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ABSTRACT: We present a model with A4 x U(1)pq lepton flavor symmetry which explains
the origin of the lepton flavor structure and also solves the strong C'P problem. Standard
model gauge singlet fields, so-called “flavons”, charged under the A4 x U(1)pq symmetry
are introduced and are coupled with the lepton and the Higgs sectors. The flavon vacuum
expectation values (VEVs) trigger spontaneous breaking of the A4 x U(1)pq symmetry.
The breaking pattern of the A, accounts for the tri-bimaximal neutrino mixing and the
deviation from it due to the non-zero 6,3 angle, and the breaking of the U(1)pq gives rise
to a pseudo-Nambu-Goldstone boson, axion, whose VEV cancels the QCD 6 term. We
investigate the breaking of the A4 x U(1)pq symmetry through an analysis on the scalar
potential and further discuss the properties of the axion in the model, including its decay
constant, mass and coupling with photons. It is shown that the axion decay constant
is related with the right-handed neutrino mass through the flavon VEVs. Experimental
constraints on the axion and their implications are also studied.
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1 Introduction

The standard model (SM) is the most attractive model which explains almost all the results
of collider and low-energy experiments, and the last piece of the SM, the Higgs particle,
has been discovered very recently. However there remains a mystery about the origin of
the structures of quark and lepton flavors. As to the lepton sector, neutrino oscillation
experiments have provided interesting information about the flavor structure in the form
of the two neutrino mass squared differences and the two large mixing angles. The reactor
neutrino experiments [1]—[3] have also reported a non-zero 6,3, which was the last mixing
angle to be measured in the lepton sector. Deriving the neutrino mass and mixing angles
theoretically is a challenge in the quest of physics beyond the SM. The non-Abelian discrete
symmetry is one of the candidates for the origin of the flavor structures. Many authors
have proposed models with non-Abelian discrete flavor symmetries in the lepton sector as
well as in the quark sector (see for review [4]-[7]). Those models contain new gauge singlet
scalar fields, so-called “flavons”, in addition to the SU(2) doublet SM Higgs field. In order
to obtain vacuum expectation values (VEVs) and VEV alignments of flavon scalar fields,
one usually introduces so-called “driving fields” in the framework of the supersymmetry
(SUSY) with U(1)r symmetry.

The strong C'P problem is another mystery of the SM. In QCD theory, a non-zero
QCD vacuum angle 6 is allowed which leads to the violation of C'P symmetry. Searches for
neutron electric dipole moment report an experimental bound of |f] < 107! [8]. Such an
unnaturally small 6 requires a theoretical explanation. The most elegant solution to the
strong C'P problem is to introduce the U(1)pq symmetry [9]. The U(1)pqg symmetry is
anomalous in QCD, and when spontaneously broken, it yields a pseudo-Nambu-Goldstone
boson called axion. The axion field develops a VEV that cancels the 6 term. The axion
decay constant, which is the scale of U(1)pq symmetry breaking, should be much higher



than the electroweak scale to evade the constraint from supernova cooling [10-12]. Hence
the breaking of U(1)pq symmetry is associated with the VEV of some new scalar field with
a U(1)pq charge. The pervasive models of the axion are KSVZ model [13, 14] and DFSZ
model [15, 16]. In the former, the new scalar couples with new vector-like quarks, while in
the latter, two Higgs doublets are introduced and are coupled with the new scalar.

