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Abstract

- Based on the Peccei-Quinn (PQ) charge assignment, the PQ charge
operator in the 3-3-1 model with Cosmological Inflation is constructed in
terms of diagonal generators T3 and T8 of the SU (3)L subgroup.
- The formula shows that difference of PQ /(QA) charges of up and down
quarks is 2, i.e., ∆QA = 2, while for electric charge, are assumed to be equal,
while the (QA) are opposite.
- PQ charge of neutral scalars equal ±2, while for charged scalars, it vanishes.
-To have correct kinetic term for the axion, fa = vφ.
- The axion is an electric charge-phobia (unlike charged) scalar and gauge
bosons.
- The axion has doubly derivative coupling with scalar playing the role of
inflaton.
- The new effects mainly happen in the energy region from 107 GeV to
1011 GeV.
- The chiral effective Lagrangian as usually provides axion mass consistent
with model-independent prediction.
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I. Strong CP problem

I. Strong CP problem

Yang-Mills theories, such as QCD generally break CP symmetry
via [ G.’tHooft, Phys. Rev. D 14, 3432 (1976)]

Lθ ∼ θ̃GG̃ , (1)

where G is gluon field strength, G̃µν = 1
2εµναβGαβ is dual tensor.

No electric dipole moment of neutron follows [NEDMCollab., C.
Abel et al, PRL, 124 (2020) 081803]

θ̃ ≤ 10−10

This tiny value leads to strong CP problem .
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I. Strong CP problem

I. Strong CP problem
Then the electric and magnetic fields are:

W a
0ν ≡ Ea

ν , ν = 1, 2, 3 = i ; (space index); a = 1, 2, · · · 8
Ba

k ≡ εijkW a
ij i 6= j 6= k, (j, k = 1, 2, 3) (2)

Then the Lagrangian of gauge bosons are following

−4Lgauge ⊃ a(x)WaµνW aµν = 2a(x)( Wa0νW a0ν + WaijW aij)
= 2a(x) (EaiEai + BakBak) = 2a(x)(E2 + B2) . (3)

Now we consider a part with the dual tensor

Lθ ⊃
1
2ε

µναβWaµνW a
αβ = 4! ε0iαβWa0iW a

αβ

= 4! ε0ijkWa0iW a
jk = 4! (EaiBai) = 4! (E.B) . (4)
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II. Peccei-Quinn mechanism

II. Peccei-Quinn mechanism
The main element - scalar singlet
i) In cartesian coordinate system

z = x + iy ⇒ z = ρeia . (5)

In space-time coordinate [R. D. Peccei and H. Quinn, Phys.Rev.
D.16,1791(1977)]

Φ(x) = R(x)eiθ(x). (6)

Here θ is responsible for neutron electric diplole moment (EDM).
ii) θ = 0 energetically favourable.
Potential V = V (Φ) then it will have a minimum R = v � 0. Strong CP
problem, θ = 0. Put neutron EDM to zero. V harmonic form V (θ) ∼ θ2.
iii) Redefinition [Georgi,Kaplan and Randall, Phys. Lett. B 169 (1986) 73]

Φ = R(x) ei a(x)
fa cφ , (7)

where fa ≥ 1010 GeV. The factor a/fa ensures a solution of strong CP
puzzle.
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II. Peccei-Quinn mechanism

II. Peccei-Quinn mechanism
According to [R. D. Peccei and H. Quinn, Phys.Rev. D 16 (1977)
1791]:

L = −1
4Fa

µνFaµν + iψ̄γµDµψ + LYukawa − V (φ) , (8)

with transformation

ψ → eiσγ5ψ , ψ̄ → ψ̄eiσγ5 φ→ e−2iσφ . (9)

Then
∂µJ 5

µ = g2

16π2 Fa
µνF̃aµν (10)

Then one has

Lag = αs

4π
a

2fpq
GG̃ + α2

4π
a

2fpq
W W̃ + α1

4π
a

2fpq
BB̃ . (11)
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III. The 3-3-1 with Inflation

