  
 Quark plane and hadron plane 

are common

θ1
ϕ1

⟨sin2 θ1⟩ = ⟨sin2 θ1 cos 2ϕ1⟩

ϕ1 = 0
→

Condition of Lam–Tung Relation

32
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0

0.1
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µ SeaQuest Stat.

SeaQuest Stat.+Syst.

E866 p-p

SeaQuest Preliminary
40% of full data

•  is consistent with 0.0 within the uncertainty.


• Consistent with E866 p-p results.

μ

Preliminary Results

33

SeaQuest: 120 GeV proton beam

E866        : 800 GeV proton beam 



0 0.5 1 1.5 2 2.5 3 3.5 4
 (GeV/c)

T
p

0.2−

0.1−

0

0.1

0.2

ν

SeaQuest Stat.

SeaQuest Stat.+Syst.

E866 p-p

SeaQuest Preliminary
40% of full data

• Non-zero  is obtained.ν

Preliminary Results
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SeaQuest: 120 GeV proton beam

E866        : 800 GeV proton beam 
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• SeaQuest provides the data at a large  rangex2
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SeaQuest: 120 GeV proton beam

E866        : 800 GeV proton beam 



• SeaQuest p+p 120 GeV, 
NLO Drell–Yan 


• Boer-Mulders function is 
not included (pure 
pQCD)


• Large  is expected even 
without Boer–Mulders 
function

‣ Difference between 

experimental results and 
pQCD results is 
important

ν

 dependence of  in pQCDpT ν
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In perturbative QCD at OðαSÞ, ignoring the intrinsic
transverse momenta of the colliding partons, the λ and ν
coefficients in the Collins-Soper frame for the qq̄ → γ#G
annihilation process [30,31,40] and the qG → γ#q
Compton process [3,41,42] are given as

λ ¼ 2Q2 − q2T
2Q2 þ 3q2T

ν ¼ 2q2T
2Q2 þ 3q2T

ðqq̄Þ

λ ¼ 2Q2 − 5q2T
2Q2 þ 15q2T

ν ¼ 10q2T
2Q2 þ 15q2T

ðqGÞ; ð6Þ

where qT and Q are the transverse momentum and mass,
respectively, of the dilepton. While the expression for qq̄ →
γ#G is exact, that for qG → γ#q is obtained with some

approximation. Equation (6) shows that λ and ν scale with
the dimensionless qT=Q in these pQCD NLO expressions.
Nevertheless there is no qT=Q scaling for the μ parameter
in NLO pQCD.
Figures 9 and 10 show the NLO calculations of λ and ν

for COMPASS and SeaQuest as a function of the variable
qT=Q in the various Q and xF bins. The corresponding
expressions for the qq̄ and qG processes in Eq. (6) are
denoted by the solid and dashed lines. Comparing Figs. 9
and 10 with Figs. 7 and 8, the λ and ν values for differentQ
bins now converge into a common curve when they are
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FIG. 8. (a) NLO pQCD results of λ, μ, and ν as a function of qT
at several Q bins and xF > 0 for D-Y production off the proton
target with 120-GeV proton beam in the SeaQuest experiment.
(b) Same as (a) but at several xF bins and 4 < Q < 9 GeV.
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FIG. 9. (a) NLO pQCD results of λ, ν and the fractions of qq̄-
process contribution in the total cross sections as a function of
scaled transverse momentum qT=Q for D-Y production off the
nuclear tungsten target with 190-GeV π− beam in the COMPASS
experiment. The NLO pQCD expressions of qq̄ and qG processes
are denoted by the solid and dashed lines respectively. (b) Same
as (a) but at several xF bins and 4 < Q < 9 GeV.
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In perturbative QCD at OðαSÞ, ignoring the intrinsic
transverse momenta of the colliding partons, the λ and ν
coefficients in the Collins-Soper frame for the qq̄ → γ#G
annihilation process [30,31,40] and the qG → γ#q
Compton process [3,41,42] are given as
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where qT and Q are the transverse momentum and mass,
respectively, of the dilepton. While the expression for qq̄ →
γ#G is exact, that for qG → γ#q is obtained with some

approximation. Equation (6) shows that λ and ν scale with
the dimensionless qT=Q in these pQCD NLO expressions.
Nevertheless there is no qT=Q scaling for the μ parameter
in NLO pQCD.
Figures 9 and 10 show the NLO calculations of λ and ν

