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J/Ψ → gagbgc: diagrams
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Colors and helicities of initial qq̄

The initial qq̄ is color siglet:

cc̄ :
1√
3
(|11̄⟩+ |22̄⟩+ |33̄⟩)color (1)

Spin triplet and singlet (J/Ψ is |1,±1⟩):

triplet


|1,1⟩ = |1

2 ,
1
2⟩

|1,−1⟩ = | − 1
2 ,−

1
2⟩

|1,0⟩ = 1√
2

(
|1
2 ,−

1
2⟩+ | − 1

2 ,
1
2⟩
) (2)

singlet : |0,0⟩ = 1√
2

(
|1
2
,−1

2
⟩ − | − 1

2
,
1
2
⟩
)

(3)

J/Ψ is |1,±1⟩.
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Coupling between quarks and gluon

qi

qj

Aa
µ

igS ta
ji γ

µ

t1 =
1

2

0 1 0
1 0 0
0 0 0

 t2 =
1

2

0 −i 0
i 0 0
0 0 0

 t3 =
1

2

1 0 0
0 −1 0
0 0 0


t4 =

1

2

0 0 1
0 0 0
1 0 0

 t5 =
1

2

0 0 −i
0 0 0
i 0 0

 t6 =
1

2

0 0 0
0 0 1
0 1 0


t7 =

1

2

0 0 0
0 0 −i
0 i 0

 t8 =
1

2
√

3

1 0 0
0 1 0
0 0 −2



Tr[ta] = 0 , Tr[ta tb ] = Tr[tb ta] , Tr[ta tb tc ] = Tr[tb tc ta] ̸= Tr[ta tc tb ] (4)

[ta
, tb ] = if abc tc

, {ta
, tb} =

1

3
δ

ab + dabc tc (5)
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qq̄ → gagbgc: discussion

The colors of final state gluons can be divided into three classes:
Tr[tatbtc ] = 0. In this case we have

Tr[tatc tb] = 0 , (6)

f abc = 0 . (7)

No diagrams contribute.

Tr[tatbtc ] ̸= 0 and Tr[tatbtc ] is real. In this case we have

Tr[tatbtc ] = Tr[tatc tb] , (8)

f abc = 0 . (9)

Only diagrams in the blue boxes contribute.

Tr[tatbtc ] ̸= 0 and Tr[tatbtc ] is pure imaginary. In this case we have

Tr[tatbtc ] = −Tr[tatc tb] , (10)

f abc = −4i × Tr[tatbtc ] . (11)

Both diagrams in the blue and red boxes contribute.
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Class II: Tr[tatbtc] ̸= 0 and Tr[tatbtc] is real

Tr[tatbtc] = Tr[tatc tb] , f abc = 0

M(gagbgc) = (M1 + M2) ∝ Tr[tatbtc]× M(γγγ) (12)

Numerical results in this case:

M(triplet → gagbgc) ̸= 0 (13)

M(singlet → gagbgc) = 0 (14)
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Class III: Tr[tatbtc] ̸= 0 and Tr[tatbtc] is pure imaginary

Tr[tatbtc ] = −Tr[tatc tb] , f abc = −4i × Tr[tatbtc ] .

M(gagbgc) = M1 + M2 + M3 (15)

Numerical results in this case:

M(triplet → gagbgc) = 0 (16)

M(singlet → gagbgc) ̸= 0 (17)
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J/Ψ → gagbgc

Since J/Ψ is |1,±1⟩, we only need to consider the processes
J/Ψ → gagbgc satisfying that Tr[tatbtc] are real and diagrams in
blue boxes.
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J/Ψ → gagbgc

Since c and c̄ in J/Ψ are all still (p⃗c/c̄=0) in the calculations, each
of the three states (|1,±1⟩, |1,0⟩) can be obtained by rotations of
the other two. So, decay widths of these three states are same
though the angular distributions of final states are different.
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J/Ψ → gagbgc

In this case, we have
∫

dΠf |M(|1,±1⟩ → gagbgc )|2 =

∫
dΠf |M(|1, 0⟩ → gagbgc )|2 (18)