III. The 3-3-1 with Inflation
[C. A. de S. Pires, et al, Phys. Lett. B 771 (2017) 199;
V. H. Binh, et al, Phys. Rev. D 107 (2023)]
Particle content: -Leptons in triplet

f a
L =

 νa
L

la
L
νca

L

 ∼ (1,3,−1/3), la
R ∼ (1, 1,−1),

NaR ∼ (1, 1, 0) Majorana RH neutrino (12)

where a = 1, 2, 3
- Two quark generations in antitriplets and one in triplet

QαL =

 dαL
−uαL
DαL

 ∼ (3, 3̄,0), α = 1, 2 , DαR ∼ (3, 1,−1/3),

Q3L =

 t
b
T


L

∼ (3,3,1/3),TR ∼ (3, 1, 2/3), (13)
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III. The 3-3-1 with Inflation

III. The 3-3-1 with Inflation
For SSB, we need three Higgs triplets and one singlet

ρ =

 ρ+
1
ρ0

2
ρ+

3

 ∼ (1,3,2/3), η =

 η0
1
η−2
η0

3

 ∼ (1,3,−1/3),

χ =

 χ0
1

χ−2
χ0

3

 ∼ (1,3,−1/3) , φ ∼ (1, 1, 0) (14)

Note that η and χ have the same quantum number, but the difference is that
their components have different VEV structure:

〈ρ〉 = 1√
2

 0
v
0

 , 〈η〉 = 1√
2

 u
0
0

 , 〈χ〉 = 1√
2

 0
0
ω

 . (15)

〈φ〉 = 1√
2

vφ . (16)
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III. The 3-3-1 with Inflation

III. The 3-3-1 with Inflation

Since lepton and anti-lepton lie in the same triplet, the lepton number
in these models are not conserved. The new conserved value should
have the form [D. Chang & HNL, Phys. Rev. D (2006)]

L = αT3 + βT8 + L. (17)

Applying for the lepton triplet, we get

L = 4√
3
λ8 + L

The fields with non-zero lepton number are presented below

Fields NR νca
L lL lR ρ+

3 η0
3 χ0

1 χ−2 φ DαL DβL TL TR
L −1 −1 1 1 −2 −2 2 2 2 2 −2 −2 −2
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IIIa. Neutrino masses

IIIa. Neutrino masses
The Yukawa couplings for quarks are [C. A. de S. Pires, et al, Phys. Lett. B
(2017); V. H. Binh, et al, Phys. Rev. D (2023)]

−LY
q = y1Q̄3LTRχ+

2∑
n,m=1

(y2)n,m Q̄nLDmRχ
∗

+
3∑

a=1

(y3)3a Q̄3LuaRη +
2∑

n=1

3∑
a=1

(y4)na Q̄nLdaRη
∗

+
3∑

a=1

(y5)3a Q̄3LdaRρ+
2∑

n=1

3∑
a=1

(y6)na Q̄nLuaRρ
∗ + H .c. (18)

and for the lepton [V. H. Binh, et al, Phys. Rev. D (2023)]

−LY
l =

3∑
a=1

3∑
b=1

gabψ̄aLlbRρ+
3∑

a=1

3∑
b=1

(
yD

ν

)
ab ψ̄aLηNbR

+
3∑

a=1

3∑
b=1

(yN )ab φN̄ C
aRNbR + H .c. (19)
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IIIa. Neutrino masses

IIIa. Neutrino masses
The last two terms in (19) contains related to neutrino mass

−LY
l ⊃

(
yD

ν

)
ab ψ̄aLηNbR + (yN )ab N̄ C

aRNbR φ+ H .c. (20)
The Dirac neutrino mass term arises from vη, while the Majorana mass term
arises from vφ.
From (20), it follows that the light active neutrinos are generated from a type
I seesaw mechanism mediated by right handed Majorana neutrinos.
Thus implying that the resulting light active neutrino mass matrix has the
form [V. H. Binh, et al, Phys. Rev. D (2023)]

Mν = M D
ν M−1

N
(
M D

ν

)T
, M D

ν = vη√
2

yD
ν , MN =

√
2 vφ yN . (21)

The standard neutrinos get mass at eV scale, while MR ∼ 107 GeV [ C. A. de
S. Pires, et al, Phys. Lett. B (2017)].

