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 Parton distribution functions (PDFs):

parton number density in hadron  (hadron structure)

 Fragmentation functions (FFs):

hadron number density in jet  (hadronization)

 PDFs & FFs are important inputs for high energy reactions.
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Intuitive definition of FFs

𝐷 𝑧, 𝑆; 𝑘, 𝑆𝑞 = 𝐷1 𝑧 + 𝜆𝑞𝜆𝐺1𝐿 𝑧 + Ԧ𝑆⊥𝑞 ⋅ Ԧ𝑆𝑇 𝐻1𝑇(𝑧)

𝐷 𝑧, 𝑝𝑇 , 𝑆; 𝑘, 𝑆𝑞 = 𝐷1 𝑧, 𝑝𝑇 + 𝜆𝑞𝜆𝐺1𝐿 𝑧, 𝑝𝑇 + Ԧ𝑆⊥𝑞 ⋅ Ԧ𝑆𝑇 𝐻1𝑇 𝑧, 𝑝𝑇

+
1

𝑀
Ԧ𝑆𝑇 ⋅ ෠𝑘 × Ԧ𝑝𝑇 𝐷1𝑇

⊥ 𝑧, 𝑝𝑇 +
1

𝑀
Ԧ𝑆⊥𝑞 ⋅ ෠𝑘 × Ԧ𝑝𝑇 𝐻1

⊥(𝑧, 𝑝𝑇)

+
1

𝑀2
Ԧ𝑆⊥𝑞 ⋅ Ԧ𝑝𝑇 Ԧ𝑆𝑇 ⋅ Ԧ𝑝𝑇 𝐻1𝑇

⊥ 𝑧, 𝑝𝑇 +
1

𝑀
𝜆 Ԧ𝑆⊥𝑞 ⋅ Ԧ𝑝𝑇 𝐻1𝐿

⊥ (𝑧, 𝑝𝑇)

+
1

𝑀
𝜆𝑞 Ԧ𝑆𝑇 ⋅ Ԧ𝑝𝑇 𝐺1𝑇

⊥ (𝑧, 𝑝𝑇)

One dimensional:

Three dimensional:

𝐷 𝑧; 𝑘 = 𝐷1 𝑧 ෍

ℎ

න𝑑𝑧 𝑧𝐷1
ℎ 𝑧 = 1
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Gauge invariant definition of FFs using QFT operators

In the language of quantum field theory

interference effect

ℳ

ℳ 2
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Quark-quark correlator for fragmentation process

෠Ξ𝑖𝑗
0

𝑘𝐹; 𝑝, 𝑆 =
1

2𝜋
෍

𝑋

න𝑑4𝜉 𝑒−𝑖𝑘𝐹𝜉 0 ℒ† 0;∞ 𝜓𝑖 0 𝑝, 𝑆; 𝑋 〈𝑝, 𝑆; 𝑋 ത𝜓𝑗 𝜉 ℒ 𝜉;∞ 0〉

 ෠Ξ†0(𝑘𝐹; 𝑝, 𝑆) = 𝛾0 ෠Ξ0(𝑘𝐹; 𝑝, 𝑆)𝛾
0 (Hermiticity)

 ෠Ξ0(𝑘𝐹; 𝑝, 𝑆) = 𝛾0 ෠Ξ0(෨𝑘𝐹; ෤𝑝, 𝑆
𝒫)𝛾0 (Parity)

Constraints

ℒ 𝜉,∞ = 𝒫𝑒
𝑖𝑔 −𝜉׬

∞
𝑑𝜂−𝐴+(𝜂−;𝜉+,𝜉⊥)

ሚ𝐴𝜇 = 𝐴𝜇
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Decompose quark-quark correlator under gamma matrices

Decompose in terms of Γ matrices

෠Ξ
0

𝑧, 𝑘𝐹⊥; 𝑝, 𝑆 =
1

2
[Ξ

0
𝑧, 𝑘𝐹⊥; 𝑝, 𝑆 + 𝑖𝛾5 ෨Ξ

0
𝑧, 𝑘𝐹⊥; 𝑝, 𝑆

+𝛾𝛼Ξ𝛼
(0)