In this paper, we present a model with A4 x U(1)pq symmetry that explains the origin
of the lepton flavor structure and also solves the strong C'P problem. We show that one can
successfully assign A4 and U(1)pq charges to the leptons, quarks, Higgs fields and flavons.
Note that the quarks and Higgs fields are A4 trivial singlets, which allows the same quark
Yukawa couplings as in the minimal SUSY SM. A, flavor symmetry regulates the flavor
structure of the lepton sector. Since flavon fields have U(1)pq charges, non-zero VEVs of
flavons realize the spontaneous breaking of U(1)pq symmetry, yielding an axion field. The
Higgs fields have U(1)pq charges and the axion in our model is of DFSZ-type. What is
unique in our model is that the axion decay constant is tied with flavon VEVs, which are
also related with the right-handed Majorana neutrino mass. Another appeal is that, in con-
ventional A4 flavor symmetry models, additional Zy symmetry is often imposed to forbid
certain terms, while in our model, the U(1)pq symmetry plays the role of the Zy symmetry
and no ad-hoc Zy symmetry is necessary. In ref. [17], another model with A4 x U(1)pq
symmetry has been presented. There, flavon fields with U(1)pq charges couple directly
with the quark sector and the axion has a property different from the DFSZ and KSVZ
axions. In our model, on the other hand, they couple to quarks only through the two Higgs
fields and the axion is the DFSZ axion. Hence the two models are distinctively different.!

This paper is organized as follows. In section 2, we present our model of A4 x U(1)pq
lepton flavor symmetry with SUSY and U(1)z symmetry, and discuss the potential of the
flavon and driving fields. We also comment on the origin of the Higgs p-term in the model.
In section 3, we study the properties of the axion in the model and its connection to the
flavon properties. Also, experimental constraints on the axion are discussed. The section 4
is devoted to summary. In appendix A, we review the multiplication rule of A4 group.

2 A4y x U(1)pq model

We construct an A4 x U(1)pq model for describing the quark and lepton sectors. In this
model, we require that the left-handed lepton doublets [ = (I, ,, ;) transform as a triplet
under the A4, while the right-handed charged leptons are assigned to the singlets as 1, 1”7,
and 1’ for €%, 1%, and 7. The right-handed Majorana neutrinos are introduced as an A4
triplet v, = (VSp, ViR Vs ). On the other hand, the left-handed quark doublets ¢1, g2, g3
and the right-handed up- and down-type quarks u%, ¢4, t%, d%, 5%, b% transform as trivial
singlets under the A4. For the Higgs sector, we introduce the Higgs doublets h, and hy
which are assigned to the Ay trivial singlet. The setup accommodates the same Yukawa

n ref. [18], a different type of model has been presented which explains the quark flavor structure with
discrete flavor symmetries and also solves the strong C'P problem. Unlike our model, that model’s solution
to the strong C'P problem is based on the idea that C'P is a fundamental symmetry of Nature and the C'P
phase of the SM is provided by spontaneous C'P symmetry breaking.



l €R MR TRl VR |l @ g | unp ¢ th | dn sk b
SU(2) 2 1 1 2 1 1
Ay 3 1 1”7 1 3 1 1 1
Upq | (1 —4¢.) | $B8q—5) | —3 r —qu - qu—7—1
U(l)r 1 1 1 1 1 1
ha ha or | ds € & | o) | 65 &
SU(2) 2 1 1 1 1
Ay 1 3 3 1 1 3 3 1
UDpq | ¢u (1—gqu) | O 3 0 -1
U(1)r 0 0 0 2 2

Table 1. The assignments of leptons, quarks, Higgs, flavons, and driving fields. The U(1)pq
charges are normalized in such a way that the charges of h, and hg sum to 1. g, and 7 are arbitrary

constants.

couplings for the quarks as in the minimal SUSY SM. The gauge singlet flavons ¢r, ¢g,
¢, and ¢ are added where ¢ = (¢r1, d12, ¢13) and ¢g = (ds1, ds2, ds3) are triplets, £ is
trivial singlet, and &’ is singlet-prime under the A4 symmetry, respectively. We introduce
a U(1)pq symmetry to forbid irrelevant couplings in the lepton sector. The A4 x U(1)pq
charge assignments are shown in table 1, where the U(1)pq charges are normalized in such
a way that the sum of the charges of the Higgs doublets is 1. In addition, we introduce
the so-called “driving fields” ¢ = (¢L;, ¢dy, dlz) and 5 = (98, Do, 53) Which are Ay
triplets, and &y which is A4 trivial singlet, in order to obtain VEVs and VEV alignments
for the flavons. Then the VEV alignments can be generated through F-terms which couples
flavons to driving fields and carries the R charge +2 under U(1)z symmetry. For leptons
and quarks, we also assign R charge +1. The charge assignments of driving fields are also
shown in table 1. In the setup, the superpotential w respecting A4 x U(1)pq symmetry at

the leading order is written as?

