
On the twist-3 mechanism 
for single transverse-spin 

asymmetry 
in semi-inclusive DIS

Kazuhiro Tanaka (Juntendo U)

with  Y. Koike (Niigata U)



Single (Transverse) Spin Asymmetry
 

SSA

( )^ ⋅ ´
 




hp Pd Ss

p p X

p p X

p p

ep e X

Xg

p

p

 + -













 

FNAL-E704, RHIC-STAR
 at lar0 ge.3N FA x

SIDIS HERMES, COMPASS

 

 

-
=

+
d dA
d d
s s
s s

RHIC, JPARC, …

Direct γ

Drell-Yan

Ph





( )^ ⋅ ´
 




hp Pd Ss

 

 

-
=

+
d dA
d d
s s
s s

| |
p

q

S^

hP

Ph

q

of quark or gluon
proton hel
in

1.  :  
2. 
3. terac

ic
ti

ity 
on p

flip
beyond Borhase: 

0

 n

^^ ¹h kP

e + pSSA in   e + Xp  +

*g



( )^ ⋅ ´
 




hp Pd Ss

 

 

-
=

+
d dA
d d
s s
s s

| |
p

q

S^

hP

Conventional twist-2 mechanism:

s q

h

m
A

P
a

^



tiny!

Ph

q

of quark or gluon
proton hel
in

1.  :  
2. 
3. terac

ic
ti

ity 
on p

flip
beyond Borhase: 

0

 n

^^ ¹h kP


qmxp

q
hP

z

P

P
P

e + pSSA in   e + Xp  +

*g



 of quark or gluon
proton hel
in

1.  :  
2. 
3. terac

ic
ti

ity 
on p

flip
beyond Borhase: 

0

 n

^^ ¹h kP NP
NP
NP

P
NP
P&NP

gx

FG


FE

qd

QCD^ LhP
collinear-factorization

twist-3 functions

Eguchi,Koike,Tanaka
 

(’06,’07)

QCD^ LhP
TMD-factorization

Sivers
 

& Collins functions

Ji,Qiu,Vogelsang,Yuan
 

(’06)

Efremov,Teryaev
 

(’82)
 Qiu,Sterman

 

(’91)

Sivers
 

(’90); Collins (’93) 
Boer,Mulders

 

(’98)Sivers

Collins



 of quark or gluon
proton hel
in

1.  :  
2. 
3. terac

ic
ti

ity 
on p

flip
beyond Borhase: 

0

 n

^^ ¹h kP NP
NP
NP

P
NP
P&NP

gx

FG


FE

qd

QCD^ LhP
collinear-factorization

twist-3 functions

Eguchi,Koike,Tanaka
 

(’06,’07)

QCD^ LhP
TMD-factorization

Sivers
 

& Collins functions

Ji,Qiu,Vogelsang,Yuan
 

(’06)

Efremov,Teryaev
 

(’82)
 Qiu,Sterman

 

(’91)

Sivers
 

(’90); Collins (’93) 
Boer,Mulders

 

(’98)Sivers

Collins



Developments in theoretical basis for twist-3 mechanism 
and its underlying universal structure

Proof of Factorization and Gauge Invariance of the twist-3 
single-spin-dep. cross section in the leading order QCD

Master formula allowing to derive twist-3 “SGP”
 

cross 
section directly from twist-2 cross section

Connection between the twist-3 mechanism and the TMD Sivers
 mechanism for intermediate region of hP ^

Eguchi, Koike, Tanaka, NPB752 (’06) 1; NPB763 (’07) 198

Koike, Tanaka, PLB646 (’07)
 

232; PRD76 (’07) 11502

Koike, Vogelsang, Yuan
 

PLB659 (’07)
 

878
Ji, Qiu, Vogelsang, Yuan, PRL97 (’06) 08200; PRD73 (’06) 094017; PLB638 (’06) 178

SISIS, Drell-Yan, Direct γ, p p X  p , …

Scale dependence of twist-3 single-spin asymmetries
Braun, Manashov, Pirnay, PRD80 (’09) 114002

Factorization formula for the twist-3 mechanism 
induced by three-gluon correlation

Beppu, Koike, Tanaka, Yoshida, arXiv:1007.2034
 

[hep-ph]
( Yoshida’s talk)



Developments in theoretical basis for twist-3 mechanism 
and its underlying universal structure

Proof of Factorization and Gauge Invariance of the twist-3 
single-spin-dep. cross section in the leading order QCD

