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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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• 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



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

‣ : Bjorken , momentum fraction of parton to the proton


•  in all measured range

d̄/ū
x 0.13 < x < 0.45

x x

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



• PDF

‣ Function of longitudinal momentum 

 (1-dim) 

• TMD (Transverse-momentum 
dependent parton distribution 
function)

‣ Longitudinal momentum  + 

transverse momentum  (3-dim)

‣ Research on the effect of spin

x

x
⃗k⊥

3D Structure
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• Boer–Mulders function

‣ Unpol. target and unpol. beam

‣ Relation between quark transverse spin and transverse momentum

‣ Research on Lam–Tung relation

TMDs
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2.Angular Distribution
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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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• 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
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Phys. 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
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Phys. 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



3.Measurement by SeaQuest
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E906/SeaQuest experiment
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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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• 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: 2014-2017

‣  protons on target8.6 × 1017



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
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•  is consistent with 0.0 within the uncertainty.


• Consistent with E866 p-p results.

μ

Preliminary Results
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SeaQuest: 120 GeV proton beam

E866        : 800 GeV proton beam 
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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

Preliminary Results
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SeaQuest: 120 GeV proton beam

E866        : 800 GeV proton beam 
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• The SeaQuest  result is larger than E866 p-p results.


• 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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SeaQuest: 120 GeV proton beam

E866        : 800 GeV proton beam

E615        : 252 GeV  beam

NA10       : 194 GeV  beam

π−

π−



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

‣ Access sea-quark Boer–Mulders function (represents the relation of 

transverse momentum and spin)


• Boer–Mulders function is one of the candidates causing Lam–Tung 
violation.


• Release SeaQuest preliminary results of  and 


‣  is consistent with 0.0.


‣ Large  is obtained.

‣ Results are obtained with 40% of full SeaQuest data. Statistics will 

be doubled in the final results.

‣ Results on p-p Drell–Yan angular distribution are reported here. The 

results on p-d Drell–Yan angular distribution will be released soon.

μ ν
μ

ν

Summary & Outlook
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Backup
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• 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
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• 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
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• 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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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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