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Collinear Expansion

dσ =
g 4

Z

32s
Lµ′ν ′ (l1, l2)D

µ′µ
F
(q)Dν ′ν∗

F
(q)Wµν (q , p, S)

d 3 p

(2π)22Ep

Wµν

q k

p

qq k

p

2

W (0)
µν (q , p, S) =

∫

d 4k

(2π)4
Tr
h

Ĥ (0)µν (k , q)Π̂(0)(k , p, S)
i

Ĥ (0)µν (k) = Γ
q
µ(/q − /k)Γ

q
ν (2π)δ+
�

(q − k)2
�

Π̂(0)(k) =
1

2π

∑

X

∫

d 4ξ e−i kξ 〈0|ψ(0)|hX〉〈hX|ψ̄(ξ )|0〉
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Collinear Expansion

q k

p

q q

p

q

p

q

Wµν =W (0)
µν +W (1)

µν +W (2)
µν + · · ·

Where,

W (1,L)
µν (q , p, S) =

∫

d 4k1

(2π)4
d 4k2

(2π)4
Tr[Ĥ (1,L)ρ

µν (k1, k2, q)Π̂(1,L)
ρ (k1, k2, p, S)]

Ĥ (1,L)ρ
µν (k1, k2) = Γ

q
µ(/q − /k1)γ

ρ
/k2− /q

(k2− q)2− iε
Γq
ν (2π)δ+
�

(q − k1)
2
�

Π̂(1,L)
ρ (k1, k2) =

1

2π

∑

X

∫

d 4ξ d 4ηe−i k1ξ e−i(k2−k1)η〈0|gAρ(η)ψ(0)|hX〉〈hX|ψ̄(ξ )|0〉
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Collinear Expansion

Taylor Expansion

Ĥ (0)µν (k) =Ĥ (0)µν (z)+
∂ Ĥ (0)µν (k)

∂ kρ

�

�

�

�

�

�

k=p+/z

ω ρ′
ρ kρ′ + · · ·

=Ĥ (0)µν (z)− (Ĥ
(1L)ρ
µν (z, z)+ Ĥ (1R)ρ

µν (z, z))ω ρ′
ρ kρ′ + · · ·

Ĥ (1L)ρ
µν (k1,k2) = Ĥ (1L)ρ

µν (z1, z2)+ · · ·

Gluon Fields

Aρ =A+ n̄ρ+ω
ρ′
ρ Aρ′

Ward Identities

p+ n̄ρĤ (1L)ρ
µν (z1, z2) =−

z1 z2

z2− z1− iε
Ĥ (0)µν (z1)

W (0)
µν =H (0)(k)Φ0 =H (0)µν (z)×φ0+H (1)µν (z)×φ1+ · · ·

W (1)
µν =H (1)(k)Φ1 =H (0)µν (z)×φ2+H (1)µν (z)×φ3+ · · ·
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Collinear Expansion

Wµν =W (0)
µν +W (1)

µν +W (2)
µν + · · · ⇒ Wµν = W̃ (0)

µν +W̃ (1)
µν +W̃ (2)

µν + · · ·

Inclusive Process

W̃ (0)
µν =

1

2
Tr
h

ĥ(0)µν Ξ̂
(0)(zB , p, S)
i

⇒ twist 2, twist 3, · · ·

W̃ (1L)
µν =−

1

4 p · q
Tr
�

ĥ(1)ρµν ω ρ′
ρ Ξ̂

(1)

ρ′
(zB , p, S)
�

⇒ twist 3, · · ·

Semi-inclusive Process

W̃ (0,si)
µν =

1

2
Tr
h

ĥ(0)µν Ξ̂
(0)(zB , k ′⊥, p, S)
i

⇒ twist 2, twist 3, · · ·

W̃ (1,L,si)
µν =−

1

4 p · q
Tr
�

ĥ(1)ρµν ω
ρ′
ρ Ξ̂

(1,L)

ρ′
(zB , k ′⊥, p, S)
�

⇒ twist 3, · · ·
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Collinear Expansion