Master formula allowing to derive twist-3 “SGP”
 

cross 
section directly from twist-2 cross section

Connection between the twist-3 mechanism and the TMD Sivers
 mechanism for intermediate region of hP ^

Eguchi, Koike, Tanaka, NPB752 (’06) 1; NPB763 (’07) 198

Koike, Tanaka, PLB646 (’07)
 

232; PRD76 (’07) 11502

Koike, Vogelsang, Yuan
 

PLB659 (’07)
 

878

SISIS, Drell-Yan, Direct γ, p p X  p

update 

, …

Scale dependence of twist-3 single-spin asymmetries

Factorization formula for the twist-3 mechanism 
induced by three-gluon correlation

Beppu, Koike, Tanaka, Yoshida, arXiv:1007.2034
 

[hep-ph]

& 
extension

( Yoshida’s talk)

Ji, Qiu, Vogelsang, Yuan, PRL97 (’06) 08200; PRD73 (’06) 094017; PLB638 (’06) 178

Braun, Manashov, Pirnay, PRD80 (’09) 114002



 of quark or gluon
proton hel
in

1.  :  
2. 
3. terac

ic
ti

ity 
on p

flip
beyond Borhase: 

0

 n

^^ ¹h kP P

twist-2
xp

hP

z
q

( )qD z ( )gD z
QCD^ LhP



 of quark or gluon
proton hel
in

1.  :  
2. 
3. terac

ic
ti

ity 
on p

flip
beyond Borhase: 

0

 n

^^ ¹h kP P

twist-2
xp

hP

z
q

( )qD z ( )gD z
QCD^ LhP

P
P

s q

h

m
P
a

^



tiny!



 of quark or gluon
proton hel
in

1.  :  
2. 
3. terac

ic
ti

ity 
on p

flip
beyond Borhase: 

0

 n

^^ ¹h kP P
NP
P&NP

twist-2

2
2 2

1 1 ( )P=
+

-
e

pd
k i k

i k

0gx =

xp

hP

z
q

( )qD z ( )gD z
QCD^ LhP

SGP



 of quark or gluon
proton hel
in

1.  :  
2. 
3. terac

ic
ti

ity 
on p

flip
beyond Borhase: 

0

 n

^^ ¹h kP P
NP
P&NP

twist-2

2
2 2

1 1 ( )P=
+

-
e

pd
k i k

i k

xp

hP

z
q

( )qD z ( )gD z
QCD^ LhP

SGP

0gx =



 of quark or gluon
proton hel
in

1.  :  
2. 
3. terac

ic
ti

ity 
on p

flip
beyond Borhase: 

0

 n

^^ ¹h kP P
NP
P&NP

twist-2

2
2 2

1 1 ( )P=
+

-
e

pd
k i k

i k

xp

hP

z
q

( )qD z ( )gD z
QCD^ LhP

0gx =



 of quark or gluon
proton hel
in

1.  :  
2. 
3. terac

ic
ti

ity 
on p

flip
beyond Borhase: 

0

 n

^^ ¹h kP P
NP
P&NP

twist-2

2
2 2

1 1 ( )P=
+

-
e

pd
k i k

i k

xp

hP

z
q

( )qD z ( )gD z
QCD^ LhP

0gx =



 of quark or gluon
proton hel
in

1.  :  
2. 
3. terac

ic
ti

ity 
on p

flip
beyond Borhase: 

0

 n

^^ ¹h kP P
NP
P&NP

twist-2

2
2 2

1 1 ( )P=
+

-
e

pd
k i k

i k

xp

hP

z
q

( )qD z ( )gD z
QCD^ LhP

SFP

1 0x =



 of quark or gluon
proton hel
in

1.  :  
2. 
3. terac

ic
ti

ity 
on p

flip
beyond Borhase: 

0

 n

^^ ¹h kP P
NP
P&NP

twist-2

2
2 2

1 1 ( )P=
+

-
e

pd
k i k

i k

2 bjx x=

HP

xp

hP

z
q

( )qD z ( )gD z
QCD^ LhP



 of quark or gluon
proton hel
in

1.  :  
2. 
3. terac

ic
ti

ity 
on p

flip
beyond Borhase: 

0

 n

^^ ¹h kP P
NP
P&NP

twist-2

2
2 2

1 1 ( )P=
+

-
e

pd
k i k

i k

HP

xp

hP

z
q

( )qD z ( )gD z
QCD^ LhP

2 bjx x=



 of quark or gluon
proton hel
in

1.  :  
2. 
3. terac

ic
ti

ity 
on p

flip
beyond Borhase: 

