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Access!arks and Antiquarks
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• Deep Inelastic scattering 
experiments have investigated the 
proton structure

‣ Scattering with all charged partons 
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‣ Great achievement for u, d quarks 
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• Drell–Yan process

‣ 

‣ Antiquark is always involved in 

the reaction
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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 
 

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) = ∫

1

0
dxū(x)

Antiquark Flavor Asymmetry

ū(x) = d̄(x), ∫
1

0
dxū(x) = ∫

1

0
dxd̄(x)



• 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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• NA51 Experiment (Drell–Yan) @ Fermilab 
-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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• 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



• 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
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Target Cycle

Time (min.)
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2LH

Empty

2LD

None
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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

11



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

14



• 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
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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



• Cross section ratio 

‣ Difference between E866 is because of 

★ the difference of the kinematics (  range)

★ the difference of the scale (E866: 54 (GeV/c) , E906/SeaQuest: 22-44 (GeV/c) )


• Agrees well with CT18NLO

(0.13 < xt < 0.45)

xb
2 2

Cross Section Ratio
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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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1. Calculate cross section from data ( )


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


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

‣ CT10, CT14, CT18, MMHT2014 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
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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



• E906/SeaQuest: First  measurement at high  region


• Trends between two experiments at higher  region are quite different

d̄/ū x

x

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

‣ Which model is more likely?


• Investigate in another view: spin structure

Origin of  asymmetry?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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•  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

20

Nπ

Distinguishable by measuring the contribution of 

orbital angular momentum of antiquarks on the proton spin
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Proton Spin Puzzle
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Access Spin Structure
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• GPDs: Generalized Parton 
Distributions

‣ Functions of  

 and  (momentum transfer) 
    ↓ (Fourier transform) ↓ 
 and  (transverse position)


• TMDs: Transverse-Momentum 
dependent Distributions

‣ Functions of  (longitudinal 

momentum) and  (transverse 
momentum)

x Δ

x r

x
⃗k

Multi-dimensional Distribution Functions



• Sivers function 

‣ Unpolarized Quarks : Transversally Polarized Nucleon

‣ Correlation between the transverse momentum of a quark and the 

spin of the parent hadron

‣ If the quarks don’t have orbital motion, Sivers function vanishes

TMDs

23
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• SIDIS experiments have already measured nonzero Sivers 
asymmetry of quarks.


• COMPASS has measured the Sivers asymmetry in Drell–Yan and 
indicated the sign of the asymmetry is opposite of that of SIDIS


• Sivers function of antiquarks have not been measured yet

Sivers Asymmetry of Quarks

24

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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• Basically the same spectrometer as SeaQuest


• SpinQuest will measure antiquarks Sivers functions via 
polarized Drell–Yan

‣ First measurement of antiquarks Sivers functions

‣ Transversally polarized nucleon is needed

★ SeaQuest targets are unpol.


• Polarized targets will be installed

‣ NH3, ND3

‣ 1.5 m upstream than  

SeaQuest to have better 
target/dump separation


• (Dark photon hodoscopes 
are installed)

E1039/SpinQuest
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• (2017.07: SeaQuest experiment data taking was completed)


• Detector maintenance and polarized target preparation/
installation are now in progress


• Commissioning

‣ Planned in May 2021

‣ Fermilab announced that the beam time will be shorten for this 

year (-the end of May?)

★Commissioning targets and detectors or only targets


‣ Data taking will be from next year

★ Two years data taking is planned

Timeline

26



• 


‣ Magenta: Negligible because of acceptance

‣ Red: Sivers function of antiquark in target

‣ Blue: PDF of antiquark in target


• 


‣ Left-right asymmetry of the virtual photon direction

‣ We will measure left-right asymmetry to extract the Sivers 

asymmetry (and Sivers function)

ASivers
N ∝

f q
1(x1) ⋅ f⊥,q̄

1T (x2) + f⊥,q
1T (x2) ⋅ f q̄

1(x1)
f q
1(x1) ⋅ f q̄

1(x2) + f q
1(x2) ⋅ f q̄

1(x1)

f⊥,q̄
1T ∝ ASivers

N ∝
NL − NR

NL + NR

Sivers Asymmetry
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Progress of the polarized Drell-Yan experiment at Fermilab,
SpinQuest (E1039)

