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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 T5 and Ts of the SU(3), subgroup.

- The formula shows that difference of PQ /(Q4) charges of up and down
quarks is 2, i.e., AQa = 2, while for electric charge, are assumed to be equal,
while the (Q4) are opposite.

- PQ charge of neutral scalars equal 2, while for charged scalars, it vanishes.
-To have correct kinetic term for the axion, f, = vg.

- 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

10 GeV.

- The chiral effective Lagrangian as usually provides axion mass consistent

with model-independent prediction. VANLANG
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[. Strong CP problem

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

Lo ~0GGa, (1)

where G is gluon field strength, é;w = %ewag G is dual tensor.
No electric dipole moment of neutron follows [NEDMCollab., C.
Abel et al, PRL, 124 (2020) 081803]

6 <1010

This tiny value leads to strong CP problem .
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[. Strong CP problem
Then the electric and magnetic fields are:

Ws, = EJ, v=1,23=1; (space index);a =1,2,---8

v

B]? = eljk‘W Z#]%ka(]ak:17273) (2)
Then the Lagrangian of gauge bosons are following

~ALgusge D () W, W = 2a(2)( Waas W + Wag W)
= 20(2) (BuB" + BuB™) = 20(0)(B + B (3)

Now we consider a part with the dual tensor

1
ﬁg S 2€uua5 Wap,l/ =4le 0iaf3 WaOz W
= 4le Oigk Waoi Wk = 4! (EaiBm) = 4! <EB) ’ VA(A)NG
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II. Peccei-Quinn mechanism

The main element - scalar singlet
i) In cartesian coordinate system

z=x+iy=2z=pe”. (5)
In space-time coordinate [R. D. Peccei and H. Quinn, Phys.Rev.
D.16,1791(1977)]

®(z) = R(z)e™®, (6)

Here 6 is responsible for neutron electric diplole moment (EDM).

ii) @ = 0 energetically favourable.

Potential V = V(®) then it will have a minimum R = v > 0. Strong CP
problem, 6 = 0. Put neutron EDM to zero. V harmonic form V() ~ 62.
iii) Redefinition [Georgi,Kaplan and Randall, Phys. Lett. B 169 (1986) 73]

® = R(z) 61%(*) , (7)

where f, > 10'® GeV. The factor a/f, ensures a solution of strong C

puzzle.
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II. Peccei-Quinn mechanism

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

L=~ 3F8F% 4 07,0 + Lyutaua — V(9), (®)
with transformation
Y — €Y p = pe T p— e, (9)
Then
o7 = 9" pa o (10)
1672 *#

Then one has
Qs a - ay @ - a; a -~
Lyg=——"GCG+——WW+ ——BB. 11
9 4:7T 2qu 4:7T 2qu 47T 2qu V<AN L?\NG

uuuuuuuuuu
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[II. 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

Vi
f[t} = lg N(173a71/3)7l}%r\} (171a71)7
VCCL
L
N.r ~ (1,1,0) Majorana RH neutrino (12)

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

docL
QOzL - —UxL N(37§u0)7 042172, DaRN(3717_1/3)7
Dch
t
Q3 = b ~(3,8,1/3), Tg ~ (3,1,2/3), (13)
T 3 VANLANG
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[II. The 3-3-1 with Inflation

For SSB, we need three Higgs triplets and one singlet

+ 0
P% 771_
p = P2 ~ (1v372/3)7 n= Tlo ~ (1a3a_1/3)7
+ 0
P3 UE]
X7
X = Xo ~ (1737_1/3)7 ¢~ (1’1)0) (14)
0
X3

Note that 1 and y have the same quantum number, but the difference is that
their components have different VEV structure:

PR Y w=(0o) as
1
<¢> = ﬁvdﬁ w(x}q??me
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[II. 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=aTl3+ pTs+ L. (17)