0

 n

^^ ¹h kP P
NP
P&NP

twist-2

2
2 2

1 1 ( )P=
+

-
e

pd
k i k

i k

HP

xp

hP

z
q

( )qD z ( )gD z
QCD^ LhP

2 bjx x=



Ward Identity:
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Total twist-3 contribution can be written in a gauge-invariant way:
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twist-3 single-spin cross section
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twist-3 single-spin cross section

update #1
tw3 tw3
4 5cos( ) s in ( ) s in (2 )f f s f s fé ù+ - +ê úë ûh S h h

update #2: new partonic
 

subprocesses



( )qD z

( )gD z
＋mirror diagrams

＋mirror diagrams

Relevant diagrams for SGP
( )

1 2( , ) ( )FG x x D zÄ Ä


1tw3
1

2

2
2

( , )~ Tr s
s

a
as ^

^ =

é ù¶ê ú
ê ú¶ê úë û

ò
i i

pn

k

S

x p

p
dx dx dz

k

S k
d

k
p

( , ),F

d
G x x

dx
( , )FG x x ( )( , ) 0FG x x =



( )( )

2 2tw3
SGP

2 2 2 2 2
,

3

2
1

2
2

ˆ ˆ
ˆ1

ˆ ˆ ˆˆ ( )1

( , )

( , )

cos 1

8

(

ˆ

) sin( )

co

ˆ ˆ1

jq
q
F

q
F

em s q N
j

j q gbj f T bj e

h S k

jq jq

p F

T

T

k
h

k k

j
dG xx

z

xxQ
z q z

ed M
dx dQ dz dq d x S Q C

qdz dx x
d

x
z x

D k
x

x

z

x
x

Q

G

  


 

 =

=

=

é ìïïê´ íê ïïîë
üæ ö ï÷ ïç ÷+ç ý÷ç ÷

-

¶ ¶
-

¶ - ¶ç ïè ø ï

-

-

þ

-

å

åò ò 

 

C

2

2

23 ( ,sin( ) sin(2 )1 ˆ ˆ 1 1
ˆˆ

s( )
ˆ2

1) 1jq jq
h

h S

T

q
F

T
hz x z

x q
Q

G x
q

    ù- æ öæ ö æ öæ ö÷ç÷ ÷ ÷ç ç çú ÷+ - - -÷ ç ÷ ÷ç ç ç ÷÷ ÷ ÷çç ç çú ÷çè ø è øè øè øû
 

ˆ ˆ,  bj fx z
x z

x z
= =

h f TP z q^ º

( )( )
5 tw2

unpol
2 2

2 2 3
em

2 2 2
1

2

2( ) ( )

8

1 1    1

cos 1

( ) 1
ˆ

(ˆ
ˆ

ˆ )q g

s q

kbj epbj f T h

qq g Tq
k

h

q qk D

e
x S Q

qdx dz
x z Q

k

f x f x

d
dx dQ dz dq d

D z
x z

z

=

=

æ öæ öæ ö÷ç ÷ ÷é ù ç ç ÷´ + - - -ç ÷ ÷ç çê ú ÷ë û ÷ ÷ç ç ç ÷ç è øè øø

-

è

å

ò

s a

p

d

f

a
f

 

( )
4 22 2 2

1 2 2 2 2

1ˆ ˆˆ2 (1 cosh ) 6 8 ,
ˆ ˆ

qq
F T

T

QC xz Q q
Q q x z

é ùì üæ öï ï÷ï ïçê ú÷= + + - + -çí ý÷ê úç ÷çï ïè øê úï ïî þë û
y

2 2
2

2 3 1ˆ ˆ ˆ ˆ ˆˆ ˆ4 sinh 2 ,  4 sinh ,  qq qq gqT
F F

T

Q qC xz C xz
Qq
+

=- = =y y  

2

2
cosh 1bj epx S

Q
 º -



Master Formula Koike, Tanaka, PLB646 (’07)
 

232; 668 (’08) 458(E) 

twist-2 hard part

( ) ( , )q
q Ff x G x x

( ) ( )j j jD z zD z C

( )( )
5 tw2

unpol
2 2

2 2 3
em

2 2 2
1

2

2( ) ( )