=

∫
dΠf |M(|1/2, 1/2⟩ → gagbgc )|2 =

∫
dΠf |M(| − 1/2,−1/2⟩ → gagbgc )|2 (19)

=2
∫

dΠf |M(|1/2,−1/2⟩ → gagbgc )|2 = 2
∫

dΠf |M(| − 1/2, 1/2⟩ → gagbgc )|2 (20)

=
1

3

∫
dΠf

∑
λc/c̄=±1/2

|M(|λc , λc̄⟩ → gagbgc )|2 (21)

where we have used

|1/2, 1/2⟩ = |1, 1⟩ (22)

| − 1/2,−1/2⟩ = |1,−1⟩ (23)

|1/2,−1/2⟩ =
1

√
2
(|1, 0⟩ + |0, 0⟩) (24)

| − 1/2, 1/2⟩ =
1

√
2
(|1, 0⟩ − |0, 0⟩) (25)

M(|0, 0⟩ → gagbgc ) = 0 (26)
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J/Ψ → ggg

ΓLO
ggg =

1

3

∫
dΠf

∑
Tr[tatb tc ] are real

∑
λc/c̄=±1/2

|M(|λc , λc̄⟩ → gagbgc )|2
|ΨNR(0)|2

M2
J/Ψ

(27)

=
1

3

∫
dΠf

∑
λc/c̄=±1/2

|M(|λc , λc̄⟩ → γγγ)|2
|ΨNR(0)|2

M2
J/Ψ

×
α3

S

α3
em

×
1

Q6
c

×
∑

Tr[tatb tc ] are real

(
Tr[ta tb tc ]

√
3

)2

(28)

=
5

18

128

9
α

3
S
|ΨNR(0)|2

M2
J/Ψ

∫ 1

0
dx
∫ 1

1−x
dy

×
x4 + 2 x3 (−2 + y) + (−1 + y)2

(
2 − 2 y + y2

)
+ x2

(
7 − 9 y + 3 y2

)
+ x

(
−6 + 13 y − 9 y2 + 2 y3

)
x2y2(2 − x − y)2

(29)

=
5

18

128

9
α

3
S
|ΨNR(0)|2

M2
J/Ψ

π2 − 9

2
(30)

=
160

81
(π2 − 9)α3

S
|ΨNR(0)|2

M2
J/Ψ

, (31)

which is in agreement with the results from references.
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J/Ψ → ggg
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J/Ψ → ggg
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J/Ψ → ggg
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J/Ψ → γµ+µ−

Numerical results in this case:

Ms(triplet → γµ+µ−) = 0 (32)
Mt(singlet → γµ+µ−) = 0 (33)
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J/Ψ → γµ+µ−

∫
dΠf |M(|1,±1⟩ → γµ+µ−)|2 =

∫
dΠf |M(|1,0⟩ → γµ+µ−)|2 (34)

=

∫
dΠf |M(|1/2,1/2⟩ → γµ+µ−)|2 =

∫
dΠf |M(| − 1/2,−1/2⟩ → γµ+µ−)|2

(35)

=2
∫

dΠf |M(|1/2,−1/2⟩ → γµ+µ−)|2 = 2
∫

dΠf |M(| − 1/2,1/2⟩ → γµ+µ−)|2

(36)

=
1
3

∫
dΠf

∑
λc/c̄=±1/2

|M(|λc , λc̄⟩ → γµ+µ−)|2 (37)
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What is the C parity of gluon?

For photon:

Fµν = ∂µAν − ∂νAµ (38)

L ∋ −1
4

FµνFµν (39)

ĈAµĈ−1 = −Aµ (40)

For gluon: ĈAaµĈ−1 ̸= Aaµ due to J/Ψ → ggg

F aµν = ∂µAaν − ∂νAaµ + gSf abcAbµAcν (41)

L ∋ −1
4

F aµνF a
µν (42)

=⇒ ĈAaµĈ−1 ̸= −Aaµ (43)

So, gluons are neither eigenstates of Ĉ transformation nor eigenstates
of T̂ transformation. But they are eigenstates of P̂ (ĈT̂ ) transformation.
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