Applying for the lepton triplet, we get

4
L=—X+L
N

The fields with non-zero lepton number are presented below

Fields NR I/Ea lL lR pj 77(3) X(l) X; d) DaL DBL TL TR
L -1 -1 1 1 -2 =2 2 2 2 2 -2 -2 =2

uuuuuuuuuu
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IITa. Neutrino masses

[ITa. 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)]

2
-L£) = yQsTrx+ Z (92) . @i DmrX*

n,m=1

+ Z Y3)3q @31UarN + Z Z (¥4) g @nrdarn™

n=1 a=1

+Z (¥5)34 QSLdaRP+ZZ (¥6) g @nLtarp™ + H.c. (18)

n=1 a=1

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

3

3 3 3
L = Zzgabil_ialeRerZZ 4.) op YarNor

a=1 b=1 a=1 b=1

3 3
S T () oy ONG Nk + Hec. 7 {145

12 a=1b=1



[ITa. Neutrino masses

The last two terms in (19) contains related to neutrino mass

~L) 2 (1) 4, Yar1Nor + (YN NanNor & + H.c. (20)

The Dirac neutrino mass term arises from v,, while the Majorana mass term
arises from vg.

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)]

M, = MPMG (MP)" . MP = % P, My =V2uyn.  (21)
The standard neutrinos get mass at eV scale, while Mg ~ 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. N owew

- G. Ballesteros, g al, JCAP 08 (2017) 001.



[I1Ib. Higgs sector

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

Viet = 12X x+12p'p+ pin'n+ p3e* o + M(x'x)* + A2(n'n)?
+ A00'0)? + M) (') + As(x X)) (pTp) + As(n'n) (pTp)
+ M) x) + As(xTp)(pTx) + Ao (np) (pTn)
+ A0(9"0)” + M1(9" ) (XTX) + A2 (67¢) (pp) + Ais(¢*9)(n' )
+ ()\¢613knipjxk¢* + HC) (22)
Expansions of the scalar fields
_ 1 - 1
X' = X, x8) ~ <1,3,—3> 0T = (n{,n5 ., n3) ~ (173, 3) :
T + 0 + 2 1 ja
P = (plﬂp27p3)N 1a37§ ) ¢:§<’U¢,+R¢)€ fa N(17170)a
(23)
VANLANG
where tan pg = ﬁ

14



[I1Ib. Higgs sector

The VEV v, is responsible for the PQ symmetry breaking resulting
(see below).

Then VEV v, breaks SU(3); x U(1) to the SM group. Two others
Up, vy are needed for the usual U(1), symmetry. Hence, it follows

Up 2> Uy 2> Up, Up.
Result of [V. H. Binh, et al, Phys. Rev. D (2023)] showed

@ One heavy field with mass in the range of 10'' GeV and
associated with singlet ¢ is identified to inflaton ®.

© One SM-like Higgs boson h with mass ~ 125 GeV.

@ Two remain fields include one heavy with mass at TeV scale (H,)
and another with mass at EW scale (hs). VANLANG
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IIIb. Higgs sector

[I1Ib. Higgs sector

In the limit vy > vy > v, > v, one has

T(U‘th’) +ZA5) X(l)

n = Hl y X = 1 GY* . ’

GXO W(UX—{—HX—FZGZ/)

G+
p =~ 7 (v+h+iGy) |,

H2

]. 71'&

¢ = ﬁ(%ﬂr@)e Ja. (24)

Notice:

- As new CP - odd scalar

- %! - bilepton DM [C. A. de S. Pires, P. S. Rodrigues da Silva, JCAP
or12:012 (2007 o Gaww

16



Inflation

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

;oo =G fop= feilah)ee
0 — @ 1= i3 )e 0, (25)
For chiral fermions
o = fr=¢" (1) ‘fo. fo —>J}£:J?L€i("‘%)a,
fo = fh= e, faos Jh= frei(FH)e, (26)

where ¢¢ is PQ charge of fermion and f, ~ 10" GeV is axion decay constant
relating to the scale of symmetry breaking of U(1)pg ~ U(1)q, global group.