8

1 1    1

cos 1

( ) 1
ˆ

(ˆ
ˆ

ˆ )q g

s q

kbj epbj f T h

qq g Tq
k

h

q qk D

e
x S Q

qdx dz
x z Q

k

f x f x

d
dx dQ dz dq d

D z
x z

z

=

=

æ öæ öæ ö÷ç ÷ ÷é ù ç ç ÷´ + - - -ç ÷ ÷ç çê ú ÷ë û ÷ ÷ç ç ç ÷ç è øè øø

-

è

å

ò

s a

p

d

f

a
f

 

( )
4 22 2 2

1 2 2 2 2

1ˆ ˆˆ2 (1 cosh ) 6 8 ,
ˆ ˆ

qq
F T

T

QC xz Q q
Q q x z

é ùì üæ öï ï÷ï ïçê ú÷= + + - + -çí ý÷ê úç ÷çï ïè øê úï ïî þë û
y

2 2
2

2 3 1ˆ ˆ ˆ ˆ ˆˆ ˆ4 sinh 2 ,  4 sinh ,  qq qq gqT
F F

T

Q qC xz C xz
Qq
+

=- = =y y  

2

2
cosh 1bj epx S

Q
 º -



Relevant diagram SFPs for & HP
( )

1 2( , ) ( )FG x x D zÄ Ä


1
1

tw3

2

2
2

( , )~ Tr s
s

a
as ^

^ =

é ù¶ê ú
ê ú¶ê úë û

ò
i i

pn

k

S

x p

p
dx dx dz

k

S k
d

k
p

(0, )FG x (0, )FG x1 2
2 1 1 2

2

( , )( ) ( , ) 0
i ik x p

S k k px x S x p x p
k

s
s

aa
=

¶
- + =

¶ ( , )F b jG x x ( , )
F b jG x x

SFP
HP

＋mirror diagrams ＋mirror diagrams



Relevant diagram SFPs for & HP
( )

1 2( , ) ( )FG x x D zÄ Ä


1
1

tw3

2

2
2

( , )~ Tr s
s

a
as ^

^ =

é ù¶ê ú
ê ú¶ê úë û

ò
i i

pn

k

S

x p

p
dx dx dz

k

S k
d

k
p

(0, )FG x (0, )FG x1 2
2 1 1 2

2

( , )( ) ( , ) 0
i ik x p

S k k px x S x p x p
k

s
s

aa
=

¶
- + =

¶ ( , )F b jG x x ( , )
F b jG x x

SFP
HP

( ):qD z

tw3 tw3 tw3
1 2

tw3 tw3
4 5

3sin( ) cos( ) cos(

cos( ) sin( ) si

)

(

2

n 2 )f f s f s f

f f s s f s fé ù- + +ê úë
é ù+ - +ê úë û

ûh S h

S h

h

h h

tw3,HPtw3,HP
2
tw3,

4
tw3,HHP P

3 5

s

s

s

s

=

=

＋mirror diagrams ＋mirror diagrams



Relevant diagram SFPs for & HP
( )

1 2( , ) ( )FG x x D zÄ Ä


1
1

tw3

2

2
2

( , )~ Tr s
s

a
as ^

^ =

é ù¶ê ú
ê ú¶ê úë û

ò
i i

pn

k

S

x p

p
dx dx dz

k

S k
d

k
p

(0, )FG x (0, )FG x1 2
2 1 1 2

2

( , )( ) ( , ) 0
i ik x p

S k k px x S x p x p
k

s
s

aa
=

¶
- + =

¶ ( , )F b jG x x ( , )
F b jG x x

SFP
HP

( ):gD z

tw3 tw3 tw3
1 2

tw3 tw3
4 5

3sin( ) cos( ) cos(

cos( ) sin( ) si

)

(

2

n 2 )f f s f s f

f f s s f s fé ù- + +ê úë
é ù+ - +ê úë û

ûh S h

S h

h

h h

tw3,HPtw3,HP
2
tw3,

4
tw3,HHP P

3 5

s

s

s

s

=

=

＋mirror diagrams ＋mirror diagrams



update #2: new partonic
 

subprocesses



new partonic subprocesses for SFP
( )

1 2( , ) ( )FG x x D zÄ Ä


1
1

tw3

2

2
2

( , )~ Tr s
s

a
as ^

^ =

é ù¶ê ú
ê ú¶ê úë û

ò
i i

pn

k

S

x p

p
dx dx dz

k

S k
d

k
p

(0, )FG x (0, )FG x SFP

＋mirror diagrams



new partonic subprocesses for SFP
( )