Inclusive Process

Ξ̂(0)(z, p, S) =
∑

X

∫

p+dξ −

2π
e−i k+ξ− 〈0|L†(0−,∞)ψ(0)|hX〉〈hX|ψ̄(ξ −)L(ξ −,∞)|0〉

Ξ̂(1)ρ (z, p, S) =
∑

X

∫

p+dξ −

2π
e−i k+ξ− 〈0|L†(0,∞)[Dρ(0)ψ(0)]|hX〉〈hX|ψ̄(ξ −)L(ξ −,∞)|0〉

Semi-inclusive Process

Ξ̂(0)(z, k⊥, p, S) =
∑

X

∫

p+dξ −d 2ξ⊥
2π

e−i k+ξ−+i k⊥ ·ξ⊥ 〈0|L†(0,∞)ψ(0)|hX〉〈hX|ψ̄(ξ )L(ξ ,∞)|0〉

Ξ̂(1)ρ (z, k⊥, p, S) =
∑

X

∫

p+dξ −d 2ξ⊥
2π

e−i k+ξ−+i k⊥ ·ξ⊥ 〈0|L†(0,∞)D̂ρ(0)ψ(0)|hX〉〈hX|ψ̄(ξ )L(ξ ,∞)|0〉
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Collinear Expansion

W
µν

0
∝Tr[γµ/nγ ν Ξ̂(0)]

Gamma Matrices Expansion

Ξ̂(0)(z, p, S, k⊥) =Ξ
(0)
α
(z, p, S, k⊥)γ

α+ Ξ̃(0)
α
(z, p, S, k⊥)γ5γ

α+ ...

Ξ̂(1)
ρ
(z, p, S, k⊥) =Ξ

(1)
ρα
(z, p, S, k⊥)γ

α+ Ξ̃(1)
ρα
(z, p, S, k⊥)γ5γ

α+ ...

Parity Conservation

Ξ(0)
α
(V ,A) = Ξ(0)α(Ṽ ,−Ã) V : Vector

Ξ̃(0)
α
(V ,A) =−Ξ̃(0)α(Ṽ ,−Ã) A : Axis Vector

Ṽ µ =Vµ
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Collinear Expansion

Spin Density Matrix (Particle Rest Frame)

Spin
1

2
ρ=
�

ρ++ ρ+−
ρ−+ ρ−−

�

=
1

2
(1+ S iσ i )

Spin 1 ρ=







ρ++ ρ+0 ρ+−
ρ0+ ρ00 ρ0−
ρ−+ ρ−0 ρ−−






=

1

3
+

1

2
S iσ i +T i jΣi j

Relativistic Case pρ = (p+, M 2/2 p+,~0⊥)

Sρ = λh

�

p+

M
n̄ρ−

M

2 p+
nρ
�

+ S
ρ
⊥

T µν =
1

2

n 4

3
SLL

h

(
p+

M
)2 n̄µ n̄ν +(

M

2 p+
)2nµnν −

1

2
(n̄{µnν}− g

µν
⊥ )
i

+[
p+

M
n̄{µ−

M

2 p+
n{µ]Sν}

LT
+ S

µν
T T

o
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Inclusive Process e++ e−→ h+X

Inclusive Process

W̃ (0)
µν =

1

2
Tr
h

ĥ(0)µνγα
i

Ξ(0)α(zB , p, S)+
1

2
Tr
h

ĥ(0)µνγ5γα
i

Ξ̃(0)α(zB , p, S)

W̃ (1L)
µν =−

1

4 p · q
Tr
h

ĥ(1)ρµν γα
i

ω ρ′
ρ Ξ

(1)α

ρ′
(zB , p, S)−

1

4 p · q
Tr
h

ĥ(1)ρµν γ5γα
i

ω ρ′
ρ Ξ̃

(1)

ρ′
(zB , p, S)

Ξ(0)α(z, p, S) =
∑

X

∫

p+dξ −

2π
e−i k+ξ−Tr[γα〈0|L†(0−,∞)ψ(0)|hX〉〈hX|ψ̄(ξ −)L(ξ −,∞)|0〉]

Ξ(1)αρ (z, p, S) =
∑

X

∫

p+dξ −

2π
e−i k+ξ−Tr[γα〈0|L†(0,∞)[Dρ(0)ψ(0)]|hX〉〈hX|ψ̄(ξ −)L(ξ −,∞)|0〉]

· · ·
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Inclusive Process e++ e−→ h+X

Lorentz Structures Up to Twist-3

Spin Independent zΞ(0)α = pαD1(z)