w = wy + wy ,

Wy = wdT + wg,

wg = —Me§or + g4 dror,

wi = G160 6565 — 9200 9sE + 9503 D€' + g3odsds — 9a&o&€ + Aohuha,
wy = wy + wp + wy + wy, + Wy, ,

wy = Yedrlefha/ N + yuorlprha/ A + yroritpha/A

wp = Yplvihy,

WN = YpsPSVRVE + YelVRVR + ye S VRV,
wy, = YiaGi0ghy (1 =1,2,3, a =u,c,t),

Wy, = yz,@%,ﬁjc?{hd (Z = 1> 27 37 B = da S, b) ) (21)

2This model is same charge assignments of ref. [19] except for Z3 charges because we introduce U(1)pq

symmetry instead of Z3 symmetry.




where M is generally complex mass parameter, ¢g’s are trilinear couplings which are also
complex parameters,? ) is trilinear coupling for SU(2) doublet Higgs and driving field, y's
are complex Yukawa couplings, and A is the A4 cutoff scale. Note that it is consistent with
the SM in the quark sector, since we assign A4 charges to quark fields as trivial singlets.
From this superpotential, we discuss the potential analysis including flavons and driving
fields in the next subsection.

2.1 Potential analyses including flavons and driving fields
Let us discuss the potential for scalar fields including flavons and driving fields. The

superpotential wg and wg in eq. (2.1) are obtained as

i =—Mobor + 9ot droér
= —M(¢51¢11 + Doad13 + Po3012)

+ %g (601 (671 — d12073) + G2 ($F0 — ST1673) + Ph3 (D73 — dr1672)] |
wi = 165 9sPs — 9oy b€ + 9oty PsE' + g3&odsds — 9ako&é + Aohuha
= 2065, (6% — dsabss) + 65a(0ka — ds1659) + 650k — 9s1652)]
- gz(¢01¢S1 + Giadss + B3 Ps2)E + (P51 b3 + Doadsa + G3Ps1)E
+ g360(0%1 + 2052053) — 9a€o&” + Aohuha (2.2)

In order to discuss the VEVs and VEV alignments of flavons, we consider the scalar po-
tential except for driving fields, which is given as

V=Vr+ Vg,
owT |2
Vp = ‘ d| 4+ h.c.
ZZ.: Odg;
29 2 2
=2| — Mo + §(¢2T1 — O12073) ‘ M¢rs + (¢T2 dT1073)

2

)

+‘ M¢T2+ (¢T3 dT1072)

2
+he (X = ¢gzv €o)

s
ow;

0X

=2 @(%1 Ps2ds3) —

Vg =

2

2’ (G bs1653) ~ 9260556+ dhbsat

2
+ 2|g3(0%1 + 2052053) _g4€2+Ahuhd‘2-

(2.3)

+2 @(%3 Ps1052) — g2ds26+ghos1€

3In order to obtain the positive number of vr, vs, u, and u’ for egs. (2.4) and (2.5), we take negative
sign for several terms in eq. (2.1).



Applying the condition of the potential minimum (Vp = 0), we derive the VEV alignment
of ¢ as
3M

(¢7) = v7(1,0,0), T =g

(2.4)
where v is generally complex number since M and g are complex. By using VEV and VEV
alignment of eq. (2.4), we obtain diagonal mass matrix for the charged leptons. Then the
phase of v can be removed and we take M /g as real parameter without loss of generality.
In the following analysis, we adopt M and g as real parameters for simplicity. On the other
hand, we derive the VEV alignment of ¢ and VEVs of £, ¢, h, and hg from the condition
of the potential minimum (Vs = 0) in eq. (2.3) as

(hu) = (ha) =0, () = () =,
94 1 92
(¢s) =vs(1,1,1), vg = 3ggu2 u'= (2.5)

As a result, we can take VEVs u and v’ as free parameters. Applying the VEVs and VEV
alignment of eq. (2.5), the neutrino mass matrix induces the lepton mixing as 1-3 rotation
from tri-bimaximal mixing (TBM) [20, 21]. Furthermore, we obtain the non-zero 63 which
comes from Ay singlet flavon VEV ratio u'/u (see refs. [22]-[26]).

