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Introduction

Transverse Polarization of Λ
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in analogue to
Sivers function
in TMD PDFs

4

hPN iii+iv =
A(y)FT

UT +B(y)FL
UT � 2

⇡B(y)F cos 2�
UT

A(y)FT
UU +B(y)FL

UU � 2
⇡B(y)F cos 2�

UU

.

(21)

2. sinn� or cosn� Weighted Polarizations

The second method is to measure the polarizations
weighted by a sinn� or cosn� function. For example,
we can measure the following quantity for the longitudi-
nal and transverse polarizations,

hPsinn�
L/T/N i ⌘
R
d�

d�SIDIS
UU

dxdydz⇤d2P⇤?
PL/T/N (x, y, z⇤,P⇤?) sinn�

R
d�

d�SIDIS
UU

dxdydz⇤d2P⇤?

, (22)

hPcosn�
L/T/N i ⌘
R
d�

d�SIDIS
UU
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R
d�

d�SIDIS
UU
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. (23)

It is straightforward to obtain
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2

C(y)F sin�
UL
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UU

, (24)
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UU

, (25)

hPsin�
T i = 1

2

C(y)F sin�
UT

A(y)FT
UU +B(y)FL

UU

, (26)

hPsin 2�
T i = 1

2

B(y)F sin 2�
UT

A(y)FT
UU +B(y)FL
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, (27)

hPcos�
N i = 1

2

C(y)F cos�
UT

A(y)FT
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hPcos 2�
N i = 1

2

B(y)F cos 2�
UT

A(y)FT
UU +B(y)FL
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These sinn� or cosn� weighted polarizations are equiv-
alent to the polarizations in the given quadrants, except
for the di↵erence in the overall normalization. In the fol-
lowing, we will only present the results for these sinn� or
cosn� weighted polarizations. The polarizations in the
given quadrants can be obtained accordingly.

The sinn� or cosn� weighted polarizations can also
be easily measured in experiments. We recall that the
⇤ polarization can be measured from hcos ✓⇤i where ✓

⇤

is the angle between decay product p in ⇤ ! p⇡
� and

the polarization direction in the ⇤ rest frame. These
sinn� or cosn� weighted polarizations can be simply ob-
tained by measuring the corresponding hsinn� cos ✓⇤i or
hcosn� cos ✓⇤i. See appendix A for a detailed discussion.

B. Parton model results

At the LO in pQCD and at the leading twist, the
hadronic tensor is given by [40]

W
µ⌫ = 2z⇤e

2
q

Z
d
2k?d

2pT �
2(z⇤k? + pT � P⇤?)

⇥ Tr
h
2�̂q(x,k?)�

µ2⌅̂⇤
q (z⇤,pT )�

⌫
i
, (30)

where k? is the transverse momentum of the struck quark
with respect to the proton momentum, pT is the trans-
verse momentum of the produced ⇤ hyperon with respect
to the jet direction, �̂q(x,k?) and ⌅̂⇤

q (z⇤,pT ) are quark-
quark correlators which are 4 ⇥ 4 matrices. A sum over
quark and anti-quark flavor q is implicit.
For the unpolarized nucleon and polarized ⇤ hyperon,

we have

4�̂q(x,k?) = /n+f1q(x, k?) +
i[/k?, /n+]

2mp
h
?
1q(x, k?), (31)

4⌅̂⇤
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= /n�

h
D
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(bej ⇥ pT ) · S⇤?
z⇤M⇤

D
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+ �5/n�

h
�⇤G
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G
?⇤
1Tq(z⇤, pT )

i

+
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2M⇤
H
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1

2
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+
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2M⇤

h
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1Lq(z⇤, pT ) +

pT · S⇤?
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H
?⇤
1Tq(z⇤, pT )

i
,

(32)

where [/a, /b] ⌘ /a/b � /b/a, bej is the unit vector of the jet
direction, n+ and n� are unit vectors in the light-cone
coordinate, and �⇤ and S⇤? are longitudinal and trans-
verse polarizations of the produced ⇤ hyperon. The defi-
nition of D?⇤