Spin Vector

zΞ(0)α =Mεαγ⊥ S⊥γDT (z)

zΞ̃(0)α = λh pα∆D1L(z)+M Sα⊥∆DT (z)

zΞ(1)ρα =Mεργ⊥ S⊥γ pαξ (1)⊥S
(z)

zΞ̃(1)ρα = i M S
ρ
⊥ pα ξ̃ (1)⊥S

(z)

Spin Tensor

zΞ(0)α = SLL pαD1LL(z)+M Sα
LT

DLT (z)

zΞ̃(0)α =Mεαγ⊥ SLT ,γ∆DLT (z)

zΞ(1)ρα =M S
ρ
LT
ξ (1)

LT S
(z)pα

zΞ̃(1)ρα = i Mεργ⊥ SLT ,γ ξ̃
(1)

LT S
(z)pα
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Inclusive Process e++ e−→ h+X

Leading twist fragmentation functions (possibility density)

D1(z) quark→∑S hadron

∆D1L(z) longitudinally polarized quark→ longitudinally polarized hadron

D1LL(z) quark→ LL polarized hadron

Twist-3 fragmentation functions

Vector Polarized Hadron

DT (z),∆DT (z)

Tensor Polarized Hadron

DLT (z),∆DLT (z)
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Inclusive Process e++ e−→ h+X

Gauge Invariant Hadronic Tensor

Spin-0 W̃µν =− 2
z

�

c
q
1

dµν + i c
q
3
ε⊥µν
�

D1(z)

Spin- 1
2

W̃µν =
2
z

n

−
�

c
q
1

dµν + i c
q
3
ε⊥µν
�

D1(z)+λh

�

c
q
3

dµν + i c
q
1
ε⊥µν
�

∆D1L(z)

+ M
p·q
�

c
q
1
(q − 2 p/z){µε⊥ν}γ S

γ
⊥+ i c

q
3
(q − 2 p/z)[µS⊥ν]

�

DT (z)

− M
p·q
�

c
q
3
(q − 2 p/z){µS⊥ν}− i c

q
1
(q − 2 p/z)[µε⊥ν]γ S

γ
⊥
�

∆DT (z)
o

Spin-1

W̃µν =
2
z

n

−
�

c
q
1

dµν + i c
q
3
ε⊥µν
�

[D1+ SLLD1LL]+λh

�

c
q
3

dµν + i c
q
1
ε⊥µν
�

∆D1L

+ M
p·q
�

c
q
1
(q − 2 p/z){µε⊥ν}γ S

γ
⊥+ i c

q
3
(q − 2 p/z)[µS⊥ν]

�

DT (z)

+ M
p·q
�

c
q
1
(q − 2 p/z){µSLT ,ν}− i c

q
3
(q − 2 p/z)[µε⊥ν]γ S

γ
LT

�

DLT (z)

− M
p·q
�

c
q
3
(q − 2 p/z){µS⊥ν}− i c

q
1
(q − 2 p/z)[µε⊥ν]γ S

γ
⊥
�

∆DT (z)

− M
p·q
�

c
q
3
(q − 2 p/z){µε⊥ν}γ S

γ
LT
+ i c

q
1
(q − 2 p/z)[µSLT ,ν]

�

∆DLT (z)
o
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Inclusive Process e++ e−→ h+X

Spin-0 Hadrons - e+e−→ Z0→ hX

d 2σ

d zd y
=
∑

q

2πα2

Q2
χT

q
0
(y)D

q→h
1
(z).

D
q→h
1
(z) =

z

4

∑

X

∫

dξ −

2π
e−i p+ξ−/z Tr
�

γ+〈0|L†(0,∞)ψ(0)|hX 〉〈hX |ψ̄(ξ −)L(ξ −,∞)|0〉
�

For e+e−→ γ ∗→ qq̄→ hX,

dσem

d z
=
∑

q

4πα2

3Q2
e2

q
D

q→h
1
(z)
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Inclusive Process e++ e−→ h+X

Spin-1/2 Hadrons - e+e−→ Z0→ hX

d 2σ

d zd y
= χ

2πα2

Q2

n

�

T0(y)D1(z)+λhT1(y)∆D1L(z)
�

+
4M

zQ2

�

T2(y)DT (z)ε
l⊥S⊥
⊥ +T3(y)∆DT (z)l⊥ · S⊥

�

o

PLh(z, y) =

∑

q Pq (y)T
q

0
(y)∆D

q→h

1L
(z)

∑

q T
q

0
(y)D

q→h
1
(z)

