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Motivation
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i~ Strong CP problem| - massless neutrino
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1. Extra dimesions

e} -
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- gravity is absent i
i

2. Extend the spectrum of particles : is not verified l,’,predict the existences,

3. Extend the gauge symmetry . _by experiments __ | - unlimited fermion generation! of Higgs 125GeV,
| - mass of top quark 172GeV | e t, W, Z )

1. At200GeV scale, BSM includes SM U pg i - no darkmatter candidates _;  "Tre---on

2. Define the mixing angles of ¥

that fit with data from experiments - & a(k) = ~v(p) +v(q) @

3. Explain the BAU - | Phys.Lett. B810(2020), 135829

4. Higgs spectrum includes SMLHB »C Phys.Rev.D111(2025), 115023

5. Exist dark matter candidates
!

3-3-1 model with axion (A331)
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Strong CP problem
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dm.lc of QCD vacuum
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CPV in QCD pasn't been Uh\l.‘l\k.‘d-k
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Phys.Rev.D107, 095030, (2023)
3-3-1 model with ALP

1, ~ e
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SU@B),@ U)y®Zu® Zy i (8)

- produce a neutron electric dipole moment of order

SU(@3),

vy~ 10" Gev

SM with U(l)l’lz (Alfleck-Dine Model)
SU3)®'SUM3), @ U(l)x

(SM
*complicated Higgs potential with H vy~ 10° Gev
KSVZ model Kim-Shifman-Vainshtein-Zakharov . "\ X 3¢
various parameters \ SU@).® SUQ),e U(1)
\ SUB)c® SU2), ¥
M 3 . . . \
(SM+X(5) - solve the tiny mass of neutrino \ + . .
\ 0 ;
- working scale is not too large \ B
DFSZ model = Dine-Fischler-Srednicki-zhitnitsky = = SUB)c® Ul

- avoid Landau pole (5TeV) |irxn:24|z.04269v3 |hep-phﬂ ©

- exist dark matter candidate .-

(SM

i
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| - explain why number of fermion family is 3,

(SM | - explain w 3 is s v
1 - explain why mass of t quark is so heavy SU(3).. . . 77 m
PQWW model | Pecceh-Quinn-Weinberg-Wikczek | - FCNC at tree-level X &
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A brief review of the 3-3-1 with U(1)g_; model

Charge operator
o 1,
Q=1T3——=Ts+X (0

V3

B~ L operator

4 :
B—-L=—-—T35+N
NI

Pommm e e e P
| Left-handed leptons in triplets
i

' avi
' WalL = (VaL:€ar, (Var)")

i 1
i ~ (3.3%.0 —=
: (3 3 3) (12)

iRighl-handed leptons in singlets
L ear ~ (1.1,-1,-1) (13)

'Sapr ~ (1,1,0,-1)

|

I vector-like neutral fermions
:

one singlet

Fmmm e .
2 quark generations in anti-triplets,

Qar = (dar.—ttar, Dar)"

1
~ (34 3%,0, 77;>
a=1,2 :

(5.

T 12
‘|.(,'>1‘.(,)‘|’) ~ (1.3, —5.
33

(01 4+ Ry +ily)

. T
Py = ((ﬁ);.()g (,7._7) ~ ( N

Qs = (uag.dsr. Usy)"

: 1
1 ~ (3,3, -.1
. (333 )

L (0 + Ry + i)

