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Deep Inelastic Scattering

Q2 :Four-momentum transfer

x : Bjorken variable (=Q2/2Mn)

n : Energy transfer

M : Nucleon mass

W : Final state hadronic mass
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•Scaling

•Valence quarks

•𝑞ത𝑞 pairs (Sea)
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Parton model



Naïve Expectation of Nucleon Sea: 

SU(3) Symmetric
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F.E. Close, “An Introduction to Quarks and Partons” 3



Is ത𝑢 𝑥 = ҧ𝑑 𝑥 in the Nucleon? 
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Gottfried Sum Rule (GSR) 
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Assume a symmetric quark-antiquark sea,

GSR is only sensitive to the valence quarks.



Gottfried Sum
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SG = 0.235 ± 0.026

New Muon Collaboration (NMC), Phys. Rev. D50 (1994) R1

SG is significantly lower than 1/3 !



Explanations for the NMC result
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• Uncertain extrapolation for 0.0 < x < 0.004

• Charge symmetry violation 

• in the proton
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Need independent methods to check the ҧ𝑑 − ത𝑢
asymmetry, and to measure its x-dependence !



The Drell-Yan Process
S.D. Drell and T.M. Yan, PRL 25 (1970) 316
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Dimuon Invariant-mass Distributions 
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COMPASS, PRL 119 (2017) 112002
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Drell-Yan Process
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Quark-antiquark annihilation 

Quark-antiquark annihilation Quark-gluon Compton scattering



x-dependence of Sea Quarks
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Acceptance for fixed-target experiment: 

xbeam >> xtarget

xtarget

xbeam



• Naïve Assumption:

• NMC (Gottfried Sum Rule):

• NA51 (Drell-Yan, 1994):

Light Antiquark Flavor Asymmetry:  

Drell-Yan Experiments



NA 51 Drell-Yan 

confirmed 
ҧ𝑑 𝑥 > ത𝑢(𝑥)
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• Naïve Assumption:

• NMC (Gottfried Sum Rule):

• NA51 (Drell-Yan, 1994):

• E866/NuSea (Drell-Yan, 

1998):

Light Antiquark Flavor Asymmetry:  

Drell-Yan Experiments
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Parton distributions of Protons

From Global Analysis
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arXiv:1412.3989 arXiv:1208.1178



Origin of ത𝑢(𝑥) ≠ ҧ𝑑(𝑥): 
pQCD or non-pQCD effect?

• Pauli blocking
– 𝑔 → 𝑢ത𝑢 is more suppressed than 𝑔 → 𝑑 ҧ𝑑 in the proton 

since | ۧ𝑝 = | ۧ𝑢𝑢𝑑
(Field and Feynman, PRD 2590 (1977))

– pQCD calculation: SG=0.335
(Ross, Sachrajda 1979)

• Meson cloud 
(Thomas 1983, Kumano 1991): Sullivan process in DIS.
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Origin of ത𝑢(𝑥) ≠ ҧ𝑑(𝑥): 
Non-perturbative QCD effect

• Meson cloud in the nucleons (Thomas 1983, Kumano 

1991): Sullivan process in DIS.

• Chiral quark model (Eichten et al. 1992; Wakamatsu 

1992): Goldstone bosons couple to valence quarks.

Pion cloud is a source of antiquarks in the protons 

and it lead to ҧ𝑑 > ത𝑢.

n
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“Flavor structure of the nucleon sea”, Wen-Chen Chang and Jen-Chieh Peng

Progress in Particle and Nuclear Physics 79 (2014) 95; arXiv:1406.1260



Chiral Effective Theory
Salamu, Ji, Melnitchouk and Wang, PRL 114, 122001 (2015)
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N   bubble



Chiral Pion Cloud Model: 
Alberg and Miller,  PRC 100, 035205 (2019)
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ҧ𝑑 𝑥 − ത𝑢 𝑥 vs. Theoretical Models
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ത𝑢 > ҧ𝑑 ?



ҧ𝑑 𝑥 /ത𝑢 𝑥 vs. PDFs
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CT18NLO: PRD 103 (2021) 014013

Tension shows up with the collider data!



Tevatro

n 800 

GeVMain 
Injector 

120 
GeV

ҧ𝑑(𝑥)/ത𝑢(𝑥) Measured by 

FNAL E906/SeaQuest Experiment
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Fermilab E906

 𝑥𝐵𝑥𝑇 =
𝑀

𝑠
; smaller s, larger 𝑥𝑇

 Unpolarized Drell-Yan using 120 GeV 

proton beam from Main Injector


1H, 2H, and nuclear targets

( ( ) / ( )) up to 0.45Td x u x x



E906 Spectrometer
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Solid Iron 

Focusing Magnet, 

Hadron absorber 

and beam dump

Station 1:

Hodoscope array

MWPC tracking

Station 2 and 3:

Hodoscope array

Drift Chamber tracking

Station 4:

Hodoscope array

Prop tube tracking

Liquid H2, D2, and 

solid targets



E906/SeaQuest Timeline

• Schedules:
– 2002: E906 Approved by Fermilab PAC

– 2006: E906 funded by DOE Nuclear Physics

– 2008: With participation of Japan and Taiwan groups, Stage-II 

approval by Fermilab Director. MOU between Fermilab and 

E906 Collaboration finalized.