1 2( , ) ( )FG x x D zÄ Ä


1
1

tw3

2

2
2

( , )~ Tr s
s

a
as ^

^ =

é ù¶ê ú
ê ú¶ê úë û

ò
i i

pn

k

S

x p

p
dx dx dz

k

S k
d

k
p

(0, )FG x (0, )FG x SFP

＋mirror diagrams

＋mirror diagrams



new partonic subprocesses for SFP
( )

1 2( , ) ( )FG x x D zÄ Ä


1
1

tw3

2

2
2

( , )~ Tr s
s

a
as ^

^ =

é ù¶ê ú
ê ú¶ê úë û

ò
i i

pn

k

S

x p

p
dx dx dz

k

S k
d

k
p

(0, )FG x (0, )FG x SFP

Koike, Vogelsang, Yuan
 

PLB659 (’07)
 

878

＋mirror diagrams ＋mirror diagrams



new partonic subprocesses for SFP
( )

1 2( , ) ( )FG x x D zÄ Ä


1tw3
1

2

2
2

( , )~ Tr s
s

a
as ^

^ =

é ù¶ê ú
ê ú¶ê úë û

ò
i i

pn

k

S

x p

p
dx dx dz

k

S k
d

k
p

(0, )FG x (0, )FG x SFP

Koike, Vogelsang, Yuan
 

PLB659 (’07)
 

878
Cancel!!

( ) :qD z

＋mirror diagrams
＋mirror diagrams



new partonic subprocesses for SFP
( )

1 2( , ) ( )FG x x D zÄ Ä


1tw3
1

2

2
2

( , )~ Tr s
s

a
as ^

^ =

é ù¶ê ú
ê ú¶ê úë û

ò
i i

pn

k

S

x p

p
dx dx dz

k

S k
d

k
p

(0, )FG x (0, )FG x SFP( ) :qD z
( ) :gD z

SFP SFPˆ ˆ( ) ( ) =- s p s pq g
tw3 tw3 tw3
1 2

tw3 tw3
4 5

3sin( ) cos( ) cos(

cos( ) sin( ) si

)

(

2

n 2 )f f s f s f

f f s s f s fé ù- + +ê úë
é ù+ - +ê úë û

ûh S h

S h

h

h h

＋mirror diagrams ＋mirror diagrams



( )

1 2( , ) ( )FG x x D zÄ Ä


1
1

tw3

2

2
2

( , )~ Tr s
s

a
as ^

^ =

é ù¶ê ú
ê ú¶ê úë û

ò
i i

pn

k

S

x p

p
dx dx dz

k
S k

d
k

p

( , )-F bj bjG x x x ( , )-
F bj bjG x x x

0bjx x- <

new partonic subprocesses for HP

＋mirror diagrams



Relevant diagram SFPs for & HP
( )

1 2( , ) ( )FG x x D zÄ Ä


1
1

tw3

2

2
2

( , )~ Tr s
s

a
as ^

^ =

é ù¶ê ú
ê ú¶ê úë û

ò
i i

pn

k

S

x p

p
dx dx dz

k

S k
d

k
p

(0, )FG x (0, )FG x1 2
2 1 1 2

2

( , )( ) ( , ) 0
i ik x p

S k k px x S x p x p
k

s
s

aa
=

¶
- + =

¶ ( , )F b jG x x ( , )
F b jG x x

SFP
HP

＋mirror diagrams ＋mirror diagrams



( )

1 2( , ) ( )FG x x D zÄ Ä


1
1

tw3

2

2
2

( , )~ Tr s
s

a
as ^

^ =

é ù¶ê ú
ê ú¶ê úë û

ò
i i

pn

k

S

x p

p
dx dx dz

k
S k

d
k

p

( , )-F bj bjG x x x ( , )-
F bj bjG x x x

0bjx x- <

new partonic subprocesses for HP

＋mirror diagrams



( )

1 2( , ) ( )FG x x D zÄ Ä


1
1

tw3

2

2
2

( , )~ Tr s
s

a
as ^

^ =

é ù¶ê ú
ê ú¶ê úë û

ò
i i

pn

k

S

x p

p
dx dx dz

k
S k

d
k

p

( , )-F bj bjG x x x ( , )-
F bj bjG x x x

0bjx x- <

new partonic subprocesses for HP

( ) :qD z

tw3 tw3
1 2

tw3
3

tw3 tw3
4 5

sin( ) cos( )

