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• 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

SeaQuest Proton antiquark flavor asymmetry d̄/ū
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x

d̄/ū

February 2021: The asymmetry of antimatter in the proton

                                                                       Nature 590, 561 (2021)
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•  could model

‣ 

★ Superposition of baryon-meson state

★  is in  of 


✦ Naively imagine that  floats around the 
neutron


★  is in  of 

‣ The orbital angular momentum of 

antiquarks should be large

π
|p⟩ = α |p0⟩ + β |Nπ+⟩ + γ |Δ++π−⟩ + ⋯

d̄ π+ |Nπ+⟩
π+

ū π− |Δ++π−⟩

Orbital Angular Momentum

3

Nπ

The source of the flavor asymmetry can be investigated by  
measuring the contribution of OAM to proton spin
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Introduction – physics 

Spin of 
valance 
quarks

Spin of 
gluons

Spin puzzle: 70% of the nucleon spin is missing!

~25% (CERN, SLAC)

0 - 40% (RHIC)

Orbital angular 
momentum?

The Sivers function vanishes if the quarks 
have no orbital motion

OAM from sea quarks could contribute 
up to half of the proton’s spin 3
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ΔΣ + Δg + Lq + Lg

spin of quarks and antiquarks

~25%

RHIC

gluon spin 30-50%


from  to x = 0.05 x = 0.2
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• Sivers function

‣ Transversely polarized target and unpolarized beam

‣ Represent the relation between quark transverse momentum and 

nucleon spin

‣ The non-zero Sivers function indicates the non-zero orbital motion 

of the parton

★Orbital angular momentum contribution on the proton spin

TMDs

5
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• Demonstration of Sivers effect at 


• The transverse momentum distribution is distorted due to the 
Sivers function (Sivers effect)

x = 0.1

Sivers Effect

6

Eur. Phys. J. A (2016) 52: 268 Page 21 of 100

– Orbital motion. Most TMDs would vanish in the ab-
sence of parton orbital angular momentum, and thus
enable us to quantify the amount of orbital motion.

– Spin-orbit correlations. Most TMDs and related ob-
servables are due to couplings of the transverse mo-
mentum of quarks with the spin of the nucleon (or
the quark). Spin-orbit correlations in QCD, akin to
those in hydrogen atoms and topological insulators,
can therefore be studied.

– Gauge invariance and universality. The origin of some
TMDs and related spin asymmetries, at the partonic
level, depend on fundamental properties of QCD, such
as its color gauge invariance. This leads to clear differ-
ences between TMDs in different processes, which can
be experimentally tested.

The “simplest” TMD is the unpolarized function
fq
1 (x, kT ), which describes, in a fast moving nucleon,

the probability of finding a quark carrying the longitu-
dinal momentum fraction x of the nucleon momentum,
and a transverse momentum kT = |kT |. It is related to
the collinear (“integrated”) PDF by

∫
d2kT fq

1 (x, kT ) =
fq
1 (x). In addition to fq

1 (x, kT ), there are two other TMDs:
gq
1L(x, kT ) and hq

1(x, kT ), whose integrals correspond to
the collinear PDFs: the longitudinal polarized structure
function discussed in the previous section and the quark
transversity distribution. The latter is related to the ten-
sor charge of the nucleon. These three distributions can
be regarded as a simple transverse-momentum extension
of the associated integrated quark distributions. More im-
portantly, the power and rich possibilities of the TMD
approach arise from the simple fact that kT is a vector,
which allows for various correlations with the other vectors
involved: the nucleon momentum P , the nucleon spin S,
and the parton spin (say a quark, sq). Accordingly, there
are eight independent TMD quark distributions as shown
in fig. 16. Apart from the straightforward extension of the
normal PDFs to the TMDs, there are five TMD quark
distributions, which are sensitive to the direction of kT ,
and will vanish with a simple kT integral.