– 2009-2010: Construction and installation of spectrometer and 

readout electronics.
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Fermilab NM4/KTeV Hall 

(before installation)
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Fermilab NM4/KTeV Hall 

(after installation)
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Fermilab NM4/KTeV Hall 

(after installation)
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Fermilab NM4/KTeV Hall 

(after installation)
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Liquid H2, D2, Empty Cell 

and Nuclear Targets

29

https://youtu.be/P-Z30THMNaA


Dimuon Online Trigger

• Online trigger system is 

composed of 5 CAEN 

V1495 FPGA modules.

• Without deadtime, the 

decision of a di-muon 

trigger or a single-muon 

trigger can be made 

within 200 ns, based on 

the input of 400 channels 

of the four hodoscopes.
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E906/SeaQuest Timeline

• Schedules:
– 2002: E906 Approved by Fermilab PAC

– 2006: E906 funded by DOE Nuclear Physics

– 2008: With participation of Japan and Taiwan groups, Stage-II 
approval by Fermilab Director. MOU between Fermilab and E906 
Collaboration finalized.

– 2009-2010: Construction and installation of spectrometer and 
readout electronics.

– The commission of experiment was originally scheduled to start in 
September 2010. Unfortunately a leakage of the upstream beam 
pipe was found, and FNAL spent a lot of efforts in fixing it up.

– Run 1 (Mar. 2012 – Apr.,  2012): commissioning run

– Run 2 (Nov. 2013 – Sep., 2014): 1st physics run

– Run 3 (Nov. 2014 – Jul.,   2015): 2nd  physics run 

– Run 4 (Oct.  2015 – Aug., 2016): 3rd  physics run

– Run 5 (Nov. 2016 – Jul.,   2017): 4th  physics run
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Primary Challenge in the Data Analysis: 

Large Fluctuations of Beam Intensity

• Proton beam: 4s every 
60s, extracted from 
Fermilab Main Injector; 
1-ns-long micro-
bunches of 
approximately 0 to 
80,000 protons at 53 
MHz repetition rate. 
About 6x1012 proton on 
target every 4s.

• The average duty 
factor, ⟨Iۧ2/⟨I2ۧ, ranged 
between 20% and 40%. 
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The Beam was Delivered, But…
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Stations 3+4 

(all hits)



Beam Intensity Profile
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 Each bin is 19 ns

 Veto Level

 Even beam distribution

Beam Cherenkov

• <16 ns time resolution

• Approx. 30 to 3×1016 protons/RF cycle

• Calibrated every minute against beam 

line SEM (secondaryelectron emission)



Trigger Veto

• Electronic running average of the multiplicity over a 160 ns window (8 RF 

buckets).

• If average multiplicity above threshold, raises a trigger veto

• Luminosity greatly reduced, but trigger suppresses windows of time with 

large beam intensities.
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Extrapolation to zero intensity
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• Large intensity variations had 

two primary consequences: 

• a variation in the track 

reconstruction efficiency

• a change in the rate of 

accidental coincidences



Nature 590, 561–565 (2021)
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https://doi.org/10.1038/s41586-021-03282-z


Dimuon Mass Spectrum –

Hydrogen Target (H)
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M>4.5 GeV/c2



Dimuon Mass Spectrum –

Deuterium Target (D)
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M>4.5 GeV/c2



Cross Section Ratios
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Cross Section Ratios
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Cross Section Ratios
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2 2 2 254 GeV , 22 40 GeVNuSea SeaQuestM M  

CTEQ6m:  JHEP 0207:012,2002; hep-ph/0201195

CT18NLO: PRD 103 (2021) 014013; 1912.10053



Cross Section Ratios
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2 2 2 254 GeV , 22 40 GeVNuSea SeaQuestM M  

SeaQuest results are consistent with the NLO calculation with CT18NLO.



ҧ𝑑/ത𝑢(𝑥)
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Extracting ҧ𝑑/ത𝑢(𝑥) by NLO calculations of 𝜎𝐷(𝑥)/2𝜎𝐻(𝑥)

The trends between SeaQuest and NuSea at large x are quite different.

No explanation is found for these differences.



ҧ𝑑/ത𝑢(𝑥) vs. CTEQ6m
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ҧ𝑑/ത𝑢(𝑥) vs. CT18NLO
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ҧ𝑑/ത𝑢(𝑥)
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Asymmetry of Δതd 𝑥 and Δതu 𝑥
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( ) ( )d x u x  

• Meson cloud model: little spin carried by sea quark.

• Statistic model: Δതd 𝑥 − Δതu 𝑥 = −(തd 𝑥 − തu 𝑥 )

• Chiral soliton model: Δതd 𝑥 − Δതu 𝑥 = −
5

3
(തd 𝑥 − തu 𝑥 )

STAR, PRD 99, 051102(R) (2019)



EIC: Flavor Structures of 

Spin and TMDs for Nucleon Sea 
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arXiv:1212.1701



Summary

• From DIS and Drell-Yan, a striking 
asymmetry of ҧ𝑑 𝑥 > ത𝑢(𝑥) was observed 
at the intermediate-x regions.

• FNAL SeaQuest/E906 experiment extends 
the measurement of ҧ𝑑 𝑥 /ത𝑢(𝑥) up to 0.45 
and no flipping of this ratio at large x is 
found.

• EIC will explore the flavor structure of spin 
and TMDs for nucleon sea in the future.
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Thanks to Prof. Tung-Mow Yan
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