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= −2i
[

gS (T b)a′iC
(0)
qg (pνq

a , p
νg′

b′ )
]

√

s

−u
[

gS (T b′)i a C
(0)
gq (p

νg

b , p
νq

a′ )
]

,
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C(0) :�7FG

C(0)
q g (p−a , p

−
b′) = C(0)

g q (p−b , p
−
a′) =

pa′
⊥

|pa′
⊥
| ,
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�RC�:<B�3 =?*�4
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|M(0)|2 = 8 C2
F
Nc g

4
S

s

−u =
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3
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S

s

−u .
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M(1)(p−a , p

−
b ; p−a′ , p

−
b′) = g̃S

2(u)M(0)(p−a , p
−
b ; p−a′ , p

−
b′)

&\b¨d '

×
[

2CF

−ε ln

(

s

−u

)

− 2(CA + CF )

ε2
+

3CF

ε
+ (π2 − 7)CF

]

+g̃S
2(u) δbb′δa′a A(0)(p−a , p

−
b ; p−a′ , p

−
b′)

2

ε
ln

(−s
−t

)

+ O(ε) .
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ln(−s/ − t) ' −iπ Gi�RC�354K3o�R3�0]793�- 8;C�3�0�790].�B+j�4;3�7;A54;:�j28K:<*�/
ln(−s) = ln(s) − iπ

G2=?*�4
s > 0
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g̃S
2(u) = g2

S
cΓ

(

µ2

−u

)−ε
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M(1)(p−a , p
∓
b ; p−a′ , p

±
b′) = 2i

g4
S

(4π)2
(CA − CF )

√

s

−u(T bT b′)a′a ,
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C(1)
q g (p−a , p

+
b′) = C(1)

gq (p+
b , p

−
a′) = − g2

S

(4π)2
(CA − CF )

|pa′
⊥
|

pa′
⊥

.
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M(1)M(0)∗
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|M(0)|2 g̃S
2(u)
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×
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2CF
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ε2
+
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ε
+ (π2 − 7)CF − iπ

ε
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]
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3 ⊗ 8 = 3 ⊕ 6̄ ⊕ 15
G�39�2A5C�.�/�,�3F-�:</ 8KC�3

u
A�C�.�/�/�3FBgG

M =
∑

χ

(P bb′)a′a(χ) Mχ ,
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�RC�354K3@�R3a4;3�A5.�B�B�8KC�.�8
a
.�/�-

a′
.�4;3 ��0�.�4;1qA�*�B<*�0�4�:�/�-2:SA�3�7_.�/�-

b
.�/�-

b′
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A�*�B�*�0�4$:</]-2:�A53F7FGD.�/�-
χ = 3, 6̄, 15
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Mχ
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(P bb′)a′a(χ)
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(P bb′)a′a(3) =
1

CF

(T bT b′)a′a ,

(P bb′)a′a(6̄) =
1

2
δbb′δa′a − 1

N − 1
(T bT b′)a′a − (T b′T b)a′a ,

(P bb′)a′a(15) =
1

2
δbb′δa′a − 1

N + 1
(T bT b′)a′a + (T b′T b)a′a ,
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(P bb′)a′a(χ) (P b′b′′)aa′′ (χ′) = δχχ′ (P bb′′)a′a′′(χ) .
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M3 = 2CFA− 1

N
B + C ,

M6̄ = −B + C ,
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χ =

1
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M(0)−
3 = M(0)+

6̄
= M(0)−

6̄
= M(0)+

15 = M(0)−
15 = 0 ,
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M(0)+
3 = 2CFA(0) .
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M(1)+
3 = g̃S

2(u)M(0)+
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−ε
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(

s

−u

)

+ ln

(−s
−u

)]

− 2(CA + CF )

ε2
+

3CF

ε
+ (π2 − 7)CF

}

+ O(ε),
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15 = 0 .
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×
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s
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)

− ln

(−s
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)]

+
1

CF
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(−s
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+ O(ε) ,

M(1)−

6̄
= M(1)−

15 = g̃S
2(u) M(0)+

3

1

ε

1

CF

ln

(−s
−t

)

+ O(ε) .
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u
A5C�.�/�/�35BcA�*�/28;4K:<I�028;3�G�8;*qB<3�.�-2:�/�,qj�*��R354R.�AFA�0�4J.�A5En:�/

s/u
'