-N\T 14
Py = ((,‘)g.(,);.(,)g) ~ (1434 -3 —3>

15
Do~ (3,1, -2
" ( 3 3)
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via CP-odd mass

Physical state of axion defined

mixing matrix

Mass mixing matric in basis ([7, [2,

Scalar poleg}lial 5
o — 25t T )2 i i
Vi =Y pi0fd + 0(@10)? + Y A(@le)(@le)) SIS T
i=1 ij=1;i<j vy VivV2 V1V3 ViVs
\ i i 2 2 A %_ I
z ¥ * z 5 2 15 V4 10,
+/\,-_,(<l>i(P_,)((PJ(D;) +usoto + Ao (c¥0) - ‘MIz __4a v U203 U2V
2 11
3 v U3Vs
+ 3 Mo (®10,) (07 0) + (1 0 B By X %
‘ t
=1 A = Av1020304 en
Mixin:g angles
Physical states of fields in CP-odd sector tana = —
5
a cos (g — sin g sinay — sina cos g sinap — cos a cos oy sin ag 1, v
Gz | 0 Cos —sin asinay — cos arsin I3 tanay = E‘ cos af
Gy | 0 0 Cos —sina Iy l',.;
As sinas  sinag cosas  sinacos g cosay  COS ( COS (V] COS (9 I, (23 tanag = - \ sin ‘
Vo
(22)
Physical state of axion
a = cos (ol, — sin vy sin o3 — sin v cos r sin s Is — €os (v cos vy Sin a1y |(24)
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A rule to define PQ charge of particles

1. The PQ charge of a left-handed multiplet is opposite in sign to the one of the corre-
sponding right-handed multiplet;

¥

. The PQ charge of a multiplet is opposite in sign to the one of the corresponding
anti-multiplet.

PQj, = —PQp . PQy =—PQy| PQs,)e = —PQs, | (9

Yukawa coupling of two fermions with a scalar

Ll = hfrovr+ He. ()
$U(1)pg )
L' = W6/ W = hfpei@PRUL) goioPRO) iaPRER) 4 i c.

PQ(¢) = PQ(fL) + PQ(YR): @9

(27)

Field | 3-3-1-1 rep B-r U(l)pq
var | (13,-4 -4 | (—1,-1 41" | L
| (L1,-1.-1) -1

Qur | (8.30,-1) | (L1-D)" Q%

Qu | (33451 | (.43 2

wn | (31,21 1

Usp | (3.1,2.7) z

dn | 31-10) :

Dar | (3.1.-1.-3) 3 Q

S| (1101 -1 19
Sar | (1.1.0,-1) | -1 L

| (1,3.-1.2) (0,0,2)" 2PQ,
@ | (13,33 (0.0.2)" L PO,

Py | (1.3.-1. 1) ‘ (-2.-2.0)" | ~2PQ,
4 100 | 0 PQ,

. ,(30)

| PQu, = PQu, = —2PQu, = ~3PQ,

(31)

PQ charges of all particles depend on only PQ, .

It is consistently with that 7 causes U(l)m spontaneous breaking.
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Physical state of axion defined via SU(3),

and PQ transformation

(34)
(36) invarriant under
= 1'(|,,XH U(1)x transformation (35)
Y ,[1 P90 4 1y 2 POy, 1, 222 PQay+lay 3 qu,,{J U()pg transtormation
—UgU1tpu3 € 2 - 3 T
4 Vo iX il PQy
g SR VA
PO, - Xo Xa nvarriant under V2 (
1, P gy A PQu, + In,™, Xy o PQuy + Lo~ ®s > PQay = 0lr Ultlrg
v (38)
General form of axion *#* . S i
3 with f:ll‘!lllj B I’(J,, 2 . Z B ’.(24" 2
1 Pc - PQqg P vs PQg L A ( Cow )
a=- 2 I+> 21,1 - 2% +z ve PQuy p ' = T )
frq \ Vo p vo fPQ PQ, (39)
. Physics Letters E
Physical state of axion )= ““**
I+ 1 PQa, v, 2 2, PQu, v PQas vy 1 Reloading the axionina‘3-3»1 setup )
o+ 3PQ, v 10 3 PQy vy 102 T 5 PQ,, v b .t 8.3, st v, ot -
a = - - 173 |7 |2 = 77 [1PQu, a1 + ©2PQu, 02 + wPQa, a5 + v, PQ, ao]
14 (15Qeea)? | (L2000 )? | (1P Q000 ) @)
3 PQo. vi 3" PQo. v2 3" PQq.'v3 (41)
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Properties of axion in 3-3-1 model with U(1)g_

and PQ transformation

@ Form of axion depends on ratios %’" which are real number,
independent from PQ charges of all particles as well as VEVs of
scalar fields.