𝑧, 𝑘𝐹⊥; 𝑝, 𝑆 + 𝛾5𝛾
𝛼 ෨Ξ𝛼

0
𝑧, 𝑘𝐹; 𝑝, 𝑆 + 𝑖𝜎𝛼𝛽𝛾5Ξ𝛼𝛽

(0)
𝑧, 𝑘𝐹⊥; 𝑝, 𝑆 ]

Γ = 𝐈, 𝑖𝛾5, 𝛾𝛼 , 𝛾5𝛾
𝛼 , 𝑖𝜎𝛼𝛽𝛾5

Ξ 0 [Γ] 𝑧, 𝑘𝐹⊥; 𝑝, 𝑆 =
1

2
Tr Γ෠Ξ

0
𝑧, 𝑘𝐹⊥; 𝑝, 𝑆

෠Ξ𝑖𝑗
0

𝑧, 𝑘𝐹⊥; 𝑝, 𝑆 = න
𝑝+𝑑𝑘𝐹

+𝑑𝑘𝐹
−

2𝜋 2
2𝜋𝛿(𝑘𝐹

+ −
𝑝+

𝑧
)෠Ξ

0
𝑘𝐹; 𝑝, 𝑆

=෍

𝑋

න
𝑝+𝑑𝜉−𝑑2𝜉⊥

2𝜋
𝑒−𝑖( Τ𝑝+𝜉− 𝑧+𝑘𝐹⊥⋅𝜉⊥) 0 ℒ† 0;∞ 𝜓𝑗 0 𝑝, 𝑆; 𝑋 〈𝑝, 𝑆; 𝑋 ത𝜓𝑖 𝜉 ℒ 𝜉;∞ 0〉

4 × 4 matrix
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Spin dependence

𝜌(𝑆= Τ1 2) =
1

2
(1 + Ԧ𝑆 ⋅ Ԧ𝜎),

𝜌(𝑆=1) =
1

3
(1 +

3

2
Ԧ𝑆 ⋅ Σ + 3𝑇𝑖𝑗Σ𝑖𝑗).

Polarization vector:   𝑆𝜇 = (0, റ𝑆𝑇 , 𝜆),

polarization tensor:   𝑇𝑖𝑗 =
1

2

−
2

3
𝑆𝐿𝐿 + 𝑆𝑇𝑇

𝑥𝑥 𝑆𝑇𝑇
𝑥𝑦

𝑆𝐿𝑇
𝑥

𝑆𝑇𝑇
𝑥𝑦

−
2

3
𝑆𝐿𝐿 − 𝑆𝑇𝑇

𝑥𝑥 𝑆𝐿𝑇
𝑦

𝑆𝐿𝑇
𝑥 𝑆𝐿𝑇

𝑦 4

3
𝑆𝐿𝐿

.

Description of spin states: 

Available variables:   𝑝, 𝑘𝐹⊥, 𝑛, 𝜆, 𝑆𝑇 , 𝑆𝐿𝐿, 𝑆𝐿𝑇 , 𝑆𝑇𝑇.
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𝑧Ξ𝑈 0 𝑧, 𝑘𝐹⊥; 𝑝 = 𝑀𝐸 𝑧, 𝑘𝐹⊥ ,

𝑧 ෨Ξ𝑈 0 𝑧, 𝑘𝐹⊥; 𝑝 = 0,

𝑧Ξ𝛼
𝑈(0)

𝑧, 𝑘𝐹⊥; 𝑝 = 𝑝+ ത𝑛𝛼𝐷1 𝑧, 𝑘𝐹⊥ + 𝑘𝐹⊥𝛼𝐷
⊥ 𝑧, 𝑘𝐹⊥ +

𝑀2

𝑝+
𝑛𝛼𝐷3 𝑧, 𝑘𝐹⊥ ,

𝑧 ෨Ξ𝛼
𝑈(0)

