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• Published paper in Nature (2021/2/24)

‣ “The Asymmetry of Antimatter in the Proton”

★Nature 590, 561 (2021)

Results of  analysis

https://www.nature.com/articles/s41586-021-03282-z

d̄/ū

Paper in Nature

2

https://www.nature.com/articles/s41586-021-03282-z


Access!arks and Antiquarks
!arks are confined into hadrons, so that we cannot detect them directly...
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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, ⋯

Structure of the Proton
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• Drell–Yan process

‣ 

‣ Antiquark is always involved in 

the reaction

‣ Antiquarks PDFs

q + q̄ → γ* → l + l̄



Structure of the Proton
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• Drell–Yan process

‣ 

‣ Antiquark is always involved in 

the reaction

‣ Antiquarks PDFs

q + q̄ → γ* → l + l̄
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Figure 24: The d/u ratio obtained from the latest CT10 fit without including the Run II D0
measurements on theW charge asymmetry (left), and with these measurements included (right).
The ratio is normalised to that derived from the previous CTEQ fit (CTEQ6.6). The uncertainty
bands correspond to two standard deviations. From [175].

collaboration, identical to the NNPDF2.1 analysis but using subsets of experimental data, which
have been released in the LHAPDF package.
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Figure 25: The asymmetry of the light sea∆s(x) = d̄(x)− ū(x) and its one standard deviation
uncertainty at Q = 2 GeV as obtained from the NNPDF analysis, when only DIS data are
included in the fit (yellow contour), when Drell-Yan data are included in addition (red hashed
contour), and from the reference NNPDF2.1 fit (blue hashed contour).
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More precise results when Drell–

Yan process is included

Δs(x) = d̄(x) − ū(x)



• Gluon splitting: Flavor Independent 
  
                     


• Gottfried sum rule: PRL 18 (1967) 1174 

 

 

• NMC Experiment (DIS) @ CERN 
Phys. Rev. Lett. 66, 2712-2715 (1991), Phys. Rev. D 50, R1-R3 (1994) 

 

SG = ∫
1

0
dx

Fp
2 − Fn

2

x

=
1
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

Antiquarks PDFs
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= 0 if ∫
1

0
dxd̄(x) = ∫
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dxū(x)

Antiquark Flavor Asymmetry
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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
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-dependencex
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• NA51 Experiment (Drell–Yan) @ CERN 
-dependence of  @  

Phys. Lett. B 332, 244-250 (1994)

‣ Significant Flavor Asymmetry 

 @ 


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

Phys. Rev. D 64, 052002 (2001)

‣ 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



• Performed at Fermilab

‣ 120 GeV proton beam by Main Injector


• Fixed target Drell–Yan experiment

‣ Muon momentum ~ 40 GeV


• 4 tracking stations

‣ Drift chambers/proportional tubes

‣ Hodoscopes


• Focusing magnet  
(beam dump), 
momentum measurement 
magnet

E906/SeaQuest Experiment
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Main Injector

Experimental

Hall



Status 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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• Finished data taking (2017.07)


• Recorded protons on targets: 


• Analysis has been completed with Run 
II & Run III data

1.4 × 1018

Timeline
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Year Month Description

2011 08 Finish spectrometer construction

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

2013 -11
Physics data taking (Run II)

2014
-09
11-

Physics data taking (Run III)
2015

-07
10-

Physics data taking (Run IV)
2016

-08
11-

Physics data taking (Run V)
2017 -07
2021 02 Publish paper in Nature



• 


‣ : Forward detection

‣  at large  is small

★ Second term  can be ignored


‣ Access 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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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

11



• Cross section ratio  has beam intensity dependence

‣ Higher beam intensity

★More random background

★More hits on detector → 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
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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 1: Ratios of �D to 2�H. Ratios of �D(xt) to 2�H(xt) (Upper plot, red filled circles) with
their statistical (vertical bars) and systematic (yellow boxes) uncertainties as a function of xt, and
(lower plots) as functions of transverse momentum, PT , and mass, M , of the virtual photon. The
cross section ratios are defined as the ratio of luminosity-corrected yields from the hydrogen and
deuterium targets. Also shown (open black squares) are the results of the NuSea experiment11 for
the xt dependence with statistical uncertainties only. NuSea also reports an overall 1% common
systematic uncertainty. The mass scale of the NuSea data is up to 50% larger than that of the
SeaQuest data and the distributions in the other kinematic variable, xb are slightly different due to
the differing beam energies and acceptances of the experiments. These differences imply that the
cross section ratios do not have to be identical. This is demonstrated by the red solid and violet
long-short dashed curves representing NLO calculations of the cross section ratio at SeaQuest
and NuSea kinematics using CT18 parton distributions 27. The horizontal bars on the data points
indicate the width of the bins.
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• Cross section ratio 