@ The expression of axion physical state is inversely proportional to
VEVs of scalar triplets (v,,) of the model and just linearly
proportional to VEV of scalar singlet (v, ).

@ The Xo, charges of scalar triplets are always accompanied by
their imaginary parts /; in the expression of physical axion state.

@ The physical state of axion must be orthogonal to Goldstone
bosons Gz and Gz and a new light pseudo scalar As which arise
from mass mixing matrix of CP-odd sector.

Physical state of axion and its properties in tt August 12, 2025 9/23



Axion-fermion couplings

Axion-fermion

(a) _ 1 e
ﬁ)(’] :E,II;I:[‘DQ

couplings

— Ip,>a
€a"5€h

@9 Yab = \/—Ellii\g(lllu My, My )dal
v2

—LY = Yy CaL Poevr + Hoc. = Y €l Pacyr + Y5 on (P2) ear, 43

Anomaly axion-fermion couplings

depend on Jo = fpq and PQf =cy

(as same as EM coupling

Physcs Leters 8 (Il=e,pu,7)
i ion in a 3-3- diag(m. my,;m;)
feloading the axionina3-3-15etup g, = —————Cqe - independent from fa and PQs
PQ,, —PQ, # - depend on mass mixing angles of CP-odd sector
— G _ o R _ _ 26'2/3 m X, P . P
Cae = Cor —C«v = — COS sm” o, = depend on "YU, Atriplets and Qscalar ratios and only Qr

of fermions-and:photon)

3

i P
L= 31" 0 f =

i
5

Lif-a) =

1

7 O a [deay"ysd + @ ey Y ys5u + Us cuy 7*95Us + Do €p, 95 Do + Leiy' 25l
pa
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Axion-photon couplings

electromagnetic [U(1)o]? x U(1)po anomaly coefficient
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Decay of axion into a pair of photons a — v

L=L, +Lc

ay

= g(waFF—i- zC,lA aANA“ 9)

I

2 Gy

= |A\[u|2 = |]\4'1|2 + |]\/12|2 = 49277713 + 160(%, ©

"l p, qse(p, )\)“5((1,’0)7/72 Cuy n"e(p, /\)”f(q. o), =M+ M,=DM, |62

AP gami o Co

- 647rma_ 167 4dmm, | @

= Decay width I'(a — v7)
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Decay of axion into a pair of photons a — ~v

10-22 10~ 10-2
Subdominant )
dark matter | Bxotic ight ALPs The QCD axion |ix5>;( e
Axion |« 1 >
mass (eV) I

0005 0010 0015 0020 Black hole spins
m,[eV]

V1, U2~ EW scale

v~ 10° Gev Which are left to work on?
vy ~ 10" Gev

1. axion-gauge boson couplings

- axion -charge gauge boson: aW W™, aY Y™, aX'x"™
- axion -neutral gauge boson: aZZ, aZ'Z'avZ,an 7'

2. Anomaly couplings of axion-gauge bosons

3. axion-gauge boson-charged Higgs

4. contribution of axion to Y — 2 muon via 1-loop and 2-loop corrections
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Conclusions

Thanks for the funding from National Foundation for Science and
Technology Development (NAFOSTED) under grant No. 103.01-2023.50. |

Applying axion theory of Peccei and Quinn to the special 3-3-1
model with U(1)g_, to solve Strong CP problem.

Proposing a rule to define PQ charges of particles in the model
and show that all PQ charges just depend on 1 parameter PQ,
of o which causes the spontaneous breaking of U(1)pq
symmetry.

Physical state of axion is defined by combining the mass mixing
matrix diagonalization with the invariant under SU(3), x U(1)x
and PQ transformation.

The dominant contribution to the decay width of a — v is
from normal Higgs-gauge bosons coupling in case mass of axion
is about some meV'.

THANK YOU FOR YOUR ATTENTION
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Backup Slide 1 - Why a~ couplings ?

@ R.D. Peccei and H. Quinn, Phys.Rev. D.16,1791(1977)

1 ‘
L= _IF;{,I,,F”I”/ + 1L' /’lD“ v+ LYUA'(:U’(! - V((D) ) (S

with transformation

2io

= e’ g — e 0.