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

Cu=CT=—Cg=—CD=C=—CR=—C =0, = —Ccy =R. GVEINC
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Inflation

[IIc. PQ charge in the 3-3-1 model with Inflation

QnL Qsr | “ar | dar | Tsp | Dnp | %ar | lar | Nar n X )
SUB) o 3 3 3 3 3 3 1 1 1 1 1 1
SU®3), 3 3 1 1 1 1 3 1 1 3 3 3
T 2 T 2 T I I T 2
UM x 0 3 i | -3 i -5 | —3 | -1 0 -z | -3 3
z —I —T =T =T =T
11 wy wo ws wo ws wyq w1 ws wg we wa wy w
7 1 1 —1 —1 1 1 1 —1 —1 —1 1 =1

SUB)c®SUB)L® U(l)x ® Z11 ® Za 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)]
Cy = Cr = —C4 = —Cp=C=—CR
:—C;/:CUR:_CNER~ (28)

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

d [T [ Do [t ] v Jve [Ng [0 [ 03 [XP[xX3T 2" [ & [uy
UMg, | T | L [T [ -t [1] -1 1 —1 2 2 2 2 —2 | 2 0
U(1) pq charge assignments of the particle content of the model. Here cp = Cp, = —CFp
Notice:
- Charged scalars do not have PQ charge 7 VANLANG

- Singlet ¢ must carry PQ charge
18



[I1d. Particles and Q4

V.

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

Multiplets and @4 charges in the model

Particle| Q4

Particle| Q4

Particle| Q4

(1) ()

Vg, 1
e ), \ 1

() ()
Xo 0 ~3
xé 2

L))
o 0 ~ 3
né 2

Nag ~ (1:170771)

daRa DaR ~ (3: 17 7%7 1)

¢~ (1717072)

19
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[Ile. 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=aTls+BTs+0X,, (29)

Applying for ()3, one gets

a=+2, f=- 5 Xy Qs) :% (30)

2
\/g )
Assuming 0 = 1, one gets Xq(Q3) = +4. Hence

2

V3

For all fermion triplets, one has X,,(3) = %.

Qa=2Ts — —= Ty + Xpy. (31)

uuuuuuuuuu

right-handed fermions just take opposite

20



[Ile. Formula of PQ) charge operator

For scalars 4 5
Xpg(X,m) = 37 Xpg(p) = T3 (32)
The PQ charge of the singlet ¢ follows from Yukawa coupling and equal - 2.

Let us connect PQ charge with electric one being as follows

Q=Ty— = Tu+N. (33)
From Egs. (31) and (33), it follows
Qa=2Q+ X, —2N. (34)
For singlets, their values are given from Yukawa interactions as follows
Xpq(Nr) =1, Xpq(fr) = —Qa(fr), Xpq(4) = 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 fact iRLanc
(32).

21



[Ile. Formula of PQ) charge operator

If the singlet scalar has VEV| it means that PQ symmetry is broken, because

2
Qa(p) = ok #0. (36)
Similarity between electric and PQ charges is showed in Table below
Ul)g U)g,
Ju _ _
(5] | st | et

( @7 ) ( Q") =0 ) ( Qa(p?) =2 )
w~ Qlp~)=-1 Qalp~)=0
Chiral fermion f Q(fr) = Q(f1) Qa(fr) = —Qa(fL)

SSB is in three steps by following scheme:

SUB)e®SUB)L®U(L)x ®Z1n ®Z @ U(l)g,
+ vy
SU(3)0®SU(3)L® U(l)X®ZQ
lw
SU(3)C®SU(§)L® UQ)y
Yomu, @A
SUB)c® U(1)q-

22
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IV. Axion couplings

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

Gé = E°, v=1,23=i
Bl? = eijsz{Lj Z#]#ka(]vk:1a2a3) (37)