On the other hand the scalar potential including driving fields is given as

2

4 2
P01 <— M+ g¢T1> - gg@g%f)m + dh3dr2)

2

2 2
2' ~ o3 (M + 39¢T1> T (=081613 + 260612)

2

)

2 2
+ 2' — ¢y (M + 3g¢T1> 39( Go1072 + 2083673)

2

S
awd + h.C. (X’L — quia 57 gl)

2

2 2
=2 qsz% (§¢51 - 925) — 2 6iess — o <§1¢52 + gé&’) + 2930651

2

29 4g 29
+ 2' — 55 Gi0ss + 0% <31¢52 + gag') - ¢>€3(3l¢51 + 928 | + 29360053

2

2' s (2%52 - gég’) s (2%51 + 92§> + 65055 + 20sopss

+ 2! g2 ¢01¢Sl+ ¢02¢S3 + ¢03¢5‘2) — 294§Of| + 2‘92 ¢01¢SS + ¢02¢Sz+ ¢03¢51)‘ .
(2.6)




Taking VEVs and VEV alignments in egs. (2.4) and (2.5), the scalar potential including
driving fields of eq. (2.6) are rewritten as

Vi = 2IM g | + 8| Mogs|* + 8| Mgy,
2

4g 2g
Vds = 2’ [%91 (;CS - 92> - ?105%2 ¢03< cs + 92> + 2930550] u

2

2 4
+ 2‘ [— %Cs@ﬁg} + 65 (gle + 92) ¢>o3< cs + 92) + 2930550] u

2

4
‘ [ ¢o1( cs — 92> ¢02( cs + 92> + %Cs(ﬁgg + 2936550] u

+2|[ = gacs (661 + b5 + ¢03) — 29450]742 +2|ghes (05, + b5 + ¢g?))u|2v (2.7)

where we define ¢% = g4/(3¢g3) and we eliminate trilinear coupling g and VEV of flavon vr,
vg, and v/ in eqs. (2.4) and (2.5). Then, the VEVs of driving fields ¢{, ¢35, and & are zeros
which are derived from the condition of the potential minimum (V' = 0 and V¥ = 0) in

eq. (2.7) such as trivial solution;

(#6:) = (65:) = (%) = 0. (2.8)

Therefore flavons take VEVs in eqgs. (2.4) and (2.5), which break A4 and driving fields take
zero VEVs in eq. (2.8). Thus in A4 breaking scale, Higgs 1 term does not have mass scale
such as u = A(§) = 0. In the next subsection, we will discuss how to get non-zero p term
from soft SUSY breaking.

2.2 Higgs p term from soft SUSY breaking

Let us discuss the non-zero Higgs p term in this subsection. After Ay breaking, u = A(&p) is
zero because VEV of driving field (£y) = 0, which we discussed previous subsection. Then,
we consider soft SUSY breaking term in order to obtain Higgs p term. The Lagrangian
including soft SUSY breaking terms are written as

Lot O 93Aps60050s — gaAc&oéé + h.c., (2.9)

where Ay and Ag are trilinear soft SUSY breaking A-terms and we assume that the A-
terms are proportional to the trilinear couplings gs and g4, respectively. Taking VEVs of
flavons ¢g and € as (pg) = vg(1,1,1) and () = u, the Lagrangian including driving field
&o is written as
L, D 3g3Apsvs€0 — gaAcu”&o — 12|gsvséol — 4|gauol” + h.c.