Note that the similar papers containing axion, inflaton and seesaw exist in
Refs. below:
- A. Salvio, Phys. Lett. B 743 (2015) 428.
- G. Ballesteros, et al, JCAP 08 (2017) 001.13



IIIb. Higgs sector

IIIb. Higgs sector
The full potential of the model under consideration has the form [C. A. de S.
Pires, et al, Phys. Lett. B (2017)]

Vtot = µ2
χχ
†χ+ µ2

ρρ
†ρ+ µ2

ηη
†η + µ2

φφ
∗φ+ λ1(χ†χ)2 + λ2(η†η)2

+ λ3(ρ†ρ)2 + λ4(χ†χ)(η†η) + λ5(χ†χ)(ρ†ρ) + λ6(η†η)(ρ†ρ)
+ λ7(χ†η)(η†χ) + λ8(χ†ρ)(ρ†χ) + λ9(η†ρ)(ρ†η)
+ λ10(φ∗φ)2 + λ11(φ∗φ)(χ†χ) + λ12(φ∗φ)(ρ†ρ) + λ13(φ∗φ)(η†η)
+

(
λφε

ijkηiρjχkφ
∗ + H .c.

)
(22)

Expansions of the scalar fields

χT =
(
χ0

1, χ
−
2 , χ

0
3
)
∼
(

1, 3,−1
3

)
, ηT =

(
η0

1 , η
−
2 , η

0
3
)
∼
(

1, 3,−1
3

)
,

ρT =
(
ρ+

1 , ρ
0
2, ρ

+
3
)
∼
(

1, 3, 2
3

)
, φ = 1

2(vφ + Rφ)ei a
fa ∼ (1, 1, 0) ,

(23)

where tan θPQ = Iφ
vφ+Rφ
14



IIIb. Higgs sector

IIIb. Higgs sector
The VEV vφ is responsible for the PQ symmetry breaking resulting
(see below).

Then VEV vχ breaks SU(3)L ×U(1)N to the SM group. Two others
vρ, vη are needed for the usual U(1)Q symmetry. Hence, it follows
vφ � vχ � vρ, vη.

Result of [V. H. Binh, et al, Phys. Rev. D (2023)] showed

1 One heavy field with mass in the range of 1011 GeV and
associated with singlet φ is identified to inflaton Φ.

2 One SM-like Higgs boson h with mass ∼ 125 GeV.

3 Two remain fields include one heavy with mass at TeV scale (Hχ)
and another with mass at EW scale (h5).
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IIIb. Higgs sector

IIIb. Higgs sector
In the limit vφ � vχ � vρ � vη, one has

η '


1√
2 (u + h5 + iA5)

H−1
GX0

 , χ '
 χ0

1
GY−

1√
2 (vχ + Hχ + iGZ ′)

 ,

ρ '

 GW +
1√
2 (v + h + iGZ )

H +
2

 ,

φ = 1√
2

(vφ + Φ) e−i a
fa . (24)

Notice:
- A5 new CP - odd scalar
- χ0

1 - bilepton DM [C. A. de S. Pires, P. S. Rodrigues da Silva, JCAP
0712:012 (2007)]
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IIIc. PQ charge in the 3-3-1 model with
Inflation

IIIc. PQ charge in the 3-3-1 model with Inflation
The PQ transformations are as follows

f → f ′ = ei( cf
2fa )γ5af , f̄ → f̄ ′ = f̄ ei( cf

2fa )γ5a ,

ϕ → ϕ′ = ei( cϕ
2fa )aϕ , (25)

For chiral fermions

fL → f ′L = e−i( cf
2fa )afL , f̄L → f̄ ′L = f̄Lei( cf

2fa )a ,

fR → f ′R = ei( cf
2fa )afR , f̄R → f̄ ′R = f̄Re−i( cf

2fa )a , (26)

where cf is PQ charge of fermion and fa ∼ 1011 GeV is axion decay constant
relating to the scale of symmetry breaking of U (1)PQ ∼ U (1)QA global group.

The PQ charges of fermions are given as [[C. A. de S. Pires, et al, Phys. Lett.
B (2017)]

cu = cT = −cd = −cD = cl = −clR = −cν = cνR = −cN ≡ R . (27)

17



IIIc. PQ charge in the 3-3-1 model with
Inflation

IIIc. PQ charge in the 3-3-1 model with Inflation
QnL Q3L uaR daR T3R DnR ψaL laR NaR η χ ρ φ

SU(3)C 3 3 3 3 3 3 1 1 1 1 1 1 1
SU(3)L 3 3 1 1 1 1 3 1 1 3 3 3 1
U(1)X 0 1

3
2
3 − 1

3
2
3 − 1

3 − 1
3 −1 0 − 1

3 − 1
3

2
3 0

Z11 ω−1
4 ω0 ω5 ω2 ω3 ω4 ω1 ω3 ω−1

5 ω−1
5 ω−1

3 ω−1
2 ω−1

1
Z2 1 1 −1 −1 1 1 1 −1 −1 −1 1 −1 1

SU(3)C ⊗ SU(3)L ⊗U(1)X ⊗ Z11 ⊗ Z2 charge assignments of the particle content of the
model.