Y. Goto,∗1 Y. Miyachi,∗2 K. Nagai,∗1,∗3 K. Nakano,∗1,∗4 G. Nukazuka,∗2 S. Sawada,∗1,∗5 and T.-A. Shibata,∗1,∗6

for the SpinQuest Collaboration

SpinQuest is a polarized fixed-target Drell-Yan ex-
periment using a 120 GeV proton beam from Main
Injector at Fermilab. The primary goal of SpinQuest
is to measure the Sivers asymmetries aiming to answer
the question, “Do the light sea quarks contribute to
the intrinsic spin of the nucleon via their orbital an-
gular momentum?”. The Sivers asymmetry was first
introduced to explain the unexpected, large, trans-
verse, single-spin asymmetries observed in the hadron-
scattering. Correlation between transverse momentum
of a quark and the spin of the parent nucleon, repre-
sented by Sivers function, is a source of the asymmetry.
Non-zero values of the Sivers asymmetry have been
measured in the Semi-Inclusive Deep-Inelastic Scatter-
ing (SIDIS) experiments. The Sivers functions for u
and d quarks were extracted to be similar in size but
with the opposite sign2,3). No results are available for
sea quarks, so that SpinQuest determines for ū and
d̄, by the measurement of the Sivers asymmetries in
Drell-Yan using the transversely polarized proton and
deuteron targets, for the first time.

NH3 and ND3 are used as the polarized proton and
deuteron target material. The target polarization is
obtained with Dynamic Nuclear Polarization, which
requires a low temperature of 1 K, strong magnetic
field 5 T, and 140 GHz microwave. Under the greatest
instantaneous luminosity of any previous evaporation
refrigerator system, by having a beam intensity of 3
×1012 protons/s for 5 seconds, a high-cooling-power
4He evaporation refrigerator connected to a large pump
system (14,000 m3/hour) realizes to keep the target
material temperature at 1 K. The longest (along with
the beam-line) target cell to date for an evaporation
refrigerator requires a unique microwave distributing
horn. Three NMR coils installed for the target cell re-
duce systematic uncertainties in the polarization mea-
surement.

The SpinQuest experiment inherits the spectrometer
from the SeaQuest experiments1), which measured the
flavor asymmetry in the light quark sea, d̄/ū. It covers
the kinematic region where target sea quarks domi-
nate the Drell-Yan process: u or d in the beam annihi-
lates with ū or d̄ in the target, respectively. SpinQuest
probes lower xtarget, therefore the target position has
been moved further upstream of the beam dump to

∗1 RIKEN Nishina Center
∗2 Faculty of Science, Yamagata University
∗3 Institute of Physics, Academia Sinica, Taiwan
∗4 School of Science, Tokyo Institute of Technology
∗5 Institute of Particle and Nuclear Studies, KEK
∗6 College of Science and Technology, Nihon University

increase acceptance in the low xtarget range, as well
as improve separation for target and dump events. At
present, the target and spectrometer commissioning is
ongoing. The beam time is expected to begin in early
2020.

Fig. 1 shows the expected sensitivities of SpinQuest
on the single spin asymmetries, AN , after two years of
combined running on the NH3 and ND3 targets. The
error bars are statistical only. The relative systematic
uncertainty of 0.04 is expected. The bands represent
theoretical predictions based on the extracted Sivers
functions2,3) from the present available SIDIS data. A
comparison between the NH3 and ND3 results could
also be sensitive to the flavor dependence of the sea-
quark Sivers function.
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Fig. 1. Projected sensitivities of the single spin asymme-

tries at SpinQuest.

• Expected sensitivity of 
SpinQuest on Sivers 
Asymmetry

‣ Two years of combined 

operation on the NH3 and 
ND3 targets


• Expected error is small 
enough

‣ We can distinguish the two 

theoretical models by 
measurement


• We will give a first 
measurement of antiquarks 
Sivers functions

Sensitivity
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• SeaQuest

‣ Nature paper “The asymmetry of antimatter in the proton” has been 

published (24th February)

‣ Extracted  in  by proton-proton and proton-

deuterium Drell–Yan processes

‣  for all the measured range

★ Support both meson cloud model and statistical model


• SpinQuest

‣ First measurement of antiquark Sivers function

‣ Installing polarized targets and detectors maintenance are in progress

‣ Commissioning is planned this year, data taking is planned from next 

year

★ Two years physics run is planned


‣ Expected sensitivity is good enough to distinguish two existing models

d̄/ū 0.13 < x < 0.45

d̄/ū > 1.0

Summary
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