𝑧, 𝑘𝐹⊥; 𝑝 = 𝜀⊥𝛼𝛽𝑘𝐹⊥
𝛽
𝐺⊥ 𝑧, 𝑘𝐹⊥ ,

𝑧Ξ𝜌𝛼
𝑈(0)

𝑧, 𝑘𝐹⊥; 𝑝 =
𝑝+ ത𝑛[𝜌𝜀⊥𝛼]𝛽𝑘𝐹⊥

𝛽

𝑀
𝐻1
⊥ 𝑧, 𝑘𝐹⊥ +𝑀𝜀⊥𝜌𝛼𝐻 𝑧, 𝑘𝐹⊥ +

𝑀𝑛[𝜌𝜀⊥𝛼]𝛽𝑘𝐹⊥
𝛽

𝑝+
𝐻3
⊥ 𝑧, 𝑘𝐹⊥ .

TMD FFs for unpolarized hadron:

𝐷1 𝑧 =
𝑧

2
෍

𝑋

න
𝑑𝜉−

2𝜋
𝑒−𝑖𝑝

+𝜉−/𝑧 ℎ𝑋 ത𝜓 𝜉− ℒ 𝜉−, ∞ 0 𝛾+〈0 ℒ† 0,∞ 𝜓 0 ℎ𝑋〉

(ℒ=1) 𝑧

4𝑝+2
𝛿( Τ1 𝑧 − Τ𝑘𝐹

+ 𝑝+) ℎ𝑋 𝑎𝑘
† 0 〈0 𝑎𝑘 ℎ𝑋〉 Number density!

scalar
pseudo-
scalar

vector axial-vector pseudo-tensor

𝑀 × 𝑝𝛼 𝜀⊥𝛼𝛽𝑘𝐹⊥
𝛽

𝑝[𝜌𝜀⊥𝛼]𝛽𝑘𝐹⊥
𝛽

𝑘𝐹⊥𝛼 𝜀⊥𝜌𝛼

𝑛𝛼 𝑛[𝜌𝜀⊥𝛼]𝛽𝑘𝐹⊥
𝛽
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Vector polarization dependent TMD FFs:

𝑧Ξ𝑉 0 𝑧, 𝑘𝐹⊥; 𝑝, 𝑆 = 𝜀⊥
𝑘𝐹⊥𝑆𝑇𝐸𝑇

⊥(𝑧, 𝑘𝐹⊥),

𝑧 ෨Ξ𝑉 0 𝑧, 𝑘𝐹⊥; 𝑝, 𝑆 = 𝑀[𝜆𝐸𝐿 𝑧, 𝑘𝐹⊥ +
𝑘𝐹⊥ ⋅ 𝑆𝑇

𝑀
𝐸𝑇
′⊥(𝑧, 𝑘𝐹⊥)],

𝑧Ξ𝛼
𝑉(0)

𝑧, 𝑘𝐹⊥; 𝑝, 𝑆 =
𝑝+ ത𝑛𝛼𝜀⊥

𝑘𝐹⊥𝑆𝑇

𝑀
𝐷1𝑇
⊥ 𝑧, 𝑘𝐹⊥ +𝑀𝜀⊥𝛼𝜌𝑆𝑇

𝜌
𝐷𝑇 𝑧, 𝑘𝐹⊥

+𝜀⊥𝛼𝜌𝑘𝐹⊥
𝜌
[𝜆𝐷𝐿

⊥ 𝑧, 𝑘𝐹⊥ +
𝑘𝐹⊥ ⋅ 𝑆𝑇

𝑀
𝐷𝑇
⊥ 𝑧, 𝑘𝐹⊥ ] +

𝑀𝑛𝛼𝜀⊥
𝑘𝐹⊥𝑆𝑇

𝑝+
𝐷3𝑇
⊥ 𝑧, 𝑘𝐹⊥ ,

𝑧 ෨Ξ𝛼
𝑉(0)