The PQ charges of fermions are given as [C. A. de S. Pires, et al, Phys. Lett. B (2017)]

cu = cT = −cd = −cD = cl = −clR

= −cν = cνR = −cN ≡ R . (28)

R is non-zero integer. |R| = 1⇒ R = 1.

u d T Dα l ν νR NR η0
1 η0

3 χ0
1 χ0

3 ρ0 φ η−2 χ−2 ρ+
1 ρ+

3
U(1)QA 1 −1 1 −1 1 −1 1 −1 2 2 2 2 −2 2 0 0 0 0

U(1)PQ charge assignments of the particle content of the model. Here cF = cFL = −cFR
Notice:
- Charged scalars do not have PQ charge
- Singlet φ must carry PQ charge

18



IIId. Particles and QA

IIId. Particles and QA

[C. A. de S. Pires, et al, Phys. Lett. B (2017);
V. H. Binh, et al, Phys. Rev. D 107 (2023) 095030]

Multiplets and QA charges in the model

Particle|QA Particle|QA Particle|QA(
t
b
T

)
L

(
1
−1
1

)
∼ 3

(
dα
−uα
Dα

)
L

(
−1
1
−1

)
∼ 3̃

(
νa
la

(νc
R)a

)
L

(
1
−1
1

)
∼ 3(

χ0
1

χ−2
χ0

3

) (
2
0
2

)
∼ 3

(
η0

1
η−2
η0

3

) (
2
0
2

)
∼ 3

(
ρ+

1
ρ0

2
ρ+

3

) (
0
−2
0

)
∼ 3

NaR ∼ (1, 1, 0,−1) daR,DαR ∼ (3, 1,− 1
3 , 1) tR,TR ∼ (3, 1, 2

3 ,−1)
φ ∼ (1, 1, 0, 2)

19



IIIe. Formula of PQ charge operator

IIIe. Formula of PQ charge operator
The PQ charges given in Table allows us to write some nice formula as
generalized lepton number.
Let us write PQ charge operator in diagonal operators as follows (for
left-handed fermions sitting in non-singlets).

QA = αT3 + β T8 + δXpq , (29)

Applying for Q3, one gets

α = +2, β = − 2√
3
, δXpq(Q3) = +1

3 (30)

Assuming δ = 1, one gets Xpq(Q3) = + 1
3 . Hence

QA = 2 T3 −
2√
3

T8 + Xpq . (31)

For all fermion triplets, one has Xpq(3) = 1
3 .

Note that the above formula is applicable for left-handed ferions, for
right-handed fermions just take opposite
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IIIe. Formula of PQ charge operator

IIIe. Formula of PQ charge operator
For scalars

Xpq(χ, η) = 4
3 , Xpq(ρ) = −2

3 . (32)

The PQ charge of the singlet φ follows from Yukawa coupling and equal - 2.
Let us connect PQ charge with electric one being as follows

Q = T3 −
1√
3

T8 + N , (33)

From Eqs. (31) and (33), it follows
QA = 2 Q + Xpq − 2 N . (34)

For singlets, their values are given from Yukawa interactions as follows
Xpq(NR) = 1 , Xpq(fR) = −QA(fL) , Xpq(φ) = 2 . (35)

For minimal 3-3-1 model, PQ symmetry may be not suitable because of the
Landau pole around 5 TeV .
Note that electric charges of up and down elements differ by one unit, while
PQ charges of the above elements differ by two. That is why the factor 2 in
(32).
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IIIe. Formula of PQ charge operator

IIIe. Formula of PQ charge operator
If the singlet scalar has VEV, it means that PQ symmetry is broken, because

QA〈φ〉 = 2√
2

vφ 6= 0 . (36)

——————–
Similarity between electric and PQ charges is showed in Table below

U(1)Q U(1)QA(
fu
fd

)
∆Q = 1 ∆QA = 2(

ϕ0

ϕ−

) (
Q(ϕ0) = 0

Q(ϕ−) = −1

) (
QA(ϕ0) = 2
QA(ϕ−) = 0

)
Chiral fermion f Q(fR) = Q(fL) QA(fR) = −QA(fL)