1Tq(z⇤, pT ) follows the Trento convention [41].
Inserting Eqs. (31) and (32) into Eq. (30), carrying

out traces, and making Lorentz contractions with the
leptonic tensor, we obtain expressions of the structure
functions at the leading twist. They are given by

F
T
UU = I

⇥
f1D

⇤
1

⇤
, (33)

F
cos 2�
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?
1 H
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1

⇤
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F
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1 H
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1L

⇤
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F
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1 H
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1 H

?⇤
1T ], (37)

F
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1 H
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1T ] + I[w3ah

?
1 H
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1T ], (38)

F
L
UU/UT = F

cos�
UU/UT = F

sin�
UL/UT = 0, (39)

where I[wfD] ⌘
P

q e
2
qx

R
d
2pT d

2k?�
2(z⇤k? + pT �

P⇤?)wfq(x, k?)Dq(z⇤, pT ) and

w1 = � P̂⇤? · k?
mp

, (40)

[Belle], PRL122, 2019

https://doi.org/10.1103/PhysRevLett.122.042001
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Transverse Polarization of Λ

Po
la

riz
at

io
n

)-(K+Kz
0.4 0.6 0.8

0.2−

0.1−

0

0.1

0.2

<0.3Λ0.2<z

)-(K+Kz
0.4 0.6 0.8

<0.4Λ0.3<z

)-(K+Kz
0.4 0.6 0.8

<0.5Λ0.4<z

)-(K+Kz
0.4 0.6 0.8

<0.9Λ0.5<z

+ + KΛ - + KΛ(c)

 

Po
la

riz
at

io
n

)-π(+πz
0.4 0.6 0.8

0.2−

0.1−

0

0.1

0.2

<0.3Λ0.2<z

)-π(+πz
0.4 0.6 0.8

<0.4Λ0.3<z

)-π(+πz
0.4 0.6 0.8

<0.5Λ0.4<z

)-π(+πz
0.4 0.6 0.8

<0.9Λ0.5<z

+π + Λ -
π + Λ(a)

 

⇡+ : ud̄; d ! ⇤

⇡� : ūd; u ! ⇤
<latexit sha1_base64="xDIamjzGt2JfJQ4QV+8MljddP9I="></latexit>

K+ : us̄; s ! ⇤

K� : ūs; u ! ⇤
<latexit sha1_base64="mgUF5+bfZog0En98LAFAkxQ0DAM="></latexit>

D?
1T (u) 6= D?

1T (d)

D?
1T (u) 6= D?

1T (s)
<latexit sha1_base64="FqjJlpyg0pwdbge1PRdJaMLkqSU=">AAACPnicjVA9TwJBFNzDL8Qv1NJmI9FAQ+7QREuiFpaYcEDCIdlbHrBhb+/c3TMhF36Zjb/BztLGQmNsLV0+CgULJ9lkMjMvb9/4EWdK2/azlVpaXlldS69nNja3tneyu3s1FcaSgktDHsqGTxRwJsDVTHNoRBJI4HOo+4PLsV+/B6lYKKp6GEErID3BuowSbaR21j3GV+3EqY5uvQhkhPNxAXsC7ubUjlG9zP+yqoDb2ZxdtCfAi8SZkRyaodLOPnmdkMYBCE05Uarp2JFuJURqRjmMMl6sICJ0QHrQNFSQAFQrmZw/wkdG6eBuKM0TGk/UnxMJCZQaBr5JBkT31bw3Fv/ymrHunrcSJqJYg6DTRd2YYx3icZe4wyRQzYeGECqZ+SumfSIJ1abxjCnBmT95kdRKReekWLo5zZUvZnWk0QE6RHnkoDNURteoglxE0QN6QW/o3Xq0Xq0P63MaTVmzmX30C9bXN2zKqxg=</latexit>

[Belle], PRL122, 2019

https://doi.org/10.1103/PhysRevLett.122.042001
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Introduction

Transverse Polarization of Λ differentiate valance quarks from sea quarks

D?
1T (u) 6= D?

1T (d) 6= D?
1T (s) 6= D?