for COMPASS and SeaQuest as a function of the variable
qT=Q in the various Q and xF bins. The corresponding
expressions for the qq̄ and qG processes in Eq. (6) are
denoted by the solid and dashed lines. Comparing Figs. 9
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FIG. 8. (a) NLO pQCD results of λ, μ, and ν as a function of qT
at several Q bins and xF > 0 for D-Y production off the proton
target with 120-GeV proton beam in the SeaQuest experiment.
(b) Same as (a) but at several xF bins and 4 < Q < 9 GeV.
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FIG. 9. (a) NLO pQCD results of λ, ν and the fractions of qq̄-
process contribution in the total cross sections as a function of
scaled transverse momentum qT=Q for D-Y production off the
nuclear tungsten target with 190-GeV π− beam in the COMPASS
experiment. The NLO pQCD expressions of qq̄ and qG processes
are denoted by the solid and dashed lines respectively. (b) Same
as (a) but at several xF bins and 4 < Q < 9 GeV.
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• Sivers function

‣ Transversely polarized target and unpolarized beam

‣ Represent the relation between quark transverse momentum and 

nucleon spin

‣ The non-zero Sivers function indicates the non-zero orbital motion 

of the parton

★Orbital angular momentum contribution on the proton spin

TMDs
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• Demonstration of Sivers effect at 


• The transverse momentum distribution is distorted due to the 
Sivers function (Sivers effect)

x = 0.1

Sivers Effect

39

Eur. Phys. J. A (2016) 52: 268 Page 21 of 100

– Orbital motion. Most TMDs would vanish in the ab-
sence of parton orbital angular momentum, and thus
enable us to quantify the amount of orbital motion.

– Spin-orbit correlations. Most TMDs and related ob-
servables are due to couplings of the transverse mo-
mentum of quarks with the spin of the nucleon (or
the quark). Spin-orbit correlations in QCD, akin to
those in hydrogen atoms and topological insulators,
can therefore be studied.

– Gauge invariance and universality. The origin of some
TMDs and related spin asymmetries, at the partonic
level, depend on fundamental properties of QCD, such
as its color gauge invariance. This leads to clear differ-
ences between TMDs in different processes, which can
be experimentally tested.

The “simplest” TMD is the unpolarized function
fq
1 (x, kT ), which describes, in a fast moving nucleon,

the probability of finding a quark carrying the longitu-
dinal momentum fraction x of the nucleon momentum,
and a transverse momentum kT = |kT |. It is related to
the collinear (“integrated”) PDF by

∫
d2kT fq

1 (x, kT ) =
fq
1 (x). In addition to fq

1 (x, kT ), there are two other TMDs:
gq
1L(x, kT ) and hq

1(x, kT ), whose integrals correspond to
the collinear PDFs: the longitudinal polarized structure
function discussed in the previous section and the quark
transversity distribution. The latter is related to the ten-
sor charge of the nucleon. These three distributions can
be regarded as a simple transverse-momentum extension
of the associated integrated quark distributions. More im-
portantly, the power and rich possibilities of the TMD
approach arise from the simple fact that kT is a vector,
which allows for various correlations with the other vectors
involved: the nucleon momentum P , the nucleon spin S,
and the parton spin (say a quark, sq). Accordingly, there
are eight independent TMD quark distributions as shown
in fig. 16. Apart from the straightforward extension of the
normal PDFs to the TMDs, there are five TMD quark
distributions, which are sensitive to the direction of kT ,
and will vanish with a simple kT integral.

Because of the correlations between the quark trans-
verse momentum and the nucleon spin, the TMDs natu-
rally provide important information on the dynamics of
partons in the transverse plane in momentum space, as
compared to the GPDs which describe the dynamics of
partons in the transverse plane in position space. Mea-
surements of the TMD quark distributions provide infor-
mation about the correlation between the quark orbital
angular momentum and the nucleon/quark spin because
they require wave function components with nonzero or-
bital angular momentum. Combining the wealth of infor-
mation from all of these functions could thus be invalu-
able for disentangling spin-orbit correlations in the nu-
cleon wave function, and providing important information
about the quark orbital angular momentum. One partic-
ular example is the quark Sivers function f⊥q

1T which de-
scribes the transverse-momentum distribution correlated
with the transverse polarization vector of the nucleon.
As a result, the quark distribution will be azimuthally
asymmetric in the transverse-momentum space in a trans-