� � �M�
�
� � ��� �3��� � � � � ������� � � �������

Bh3�8 � 7RA5C�*�*�793�G�=?*�4@-235=?:</�:<8;3F/�3F7K7FG28;C�3�� A,- A�*�Uqj28;*�/ 7KA5.�I2=?354K:�/�,qj�4;*�A�3�7;7

q(pa) + g(pb) → q(pa′) + g(pb′).
&gd P '

l 3��R:�B<B20]793+j�C�E27;:�AF.�B�j�*�BS.�4K:�ZF.�8K:<*�/�7h*�=],�B<0�*�/�7FG¨7;*&8;C�.�8¡8KC�35:�4ij�*�BS.�4K:�ZF.�8K:<*�/$H�3FA�8;*�4J7
7;.�8;:S7\=?E

e(pb) · pb = e(pb) · pb′ = 0
.�/�-

e(pb′) · pb′ = e(pb′) · pb = 0
'X8_C�35/kG�=?*�4

Uq.�7;7;B�3F7K7*��0�.�4;127FGc8;C�3oA�*�/�8;4K:<I�0�8;:�*�/�*�=+8;C�3�1@35,�,�35:�Z53�-%��0�.�4;1 8K*p8;C�3o.�Uqj�B<:<8;0]-23
=?*�4@A�*�B<*�0�4+8;4K:<j�B<358@3���A�C�.�/�,�3a�R:<8;Cp35H�35/p7;:<,�/�.�8K0�4;3>AF.�/ I�3>j�4K3F7;35/28K3F-%�<b�b)�^.�7FG

R+
3 = ΓQG

−1

6 q⊥
1

2

[

(−s
−u

)δT (u)

+

(

s

−u

)δT (u)
]

ΓGQ ,
& N�O '

�RC�354K3
q⊥
:S7c8KC�3D8K4K.�/�7;H�3F4K7;3¡8;*�8;C�3

(pa, pb)
j�BS.�/�3�j�.�4;8h*�=28KC�3�Uq*�Un3F/28;0�U 8K4K.�/�7\=?3F4

q = pa′ − pb

G
u = q2 = q2⊥

:�/o8KC�3 1R35,�,�3aB<:�Uq:L8�G
ΓQG

.�/]-
ΓGQ

.�4;3�8;C�3 1R3F,�,�35*�/
H�3F498K:�A53F7�=?*�4+8KC�3

G → Q
.�/]-

Q→ G
8K4K.�/�79:<8;:�*�/]7�.�/�-

δT
-�3�8;3F4;Uq:�/�3F7�8KC�3���0�.�4K1

1R35,�,�3p8;4J.)(\3�A8K*�4KE	' 5@*�8;3 8KC�.�8�=?*�4oUW.�7K7;B<3�7;7���0�.�4;127
δT

-23Fj�35/�-�7o*�/�B<E *�/
q2⊥
G

79*W8KC�.�8a:</]7\8K3F.�-p*�=Y8;�R*�A5*�Uqj�B�3�� A�*�/7(\0�,�.�8;3$8;4J.)(\3FA�8;*�4;:�3F7R�R:<8;C�*�j�j�*�79:<8;3)j�.�4K:L8K:<3�7
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8;4J.)(\3FA�8;*�4;EWC�.�7+8;C�3>j�354;8;0�4KI�.�8K:<H�3a3��2j�.�/�79:�*�/kG

δT (u) = g̃S
2(u) δ

(1)
T + g̃S

4(u) δ
(2)
T + O(g̃S

6(u)) .
& N b4'

DR8@B�3F.�-�:</�,q*�4K-23F4 �<b�b)�^.�/]-�:�/
D = 4 + 2ε

-2:<Uq3F/�79:�*�/]75G

δ
(1)
T = −2CF

ε
.

& N d '
8_C�:�7_:S7R4K35BS.�8K3F-W8K*q8;C�3$.�/�.�B�*�,�*�0�7�*�/�3�TfB<*�*�j�,�B<0�*�/�8;4J.)(\3FA�8;*�4;EWI�E

δ
(1)
T =

CF

CA

ω(1).
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ΓQG = −gSū(pa′)T b

[

6e(pb)(1 + δe(u)) +
e(pb) · q 6q⊥

q2⊥
δq(u)

]

,

ΓGQ = −gS

[

6e∗(pb′)(1 + δe(u)) +
e∗(pb′) · q 6q⊥

q2⊥
δq(u)

]

T b′u(pa) .
& N�N '
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δe
.�/�-

δq
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*�=
q2⊥
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δe(u) = g̃S
2(u) δ(1)e + g̃S