Because of the correlations between the quark trans-
verse momentum and the nucleon spin, the TMDs natu-
rally provide important information on the dynamics of
partons in the transverse plane in momentum space, as
compared to the GPDs which describe the dynamics of
partons in the transverse plane in position space. Mea-
surements of the TMD quark distributions provide infor-
mation about the correlation between the quark orbital
angular momentum and the nucleon/quark spin because
they require wave function components with nonzero or-
bital angular momentum. Combining the wealth of infor-
mation from all of these functions could thus be invalu-
able for disentangling spin-orbit correlations in the nu-
cleon wave function, and providing important information
about the quark orbital angular momentum. One partic-
ular example is the quark Sivers function f⊥q

1T which de-
scribes the transverse-momentum distribution correlated
with the transverse polarization vector of the nucleon.
As a result, the quark distribution will be azimuthally
asymmetric in the transverse-momentum space in a trans-

Fig. 17. The density in the transverse-momentum plane for
unpolarized quarks with x = 0.1 in a nucleon polarized along
the ŷ direction. The anisotropy due to the proton polarization
is described by the Sivers function, for which the model of [79]
is used. The deep red (blue) indicates large negative (positive)
values for the Sivers function.

versely polarized nucleon. Figure 17 demonstrates the de-
formations of the up and down quark distributions. There
is strong evidence of the Sivers effect in the DIS experi-
ments observed by the HERMES, COMPASS, and JLab
Hall A collaborations [80–82]. An important aspect of the
Sivers functions that has been revealed theoretically in last
few years is the process dependence and the color gauge
invariance [83–86]. Together with the Boer-Mulders func-
tion, they are denoted as naive time-reversal odd (T -odd)
functions. In SIDIS, where a leading hadron is detected
in coincidence with the scattered lepton, the quark Sivers
function arises due to the exchange of (infinitely many)
gluons between the active struck quark and the remnants
of the target, which is referred to as final-state interaction
effects in DIS. On the other hand, for the Drell-Yan lep-
ton pair production process, it is due to the initial-state
interaction effects. As a consequence, the quark Sivers and
Boer-Mulders functions differ by a sign in these two pro-
cesses. This non-universality is a fundamental prediction
from the gauge invariance of QCD [84]. The experimental
check of this sign change is currently one of the outstand-
ing topics in hadronic physics, and Sivers functions from
the Drell-Yan process can be measured at RHIC.

2.3.2 Opportunities for measurements of TMDs at the EIC

To study the transverse-momentum–dependent parton
distributions in high-energy hadronic processes, an addi-
tional hard momentum scale is essential, besides the trans-
verse momentum, for proper interpretation of results. This
hard momentum scale needs to be much larger than the
transverse momentum. At the EIC, DIS processes natu-
rally provide a hard momentum scale: Q, the virtuality
of the photon. More importantly, the wide range of Q2

values presents a unique opportunity to systematically in-
vestigate the strong interaction dynamics associated with
the TMDs. Although there has been tremendous progress
in understanding TMDs, without a new lepton-hadron col-
lider, many aspects of TMDs will remain unexplored —or

Eur. Phys. J. A (2016) 52: 268 

Spin

Direction
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• Global analysis results of the 
experimental data

‣ HERMES, COMPASS, JLab


• Sivers functions of  and  
quarks are non-zero

‣ Contribute to the proton spin


• Antiquarks Sivers functions are 
zero?

‣ Reveal by the direct 

measurement – Drell–Yan process

u d

Measurements of Sivers Function
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Figure 1. Extracted Sivers distributions for u = uv + ū, d = dv + d̄, ū and d̄ at Q2 = 2.4GeV2.
Left panel: the first moment of the Sivers functions, eqs. (2.16) and (2.17) of the text, versus x.
Right panel: plots of the Sivers functions, eq. (2.14) of the text, at x = 0.1 versus k⊥. The solid
lines correspond to the best fit. The dashed lines correspond to the positivity bound of the Sivers
functions. The shaded bands correspond to our estimate of 95% C.L. error.

It means that we assume the anti-quark Sivers functions to be proportional to the cor-

responding unpolarised PDFs; we have checked that a fit allowing for more complicated

structures of eq. (2.14) for the anti-quarks, results in undefined values of the parameters α

and β.

The Sivers asymmetry measured in SIDIS can be expressed using our parameterisations

of TMD functions from eqs. (2.12)–(2.15), (3.4) as

Asin(φh−φS)
UT (x, y, z, PT ) =

[z2〈k2⊥〉+ 〈p2⊥〉]〈k2S〉2

[z2〈k2S〉+ 〈p2⊥〉]2〈k2⊥〉
exp

[
−

P 2
T z2(〈k2⊥〉 − 〈k2S〉)

(z2〈k2S〉+ 〈p2⊥〉)(z2〈k2⊥〉+ 〈p2⊥〉)

]

×
√
2 e z PT

M1

∑
q e

2
q Nq(x)fq(x)Dh/q(z)∑
q e

2
q fq(x)Dh/q(z)