1T (sea)
<latexit sha1_base64="3B/reGPCd6SEMEcs2GUonsFKZmM=">AAACRXicbZBLSwMxFIUz9VXra9Slm2AR2k2ZqYIui7pwWaEv6NSSSW/b0ExmTDJCGfrn3Lh35z9w40IRt5o+FvZxIHD4zr0kOX7EmdKO82al1tY3NrfS25md3b39A/vwqKbCWFKo0pCHsuETBZwJqGqmOTQiCSTwOdT9wc04rz+BVCwUFT2MoBWQnmBdRok2qG17t+3ErYwevAhkhHNxHnsCHvE87aykKo9X4cSTAVZARnnctrNOwZkILxt3ZrJopnLbfvU6IY0DEJpyolTTdSLdSojUjHIYZbxYQUTogPSgaawgAahWMmlhhM8M6eBuKM0RGk/o/42EBEoNA99MBkT31WI2hquyZqy7V62EiSjWIOj0om7MsQ7xuFLcYRKo5kNjCJXMvBXTPpGEalN8xpTgLn552dSKBfe8ULy/yJauZ3Wk0Qk6RTnkoktUQneojKqIomf0jj7Rl/VifVjf1s90NGXNdo7RnKzfPwodrwc=</latexit>

In Fig. 5, we plot zΛD
⊥ð1Þ
1T;Λ=qðzΛ; QÞ, defined in Eq. (23), as

a function of zΛ for u, d, s and sea quarks, at 68% confidence.
We find that the PFF for the u quark is positive, while those
of the d and s quarks are negative. We also find a sizable
negative sea quark contribution. These signs are consistent
with the qualitative analysis in the BELLE experimental
paper [13]. In terms of the magnitude of the PFFs, we find
that the u and d quarks are comparable, while the PFF for the
s quark is smaller by almost an order of magnitude, and it
plays a more important role in the relatively large zΛ ≳ 0.4.
The PFFs for sea quarks are sizable mostly in the relatively
small zΛ ≲ 0.3 region.
One can understand these findings qualitatively. For

example, the Λþ π− processes are dominated by the
contribution of D⊥

1T;Λ=uDπ−=ū in Eq. (26). As this subset
of BELLE data has large positive Λ polarization (zΛ ≲ 0.4),
we find that the sign of the u-quark PFF is positive.
Likewise, the Λþ πþ processes are dominated by the
contribution of D⊥

1T;Λ=dDπþ=d̄. Due to the large negative

FIG. 3. The fit to the experimental data for π mesons is shown, with the gray uncertainty band displayed is generated by the replicas at
68% confidence. The left plots are for the production of Λþ π$, while the right plots are for the production of Λ̄þ π$.

FIG. 4. Same as Fig. 3 but for the production of Λþ K$ (left) and Λ̄þ K$ (right).

FIG. 5. The polarizing fragmentation functions
zΛD

⊥ð1Þ
1T;Λ=qðzΛ; QÞ, defined in Eq. (23), are plotted as functions

of zΛ for different quark flavors, at 68% confidence.

EXTRACTING THE TRANSVERSE MOMENTUM DEPENDENT … PHYS. REV. D 102, 096007 (2020)

096007-7

Callos, Kang, Terry, PRD 102 (2020)

D’Alesio, Murgia, Zaccheddu, PRD 102 (2020)Strong violation of isospin symmetry

In Fig. 5, we plot zΛD
⊥ð1Þ
1T;Λ=qðzΛ; QÞ, defined in Eq. (23), as

a function of zΛ for u, d, s and sea quarks, at 68% confidence.
We find that the PFF for the u quark is positive, while those
of the d and s quarks are negative. We also find a sizable
negative sea quark contribution. These signs are consistent
with the qualitative analysis in the BELLE experimental
paper [13]. In terms of the magnitude of the PFFs, we find
that the u and d quarks are comparable, while the PFF for the
s quark is smaller by almost an order of magnitude, and it
plays a more important role in the relatively large zΛ ≳ 0.4.
The PFFs for sea quarks are sizable mostly in the relatively
small zΛ ≲ 0.3 region.
One can understand these findings qualitatively. For

example, the Λþ π− processes are dominated by the
contribution of D⊥

1T;Λ=uDπ−=ū in Eq. (26). As this subset
of BELLE data has large positive Λ polarization (zΛ ≲ 0.4),
we find that the sign of the u-quark PFF is positive.
Likewise, the Λþ πþ processes are dominated by the
contribution of D⊥

1T;Λ=dDπþ=d̄. Due to the large negative

FIG. 3. The fit to the experimental data for π mesons is shown, with the gray uncertainty band displayed is generated by the replicas at
68% confidence. The left plots are for the production of Λþ π$, while the right plots are for the production of Λ̄þ π$.