4(u) δ(2)e + O(g̃S
6) ,

δq(u) = g̃S
2(u) δ(1)q + g̃S

4(u) δ(2)q + O(g̃S
6) .
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δ(1)e = ω(1)

[

CF

2CA

(

1

ε
− 3(1 − ε)

2(1 + 2ε)
+ ψ(1) + ψ(1 − ε) − 2ψ(1 + ε)

)

+
1

2ε
− ε

2(1 + 2ε)

]

,
& N e '

δ(1)q = ω(1) ε

2(1 + 2ε)

(

1 +
1

N2

)

.
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5@*�8K3�G¨8KC�.�8¡�RC�354K3F.�7
δ
(1)
e

C�.�7^.&79*�=!8 &
1/ε2

'^7;:</�,�0�BS.�4K:L8KE�8KC�.�8iUq0�7\8iI�3+A5.�/]A�35B�B�3F->I�E
4;3�.�Bh4J.�-2:S.�8K:<*�/hG

δ
(1)
q

:S7@=?:�/�:<8;3n.�7
ε → 0
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15
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6̄

.�/�- M+
15
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M−
3 = M(0)+

3 g̃S
2(u)

(

CF +
1

CF

)

1

ε

×
(

−iπ + g̃S
2(u)

CF

ε
(2iπ ln

(

s

|u|

)

+ π2) + O(g̃S
4(u))

)

,
& N � '

M−
6̄

= M(0)+
3 g̃S

2(u)
1

CF ε

×
(

−iπ + g̃S
2(u)

CA + 2CF − 1

2ε
(2iπ ln

(

s

|u|

)

+ π2) + O(g̃S
4(u))

)

,
& N�� '

M−
15 = M(0)+

3 g̃S
2(u)

1

CF ε

×
(

−iπ + g̃S
2(u)

CA + 2CF + 1

2ε
(2iπ ln

(

s

|u|

)

+ π2) + O(g̃S
4(u))

)

.
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〈M(0)|M〉 =
∑

spin, col

M(0)†M.
&  �O '

=¡*�4�8KC�3 1R35,�,�3F:<ZF3F-�.�Uqj�B<:<8;0]-23 �R3&*�I28K.�:</�8;C�3 j�4K*�(\3�A8K:<*�/�/�*�4;UW.�B�:S793�-WI�EW8KC�3
7 ��0�.�4;3a*�=^8;C�3 *+*�4K/p.�Uqj�B�:L8K0�-23 8;*qI�3�G

〈M(0)|R+
3 〉

〈M(0)|M(0)〉 = exp (δT (u)L)

(

1 + exp−iπδT (u)
)

2

×
[

(1 + δe(u))
2 +

(1 + δe(u))δq(u)

1 + ε
+

δ2q (u)

4(1 + ε)2

]

,
&   b�'

�RC�354K3
L = ln(s/ − u)

'�5@*�8;3�8;C�.�8 R(0)+
3

A5*�:�/�A�:S-23�7&�R:<8;C�8;C�3 *+*�4;/�.�Uqj�B<:<8;0]-23
79*�8;C�.�8�793FI2=?:�/�,

δe = δT = δq = 0
j�4K*�-20�A53F7_0�/�:L8KE	'
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R+
3 =

∑

n

g̃S
2n(u) R(n)+

3 ,
&   d '
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1R35,�,�35:�Z53�-�.�Unj�B<:<8;0�-�3 R(1)+

3

7;0�A�C 8KC�.�8

〈M(0)|R(1)+
3 〉

〈M(0)|M(0)〉 = δ
(1)
T L+ 2δ(1)e +

δ
(1)
q

1 + ε
− i

π

2
δ
(1)
T ,

&  �N '
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〈M(0)|R(2)+
3 〉

〈M(0)M(0)〉 =
(δ

(1)
T )2

2
L2 +

[

δ
(2)
T +

(

2δ(1)e +
δ
(1)
q

1 + ε

)

δ
(1)
T

]

L

− π2

4
(δ

(1)
T )2 + (δ(1)e )2 +

δ
(1)
e δ

(1)
q

1 + ε
+

(δ
(1)
q )2

4(1 + ε)2
+ 2δ(2)e +

δ
(2)
q

1 + ε

− i
π

2

(

(δ
(1)
T )2 L+

δ
(1)
q δ

(1)
T

1 + ε
+ 2δ(1)e δ

(1)
T + δ

(2)
T

)

.
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