                        cos(2 )

cos( ) sin( ) sin(2 )

f f s s f

s f

f f s f s f

é- +êë
ù+ úû

é ù+ - +ê úë û

h S h

h

h S h h

tw3,HPtw3,HP
2
tw3,

4
tw3,HHP P

3 5

s

s

s

s

¹

¹＋mirror diagrams



Relevant diagram SFPs for & HP
( )

1 2( , ) ( )FG x x D zÄ Ä


1
1

tw3

2

2
2

( , )~ Tr s
s

a
as ^

^ =

é ù¶ê ú
ê ú¶ê úë û

ò
i i

pn

k

S

x p

p
dx dx dz

k

S k
d

k
p

(0, )FG x (0, )FG x1 2
2 1 1 2

2

( , )( ) ( , ) 0
i ik x p

S k k px x S x p x p
k

s
s

aa
=

¶
- + =

¶ ( , )F b jG x x ( , )
F b jG x x

SFP

HP
( ):qD z

tw3 tw3 tw3
1 2

tw3 tw3
4 5

3sin( ) cos( ) cos(

cos( ) sin( ) si

)

(

2

n 2 )f f s f s f

f f s s f s fé ù- + +ê úë
é ù+ - +ê úë û

ûh S h

S h

h

h h

tw3,HPtw3,HP
2
tw3,

4
tw3,HHP P

3 5

s

s

s

s

=

=

＋mirror diagrams ＋mirror diagrams



( )

1 2( , ) ( )FG x x D zÄ Ä


1
1

tw3

2

2
2

( , )~ Tr s
s

a
as ^

^ =

é ù¶ê ú
ê ú¶ê úë û

ò
i i

pn

k

S

x p

p
dx dx dz

k
S k

d
k

p

( , )-F bj bjG x x x ( , )-
F bj bjG x x x

0bjx x- <

new partonic subprocesses for HP

( ) :qD z

tw3 tw3
1 2

tw3
3

tw3 tw3
4 5

sin( ) cos( )

                        cos(2 )

cos( ) sin( ) sin(2 )

f f s s f

s f

f f s f s f

é- +êë
ù+ úû

é ù+ - +ê úë û

h S h

h

h S h h

tw3,HPtw3,HP
2
tw3,

4
tw3,HHP P

3 5

s

s

s

s

¹

¹
＋mirror diagrams



2 2

2 2 2 2 2

2

, , ,

tw3 1 1 1 1

((

ˆ ˆ8 4

ˆ ˆ ˆ

       

, , 0) ( )

    

( ),

 

)

 

em S N

bj ep f

ja ja ja
a

a q q j q q

a a a
D F

g
G F F

k

k k k

h

Fj

M Pdx dz
x S Q x z z Q x

xD z x x x x

z

de x G G
d

G
x= =

^
æ öæ ö æ öæ ö- ÷ç÷ ÷ ÷ç ç ç ÷ç= - - -÷ ÷ ÷÷ç ç çç÷ ÷ ÷ç çç ÷è øè øè ø ÷çè ø

é æ ö÷çê´ + +÷ç ÷çê è øë

ò ò

å å

a a p
d

p

s s s

s

( )ˆ ˆ       ( ), , ]bj bj bj
a a

Ho F Hn
a

k
ja

k F
j x x xG x xG+ + -s s ( )termsFG+

tw3 tw3 tw3
1 2 3

tw3 tw3
4

2 2

5

5 tw3

                           

sin( ) cos( ) cos(2 )

cos( ) sin( ) sin(  2 )

h S h h

h

h

S h h

bj f

d
dx dQ dz dP d^

é ù= + +ê úë û

é ù+ +ê úë û

-

-

s
f f f fs

f
s

s sf f

s

f f



ˆ ˆ,  bj fx z
x z

x z
= =



h f TP z q^ º



[ ]sin( )
3~ ,SGP,HPo HPnh S N s

h

MF
P

f f a-

^

5 tw3
sin( ) sin(2 )

2 2

sin( ) sin(3 ) sin( )

sin( ) sin(2 )

             sin( ) sin(3 ) sin( )

h S h S

S h S h S

h S h S
bj f h h

S h S h S

d F F
dQ dx dz dP d

F F F

f f f f

f f f f f

s
f f f f

f

f f f f f

- -

^

- +

= - + -

+ + - + +

[ ]3 SGP,HPoN s

hP
M a

^

Koike, Vogelsang, Yuan
 

(’07)
Ji, Qiu, Vogelsang, Yuan

 