‣ Difference between E866 is because of the difference of the 

kinematics (  range)

• Agrees well with CT18NLO

(0.13 < xt < 0.45)

xb

Cross Section Ratio

13



1. Calculate cross section ratio from data ( )


2. Set the estimate of  (= 1.0 at the first 
iteration)


3. Using cross section formula (NLO), calculate 
cross section ratio ( )

‣ CT18 PDFs were used

‣ All other parton distributions and  were 

fixed

‣ Cross sections were calculated in each ( ) bins


4. Update  based on the difference of ratios


5. Repeat until the difference became small enough

= Rdata

d̄/ū

= Rpred

d̄ + ū

xt, xb

d̄/ū

Extract d̄/ū

14

Obtain Rdata

Calculate
Rpred based on
the estimate of

d̄/ū

Update d̄/ū
based on

Rpred and Rdata

Rpred = Rdata

return

Yes

No

Iterative analysis was performed to extract  d̄/ū
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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.
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• E906/SeaQuest: First  measurement at high  region!


• Trends between two experiments at higher  region are quite 
different

d̄/ū x

x

 Resultsd̄/ū

15
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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.
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• SeaQuest result agrees well with both meson cloud model (light 
blue band) and statistical model (green band)

‣ Which model is more likely?

★ Investigate another view: spin structure 

(E1039 experiment, 4/14 9:26 Mikhail Yurov)

Origin of  asymmetry?d̄/ū

16



• Nature paper “The asymmetry of antimatter in the proton” has been 
published (24th February)


• SeaQuest aims at investigating the structure of the proton using 
Drell–Yan process

‣ Measured the final state dimuons


• Extracted  in  by proton-proton and proton-
deuterium Drell–Yan processes

‣ : First  measurement in this region


•  for all the measured range

‣ Support both meson cloud model and statistical model

d̄/ū 0.13 < x < 0.45

0.35 < x < 0.45 d̄/ū

d̄/ū > 1.0

Summary
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Backup
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• Beam energy: 120 GeV

‣ Center of mass energy:  GeV


• 5 seconds of the beam (spill) is provided every 60 seconds

‣ The other 55 seconds of the beam is used for neutrino experiments at 

Fermilab

‣ The targets of SeaQuest are swapped during this 55 seconds


• Beam bunch…RF-bucket

‣ Frequency: 53 MHz (comes every 19 ns)

‣ Typical number of the proton in one bunch is 40k

★  protons per second,  protons per spill


‣ Duty factor (indicates stability of beam intensity) 
 %

s ∼ 15

∼ 2 × 1012 ∼ 1013

= ⟨I⟩2/⟨I2⟩ ∼ 20-40

Proton Beam

19



Target Cycle

Time (min.)
0 2 4 6 8 10 12 14 16 18 20 22

2LH

Empty

2LD

None

Fe
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W

Target Cycle

5 min.
1
3 min.

1

1
1

1• Liquid targets: LH2, LD2

• Solid targets: Fe, C, W

• Empty, none targets data are also 

taken

• Move the target table during the beam 

of

Target
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• FPGA-based trigger

‣ Trigger road

★ Road which muons from Drell–Yan pass through determined by 

simulation

★ Formed with combination of (H1, H2, H3, H4) hodoscopes 


‣ Trigger fires when proper combination of  and  trigger roads 
fire (Dimuon trigger)


‣ Trigger focuses on the high-mass dimuons

μ+ μ−

Trigger

21



•  could model

‣ Naively imagine that  floats 

around neutron

‣ Orbital angular momentum of antiquarks 

should be large


• Statistical model

‣ Orbital angular momentum of antiquarks 

is not large

π
π+(d̄u)

Orbital Angular Momentum

22

Nπ

Distinguishable by measuring the contribution of 

orbital angular momentum of antiquarks on the proton spin