Then the Lagrangian of gauge bosons are follows

4 Loguge D Wapy WP =2 W0, WO 42 W,y W4
= 2(E.E" + B,B™) = 2(E* + B?). (38)

Now we consider a part with the dual tensor

1 .
Lo D e W Wity = A1 W Wiy

= 4I(E.B) (39)
= 4l 60727‘1‘7[30 Wi — 0; W5 + gfabe Wob W]
X [0, WE — O WP + gfaae WS W) G ViQhne

23
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IV. Axion couplings

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

Ly = %fv“ O f = %(fv“auf — 9ufr"f) -

For the gauge version, one has
i - _
‘Cf = i(f'Y#Duf - Duf'yﬂf)
% . 7
= "0~ iPL)f = (Buf + if PV f]

i _
= PO A TP =T 0

(41)

(42)

Here P, = gsG, — gA, — ¢'B, and G, A,,, B, are matrices of gluon, SU(3),

and U(1)x bosons, respectively.

24
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IV. Axion couplings

For any fermion f, one has:

Lij-ay = < ) Ouafysy" f (43)
2fpq
For up quarks with ¢; = 1, one has derivative coupling
1
Liv—a ( )6‘ a uyHysu 44
w-a = {37 (44)
In summary, we have
1 - _
Li_ay = + (f) Oua [dcd Yrysd + ey YHysu + TepyHys T
pq

+ Da CpD, 'Y#'YSDQ
- 1._
+ lepy! sl + Lvg ey Y ysv, + iNa cn, V' PrNg| . (45)

counted.
25



IV. Axion couplings

IV. Axion couplings

(iii) Axion-scalar boson couplings
Let us write for arbitrary scalar boson ¢

Lo

(D46)! Do = [0 — Pl (0 — iPP)
0" 8up — 10t PPH @ + ipT PPH8,0 + T P PPH
Al+ A2+ A3.

Within PQ transformation, one has

Al

2fpq

|:i (C—‘P) cii(%)aé)“aap-ﬁ— ei(;;:q)aaugoil

[W.;(;tq)aWT;(;;,)M (z )}

2fpq

2
C, C
Bty + (#) Buaa“a¢*¢fi<#) Bua(d" T o —platy)
q

P Pq

26

(46)

N VANLANG

UNIVERSITY.
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IV. Axion couplings bosons
[Va. Interactions of axion to scalar and gauge

bosons

Notice

2
1 1
Ly ) 5 (—) Buaa“a (vi-‘-vi-&-vi-&-vi), :>f02=113]-&-v§-‘,—v>2<-$—v:‘;>

a

and

Ly, D2 " a Wap + —= W, L /2B 2 w: Ly, 2y B 2
—_— - = - vy — - — — = - v
® fa 3p V3 8 3 3H n 3p V3 8p 3 3 " P
2 Wsp + lt 25 +2 o a Ws,, + ! 7% 1t\/EB
V3 e TRt 3T f,, RV R VA
1 1.2 1,2 1 2 2 2 2 2
X [2op Ry + (Ry)™ + (L))" + | —Wspu + \/—§W8M+ Et EB;L [2vp R, + (Rp)™ + (Ip)7]

—BH> (20 B + (R2)? + (1))

2
3
2 1, /2 0%, 0 1 1 2 0%_0
= —Zin/ZB — —Zin/ZB
+ ( \/?,’Wgu 3 \/; u) n3 n3+ | Wau + ﬁWSu 3t 3Bk | xixa 'VAS‘I Sne



V. Total axion Lagrangian

The total part concerned to axion is given below

c L a0 a— m2 62 4 eoelt LG+ 22 % WW gt 2 BB (49)

= —9yuad0"a— —mZ a caqg— — c —_ cgp— —

“ o g a0 96 yr of, WW i 2%, BB o,

L
oFa _ 1_ “ _
+ o7 E Prepyusy + ENa cng, V' PrNa | — (ap Mo g + H.c.) (50)
a
f=u,d,T,D
xgqxgwb