Pq : Longitudinal polarization of quark

∆Dq→h

1L
(z): Longitudinally polarized quark→ Longitudinally polarized hadron

NPB, 1980, J.E. Augustin, F.M. Renard

PL at
p

s = 100 GeV

Shu-yi Wei (Shandong U.) Higher twist effects in e+e− annihilation at high energies 15



Inclusive Process e++ e−→ h+X

Spin-1/2 Hadrons - e+e−→ Z0→ hX

d 2σ

d zd y
= χ

2πα2

Q2

n

�

T0(y)D1(z)+λhT1(y)∆D1L(z)
�

+
4M

zQ2

�

T2(y)DT (z)ε
l⊥S⊥
⊥ +T3(y)∆DT (z)l⊥ · S⊥

�

o

Phx(z, y) =−
4M

zQ

∑

q T̃
q

3
(y)∆D

q→h

T
(z)

∑

q T
q

0
(y)D

q→h
1
(z)

Phy(z, y) =
4M

zQ

∑

q T̃
q

2
(y)D

q→h

T
(z)

∑

q T
q

0
(y)D

q→h
1
(z)

Pq : Longitudinal polarization of quark

∆Dq→h

1L
(z): Longitudinally polarized quark→ Longitudinally polarized hadron
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Inclusive Process e++ e−→ h+X

Spin-1/2 Hadrons - e+e−→ γ ∗→ hX

dσem

d zd y
=

2πα2e2
q

Q2

n

A(y)D1(z)+
4M

zQ2
B(y)DT (z)ε

l⊥S⊥
⊥

o

.

PLh(z, y) = 0 P em
hx
(z, y) = 0

P em
hy
(z, y) =

4M

zQ

p

y(1− y)(1− 2y)

(1− y)2+ y2

∑

q e2
q

D
q→h

T
(z)

∑

q e2
q

D
q→h
1
(z)

M S2
⊥DT (z) =

z

4

∑

X

∫

p+dξ −

2π
e−i p+ξ−/zεαγ⊥ S⊥γTr[γα〈0|L†(0,∞)ψ(0)|hX〉〈hX|ψ̄(ξ −)L(ξ −,∞)|0〉]
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Inclusive Process e++ e−→ h+X

Spin-1 Hadrons - e+e−→ Z0→ hX

dσ

d zd y
= χ

2πα2

Q2

n

�

T0(y)D1(z)+T0(y)SLLD1LL(z)+λhT1(y)∆D1L(z)
�

+
4M

zQ2

�

T2(y)ε
l⊥S⊥
⊥ DT (z)+T3(y)l⊥ · S⊥∆DT (z)

�

+
4M

zQ2

�

T2(y)l⊥ · SLT DLT (z)+T3(y)ε
l⊥SLT

⊥ ∆DLT (z)
�

o

Spin alignment

ρ00 =
1

3
−

1

3

∑

q t
q
0

D
q→h

1LL
(z)

∑

q t
q
0

D
q→h
1
(z)
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Inclusive Process e++ e−→ h+X

Spin-1 Hadrons - e+e−→ Z0→ hX

dσ

d zd y
= χ

2πα2

Q2

n

�

T0(y)D1(z)+T0(y)SLLD1LL(z)+λhT1(y)∆D1L(z)
�

+
4M

zQ2

�

T2(y)ε
l⊥S⊥
⊥ DT (z)+T3(y)l⊥ · S⊥∆DT (z)

�

+
4M

zQ2

�

T2(y)l⊥ · SLT DLT (z)+T3(y)ε
l⊥SLT

⊥ ∆DLT (z)
�

o

Spin alignment

ρ00 =
1

3
−

1

3

∑

q t
q
0

D
q→h

1LL
(z)

∑

q t
q
0

D
q→h
1
(z)

Eur. Phys. J. C (2000) OPAL

PLB (1997) DELPHI
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Inclusive Process e++ e−→ h+X

Spin-1 Hadrons - e+e−→ γ ∗→ hX

dσem

d zd y
=

2πα2e2
q

Q2

n

A(y)
�

D1(z)+ SLLD1LL(z)
�

+
M

zQ

Æ

y(1− y)B(y)
�|~S⊥| sinφs DT (z)− |~SLT |cosφLT DLT (z)

�

o

.