𝑧, 𝑘𝐹⊥; 𝑝, 𝑆 = 𝑝+ ത𝑛𝛼[𝜆𝐺1𝐿 𝑧, 𝑘𝐹⊥ +
𝑘𝐹⊥ ⋅ 𝑆𝑇

𝑀
𝐺1𝑇
⊥ 𝑧, 𝑘𝐹⊥ ]

−𝑘𝐹⊥𝛼[𝜆𝐺𝐿
⊥ 𝑧, 𝑘𝐹⊥ +

𝑘𝐹⊥ ⋅ 𝑆𝑇
𝑀

𝐺𝑇
⊥ 𝑧, 𝑘𝐹⊥ ] − 𝑀𝑆𝑇𝛼 𝐺𝑇 𝑧, 𝑘𝐹⊥

+
𝑀2𝑛𝛼
𝑝+

[𝜆𝐺3𝐿 𝑧, 𝑘𝐹⊥ +
𝑘𝐹⊥ ⋅ 𝑆𝑇

𝑀
𝐺3𝑇
⊥ 𝑧, 𝑘𝐹⊥ ].

𝑧Ξ𝜌𝛼
𝑉(0)

𝑧, 𝑘𝐹⊥; 𝑝, 𝑆 = 𝑝+ ത𝑛[𝜌𝑆𝑇𝛼]𝐻1𝑇 𝑧, 𝑘𝐹⊥ +
𝑝+ ത𝑛[𝜌𝑘𝐹⊥𝛼]

𝑀
[𝜆𝐻1𝐿

⊥ 𝑧, 𝑘𝐹⊥ +
𝑘𝐹⊥ ⋅ 𝑆𝑇

𝑀
𝐻1𝑇
⊥ 𝑧, 𝑘𝐹⊥ ]

+𝑘𝐹⊥[𝜌𝑆𝑇𝛼]𝐻𝑇
⊥ 𝑧, 𝑘𝐹⊥ +𝑀ത𝑛[𝜌𝑛𝛼][𝜆𝐻𝐿

⊥ 𝑧, 𝑘𝐹⊥ +
𝑘𝐹⊥ ⋅ 𝑆𝑇

𝑀
𝐻𝑇
′⊥ 𝑧, 𝑘𝐹⊥ ]

+
𝑀2

𝑝+
𝑛[𝜌𝑆𝑇𝛼]𝐻3𝑇 𝑧, 𝑘𝐹⊥ +

𝑀𝑛[𝜌𝑘𝐹⊥𝛼]

𝑝+
[𝜆𝐻3𝐿

⊥ 𝑧, 𝑘𝐹⊥ +
𝑘𝐹⊥ ⋅ 𝑆𝑇

𝑀
𝐻3𝑇
⊥ 𝑧, 𝑘𝐹⊥ ].
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Tensor polarization dependent TMD FFs:
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Tensor polarization dependent TMD FFs:
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Twist-3 FFs from quark-gluon-quark correlator

෠Ξ𝜌,𝑖𝑗
1

𝑘𝐹; 𝑝, 𝑆 =
1

2𝜋
෍

𝑋

න𝑑4𝜉 𝑒−𝑖𝑘𝐹𝜉 0 ℒ† 0;∞ 𝐷𝜌(0)𝜓𝑖 0 𝑝, 𝑆; 𝑋 〈𝑝, 𝑆; 𝑋 ത𝜓𝑗 𝜉 ℒ 𝜉;∞ 0〉

෠Ξ𝜌
(1)

=
1

2
[𝛾𝛼Ξ𝜌𝛼

1
+ 𝛾5𝛾

𝛼 ෨Ξ𝜌𝛼
1
+ 𝑖𝜎𝛼𝛽𝛾5Ξ𝜌𝛼𝛽

1
+⋯ ]