FIG. 4. Same as Fig. 3 but for the production of Λþ K$ (left) and Λ̄þ K$ (right).

FIG. 5. The polarizing fragmentation functions
zΛD

⊥ð1Þ
1T;Λ=qðzΛ; QÞ, defined in Eq. (23), are plotted as functions
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CKT
CKT

https://doi.org/10.1103/PhysRevD.102.096007
https://doi.org/10.1103/PhysRevD.102.054001
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Isospin Symmetry

Isospin Symmetry
u $ d

ū $ d̄
<latexit sha1_base64="PpBZjpKqWtrlTxlcixvStTTnz04=">AAACI3icbVDLSsNAFJ3UV42vqEs3g8XiqiRVUFwV3bisYB/QhDKZTNqhkwczN0oJ/Rc3/oobF0px48J/MU2z0LYHLhzOuZd773FjwRWY5rdWWlvf2Nwqb+s7u3v7B8bhUVtFiaSsRSMRya5LFBM8ZC3gIFg3lowErmAdd3Q38ztPTCoehY8wjpkTkEHIfU4JZFLfuKniBNuC+SD5YAhEyugZe9i29Sq2XSJXuLnsYb1vVMyamQMvE6sgFVSg2TemthfRJGAhUEGU6llmDE5KJHAq2ES3E8ViQkdkwHoZDUnAlJPmP07wWaZ42I9kViHgXP07kZJAqXHgZp0BgaFa9GbiKq+XgH/tpDyME2AhnS/yE4EhwrPAsMcloyDGGSFU8uxWTIdEEgpZrLMQrMWXl0m7XrMuavWHy0rjtoijjE7QKTpHFrpCDXSPmqiFKHpBb+gDfWqv2rs21b7mrSWtmDlG/6D9/AItaaK/</latexit>

Example: proton (uud) ↔ neutron (udd)

fu
proton(x) = fd

neutron(x)

fd
proton(x) = fu

neutron(x)
<latexit sha1_base64="Q6uIfBD+zSbzF1+blUeS4IIf0Uo=">AAACSXicdZBLSwMxFIUzrc/6qrp0EyyKbsqMCroRRDcuK9gqdGrNZDJtMJMMyR2xDP17bty58z+4caGIK9NpBbV6IXD47j03yQkSwQ247pNTKE5MTk3PzJbm5hcWl8rLKw2jUk1ZnSqh9GVADBNcsjpwEOwy0YzEgWAXwc3JoH9xy7ThSp5DL2GtmHQkjzglYFG7fL2Jo3bm6xgnWoGS/asUb91t48MvLFkKesDDnPt+acwR/uPIN7XLFbfq5oXHhTcSFTSqWrv86IeKpjGTQAUxpum5CbQyooFTwfolPzUsIfSGdFjTSkliZlpZnkQfb1gS4khpeyTgnH53ZCQ2phcHdjIm0DW/ewP4V6+ZQnTQyrhMUmCSDi+KUoFB4UGsOOSaURA9KwjV3L4V0y7RhIINv2RD8H5/eVw0dqrebnXnbK9ydDyKYwatoXW0hTy0j47QKaqhOqLoHj2jV/TmPDgvzrvzMRwtOCPPKvpRheInj4uwYA==</latexit>

Lambda ↔ Lambdaisospin
singlet

1p
2
(u"d# + u#d")s"

<latexit sha1_base64="rJkNdQ8/zV/cRpub+7SRV7H2//4="></latexit>

D?,u!⇤
1T (z, pT ) = D?,d!⇤

1T (z, pT )
<latexit sha1_base64="1LW8scRlR81TjPrsqSkmtiPB49A="></latexit>

Robust symmetry in QCD 
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 QED hard interaction
 QCD hadronization
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Isospin Symmetry

differentiating valance quarks 

from sea quarks

D?
1T (u) 6= D?