Fig. 17. The density in the transverse-momentum plane for
unpolarized quarks with x = 0.1 in a nucleon polarized along
the ŷ direction. The anisotropy due to the proton polarization
is described by the Sivers function, for which the model of [79]
is used. The deep red (blue) indicates large negative (positive)
values for the Sivers function.

versely polarized nucleon. Figure 17 demonstrates the de-
formations of the up and down quark distributions. There
is strong evidence of the Sivers effect in the DIS experi-
ments observed by the HERMES, COMPASS, and JLab
Hall A collaborations [80–82]. An important aspect of the
Sivers functions that has been revealed theoretically in last
few years is the process dependence and the color gauge
invariance [83–86]. Together with the Boer-Mulders func-
tion, they are denoted as naive time-reversal odd (T -odd)
functions. In SIDIS, where a leading hadron is detected
in coincidence with the scattered lepton, the quark Sivers
function arises due to the exchange of (infinitely many)
gluons between the active struck quark and the remnants
of the target, which is referred to as final-state interaction
effects in DIS. On the other hand, for the Drell-Yan lep-
ton pair production process, it is due to the initial-state
interaction effects. As a consequence, the quark Sivers and
Boer-Mulders functions differ by a sign in these two pro-
cesses. This non-universality is a fundamental prediction
from the gauge invariance of QCD [84]. The experimental
check of this sign change is currently one of the outstand-
ing topics in hadronic physics, and Sivers functions from
the Drell-Yan process can be measured at RHIC.

2.3.2 Opportunities for measurements of TMDs at the EIC

To study the transverse-momentum–dependent parton
distributions in high-energy hadronic processes, an addi-
tional hard momentum scale is essential, besides the trans-
verse momentum, for proper interpretation of results. This
hard momentum scale needs to be much larger than the
transverse momentum. At the EIC, DIS processes natu-
rally provide a hard momentum scale: Q, the virtuality
of the photon. More importantly, the wide range of Q2

values presents a unique opportunity to systematically in-
vestigate the strong interaction dynamics associated with
the TMDs. Although there has been tremendous progress
in understanding TMDs, without a new lepton-hadron col-
lider, many aspects of TMDs will remain unexplored —or

Eur. Phys. J. A (2016) 52: 268 

Spin

Direction
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• Global analysis results of the 
experimental data

‣ HERMES, COMPASS, JLab


• Sivers functions of  and  
quarks are non-zero

‣ Contribute to the proton spin


• Antiquarks Sivers functions are 
zero?

‣ Reveal by the direct 

measurement – Drell–Yan process

u d

Measurements of Sivers Function
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Figure 1. Extracted Sivers distributions for u = uv + ū, d = dv + d̄, ū and d̄ at Q2 = 2.4GeV2.
Left panel: the first moment of the Sivers functions, eqs. (2.16) and (2.17) of the text, versus x.
Right panel: plots of the Sivers functions, eq. (2.14) of the text, at x = 0.1 versus k⊥. The solid
lines correspond to the best fit. The dashed lines correspond to the positivity bound of the Sivers
functions. The shaded bands correspond to our estimate of 95% C.L. error.

It means that we assume the anti-quark Sivers functions to be proportional to the cor-

responding unpolarised PDFs; we have checked that a fit allowing for more complicated

structures of eq. (2.14) for the anti-quarks, results in undefined values of the parameters α

and β.

The Sivers asymmetry measured in SIDIS can be expressed using our parameterisations

of TMD functions from eqs. (2.12)–(2.15), (3.4) as

Asin(φh−φS)
UT (x, y, z, PT ) =

[z2〈k2⊥〉+ 〈p2⊥〉]〈k2S〉2

[z2〈k2S〉+ 〈p2⊥〉]2〈k2⊥〉
exp

[
−

P 2
T z2(〈k2⊥〉 − 〈k2S〉)

(z2〈k2S〉+ 〈p2⊥〉)(z2〈k2⊥〉+ 〈p2⊥〉)

]

×
√
2 e z PT

M1

∑
q e

2
q Nq(x)fq(x)Dh/q(z)∑
q e

2
q fq(x)Dh/q(z)

· (3.6)

Thus, we introduce a total of 9 free parameters for valence and sea-quark Sivers functions:

Nuv , Ndv , Nū, Nd̄, αu, βu, αd, βd, and M2
1 (GeV2). In order to estimate the errors on the

parameters and on the calculation of the asymmetries we follow the Monte Carlo sampling

method explained in ref. [8]. That is, we generate samples of parameters αi, where each

