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Introduction
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Antiquark Flavor Asymmetry
Gluon splitting: Flavor Independent ū = d̄

Gottfried sum

SG ≡
∫ 1

0

dx

x
[F p

2 (x)− Fn
2 (x)] =

1

3
+

2

3

(∫ 1

0

ūp(x)dx−
∫ 1

0

d̄p(x)dx

)
x : Bjorken x = Pparton/Pproton @ high-energy

Assumption: PDFs in neutron and proton are isospin symmetric:∫ 1

0

up(x)dx =

∫ 1

0

dn(x)dx, . . .

NMC experiment at CERN (1990, DIS)

SG = 0.235± 0.026 < 1/3

→
∫ 1

0

d̄(x)dx >

∫ 1

0

ū(x)dx
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x=0. The fit yields the values 0=0.20~0.03 and b=0.59
+.0.06 and a contribution to SG of 0.013~0.005 (stat) forx(0.004. The quality of the fit is as good as that in Ref. [1]
and the result is insensitive to the upper limit of the fitted
range (up to x=0.40).
Summing the contributions from the measured and un-

measured regions we obtain for the Gottfried sum

SG=0.235 ~0.026.
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FIG. 1. The difference F~z F2 (ful—l symbols and scale to the
right) and J„'(F~z F2)dx/x —(open symbols and scale to the left) at
Q =4 GeV, as a function of x from the present reevaluation
(circles) and from Ref. [1] (triangles). The extrapolated result SG
from the present vmrk and the prediction of the simple quark-parton
model (OPM) are also shown.

uncertainty from the momentum calibration is reduced com-
pared to that given in Table 2 of Ref. [1], while the other
contributions are unchanged.
To evaluate the contributions to SG from the unmeasured

regions at high and low x, extrapolations of F2—Fz to x= 1
and x=0 were made using the same procedures as described
in Ref. [1]. The contribution from the region x&0.8 is
0.001~0.001. For the region x&0.004, the expression
ax, appropriate for a Regge-like behavior, was again fitted
to the data in the range 0.004&x&0.15 and extrapolated to

The error is the result of combining the statistical and sys-
tematic errors in quadrature, and including the effect of the
(correlated) systematic uncertainties on the extrapolations of
F2—F2 to x= 1 and x=0. This new value of SG agrees well
with that in Ref. [1].However, the total error given here is
larger than that quoted in Ref. [1]due to the more extensive
examination of the systematic uncertainties. Nevertheless,
the result for S& is significantly below the simple quark-
parton model value of 1/3, so that the conclusions of Ref. [1)
are unchanged.
The evaluation of the Gottfried sum at higher Q requires

large extrapolations of the measured values of Fz/F~z at low
x, which rapidly reduces the accuracy of Fz —F2. For this
reason a precise determination of the Gottfried sum from the
NMC data is restricted to Q around 4 GeV .
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Antiquark Flavor Asymmetry

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
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Models for d̄/ū
d̄/ū > 1.0: Proposed several theories

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

d̄/ū < 1.0: No theories can reproduce

SeaQuest will provide the new data points (0.1 < x < 0.45)
and it is important to understand the structure of the proton!
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SeaQuest Experiment

Kei Nagai (Academia Sinica) SeaQuest d̄/ū Analysis TQCD @中原大學 10th July, 2020 6 / 23



SeaQuest Experiment

Drell–Yan 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
◦ Nuclear dependence
◦ Angular Distribution
◦ Dark Photon Search

(Not
running)
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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) ∼ 0 @ xbeam ≫ xtarget

◦ Access antiquarks in target proton
and quarks in beam proton

Final state dimuons are measured
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10

210

310

410

510

610

Beamx
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Ta
rg

et
x

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

 Run-1 AcceptanceBeam vs x
Target

Expected x

)ΨM(J/

)ϒM(

 Run-1 AcceptanceBeam vs x
Target

Expected x
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SeaQuest Spectrometer

Solid iron 

Focusing magnet 

Hadron absorber

Beam dumper
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25 mBeam
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Hadron Absorbers (stop beam,
muon identification)