SSB is in three steps by following scheme:
SU(3)C ⊗ SU(3)L ⊗U(1)X ⊗ Z11 ⊗ Z2 ⊗U(1)QA

↓ vφ
SU(3)C ⊗ SU(3)L ⊗U(1)X ⊗ Z2

↓ vχ
SU(3)C ⊗ SU(2)L ⊗U(1)Y

↓ vη , vρ
SU(3)C ⊗U(1)Q.
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IV. Axion couplings

IV. Axion couplings
(i) Axion-gauge boson couplings = Anomalous couplings
To understand these couplings, let us denote

Ga
0ν ≡ Ea

ν , ν = 1, 2, 3 = i
Ba

k = εijkGa
ij i 6= j 6= k, (j, k = 1, 2, 3) (37)

Then the Lagrangian of gauge bosons are follows

−4Lgauge ⊃ WaµνW aµν = 2 Wa0νW a0ν + 2 WaijW aij

= 2 (EaiEai + BakBak) = 2(E2 + B2) . (38)

Now we consider a part with the dual tensor

Lθ ⊃ 1
2ε

µναβWaµνW a
αβ = 4! ε0iαβWa0iW a

αβ

= 4!(E.B) (39)
= 4! ε0ijk [∂0W a

i − ∂iW a
0 + gfabcW b

0 W c
i ]

× [∂jW a
k − ∂kW a

j + gfadeW d
j W e

k ] (40)
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IV. Axion couplings

IV. Axion couplings

(ii) Axion-fermion couplings
Let us start from kinetic term of fermion as follows

L0
f = i

2 f̄ γµ
↔
∂µ f = i

2(f̄ γµ∂µf − ∂µ f̄ γµf ) . (41)

For the gauge version, one has

Lf = i
2(f̄ γµDµf −Dµ f̄ γµf )

= i
2 [f̄ γµ(∂µ − iP f

µ)f − (∂µ f̄ + i f̄ P f
µ)γµf ]

= i
2 f̄ γµ

↔
∂µ f + f̄ P f

µγ
µf ≡ I + II (42)

Here Pµ = gSGµ − gAµ − g′Bµ and Gµ,Aµ,Bµ are matrices of gluon, SU (3)L

and U (1)X bosons, respectively.
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IV. Axion couplings

IV. Axion couplings
For any fermion f , one has:

L(f−a) =
(

cf
2fpq

)
∂µaf̄ γ5γ

µ f (43)

For up quarks with cf = 1, one has derivative coupling

L(u−a) =
(

1
2fpq

)
∂µ a ūγµγ5u (44)

In summary, we have

L(f−a) = +
(

1
fpq

)
∂µ a

[
d̄ cd γ

µγ5d + ū cu γ
µγ5u + T̄ cT γµγ5T

+ D̄α cDα γ
µγ5Dα

+ l̄ clγ
µ γ5l + Iν ν̄a cν γ

µγ5νa + 1
2 N̄a cNa γ

µPRNa

]
. (45)

in which the number of color, flavor indexes and PQ charge have to be
counted.
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IV. Axion couplings

IV. Axion couplings
(iii) Axion-scalar boson couplings
Let us write for arbitrary scalar boson ϕ

Lϕ = (Dµϕ)†Dµϕ = [(∂µ − iPϕµ )ϕ]†(∂µ − iPϕµ)ϕ

= ∂µϕ†∂µϕ− i∂µϕ†Pϕµϕ+ iϕ†Pϕµ∂µϕ+ ϕ†PϕµPϕµϕ
≡ A1 + A2 + A3 . (46)

Within PQ transformation, one has

A1 = ∂
µ

(
ϕ
†e

i
(

a
2fa

)
QA

)
∂µ

(
e
−i
(

a
2fpq

)
QA
ϕ

)
= ∂

µ

(
ϕ
†e

i
( cϕ

2fa

)
a
)
∂µ

(
e
−i
( cϕ

2fpq

)
a
ϕ

)
=

[
∂µϕ
†
.e

i
( cϕ

2fpq

)
a

+ ϕ
†e

i
( cϕ

2fpq

)
a
(i)
(

cϕ
2fpq

)
∂µa

]
×

[
i
(

cϕ
2fpq

)
e
−i
( cϕ

2fpq

)
a
∂
µa ϕ + e

−i
( cϕ

2fpq

)
a
∂
µ
ϕ

]
= ∂µϕ

†
∂
µ
ϕ +
(

cϕ
2fpq

)2
∂µa∂µa ϕ†ϕ− i

(
cϕ
2fpq

)
∂µa(∂µ ϕ†ϕ− ϕ†∂µϕ)