𝑧Ξ𝜌𝛼
𝑈 1 𝑧, 𝑘𝐹⊥; 𝑝 = −𝑝+ ത𝑛𝛼𝑘𝐹⊥𝜌𝐷𝑑

⊥(𝑧, 𝑘𝐹⊥) + ⋯ ,

𝑧෨Ξ𝜌𝛼
𝑈 1 𝑧, 𝑘𝐹⊥; 𝑝 = 𝑖𝑝+ ത𝑛𝛼𝜀⊥𝜌𝜎𝑘𝐹⊥

𝜎 𝐺𝑑
⊥(𝑧, 𝑘𝐹⊥) + ⋯ ,

𝑧Ξ𝜌𝛼𝛽
𝑈 1 𝑧, 𝑘𝐹⊥; 𝑝 = −𝑝+[𝑀𝜀⊥𝜌[𝛼 ത𝑛𝛽]𝐻𝑑 𝑧, 𝑘𝐹⊥ +

1

𝑀
𝜀⊥𝜌𝜎𝑘𝐹⊥

𝜎 𝑘𝐹⊥[𝛼 ത𝑛𝛽]𝐻𝑑
⊥ 𝑧, 𝑘𝐹⊥ ] + ⋯ .
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Twist-3 FFs from Quark-gluon-quark correlator
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QCD equation of motion: relations among FFs

𝐷𝑑𝑆
𝐾 𝑧, 𝑘𝐹⊥ + 𝐺𝑑𝑆

𝐾 𝑧, 𝑘𝐹⊥ =
1

𝑧
𝐷𝑆
𝐾 𝑧, 𝑘𝐹⊥ + 𝑖𝐺𝑆

𝐾(𝑧, 𝑘𝐹⊥)

𝐻𝑑𝑆
𝐾 𝑧, 𝑘𝐹⊥ +

𝑘𝐹⊥
2

2𝑀2
𝐻𝑑𝑆
𝐾′ 𝑧, 𝑘𝐹⊥ =

1

2𝑧
𝐻𝑆
𝐾 𝑧, 𝑘𝐹⊥ +

𝑖

2
𝐸𝑆
𝐾(𝑧, 𝑘𝐹⊥)

𝑝+Ξ 0 𝜌 = −𝑧𝑛𝛼 ReΞ 1 𝜌𝛼 + 𝜀⊥𝜎
𝜌
Im෨Ξ(1)𝜎𝛼 ,

𝑝+ ෨Ξ 0 𝜌 = −𝑧𝑛𝛼 Re෨Ξ 1 𝜌𝛼 + 𝜀⊥𝜎
𝜌
ImΞ 1 𝜎𝛼 ,

𝑝+ Ξ 0 𝜌𝜎 − 𝑖𝜀⊥
𝜌𝜎
Ξ 0 = −𝑧𝑛𝛾𝜀⊥

𝜌𝜎
𝜀⊥𝛼𝛽Ξ

1 𝛼𝛾𝛽 ,

𝑝+ Ξ0+− − 𝑖෨Ξ 0 = 𝑧𝑛𝛾𝑔⊥𝛼𝛽Ξ
1 𝛼𝛾𝛽 .

𝛾𝜇𝐷𝜇 𝑥 𝜓 𝑥 = 0

𝑲 𝑺

𝑛𝑢𝑙𝑙 𝑇 𝐿𝑇

⊥ 𝑛𝑢𝑙𝑙 𝐿 𝑇 𝐿𝐿 𝐿𝑇 𝑇𝑇

′ ⊥ 𝑇𝑇

𝑲 𝑲′ 𝑺

𝑛𝑢𝑙𝑙 ⊥ 𝑛𝑢𝑙𝑙 𝐿 𝐿𝐿

⊥ ⊥ ′ 𝑇 𝐿𝑇 𝑇𝑇

′ ⊥ ′ ⊥ ′ 𝑇 𝐿𝑇 𝑇𝑇
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 Most general decomposition procedure of TMD FFs for spin-1 hadron is given in the 

framework of parton correlation matrix.

 Totally 72 TMD FFs are defined via quark-quark correlator. 8 spin independent, 24 

vector polarization dependent, 40 tensor polarization dependent. The number of T-odd 

and T-even (𝜒-odd and 𝜒-even)TMD FFs are equal.