Magnets (focussing, momentum
determination)

4 tracking stations, consist of
◦ Hodoscopes
◦ Drift Chambers (St. 1-3) or
Prop. Tubes (St. 4)
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Drell–Yan Monte Carlo
J/ψ, ψ’ Monte Carlo

Random Background
Combined MC and BG

Mass distribution fitted with estimated
components

Well fitted:
Detectors & tracking tool work as expected

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

under xbeam ≫ xtarget

Cross section ratio:
σpd

2σpp
=

1

2

(
ND · CD

PD

)/(
NH · CH

PH

)
◦ Number of dimuons (N )
◦ Background and reconstruction efficiency corrections (C)
◦ Normalization with number of nucleons in beam and target (P )

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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SeaQuest Preliminary LO

Systematic uncertainty

H contamination in LD2

background

hit-rate dependence of
reconstruction efficiency

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

Note: Nuclear corrections for deuterium have not yet been applied.

SeaQuest Preliminary Result (LO)

d̄/ū > 1.0@ 0.10 < x < 0.45

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 !?
◦ Difference of Q2? – No effect
◦ Difference of PDF sets? – No effect
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Toward Final Results
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Difficulties in Current Analysis?

Reconstruction efficiency effect
◦ Reconstruction efficiency decreases as
intensity increases (rate-dependent)

Intensity
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Combinatorial background
◦ Example: Single muon coming from π + single muon from Drell–Yan
◦ Estimated with event mixing method

⋆ Mix muons from different events
◦ Background would be rate-dependent

How to remove these effects?

Basic Idea: These effects should vanish at “zero” intensity
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Extrapolation Method

Cross-section ratio as a function of intensity

Extrapolate the data to “Zero” intensity

Intercept value is “correct” cross-section
ratio

◦ No reconstruction efficiency effect
◦ No combinatorial background

Difficulties of this method?

Fitting shape?

Validity of the method?

How to extract d̄/ū?

We have already resolved them
and the new results are expected to be released soon!
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Another Method — xFitter —
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xFitter

Global analysis tool for proton parton
distribution functions

Modules of several analysis
methods are prepared

It gives parton distribution
functions with experimental
input

Thanks to theorists and developers,
experimentalists can also do global
analysis with less effort ,
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Profiling Method
Not a full global analysis fitting
Shows the impact of the input data set to the PDFs

◦ This method modifies existing PDFs – Makes PDFs shifted
Performed with each PDF members

• ¡Not a full global analysis fi!ing! 

• Shows the impact of the input data set to the PDFs 
" This method modifies existing PDFs – Makes PDFs shi#ed 

• Performed for each PDF member

Profiling Method
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The correlated experimental and theoretical uncertainties are included using the nuisance parameter vec-
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where f0 is the original central PDF set and f ±� represents the eigenvector sets corresponding to up and
down variations.

The shifted PDFs have reduced uncertainties. In general, the shifted eigenvectors are no longer
orthogonal, but can be transformed to an orthogonal representation using a standard diagonalisation
procedure, as in Ref. [78]. In this method the covariance matrix C of the PDF nuisance parameters is
diagonalised as
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Fitting
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χ2/ndf= 39/31 = 1.25
Probability: ∼ 15%

◦ Consistency between two
experiments
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This analysis is repeated with the new results
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Summary
SeaQuest aims to investigate the structure of the proton using Drell–Yan
process.

Drell–Yan process is sensitive to the antiquark distributions. Suitable for the
investigation of the antiquark flavor asymmetry.

Antiquark flavor asymmetry is important to understand the structure of the
proton.

SeaQuest finished the data taking (2012-2017).
The preliminary results were released.

◦ d̄/ū > 1.0@ 0.10 < x < 0.45,
d̄/ū = 1.0@ 0.45 < x < 0.58

◦ According to the xFitter analysis, it seems that the discrepancy between E866 is
coming from the d̄/ū extraction method.

Works for final results are in progress.
◦ New method: Extrapolation method
◦ Resolving the difficulties of this method. Final results will be released soon!

Using xFitter, the global analysis is also in progress.
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