= (Ags — Ag)gau*€o — 4[gal (lga| — [gal) [uol* + h.c.. (2.10)

Then after soft SUSY breaking, the driving field &y gets VEV as
(Ags — Ac)gau®

4194/ (Ig3] — lgal)lul?

(§o) = ~ O(Agusy) TeV, (2.11)

where Agpsy is soft SUSY breaking scale. Therefore we obtain Higgs i term as



3 Axion physics

The U(1)pq symmetry in our model gives rise to an axion field whose VEV cancels the QCD
0 term and thereby solves the strong C'P problem [9]. In the model, the two Higgs fields
have U(1)pq charges as in the DFSZ model [15, 16] and the axion has properties similar
to the DFSZ axion. We in this section describe the formulas for the axion decay constant,
axion mass and axion coupling with photons in the model and discuss their connection with
the flavon sector. Also, the current experimental bounds on axion properties are studied.

3.1 Axion properties

In our model, the U(1)pg symmetry is spontaneously broken at the flavon VEV scale by
the VEVs of fields ¢g, £, &’ We hereafter assume that the flavon VEV scale is much higher
than the electroweak scale. The axion field a is then given by a linear combination of the
phase components of ¢g, &, &,

Qsz‘ — (US + hSi/\/i)eiaSi/(\/ivS) (Z — 1, 2, 3) ,
€ = (u+ he/V2)ei%e/ V20, ¢ = (u + he V2) e/ V20, (3.1)
in the following way:

\fvs(as1—I—agg—i-asg)—#—\fuag—i—\fuag
/603 + 202 + 2072

(3.2)

The axion decay constant, Fy, is defined in the basis where the Dirac masses of all quarks
and leptons are set to be real through axial phase transformations on fermions, 1) — e?5%).
In this basis, the couplings of the axion to SM fields other than derivative interactions are

given by
a gC a vapy a 2 I/
Laxion couplings — F 3972 G G + Cayy 7+ F, 321 5 F F (33)

where go and e are the QCD and electromagnetic coupling constants, respectively. Here

the axion decay constant F, is given by

\/61)% + 2u? + 2u'?

Npw

F, = , (3.4)

where Npw is the domain wall number and Npw = 2N,, = 6 in the current model, with
Ny denoting the number of quark generations. It is remarkable that the axion decay
constant is predicted to be of the same order as the flavon VEVs. In the same basis, the
ratio of the axion couplings to gluons and photons, ¢4, is calculated by summing up-type
quark, down-type quark and charged lepton contributions to the axion-photon coupling as

ngNc(JuQZ + ngNc(l N QU)Q?I + ng(l - QU)QE _ §
Nyg 3’

Caryy = 2 (3.5)

where the number of colors is N, = 3, the number of lepton generations is IV;, = 3, and the
electric charges of up-type quarks, down type-quarks and charged leptons are @, = 2/3,
Q4= —1/3 and Q. = —1, respectively.



We next estimate the axion mass and the effective axion-photon coupling below the
QCD confinement scale. This is easily done by imposing the following axial phase trans-
formations on the three light quarks u, d, s to set the axion-gluon coupling to be zero:

u — ey d — "%, s — € %s

with Fi — 0 — 20y — 20, = 0. (3.6)

a

Note that «,, ag4, as are not constants, but are dynamical fields that share the physical
degree of freedom of the axion. A convenient choice for ay,, ayg, g is

a 1 a z a w
Ay = S E—— g = _— e = -
YCOOF, 1424w’ d 2F, 14+ z2z+w’ U2F, 14 z4w
Wherez:%, w="" (3.7)
mq M

Eq. (3.7) leads to a,m, = agmg = asms, with which the axion does not mix with 7Y and

7' mesons in the chiral Lagrangian. With eq. (3.7), the mass term for the axion, 7 meson

and 1’ meson in the chiral Lagrangian is given by

1
Laira = 505 tr {SM + MY} (3.8)
where
0 / 0 / /
n ™ n n
> = exp [2zd1ag< y —= t y — )} )
2f7r 2\/§fn/ 2f7r 2\/§fn/ \/§fn/