(47)26



IV. Axion couplings
IVa. Interactions of axion to scalar and gauge

bosons

IVa. Interactions of axion to scalar and gauge
bosons
Notice

Lϕ ⊃
1
2

(
1
fa

)2
∂µa∂µa (v2

η + v2
ρ + v2

χ + v2
φ), ⇒ f 2

a = v2
η + v2

ρ + v2
χ + v2

φ

and

Lϕ ⊃ 2
(

g
fa

)
∂
µa

{(
W3µ +

1
√

3
W8µ −

1
3

t

√
2
3

Bµ

)
v2
η −

(
W3µ −

1
√

3
W8µ −

2
3

t

√
2
3

Bµ

)
v2
ρ

−

(
2
√

3
W8µ +

1
3

t

√
2
3

Bµ

)
v2
χ

}
+ 2
(

g
fa

)
∂
µa

{(
W3µ +

1
√

3
W8µ −

1
3

t

√
2
3

Bµ

)
× [2vηR1

η + (R1
η)2 + (I1

η)2] +

(
−W3µ +

1
√

3
W8µ +

2
3

t

√
2
3

Bµ

)
[2vρR2

ρ + (Rρ)2 + (Iρ)2]

+

(
−

2
√

3
W8µ −

1
3

t

√
2
3

Bµ

)
[2vχR3

χ + (R3
χ)2 + (I3

χ)2]

+

(
−

2
√

3
W8µ −

1
3

t

√
2
3

Bµ

)
η

0∗
3 η

0
3 +

(
W3µ +

1
√

3
W8µ −

1
3

t

√
2
3

Bµ

)
χ

0∗
1 χ

0
1

}
(48)

27



V. Total axion Lagrangian

V. Total axion Lagrangian
The total part concerned to axion is given below

La =
1
2
∂µa∂µa −

1
2

m2
ao a2 + cGG

αs

4π
a

2fa
GG̃ + cWW

α2

4π
a

2fa
WW̃ + cBB

α1

4π
a

2fa
BB̃ (49)

+
∂µa
2fa

(
l,ν∑

f =u,d,T,D

ψ̄f cf γµγ5ψ +
1
2

N̄a cNa γ
µPRNa

)
− (q̄L Ma qR + H.c.) (50)

+
(

1
fa

)2
∂µa∂µa

 χ0
1,χ

0
3,φ∑

H=η0
1,η

0
3,ρ

0
2

H∗H

 ⇐ kinetic term (51)

− i
(

cϕ
2fa

)
∂
µa

K=ρ0∑
D=η,χ,φ

[
D∗
↔
∂µ D − K∗

↔
∂µ K

]
(52)

+ 2
(

cϕ
2fa

)
∂
µa

χ0
1,χ

0
3,φ∑

H=η0
1,η

0
3,ρ

0
2

H†PH
µH ⇐ axion - GB mixing

where H∗H = 1
2 [(vH + RH )2 + I2

H ].
It is worth emphasizing that in (52), the matrices Mq are diagonal, i.e.,
Mq = diag(mu ,md , · · · )
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Va. Elimination of mixing between axion and
Goldstone bosons GZ and GZ ′

There are terms mixing axion with Goldstone bosons GZ and GZ ′ . To
avoid this trouble [H. Georgi, D. B. Kaplan and L. Randall, Phys.
Lett. B 169 (1986) 73], we rotate triplets of scalars by opposite
U (1)PQ as follows

χ → χ′ = e
−i
(

a
2fpq

)
χ ,

η → η′ = e
−i
(

a
2fpq

)
η ,

ρ → ρ′ = e
i
(

a
2fpq

)
ρ . (53)

Of course, the quarks have to be changed to keep Yukawa interactions
invariant.
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Va. Elimination of mixing between axion and
Goldstone bosons GZ and GZ ′