Spin alignment

ρem
00
=

1

3
−

1

3

∑

q e2
q

D
q→h

1LL
(z)

∑

q e2
q

D
q→h
1
(z)

.
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Semi-inclusive Process e++ e−→ h+ q̄+X

Semi-inclusive Process

W̃ (0)
µν =

1

2
Tr
h

ĥ(0)µνγα
i

Ξ(0)α(zB , p, S, k ′⊥)+
1

2
Tr
h

ĥ(0)µνγ5γα
i

Ξ̃(0)α(zB , p, S, k ′⊥)

W̃ (1L)
µν =−

1

4 p · q
Tr
h

ĥ(1)ρµν γα
i

ω ρ′
ρ Ξ

(1)α

ρ′
(zB , p, S, k ′⊥)−

1

4 p · q
Tr
h

ĥ(1)ρµν γ5γα
i

ω ρ′
ρ Ξ̃

(1)

ρ′
(zB , p, S, k ′⊥)

Ξ(0)α(z, k⊥, p, S) =
∑

X

∫

p+dξ −d 2ξ⊥
2π

e−i k+ξ−+i k⊥ ·ξ⊥

Tr[γα〈0|L†(0,∞)ψ(0)|hX〉〈hX|ψ̄(ξ )L(ξ ,∞)|0〉]

Ξ(1)αρ (z, k⊥, p, S) =
∑

X

∫

p+dξ −d 2ξ⊥
2π

e−i k+ξ−+i k⊥ ·ξ⊥

Tr[γα〈0|L†(0,∞)D̂ρ(0)ψ(0)|hX〉〈hX|ψ̄(ξ )L(ξ ,∞)|0〉]
· · ·
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Semi-inclusive Process e++ e−→ h+ q̄+X

New Lorentz Structures up to twist-3

Spin Independent

zΞ(0)α (z, k⊥, p) = k⊥αD̂⊥(z, k⊥)

zΞ̃(0)α (z, k⊥, p) = ε⊥αk⊥
∆D̂⊥(z, k⊥)

zΞ(1)ρα(z, k⊥, p) = pαk⊥ρ ξ
(1)

⊥ (z, k⊥)

zΞ̃(1)ρα(z, k⊥, p) = i pαε⊥ρk⊥
ξ̃ (1)⊥ (z, k⊥)

Spin Vector

zΞ(0)α = pα
ε

k⊥S⊥
⊥

M
D̂⊥

1T
+ k⊥α

ε
k⊥S⊥
⊥

M
D̂⊥

T
+λhε⊥αk⊥

D̂⊥
L

zΞ̃(0)α = pα
k⊥ ·S⊥

M
∆D̂⊥

1T
+

ε
k⊥S⊥
⊥

M
ε⊥αk⊥

∆D̂⊥
T
+λh k⊥α∆D̂⊥

L

zΞ(1)ρα = pα

h

k⊥ρ
ε

k⊥S⊥
⊥

M
ξ (1)⊥

T
+λhε⊥ρk⊥

ξ (1)⊥
L

i

zΞ̃(1)ρα = i pα

h ε
k⊥S⊥
⊥

M
ε⊥ρk⊥

ξ̃ (1)⊥
T
+λh k⊥ρξ̃

(1)⊥
L

i
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Semi-inclusive Process e++ e−→ h+ q̄+X

New Lorentz Structures (Spin Tensor)