(’06) 

TMD-Collins

[ ]sin(2 )
2~ ,SGP,HPo HPnh S N s

h

MF
QP

f f a-

^

[ ]sin( )
2~ HPnSGP,S N s

h

MF
QP

f a

^

[ ]sin(3 )
2 SGP,HP~ oh S N s

h

MF
Q P

f f a-

^

[ ]sin( ) HPSGP n~ ,h S N s

h

MF
P

f f a+

^

sin( )
3~h S N s

h

MF
P

+

^

f f a

With the present updates, 

no change for the power behaviors

TMD-Sivers

QCD hP Q^L  

but new HP contribution (HPn) survives!

tw3 fragmentation

Yuan, Zhou (’09)



Making contact with TMD factorization approach

low hP ^high hP ^
: twist-3 mechanism : TMD distribution



Making contact with TMD factorization approach

low hP ^high hP ^
: twist-3 mechanism : TMD distribution

1 2 1( )

2 2
| (0) (( )  ) | 

i x i x x

gF nS

d d e e

p n p S

-

^
+

^´á ñ

ò ò l z

m

l m
p p

y y lz



Making contact with TMD factorization approach

low hP ^high hP ^
: twist-3 mechanism : TMD distribution

QCD hP Q^L  

SGP type

Ji, Qiu, Vogelsang, Yuan, PLB638 (’06) 178



Making contact with TMD factorization approach

low hP ^high hP ^
: twist-3 mechanism : TMD distribution

QCD hP Q^L  

Ji, Qiu, Vogelsang, Yuan, PLB638 (’06) 178

HPo
 

type



[ ]sin( )
3~ ,SGP,HPo HPnh S N s

h

MF
P

f f a-

^

5 tw3
sin( ) sin(2 )

2 2

sin( ) sin(3 ) sin( )

sin( ) sin(2 )

             sin( ) sin(3 ) sin( )

h S h S

S h S h S

h S h S
bj f h h

S h S h S

d F F
dQ dx dz dP d

F F F

f f f f

f f f f f

s
f f f f

f

f f f f f

- -

^

- +

= - + -

+ + - + +

[ ]3 SGP,HPoN s

hP
M a

^

Koike, Vogelsang, Yuan
 

(’07)
Ji, Qiu, Vogelsang, Yuan

 

(’06) 

TMD-Collins

[ ]sin(2 )
2~ ,SGP,HPo HPnh S N s

h

MF
QP

f f a-

^

[ ]sin( )
2~ HPnSGP,S N s

h

MF
QP

f a

^

[ ]sin(3 )
2 SGP,HP~ oh S N s

h

MF
Q P

f f a-

^

[ ]sin( ) HPSGP n~ ,h S N s

h

MF
P

f f a+

^

sin( )
3~h S N s

h

MF
P

+

^

f f a

With the present updates, 

no change for the power behaviors

TMD-Sivers

QCD hP Q^L  

but new HP contribution (HPn) survives!

tw3 fragmentation

Yuan, Zhou (’09)



Making contact with TMD factorization approach

low hP ^high hP ^
: twist-3 mechanism : TMD distribution

QCD hP Q^L  

HPn
 

type





( )qD z

( )gD z
＋mirror diagrams

＋mirror diagrams

Relevant diagrams for SGP
( )

1 2( , ) ( )FG x x D zÄ Ä


1tw3
1

2

2
2

( , )~ Tr s
s

a
as ^

^ =

é ù¶ê ú
ê ú¶ê úë û

ò
i i

pn

k

S

x p

p
dx dx dz

k

S k
d

k
p

( , ),F

d
G x x

dx
( , )FG x x ( )( , ) 0FG x x =



Master Formula Koike, Tanaka, PLB646 (’07)
 

232; 668 (’08) 458(E) 

( ) ( , )q
q Ff x G x x

( ) ( )j j jD z zD z C

( )( )
5 tw2

unpol
2 2

2 2 3
em

2 2 2
1

2

2( ) ( )

8

1 1    1

cos 1

( ) 1
ˆ

(ˆ
ˆ

ˆ )q g

s q

kbj epbj f T h

qq g Tq
k

h

q qk D

e
x S Q

qdx dz
x z Q

k

f x f x

d
dx dQ dz dq d

D z
x z

z

=

=

æ öæ öæ ö÷ç ÷ ÷é ù ç ç ÷´ + - - -ç ÷ ÷ç çê ú ÷ë û ÷ ÷ç ç ç ÷ç è øè øø

-

è

å

ò

s a

p

d

f

a
f

 