1T (d) 6= D?
1T (s) 6= D?

1T (sea)
<latexit sha1_base64="3B/reGPCd6SEMEcs2GUonsFKZmM=">AAACRXicbZBLSwMxFIUz9VXra9Slm2AR2k2ZqYIui7pwWaEv6NSSSW/b0ExmTDJCGfrn3Lh35z9w40IRt5o+FvZxIHD4zr0kOX7EmdKO82al1tY3NrfS25md3b39A/vwqKbCWFKo0pCHsuETBZwJqGqmOTQiCSTwOdT9wc04rz+BVCwUFT2MoBWQnmBdRok2qG17t+3ErYwevAhkhHNxHnsCHvE87aykKo9X4cSTAVZARnnctr NOwZkILxt3ZrJopnLbfvU6IY0DEJpyolTTdSLdSojUjHIYZbxYQUTogPSgaawgAahWMmlhhM8M6eBuKM0RGk/o/42EBEoNA99MBkT31WI2hquyZqy7V62EiSjWIOj0om7MsQ7xuFLcYRKo5kNjCJXMvBXTPpGEalN8xpTgLn552dSKBfe8ULy/yJauZ3Wk0Qk6RTnkoktUQneojKqIomf0jj7Rl/VifVjf1s90NGXNdo7RnKzfPwodrwc=</latexit>

paradigm
shift

enforcing isospin symmetry

D?
1T (u) = D?

1T (d)

D?
1T (ū) = D?

1T (ū)
<latexit sha1_base64="P8v3oZyZ1mDdLxUQ49bkOJ20o9I="></latexit> Belle data does not endorse 


isospin symmetry breaking.Chen, Liang, Pan, Song, Wei, PLB816 (2021)

https://doi.org/10.1016/j.physletb.2021.136217
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Isospin Symmetry

Testing Isospin Symmetry at EIC

Chen, Liang, Song, Wei, 2021
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isospin symmetric

isospin-symmetry-violated parameterizations

leptonic plane

production plane

https://arxiv.org/abs/2108.07740
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Hyperon Polarizations in unpolarized SIDIS

leptonic plane

production plane

Kinematic Analysis

d�SIDIS

dxdydz⇤d2P⇤?
=
2⇡↵2

em

xyQ2

n
A(y)FT

UU +B(y)FL
UU

+ C(y) cos�F cos�
UU +B(y) cos 2�F cos 2�

UU

+ �⇤

h
C(y) sin�F sin�

UL +B(y) sin 2�F sin 2�
UL

i

+ S⇤T

h
C(y) sin�F sin�

UT +B(y) sin 2�F sin 2�
UT

i

+ S⇤N

h
A(y)FT

UT +B(y)FL
UT + C(y) cos�F cos�

UT +B(y) cos 2�F cos 2�
UT

io

<latexit sha1_base64="eK/YuudwuRj//8zwWtXIiYlZXps="></latexit>

azimuthal asymmetries

longitudinal polarization

transverse polarizations

Arnold, Metz, Schlegel, PRD (2009)
Pitonyak, Schlegel, Metz, PRD (2014)

Chen, Yang, Wei, Liang, PRD (2016)
...

https://doi.org/10.1103/PhysRevD.79.034005
https://doi.org/10.1103/PhysRevD.89.054032
https://doi.org/10.1103/PhysRevD.94.034003
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Hyperon Polarizations in unpolarized SIDIS

Longitudinal Polarization

PL(x, y, z⇤,P⇤?) =
1

F tot
UU

n
C(y) sin�F sin�

UL +B(y) sin 2�F sin 2�
UL

o

<latexit sha1_base64="9p5ycxYQ8PvzWyjZhsM55+SkymE="></latexit>

ϕ ϕ

hPLiI+II =
2

⇡

C(y)F sin �
UL

A(y)FT
UU +B(y)FL

UU
<latexit sha1_base64="B+co9JsEFKxuAzdwDze8VcaX5Y4="></latexit>

!PL "I+III =
2
!