zΞ(0)α =pα
SLT · k⊥

M
D̂⊥

1LT
+ pα

k⊥γ k⊥δ S
γδ
T T

M 2
D̂⊥

1T T

+ k⊥αSLLD̂⊥
LL
+ k⊥α

k⊥ · SLT

M
D̂⊥

LT
+ ST T αβk

β
⊥ D̂⊥A

T T
+ k⊥α

k⊥γ k⊥δ S
γδ
T T

M 2
D̂⊥C

T T

zΞ̃(0)α =pα
ε

k⊥SLT

⊥
M

∆D̂⊥
1LT
+ pα

ε⊥k⊥γ
k⊥δ S

γδ
T T

M 2
∆D̂⊥

1T T

+ε⊥αk⊥






SLL∆D̂⊥

LL
+

k⊥ · SLT

M
∆D̂⊥

LT
+

k⊥γ k⊥δ S
γδ
T T

M 2
∆D̂⊥C

T T






+ ε⊥αβS

βγ
T T

k⊥γ∆D̂⊥A
T T

zΞ(1)ρα =pα

h

k⊥ρSLLξ
⊥
LL
+ k⊥ρ

k⊥ · SLT

M
ξ ⊥

LT
+ ST Tρβk

β
⊥ ξ
⊥A

T T
+ k⊥ρ

k⊥γ k⊥δ S
γδ
T T

M 2
ξ ⊥C

T T

i

zΞ̃(1)ρα =i pα
h

ε⊥ρk⊥
SLLξ̃

⊥
LL
+ ε⊥ρk⊥

k⊥ · SLT ξ̃
⊥
LT
+ ε⊥ρβS

βγ
T T

k⊥γ ξ̃
⊥A

T T
+ ε⊥ρk⊥

k⊥γ k⊥δ S
γδ
T T

M 2
ξ̃ ⊥C

T T

i
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Semi-inclusive Process e++ e−→ h+ q̄+X

New leading twist fragmentation functions (possibility density)

D̂⊥
1T
(z, k⊥) quark→ transversely polarized hadron

∆D̂⊥
1T
(z, k⊥) longitudinally polarized quark→ transversely polarized hadron

D̂⊥
1LT
(z, k⊥) quark→ LT polarized hadron

∆D̂⊥
1LT
(z, k⊥) longitudinally polarized quark→ LT polarized hadron

D̂⊥
1T T
(z, k⊥) quark→ TT polarized hadron

∆D̂⊥
1T T
(z, k⊥) longitudinally polarized quark→ TT polarized hadron

New Twist-3 fragmentation functions

unpolarized hadron: 2; polarization vector: 4; polarization tensor: 8;
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Semi-inclusive Process e++ e−→ h+ q̄+X

Spin-0 Hadrons - e+e−→ Z0→ h+ q̄+X

dσ (si,unp)

d yd zd 2k ′⊥
=
α2χ

2πQ2

n

T
q

0
(y)D̂1(z, k ′⊥)+

4

zQ2

�

T
q

2
(y)l⊥ · k ′⊥D̂⊥(z, k ′⊥)+T

q
3
(y)ε

l⊥k ′⊥
⊥ ∆D̂⊥(z, k ′⊥)

�

o

Azimuthal Asymmetries,

Acosϕ
unp
=−

2|~k ′⊥|
zQ

∑

q T̃
q

2
(y)D̂⊥q→h

∑

q T
q

0
(y)D̂

q→h
1

Asinϕ
unp
=

2|~k ′⊥|
zQ

∑

q T̃
q

3
(y)∆D̂⊥q→h

∑

q T
q

0
(y)D̂

q→h
1
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Semi-inclusive Process e++ e−→ h+ q̄+X

Spin-0 Hadrons - e+e−→ γ ∗→ h+ q̄+X

dσ (si,unp,em)

d yd zd 2k ′⊥
=
α2e2

q

2πQ2

n

A(y)D̂1(z, k ′⊥)+
4l⊥ · k ′⊥

zQ2
B(y)D̂⊥(z, k ′⊥)
o

Azimuthal Asymmetries,

Acosϕ
unp,em

(z, y, k ′⊥) =−
2|~k ′⊥|
zQ

B̃(y)
∑

q e2
q

D⊥q→h (z, k ′⊥)

A(y)
∑

q e2
q

D
q→h
1
(z, k ′⊥)

Asinϕ
unp,em

(z, y, k ′⊥) = 0
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Semi-inclusive Process e++ e−→ h+ q̄+X

Spin-1/2 Hadrons - e+e−→ Z0→ h+ q̄+X

dσ (si,1/2)

d yd zd 2k ′⊥
=

dσ (si,unp)

d yd zd 2k ′⊥
+

dσ (si,Vpol)

d yd zd 2k ′⊥

dσ (si,Vpol)

d yd zd 2k ′⊥
=
α2χ

2πQ2

n

T
q

0
(y)
ε

k ′⊥S⊥
⊥
M

D̂⊥
1T
(z, k ′⊥)+T

q
1
(y)
�

λh∆D̂1L(z, k ′⊥)+
k ′⊥ · S⊥

M
∆D̂⊥

1T
(z, k ′⊥)
�

+
4λh

zQ2

�

T
q

2
(y)ε

l⊥k ′⊥
⊥ D̂⊥

L
(z, k ′⊥)+T

q
3
(y)l⊥ · k ′⊥∆D̂⊥

L
(z, k ′⊥)
�

+
4ε

k ′⊥S⊥
⊥

zM Q2

�

T
q

2
(y)l⊥ · k ′⊥D̂⊥

T
(z, k ′⊥)+T

q
3
(y)ε

l⊥k ′⊥
⊥ ∆D̂⊥

T
(z, k ′⊥)
�

+
4M

zQ2

�

T
q

2
(y)ε

l⊥S⊥
⊥ D̂T (z, k ′⊥)+T

q
3
(y)l⊥ · S⊥∆D̂T (z, k ′⊥)