 Twist-3 FFs from quark-gluon-quark correlator are given, and they are related to the FFs 

from quark-quark correlator by QCD EOM in a unified form. 

Summary

Outlook

Study tensor polarization dependent TMD FFs in high energy reactions

𝑒+𝑒− → 𝜋 + 𝑉 + 𝑋, ……
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Thank you!

 Most general decomposition procedure of TMD FFs for spin-1 hadron is given in the 
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from quark-quark correlator by QCD EOM in a unified form. 

Summary

Outlook

Study tensor polarization dependent TMD FFs in high energy reactions

𝑒+𝑒− → 𝜋 + 𝑉 + 𝑋, ……
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 Parity constraints

ത𝜓𝜓 ത𝜓𝑖𝛾5𝜓 ത𝜓𝛾𝛼𝜓 ത𝜓𝛾5𝛾𝛼𝜓 ത𝜓𝑖𝜎𝛼𝛽𝛾5𝜓

ത𝜓𝜓 − ത𝜓𝑖𝛾5𝜓 ത𝜓𝛾𝛼𝜓 − ത𝜓𝛾5𝛾
𝛼𝜓 − ത𝜓𝑖𝜎𝛼𝛽𝛾5𝜓

𝑝𝛼 𝑘𝐹⊥𝛼 𝑛𝛼 𝜆 𝑆𝑇𝛼 𝑆𝐿𝐿 𝑆𝐿𝑇𝛼 𝑆𝑇𝑇𝛼𝛽

𝑝𝛼 𝑘𝐹⊥
𝛼 𝑛𝛼 −𝜆 −𝑆𝑇

𝛼 𝑆𝐿𝐿 𝑆𝐿𝑇
𝛼

𝑆𝑇𝑇
𝛼𝛽

෡𝓟

෡𝓟

෠Ξ
0

𝑧, 𝑘𝐹⊥; 𝑝, 𝑆 =
1

2
[Ξ

0
𝑧, 𝑘𝐹⊥; 𝑝, 𝑆 + 𝑖𝛾5 ෨Ξ

0
𝑧, 𝑘𝐹⊥; 𝑝, 𝑆

+𝛾𝛼Ξ𝛼
(0)

𝑧, 𝑘𝐹⊥; 𝑝, 𝑆 + 𝛾5𝛾
𝛼 ෨Ξ𝛼

0
𝑧, 𝑘𝐹; 𝑝, 𝑆 + 𝑖𝜎𝛼𝛽𝛾5Ξ𝛼𝛽

(0)
𝑧, 𝑘𝐹⊥; 𝑝, 𝑆 ]

scalar pseudo-scalar

vector axial-vector pseudo-tensor
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 Chirality