αi is an array of random values of {Nuv , Ndv , Nū, Nd̄,αu,αd,βu,βd,M2
1 }, in the vicinity of

the minimum found by MINUIT, α0, that defines the minimal total χ2 value, χ2
min. We

generate 2 · 104 sets of parameters αi that satisfy

χ2(αi) ≤ χ2
min +∆χ2 , (3.7)

– 6 –

JHEP 04 (2017) 046 
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• COMPASS has measured the Sivers asymmetry in Drell–Yan and 
indicated the sign of the asymmetry is opposite of that of SIDIS.


• Sign change of Sivers asymmetry of antiquarks may be investigated 
with SpinQuest results and future experiments results.

Sign Change of Sivers Asymmetry

41

The dilution factor f and the depolarization factor D2

entering the definition of TSAs are calculated on an event-
by-event basis and are used to weight the asymmetries. For
the magnitude of the target polarization PT , an average
value is used for each data-taking period in order to avoid
possible systematic bias. In the evaluation of the depolari-
zation factors, the approximation λ ¼ 1 is used. Known
deviations from this assumption with λ ranging between 0.5
and 1 [35,36] decrease the normalization factor by at
most 5%.
The TSAs resulting from different periods are checked

for possible systematic effects. The largest systematic
uncertainty is due to possible residual variations of exper-
imental conditions within a given period. They are quanti-
fied by evaluating various types of false asymmetries in a
similar way as described in Refs. [12,30]. The systematic
point-to-point uncertainties are found to be about 0.7 times
the statistical uncertainties. The normalization uncertainties
originating from the uncertainties on target polarization
(5%) and dilution factor (8%) are not included in the quoted
systematic uncertainties.
The TSAs AsinφS

T , Asinð2φCS−φSÞ
T , and Asinð2φCSþφSÞ

T are
shown in Fig. 5 as a function of the variables xN , xπ ,
xF, and qT . Because of relatively large statistical uncer-
tainties, no clear trend is observed for any of the TSAs. The
full set of numerical values for all TSAs, including
correlation coefficients and mean kinematic values from
this measurement, is available on HepData [37]. The last
column in Fig. 5 shows the results for the three extracted
TSAs integrated over the entire kinematic range. The
average Sivers asymmetry AsinφS

T ¼ 0.060% 0.057ðstatÞ %
0.040ðsysÞ is found to be above 0 at about one standard
deviation of the total uncertainty. In Fig. 6, it is compared
with recent theoretical predictions from Refs. [19–21] that
are based on standard DGLAP and two different TMD
evolution approaches. (Note that the kinematic constraints
used in Refs. [19–21] differ from one another and also from
those used in our analysis.) The positive sign of these
theoretical predictions for the DY Sivers asymmetry was
obtained by using the sign-change hypothesis for the Sivers
TMD PDFs, and the numerical values are based on a fit of
SIDIS data for the Sivers TSA [9,11,12]. Figure 6 shows
that this first measurement of the DY Sivers asymmetry is

consistent with the predicted change of sign for the Sivers
function.
The average value for the TSAAsinð2φCS−φSÞ

T is measured to
be below 0 with a significance of about two standard
deviations. The obtained magnitude of the asymmetry is
in agreement with the model calculations of Ref. [38] and
can be used to study the universality of the nucleon trans-
versity function. The TSA Asinð2φCSþφSÞ

T , which is related to
the nucleon pretzelosity TMD PDFs, is measured to be
above 0 with a significance of about one standard deviation.
Since both Asinð2φCS−φSÞ

T and Asinð2φCSþφSÞ
T are related to the

pion Boer-Mulders PDFs, the obtained results may be used
to study this function further and to possibly determine its
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FIG. 4. The xF distribution (left) and qT distribution (right) of
the selected high mass dimuons.
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FIG. 5. Extracted Drell-Yan TSAs related to Sivers, trans-
versity, and pretzelosity TMD PDFs (top to bottom). Inner (outer)
error bars represent statistical (total experimental) uncertainties.
The normalization uncertainties due to target polarization (5%)
and dilution factor (8%) are not included in the error bars.
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dark-shaded (light-shaded) predictions are evaluated with (with-
out) the sign-change hypothesis. Uncertainties are as described
in Fig. 5.
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