1075,/
Py

) — e
then one has couplings of axion with gauge bosons

2
ae EFF L da "a ]pQ .
vy 672 Vg

1 - ¥

Legs D i‘q(,ﬁ,aFF = gay a EB 5

C«yy =
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Backup Slide 2 - a7y interactions

Expand scalar field around its VEV:
¢ =(¢)+ 9. (1)
With D, = 0 + igW? T, + igxB,X = [0 + iPEC + iPN¢| and
T,,(a=1,8) are SU(3), generators. The kinetic term is
(D"¢)' Dup = 060,06 + i [ (¢)1PL0"6 — 0,6TPY(¢)]
+i[6TPLO" ) — 9,0 PG| + ¢ TPIP Y (2)
The last term in Eq. (2) is following
SIPIPIG = () PIPS) + 6T PLPYG
+i [(¢)TPOPG — TPOPO(G] . (3)
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Backup Slide 2 - P,

we \
W2+ % + 2520 XB, vaw! V2x;
_ 3, W NG -
\/§Wu _WM + 7§ + g)ég XBy 2W3\/§YMf
V22X V2Y,f — A+ BOXB,
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Backup Slide 3 - The QCD anomaly coefficient

N = Zgj Ng = Zgj PQ(Q) nc(Q) m(Q) T(Co), (5)

Q nc(Q) and ny(Q) - the dimension of the color and weak iso-spin
representations, i.e. (n(T) = 3 for triplet; n(S) = 1 for singlet).
@ T(Cyp) is the color Dynkin index, i.e. T(3)=1/2.
Taking into account that PQq, = —PQqr, quantity N reads

Nizi = N(Qar)+N(Qs1)—N(u.r)—N(dar) —N(Usr)—N(Dar), (6)

PQ, 1 PQ, PQ, 1 PQ,
N(Qar) = 6 -3-2~§:T7N(Q3L):— 6 .3.1.5:— 7

PQs 1 PQs PQs 1 PQ,
N(UaR) = 2 335 =9. 4 7N(daR) - - > 335 = -0, 2 ,

PQy .. 1 _,PQ PQ, .. 1 PQ,
N(Usg) = —7315 =37 N(Dog) = ——~ 325 = -3—H7)
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Backup Slide 4 - The electromagnetic

[U(1)g]* x U(1)pg anomaly coefficient

E= Y. (PQy— PQs)(Qr). (8)
i=charged
Number of quark colors n. = 3 then
a=123 a=123
Eszi = ne >, 2PQ,, Q2 +n. > 2PQ4, Q7
Ua d,
a=1,2 i=1,2,3
+ne Y 2PQp,, Qp, + nc2PQu, Q¢, + Y 2PQ., @
DaL €i
B PQ,\ 4 PQ,\ 4 PQ, 1
s P2) (74 PR
PQ, 1 PQ, 4
12 — = —PQ,.
+ 29+6<2> 3P @ (9)
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Backup Slide 5 - CPODD

Phys.Rev.D 68,115009, (2003) The neutral scalar CP-odd sector Phys.Rev.D107,095030, (2023)
Phys.Lett.B 771,199 — 205, (2017) (14, I Ay, I,}
L1 1 1 o ) . P
- - the matrix which is used to diagonalize the mass matrix is unitary:
v UgUy Ul Vgl I
1 1 1 a Co,  —S0350, —SaCh350, —CaChySo, "’
2 Gy 0 cp. — 54,80, ) I\‘ (2)
A vy V\Vp  UyUy G — 3 S0, aS0,
My, = ) 1 1 7 0 0 Ca —S4 I,
= As S0, 80,0,  SaCoCo,  CaCosCo, I
vy VU, n
i - mass of the pseudoscalar
v2
A = Agvgvyvy v) ! 0 mA = — A _ AUty (33)
- the diagonal matrix is not unitary (30) 4 2 sin 2«
- 2 Goldstone boson R
- a pseudoscalar (mass is unidentified) Ay = — MMa, SN 2a Ap <0 (34)
- an axion (combination ot 2 components) VgUy
a= (1“ +-= I\ ) - axion-like particle (comhnmlum of 4 components)
Yy 31 .
1 + —f ’ @D a = Iycq, — l\sv"u”-“‘m - //;('4;;-“",v*'1; - I,J/(‘u('uy‘ﬂ‘u,, (35)
The 3-3-1 model with axion -
the cold dark matter candidate The 3-3-1 model with axion-like particle (ALP331)
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Backup Slide 6 - CPEVEN