B (y)F sin 2 !
UL

A(y)F T
UU + B (y)F L

UU
<latexit sha1_base64="LiObIcqBk4qLInVG1Hbm37ZXa2w="></latexit>

LO 


leading twist

= 0
<latexit sha1_base64="y8Gi90U7loHVMDbSazVGKTr9dyQ=">AAACAHicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQTdC0Y3LKvYB7VAyaaYNTTJDkhHK0I1rt/oN7sStf+In+Bem7SC29UDgcM69nJsTxJxp47pfTm5ldW19I79Z2Nre2d0r7h80dJQoQusk4pFqBVhTziStG2Y4bcWKYhFw2gyGNxO/+UiVZpF8MKOY+gL3JQsZwcZK91dut1hyy+4UaJl4GSlBhlq3+N3pRSQRVBrCsdZtz42Nn2JlGOF0XOgkmsaYDHGfti2VWFDtp9NLx+jEKj0URso+adBU/buRYqH1SAR2UmAz0IveRPzPaycmvPRTJuPEUElmQWHCkYnQ5NuoxxQlho8swUQxeysiA6wwMbacuZRA/AbYbrzFJpZJo1L2zsqVu/NS9TprKQ9HcAyn4MEFVOEWalAHAiE8wwu8Ok/Om/PufMxGc062cwhzcD5/AP5vljE=</latexit>

=
2
!

B (y)I [w2h!
1 H ! !

1L ]
A(y)I [f 1D !

1 ]
<latexit sha1_base64="k5uhWE7zpnZHGlJDTPv5tLr/Mp8="></latexit>

Boer-Mulders 
function



 

Shu-yi Wei              Hyperon Polarizations  

���*

11

Hyperon Polarizations in e+e− annihilation

...

production plane

leptonic plane

Longitudinal Polarization

PL (y, zh , z! , P! ! ) =
1

F tot
UU

!
C(y) sin ! F sin !

UL + B(y) sin 2! F sin 2 !
UL

"

<latexit sha1_base64="SqG8RaTNhI/vlz9jtOHsdo30UnU="></latexit>

!PL "I+II =
2
!

C(y)F sin !
UL

A (y)F T
UU + B(y)F L

UU

!PL "I+III =
2
!

B(y)F sin 2 !
UL

A (y)F T
UU + B(y)F L

UU
<latexit sha1_base64="WnFE00qXCkcU3f2zx+FxsjsbFEs="></latexit>

LO 


leading twist

= 0
<latexit sha1_base64="y8Gi90U7loHVMDbSazVGKTr9dyQ=">AAACAHicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQTdC0Y3LKvYB7VAyaaYNTTJDkhHK0I1rt/oN7sStf+In+Bem7SC29UDgcM69nJsTxJxp47pfTm5ldW19I79Z2Nre2d0r7h80dJQoQusk4pFqBVhTziStG2Y4bcWKYhFw2gyGNxO/+UiVZpF8MKOY+gL3JQsZwcZK91dut1hyy+4UaJl4GSlBhlq3+N3pRSQRVBrCsdZtz42Nn2JlGOF0XOgkmsaYDHGfti2VWFDtp9NLx+jEKj0URso+adBU/buRYqH1SAR2UmAz0IveRPzPaycmvPRTJuPEUElmQWHCkYnQ5NuoxxQlho8swUQxeysiA6wwMbacuZRA/AbYbrzFJpZJo1L2zsqVu/NS9TprKQ9HcAyn4MEFVOEWalAHAiE8wwu8Ok/Om/PufMxGc062cwhzcD5/AP5vljE=</latexit>

=
2
!

B(y)I [ ÷w2H ! h
1 H ! !

1L ]
A (y)I [D h

1 D !
1 ]

<latexit sha1_base64="zc7tyzuR9OCJ1vwUgZIRqaa/+Wk="></latexit>

collins function
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Summary

Thanks for your attention!

 Belle data does not signal the onset of isospin symmetry violation in 
polarized FFs.

 The isospin symmetry can be ultimately tested at the future EIC.

 Polarized FFs can be probed in unpolarized collisions.



The End