· (3.6)

Thus, we introduce a total of 9 free parameters for valence and sea-quark Sivers functions:

Nuv , Ndv , Nū, Nd̄, αu, βu, αd, βd, and M2
1 (GeV2). In order to estimate the errors on the

parameters and on the calculation of the asymmetries we follow the Monte Carlo sampling

method explained in ref. [8]. That is, we generate samples of parameters αi, where each

αi is an array of random values of {Nuv , Ndv , Nū, Nd̄,αu,αd,βu,βd,M2
1 }, in the vicinity of

the minimum found by MINUIT, α0, that defines the minimal total χ2 value, χ2
min. We

generate 2 · 104 sets of parameters αi that satisfy

χ2(αi) ≤ χ2
min +∆χ2 , (3.7)

– 6 –

JHEP 04 (2017) 046 
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• COMPASS has measured the Sivers asymmetry in Drell–Yan and 
indicated the sign of the asymmetry is opposite of that of SIDIS.


• Sign change of Sivers asymmetry of antiquarks may be investigated 
with SpinQuest results and future experiments results.

Sign Change of Sivers Asymmetry

8

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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versity, and pretzelosity TMD PDFs (top to bottom). Inner (outer)
error bars represent statistical (total experimental) uncertainties.
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dark-shaded (light-shaded) predictions are evaluated with (with-
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PRL 119, 112002 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

15 SEPTEMBER 2017

112002-5

Sign Change

No Sign Change

Phys. Rev. Lett. 119, 112002
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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 are installed

‣ NH3, ND3

‣ 1.5 m upstream than  

SeaQuest to have better 
target/dump separation

SpinQuest Spectrometer

9
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• 120 GeV Proton beam + transversely polarized  and  
targets


• 


‣ Magenta:  
Negligible because of  
forward detection


‣ Red: Sivers function of  
antiquark in target


‣ Blue: PDF of antiquark in target

NH3 ND3

ASivers
N ≡

σ↑ − σ↓

σ↑ + σ↓
∼

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)

Sivers Asymmetry
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ドレル・ヤン反応を用いた反クォークの直接測定
• 実験的工夫

◦ 前方測定
◦◦ 断面積の “q(xbeam)q̄(xtarget)”の項が支配的

=⇒常にビーム側に q &標的側に q̄
◦◦ 不変質量大 =⇒ xtarget & xbeam 大

◦ 水素 &重水素標的の併用
◦◦ 反クォークのフレーバー (ū vs d̄)の実験的分離—後述

• イベントごとに qと q̄が各々の xの値も含めて決定可
• σ(xtarget) ∝ q̄(xtarget)と比例的感度
• 理論的にクリーンな終状態

◦ µ± は強い相互作用による副次散乱を起こさない

陽子内の海クォークはどこまでわかったか？—反クォークのドレル・ヤン反応による検出— 21 / 40
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• Current Status:

‣ Polarized targets and 

detectors are ready for the 
data acquisition


‣ Commissioning will start very 
soon (2023 Spring-Summer)


‣ 2-year data acquisition is 
planned


• Single spin asymmetry 

‣ 


‣ Accuracy: 

AN
0.1 < xtarget < 0.3

δAN
∼ 0.04

SpinQuest Projection

11

SpinQuest実験で予想される結果
• 実験の現状 &計画

◦ 偏極標的・検出器は準備完了
◦ 2023年春:
陽子ビームを用いたコミッショニング

◦ 2023年から 2年間のデータ収集
• 横単スピン非対称度: AsinφS

N
◦ 0.1 ! xtarget ! 0.3
◦ 測定精度 δAN ∼ 0.04

• 非ゼロの反クォーク Sivers分布関数
(と x依存性)の初観測を目指す

陽子内の海クォークはどこまでわかったか？—反クォークのドレル・ヤン反応による検出— 38 / 40
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• Sivers function represents the relation between quark transverse 
momentum and nucleon spin.

‣ Non-zero Sivers function → Non-zero orbital angular momentum 

contribution to proton spin


• SpinQuest aims at the first direct measurement of the antiquark 
Sivers function.

‣ Transversely polarized target Drell–Yan process is sensitive to the 

antiquark Sivers function measurement.


• Targets and detectors are ready for data acquisition.

‣ Commissioning will start soon (2023 Spring-Summar).

‣ 2-year data acquisition is planned

Summary

12