2 ApVx Ve ApVpVe Apvp
2X\207 — ﬁg AeUnUp + S22 Nquguy + SRS Ajgugug + SEEX
As 2 ApUnv Ay,
A6Unvp + % 2)\371,2, - % '/'U'l"’ + As0pvy S 4 Npv,04
Apvp Aps ApUnvp
Mvnvy + S22 220Y 4 AsUpvy 2\10% — FF 20T 4 N11vy Vg
ApUpUyx  AgUnt Apnvp ; (1)
)\13’(},,’[}4, + % "’1 VX + )\121},/[)4, # =+ )\111))(1)4) 2)\101)5, - 2—:}(2;
2,2
tan20s = —— 46&“;}”“”(3 —; /\GU";}" @
Ac3 v — AvZ + dvgv2(Agvi — A3c3 v3)
2,2
fan 20 — dvy (A+2/\5vl,vx) ) Ay 23)
an 2t T tan 2a = .
Cay (A - 4/\1UX) )\107}¢
1 —1
R77 Caz  SazCas SazSazCay —SazSazSay hs
Rp _ —Say;  CasCas  CazSasCay —CazSasSay h
3 - 0 @)
Rx —Sas CazCay —CasSay H,

Ry 0 0 Sag Cay )
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Backup Slide 7 - TypelSeeSaw

3 3 3 3 3 R
El}/ — Z Z gab"ZaLeth +H Z Z 1/., ab waLnNhR + Z Z (yN)a[) ¢NaCRNbR + H.c.

3
a=1b=1 a=1b=1 a=1b=1

Dirac neutrino mass terms (eV scale) Majorana neutrino mass terms 10" Gev

My, = o) (e war) 0"

un-invarriant under 2

VaL, VaL

(@)

Mu:MVDMIGI (]V[VD)Tﬂ MD:yuDﬁv MN:\/invd?'
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Backup Slide 8 - PLB2020

Physics Letters B

Volume 810,10 November 2020, 135829 Field  3301rep Bl Ui
va  (13-h-) (1,-1,41)" 1P, Pa,
Q)
Reloading the axion in a 3-3-1 setup w a1 A 40, + 374,
3PQa,)
Alex G. Dias © B, Julio Leite °® & &, José W.F. Valle * &, Carlos A. Vaquera-Araujo < ¢ & Qu (3,8,0,-3) G-y PQq,
@ @) Gy PQq, - P,
1/ PQa,
| v (3,1,3,4) } PQ,
(PQ, + PQq, +
PQa,)
a= _f/lw [v1PQg, a1 + v2PQy, az + wPQy, a3 + v,PQ, a,] PR P
2rQ,,
g (3.1,-1.4) } PQq,, + PQs,
— 2,2 2 2 2 2 2 9 3 '
frq = \/PQa”a + PQy, vi + PQy,v3 + PQy, w b (31,33 ' PGy, + PQy,
Sa (110-1) -1 3(PQ, — PQy, +
PQs,)
sw (110-) - 1(-Pa, - ro,
PQu,)
3 @ (©0.0,2)" PQ,,
where § and g are defined as
>, (0,0,2)" (PQ, + PQs,
. . Q)
102 i\
tand = T and tan 3 = e (- P (-2,-2,0)" PQs
4 *\ diag(me,my,m.,) - BN
Yoo = Singm e 7 " Cac and  (Cpe = G = = —cos? § sin’ B . 100 0 v,
E ’ PR E b Rt < Cu -7
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