2
1
+ (f_> 9 ad"a E H*H <= kinetic term (51)
a

—n0 0 ,0
H=n7,ng,pq
K=p"
Cep Ld >
- il — ) o"a E D* 9, D— K" 9, K (52)
2fa
D=n,x,¢
x%xg,d)

c
2 (%) ta E HTP;IH < axion - GB mixing
a

H=n9,n3.0§

where H*H = 1[(vy + Ry)? + I3].
It is worth emphasizing that in (52), the matrices M, are diagonal, i.e., VANLANG
M, = diag(mu, mq,---)
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'Goldstone bosons Gy and Gy

Va. Elimination of mixing between axion and

Goldstone bosons Gz and Gy

There are terms mixing axion with Goldstone bosons Gz and Gy. 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)pg as follows

a
2fpq

X — x’:e_z( X,

a
2fpq

n - 77'=e_z< n,

p — p':ei<2fm)p. (53)

°

Of course, the quarks have to be changed to keep Yukawa interactions

invariant.

29



'Goldstone sns:’Z and Gy )

Va. Elimination of mixing between axion and
Goldstone bosons Gz and Gy

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

1 1 Qs Qo a ~
L, = -0,ad0" ——GG @ oo e
a 9 pad™a — 2ma0 + cqa ir 2,y + CWW TS
— BB
+CBB47r 2qu
0*a i
+ ? Z ¢fcf7u75¢+ N cn, Y“PrNy | — qr M, qr
P4\ f=u,d,T,D
1 2
+ <_2f > Opadta (vﬁ + 20y Ry + Ri) < New Physics  (54)
Pq

Here M, = e_i(ﬁ)QAqu_i(ﬁ)QA_ -

30



'Goldstone sns}z and Gy

Va. Elimination of mixing between axion and
Goldstone bosons Gz and Gy

To have correct kinetic term of the axion, Eq. (54) leads to condition
fo=vgp. (55)

The point is worth noting:

@ the terms in last line (doubly derivative coupling of axion to inflaton) are
characteristic for the model under consideration.

© 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 aGG.

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]
7 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 tadie in
\7/

VANLANG
the range 107 GeV < f < 1012 GeV.”

UNIVERSITY
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V1. 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]

LO ff 8 a
X0 _ +ZTY[(D#U)TDHU]+?§Tr[CqU}JA!M

2
+75 BoTr[Ma ut + uMm)]. (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} + MUY = UM, + MU' + z‘%{QA,Mq}UT
a

- 2(1)2 U(QiMq‘f‘QQAMqQA"FMqu)‘f‘
2fa

where M, = diag(mu, mq). VANLANG

UNIVERSITY.
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V1. Chiral perturbative QCD

Using
Jrop aa
U = e Tr =1cos (l> +4i% % sin (1) , (57)
fﬂ' m fﬂ'
M71
where m = /(70)2 + 2t~ and Q4 = W—), one gets
2 - m2
Lomass = lBOrI‘r[Ma UT + UMJ:)} = f,gm?r cos (—) - . (58)
2 fr 2
Here, the axion mass is given by
m2 = —mifg - MMuid__ 5 Cos (1) ~ —mngg o Mufld 5 - (59)
fa (mu + md) fﬂ' fa (mu + md)
A consequence is as follows
1012 GeV
e ~ 5.7 [ ) Lev. (60)
o vatLANe

33



VI. Chiral perturbative QCD

In a similar way, we can deal with three flavour quarks (with s quark).
The result is given by

m2 — 1m2 <f7")2 1 < My, Mg Mg ) (61)
“ 27 fa (mu + md) My Mg + My M + MgMs ’

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

N

mg = 4

fﬂ'mﬂ' |: My, Mg ms
fa/N L(mymg + myms + mgmy)(my, + mq)

~ (1.2x107°eV) ( (62)

1012 GeV
fa/N ’

uuuuuuuuuu
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VII. Conclusions

VII. Conclusions

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

@ All necessary elements are obtained: P(Q transformation, charges,
© PQ charge operator Q4 in terms of diagonal generators.

@ Axion couplings with gauge bosons, fermions, scalars.

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

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

@ Axion’s mass determined by chiral perturbative QCD.
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