ത𝜓Γ𝜓~ ൝
ത𝜓𝑅Γ𝜓𝑅 + ത𝜓𝐿Γ𝜓𝐿

ത𝜓𝑅Γ𝜓𝐿 + ത𝜓𝐿Γ𝜓𝑅

𝜓𝑅/𝐿 =
1±𝛾5

2
𝜓,      ത𝜓𝑅/𝐿 = ത𝜓

1∓𝛾5

2

Γ = I, 𝑖𝛾5 , 𝑖𝜎𝜇𝜈𝛾5

Γ = 𝛾𝜇 , 𝛾5𝛾𝜇

𝜒-odd

𝜒-even

 Time reversal

ത𝜓𝜓 ത𝜓𝑖𝛾5𝜓 ത𝜓𝛾𝛼𝜓 ത𝜓𝛾5𝛾𝛼𝜓 ത𝜓𝑖𝜎𝛼𝛽𝛾5𝜓

ത𝜓𝜓 − ത𝜓𝑖𝛾5𝜓 ത𝜓𝛾𝛼𝜓 ത𝜓𝛾5𝛾
𝛼𝜓 ത𝜓𝑖𝜎𝛼𝛽𝛾5𝜓

෡𝓣

𝜒-odd:    𝐸, 𝐻1
⊥, 𝐻, 𝐻3

⊥𝜒-even:  𝐷1, 𝐷⊥, 𝐷3, 𝐺⊥

𝑇-odd:    𝐺⊥, 𝐻1
⊥, 𝐻, 𝐻3

⊥𝑇-even:  𝐸, 𝐷⊥, 𝐷3, 𝐺⊥

Spin-0

𝑀 𝑝𝛼 𝑘𝐹⊥𝛼 𝑛𝛼 𝜀⊥𝛼𝑘𝐹⊥ 𝜀⊥𝛼𝛽

𝑀 𝑝𝛼 𝑘𝐹⊥
𝛼 𝑛𝛼 −𝜀⊥

𝛼𝑘𝐹⊥ −𝜀⊥
𝛼𝛽

෡𝓣
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Quark
polarization

Hadron
polarization

Chiral-even Chiral-odd

T-even T-odd T-even T-odd

𝐔

𝐔 𝐷1 𝐷⊥ 𝐷3 𝐸

𝐋 𝐷𝐿
⊥

𝐓 𝐷1𝑇
⊥ 𝐷𝑇 𝐷𝑇

⊥ 𝐷3𝑇
⊥ 𝐸𝑇

⊥

𝐋𝐋 𝐷1𝐿𝐿 𝐷𝐿𝐿
⊥ 𝐷3𝐿𝐿 𝐸𝐿𝐿

𝐋𝐓 𝐷1𝐿𝑇
⊥ 𝐷𝐿𝑇 𝐷𝐿𝑇

⊥ 𝐷3𝐿𝑇
⊥ 𝐸𝐿𝑇

⊥

𝐓𝐓 𝐷1𝑇𝑇
⊥ 𝐷𝑇𝑇

⊥ 𝐷𝑇𝑇
′⊥ 𝐷3𝑇𝑇

⊥ 𝐸𝑇𝑇
⊥

𝐋

𝐔 𝐺⊥

𝐋 𝐺1𝐿 𝐺𝐿
⊥ 𝐺3𝐿 𝐸𝐿

𝐓 𝐺1𝑇
⊥ 𝐺𝑇 𝐺𝑇

⊥ 𝐺3𝑇
⊥ 𝐸𝑇

′⊥

𝐋𝐋 𝐺𝐿𝐿
⊥

𝐋𝐓 𝐺1𝐿𝑇
⊥ 𝐺𝐿𝑇 𝐺𝐿𝑇

⊥ 𝐺3𝐿𝑇
⊥ 𝐸𝐿𝑇

′⊥

𝐓𝐓 𝐺1𝑇𝑇
⊥ 𝐺𝑇𝑇

⊥ 𝐺𝑇𝑇
′⊥ 𝐺3𝑇𝑇

⊥ 𝐸𝑇𝑇
′⊥

𝐓

𝐔 𝐻1
⊥ 𝐻 𝐻3

⊥

𝐋 𝐻1𝐿
⊥ 𝐻𝐿 𝐻3𝐿

⊥

𝐓(∥) 𝐻1𝑇 𝐻𝑇
⊥ 𝐻3𝑇

𝐓(⊥) 𝐻1𝑇
⊥ 𝐻𝑇

′⊥ 𝐻3𝑇
⊥

𝐋𝐋

𝐋𝐓 𝐻1𝐿𝑇 𝐻1𝐿𝑇
⊥ 𝐻𝐿𝑇

⊥ 𝐻𝐿𝑇
′⊥ 𝐻3𝐿𝑇 𝐻3𝐿𝑇

⊥

𝐓𝐓 𝐻1𝑇𝑇
⊥ 𝐻1𝑇𝑇

′⊥ 𝐻𝑇𝑇
⊥ 𝐻𝑇𝑇

′⊥ 𝐻3𝑇𝑇
⊥ 𝐻3𝑇𝑇

′⊥