Note that the singlet φ is unchanged. Then, Eq. (52) becomes final
Lagrangian

La = 1
2∂µa∂µa − 1

2m2
ao + cGG

αs
4π

a
2fpq

GG̃ + cWW
α2
4π

a
2fpq

W W̃

+cBB
α1
4π

a
2fpq

BB̃

+ ∂µa
2fpq

 l,ν∑
f =u,d,T ,D

ψ̄f cf γµγ5ψ + 1
2N̄a cNa γ

µPRNa

− q̄L Ma qR

+
(

1
2 fpq

)2

∂µa∂µa
(

v2
φ + 2vφRφ + R2

φ

)
⇐ New Physics (54)

Here Ma = e−i
(

a
2fa

)
QAMqe−i

(
a

2fa

)
QA .
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Va. Elimination of mixing between axion and
Goldstone bosons GZ and GZ ′
To have correct kinetic term of the axion, Eq. (54) leads to condition

fa = vφ . (55)

The point is worth noting:
1 the terms in last line (doubly derivative coupling of axion to inflaton) are

characteristic for the model under consideration.
2 As mentioned in [H. Georgi, D. B. Kaplan and L. Randall, Phys. Lett. B 169 (1986)

73], the axion has only two kinds of couplings: derivative couplings with fermions
and anomalous couplings with gauge bosons aGG̃.

3 Note that the new effects mainly happen in the energy region from 107 GeV to
1011 GeV.

As written in [H. Georgi, D. B. Kaplan and L. Randall, Phys. Lett. B 169 (1986) 73]

” If it (invisible axion) exists at all, it is interloper in our low energy world, a renegade from

unknown physics at some large energy scale, conventionally called f , constrained to lie in

the range 107 GeV ≤ f ≤ 1012 GeV.”
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VI. Chiral perturbative QCD
In the frameworks of chiral perturbative Lagrangian in the energy scale ≤ 1 GeV , the
axion’s mass was derived. For two quark flavors, the leading order chiral Lagrangian is
given by [L. Di Luzio, M. Giannotti, E. Nardi and L. Visinelli, Phys. Rept. 870 (2020) 1]

Lχ(LO)
a = +

f 2
π

4
Tr
[
(DµU)†DµU

]
+
∂µa
2fa

1
2

Tr [cqσ
a ] Ja

A, µ

+
f 2
π

2
B0Tr[MaU† + UM†a )] . (56)

The terms in the first line connected with kinetic term of fields, while the term in the
second line provides mass of the fields.
Hence we continue with this term.

UM†a + MaU† = UMq + MqU† + i
a

2fa
{QA,Mq}U†

− 2
( a

2fa

)2
U(Q2

AMq + 2QAMqQA + MqQ2
A) + · · · ,

where Mq = diag(mu ,md).
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VI. Chiral perturbative QCD
Using

U = ei π
aσa
fπ = 1 cos

(
π

fπ

)
+ i

πaσa

π
sin
(
π

fπ

)
, (57)

where π =
√

(π0)2 + 2π+π− and QA = M−1
q

Tr(M−1
q )

, one gets

Lamass =
f 2
π

2
B0Tr[MaU† + UM†a )] = f 2

πm2
π cos

(
π

fπ

)
−

m2
a

2
. (58)

Here, the axion mass is given by

m2
a =

m2
πf 2
π

f 2
a

mumd
(mu + md)2 cos

(
π

fπ

)
'

m2
πf 2
π

f 2
a

mumd
(mu + md)2 . (59)

A consequence is as follows

ma ' 5.7
(

1012 GeV
fa

)
µeV . (60)
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VI. Chiral perturbative QCD
In a similar way, we can deal with three flavour quarks (with s quark).
The result is given by

m2
a = 1

2m2
π

( fπ
fa

)2 1
(mu + md)

( mumdms
mumd + mums + mdms

)
. (61)

This result coincides with one given in Ref. [M. Srednicki, Nucl. Phys.
B 260 (1985) 689]

ma = 4 fπmπ

fa/N

[ mumdms
(mumd + mums + mdms)(mu + md)

] 1
2

' (1.2× 10−5 eV)
(

1012 GeV
fa/N

)
, (62)
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VII. Conclusions

VII. Conclusions
1 Realization PQ formalism in the 3-3-1 model with Inflation.

2 All necessary elements are obtained: PQ transformation, charges,

3 PQ charge operator QA in terms of diagonal generators.

4 Axion couplings with gauge bosons, fermions, scalars.

5 Axion is an electric charge-phobia (unlike charged) scalar and
gauge bosons.

6 Total axion Lagrangian contains new couplings, especially to
inflaton.

7 Axion’s mass determined by chiral perturbative QCD.

Thanks for your attention!
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