�

o

.
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Semi-inclusive Process e++ e−→ h+ q̄+X

Polarization

PLh(y, z, k ′⊥) =

∑

q T
q

0
(y)Pq (y)∆D̂1L(z, k ′⊥)
∑

q T
q

0
(y)D̂1(z, k ′⊥)

Phn(y, z, k ′⊥) =−
|~k ′⊥|
M

∑

q T
q

0
(y)D̂⊥

1T
(z, k ′⊥)

∑

q T
q

0
(y)D̂1(z, k ′⊥)

Pht(y, z, k ′⊥) =−
|~k ′⊥|
M

∑

q Pq (y)T
q

0
(y)∆D̂⊥

1T
(z, k ′⊥)

∑

q T
q

0
(y)D̂1(z, k ′⊥)
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Semi-inclusive Process e++ e−→ h+ q̄+X

Polarization

PLh(y, z, k ′⊥) =

∑

q T
q

0
(y)Pq (y)∆D̂1L(z, k ′⊥)
∑

q T
q

0
(y)D̂1(z, k ′⊥)

h

1+
M

Q
∆̂(y, z, k ′⊥)
i

+
4

zQ

∑

q

h

T̃
q

2
(y)k ′

y
D̂⊥

L
(z, k ′⊥)− T̃

q
3
(y)k ′

x
∆D̂⊥

L
(z, k ′⊥)
i

∑

q T
q

0
(y)D̂1(z, k ′⊥)

Phn(y, z, k ′⊥) =−
|~k ′⊥|
M

∑

q T
q

0
(y)D̂⊥

1T
(z, k ′⊥)

∑

q T
q

0
(y)D̂1(z, k ′⊥)

+ · · ·

Pht(y, z, k ′⊥) =−
|~k ′⊥|
M

∑

q Pq (y)T
q

0
(y)∆D̂⊥

1T
(z, k ′⊥)

∑

q T
q

0
(y)D̂1(z, k ′⊥)

+ · · ·
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Semi-inclusive Process e++ e−→ h+ q̄+X

Spin-1/2 Hadrons - e+e−→ γ ∗→ h+ q̄+X

dσ (si,Vpol,em)

d yd zd 2k ′⊥
=
α2e2

q

2πQ2

n

A(y)
ε

k ′⊥S⊥
⊥
M

D̂⊥
1T
(z, k ′⊥)

+
4B(y)

zM Q2

�

λh Mε
l⊥k ′⊥
⊥ D̂⊥

L
(z, k ′⊥)+ ε

k ′⊥S⊥
⊥ l⊥ · k ′⊥D̂⊥

T
(z, k ′⊥)+M 2ε

l⊥S⊥
⊥ D̂T (z, k ′⊥)
�

o

Polarization (Leading Twist)

P
(0)(em)

Lh
(y, z, k ′⊥) = P

(0)(em)

ht
(y, z, k ′⊥) = 0, P

(0)(em)

hn
(y, z, k ′⊥) =−

|~k ′⊥|
M

∑

q e2
q

D̂⊥
1T
(z, k ′⊥)

∑

q e2
q

D̂1(z, k ′⊥)

Twist-3

P
(em)

Lh
(y, z, k ′⊥) =

4k ′
y

zQ

B̃(y)

A(y)

∑

q e2
q

D̂⊥
L
(z, k ′⊥)

∑

q e2
q

D̂1(z, k ′⊥)
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Semi-inclusive Process e++ e−→ h+ q̄+X