( )
4 22 2 2

1 2 2 2 2

1ˆ ˆˆ2 (1 cosh ) 6 8 ,
ˆ ˆ

qq
F T

T

QC xz Q q
Q q x z

é ùì üæ öï ï÷ï ïçê ú÷= + + - + -çí ý÷ê úç ÷çï ïè øê úï ïî þë û
y

2 2
2

2 3 1ˆ ˆ ˆ ˆ ˆˆ ˆ4 sinh 2 ,  4 sinh ,  qq qq gqT
F F

T

Q qC xz C xz
Qq
+

=- = =y y  

2

2
cosh 1bj epx S

Q
 º -

twist-2 hard part



new partonic subprocesses for SFP
( )

1 2( , ) ( )FG x x D zÄ Ä


1tw3
1

2

2
2

( , )~ Tr s
s

a
as ^

^ =

é ù¶ê ú
ê ú¶ê úë û

ò
i i

pn

k

S

x p

p
dx dx dz

k

S k
d

k
p

(0, )FG x (0, )FG x SFP( ) :qD z
( ) :gD z

SFP SFPˆ ˆ( ) ( ) =- s p s pq g
tw3 tw3 tw3
1 2

tw3 tw3
4 5

3sin( ) cos( ) cos(

cos( ) sin( ) si

)

(

2

n 2 )f f s f s f

f f s s f s fé ù- + +ê úë
é ù+ - +ê úë û

ûh S h

S h

h

h h

＋mirror diagrams ＋mirror diagrams



Relevant diagram SFPs for & HP
( )

1 2( , ) ( )FG x x D zÄ Ä


1
1

tw3

2

2
2

( , )~ Tr s
s

a
as ^

^ =

é ù¶ê ú
ê ú¶ê úë û

ò
i i

pn

k

S

x p

p
dx dx dz

k

S k
d

k
p

(0, )FG x (0, )FG x1 2
2 1 1 2

2

( , )( ) ( , ) 0
i ik x p

S k k px x S x p x p
k

s
s

aa
=

¶
- + =

¶ ( , )F b jG x x ( , )
F b jG x x

SFP

HP
( ):qD z

tw3 tw3 tw3
1 2

tw3 tw3
4 5

3sin( ) cos( ) cos(

cos( ) sin( ) si

)

(

2

n 2 )f f s f s f

f f s s f s fé ù- + +ê úë
é ù+ - +ê úë û

ûh S h

S h

h

h h

tw3,HPtw3,HP
2
tw3,

4
tw3,HHP P

3 5

s

s

s

s

=

=

＋mirror diagrams ＋mirror diagrams



( )

1 2( , ) ( )FG x x D zÄ Ä


1
1

tw3

2

2
2

( , )~ Tr s
s

a
as ^

^ =

é ù¶ê ú
ê ú¶ê úë û

ò
i i

pn

k

S

x p

p
dx dx dz

k
S k

d
k

p

( , )-F bj bjG x x x ( , )-
F bj bjG x x x

0bjx x- <

new partonic subprocesses for HP

( ) :qD z

tw3 tw3
1 2

tw3
3

tw3 tw3
4 5

sin( ) cos( )

                        cos(2 )

cos( ) sin( ) sin(2 )

f f s s f

s f

f f s f s f

é- +êë
ù+ úû

é ù+ - +ê úë û

h S h

h

h S h h

tw3,HPtw3,HP
2
tw3,

4
tw3,HHP P

3 5

s

s

s

s

¹

¹＋mirror diagrams





Cancel!!



(new) HP contribution is leading in most azimuthal structures, e.g. in 
that for the Sivers

 
asymmetry

Not only qg
 

final states, but also qqbar
 

final states 

Twist-3 single-spin dep. cross section vanishes in inclusive DIS limit
cancellation of final-state interations

connection with TMD approach

SFP contribution is subleading
 

in all azimuthal structures

Five structure functions with different azimuthal-dependence contribute 
(       TMD factorization approach) 

tw3 tw3
4 5cos( ) sin( ) sin(2 )f f f fs sé ù+ - +ê úë ûh S h h

Summary

QCD hP Q^L  
new SFP & HP contributions



quantitative roles ?
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