Spin-1 Hadrons - e+e−→ Z0→ h+ q̄+X

dσ (si,1)

d yd zd 2k ′⊥
=

dσ (si,unp)

d yd zd 2k ′⊥
+

dσ (si,Vpol)

d yd zd 2k ′⊥
+

dσ (si,Tpol)

d yd zd 2k ′⊥
dσ (si,Tpol)

d yd zd 2k ′⊥
=

dσ (si,LL)

d yd zd 2k ′⊥
+

dσ (si,LT)

d yd zd 2k ′⊥
+

dσ (si,TT)

d yd zd 2k ′⊥

[LL] =
α2χ

2πQ2
SLL

n

T
q

0
(y)D̂1LL(z, k ′⊥)+

4

zQ2

�

T
q

2
(y)(l⊥ · k ′⊥)D̂

⊥
LL
(z, k ′⊥)+T

q
3
(y)ε

l⊥k ′⊥
⊥ ∆D̂⊥

LL
(z, k ′⊥)
�

o

Spin Alignment

ρ00 =
1

3
−

1

3

∑

q T
q

0
(y)D̂1LL(z, k ′⊥)
∑

q T
q

0
(y)D̂1(z, k ′⊥)

h

1+
M

Q
∆̂(y, z, k ′⊥)
i

−
4

3

∑

q

h

T̃
q

2
(y)k ′

x
D̂⊥

LL
(z, k ′⊥)− T̃

q
3
(y)k ′

y
∆D̂⊥

LL
(z, k ′⊥)
i

zQ
∑

q T
q

0
(y)D̂1(z, k ′⊥)

.
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Semi-inclusive Process e++ e−→ h+ q̄+X

[LT Terms] =
α2χ

2πQ2
Sα

LT

n

T
q

0
(y)

k ′⊥α
M

D̂⊥
1LT
(z, k ′⊥)+T

q
1
(y)
ε⊥k ′α

M
∆D̂⊥

1LT
(z, k ′⊥)

+
4

zQ2
T

q
2
(y)
�

(l⊥ · k ′⊥)
k ′⊥α
M

D̂⊥
LT
(z, k ′⊥)+M l⊥αD̂LT (z, k ′⊥)

�

+
4

zQ2
T

q
3
(y)
�

ε
l⊥k ′⊥
⊥

k ′⊥α
M
∆D̂⊥

LT
(z, k ′⊥)+Mε⊥lα∆D̂LT (z, k ′⊥)

�

o

[TT Terms] =
α2χ

2πQ2
S
αβ
T T

n

T
q

0
(y)

k ′⊥αk ′⊥β

M 2
D̂⊥

1T T
(z, k ′⊥)+T

q
1
(y)
ε⊥k ′αk ′⊥β

M 2
∆D̂⊥

1T T
(z, k ′⊥)

+
4

zQ2
T

q
2
(y)
�

(l⊥ · k ′⊥)
k ′⊥αk ′⊥β

M 2
D̂⊥C

T T
(z, k ′⊥)+ l⊥αk ′⊥βD̂⊥A

T T
(z, k ′⊥)
�

+
4

zQ2
T

q
3
(y)
�

ε
l⊥k ′⊥
⊥

k ′⊥αk ′⊥β

M 2
∆D̂⊥C

T T
(z, k ′⊥)+ ε⊥lαk ′⊥β∆D̂⊥A

T T
(z, k ′⊥)
�

o
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Summary

Inclusive e+e−→ Z0→ h+X

There is a leading twist longitudinal polarization for spin-1/2 hadrons and also

spin alignment (ρ00 6= 1/3) for vector mesons.

On the twist-3 level, there are transverse polarizations for spin-1/2 hadrons that

in and perpendicular to the leptonic plane.

Semi-inclusive e+e−→ Z0→ h+ q̄( j e t )+X

For spin-0 hadrons, there are two azimuthal asymmetries on twist-3 level.

For spin-1/2 hadrons, there is a longitudinal polarization and also transverse

polarizations that in and transverse to the production plane on the leading twist.

For vector mesons, all five tensor polarizations have leading twist contributions.

SLL, Sn
LT

, S t
LT

, Snn
T T

and Snt
T T
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There is a leading twist longitudinal polarization for spin-1/2 hadrons and also

spin alignment (ρ00 6= 1/3) for vector mesons.

On the twist-3 level, there are transverse polarizations for spin-1/2 hadrons that

in and perpendicular to the leptonic plane.

Semi-inclusive e+e−→ Z0→ h+ q̄( j e t )+X

For spin-0 hadrons, there are two azimuthal asymmetries on twist-3 level.

For spin-1/2 hadrons, there is a longitudinal polarization and also transverse

polarizations that in and transverse to the production plane on the leading twist.

For vector mesons, all five tensor polarizations have leading twist contributions.

SLL, Sn
LT

, S t
LT

, Snn
T T

and Snt
T T

Thanks for your attention!
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