M = diag(mye™, mge'®*d, me?s) (3.9)

and v, corresponds to the scale of chiral symmetry breaking. Note that M contains the
physical degree of freedom of the axion through ay,, a4, as. After diagonalizing the mass
term eq. (3.8), the axion mass, the 7¥ mass and the 1’ mass are given by

o Uy 1
m. =
@ F2 14z4w’
2 “>3<m 2 2
" = SR 320+ 2)w+ 24z + w + ws)

—\/—48f72rf$,zw(l +z4w)+ {3fg,(1 +2)w+ f2(4z 4w —I—wz)}ﬂ ,

v3 T

24f7rf2 2w

m2/

" {Sf (1+ 2)w + f2(4z + w + w2)

/48272 2w (1 + 2+ w) + {3£3(L+ 2w + f2(4z + w +w2)}? .
(3.10)

Using eq. (3.10), we relate the axion mass with the 7 mass in terms of z = m,/my,
w = my/ms, Fy, fr, and f,, by eliminating vimu. Substituting the experimental values
myo = 135MeV, fr =93MeV, f,; =86MeV, z = 0.56, and w = 0.028 [27], we obtain

1012 GeV)

5 (3.11)

me = 6.0 x 1076 eV(



In the same basis, the axion coupling to photons is given by

2auNCQUQ7% + (20éd + 2as)NC(1 - QU)Q3 a € I
ﬁaxion couplings = § Cayy — 2 ng Fa 3271'2 FMVF
8 24+z+w\ a € ~
=53 = F, F* 3.12
(3 31+z+w)Fa32772 m (3.12)

3.2 Experimental constraints

The observation of globular-cluster stars puts a bound on the axion-photon coupling. Defin-
ing the axion-photon coupling gy, by £ = (1 /4)gaWaFWFW, we find that the bound is
expressed as [28]

|gary| < 6.6 x 107 GeV ™, (3.13)

at 95% C.L. The cooling of supernova 1987A puts a bound on the axion decay constant F,
as [10-12]
F, > 3.7x10%GeV. (3.14)

Eq. (3.14) gives a more severe bound than eq. (3.13) on the axion decay constant. In
the model, this also gives a lower bound of the flavon VEV scale and the right-handed
Majorana neutrino mass scale. For example, if vg = u = u/ and the Majorana Yukawa
coupling is O(0.1), the right-handed Majorana neutrino mass Mp is bounded from below as

Mp > 10° GeV. (3.15)

If the axion is the dominant constituent of the dark matter, further experimental
constraints apply. The ADMX Collaboration reports a bound on the ratio of the axion
mass and the axion-photon coupling in the axion dark matter scenario [29], but the DFSZ
axion is not yet constrained by this experiment. Since the ratio of the axion mass and the
axion-photon coupling is the same in our model and in the DFSZ model, our model also
evades the ADMX bound.

4 Summary

We have constructed a model based on the A4 x U(1)pq flavor symmetry. The A4 symmetry
induces TBM in the lepton sector to explain large mixing angles, while it is consistent with
the SM in the quark sector, since all of quark fields are assigned as Ay trivial singlets. On
the other hands, the U(1)pq symmetry is introduced to forbid unwanted couplings in the
lepton sector and to solve the strong C'P problem. In the model, we have introduced the
Ay triplet and singlet flavons with U(1)pq charges to break the symmetry and to obtain
observed masses and mixing angles in the lepton sector. Furthermore, Majorana mass of
right-handed neutrinos is generated after the symmetry breaking by flavon VEVs.

We have analyzed the scalar potential including flavons and driving fields in the frame-
work with SUSY and U(1)r symmetry. We have shown that the alignment of flavon VEVs
is relevant to obtain the correct masses and mixing angles in the lepton sector. In addition,
an additional A4 singlet-prime flavon breaks TBM to obtain non-zero #13. Moreover non-
zero Higgs p term can be obtained from soft SUSY breaking term which induces non-zero



VEV of a driving field &. As a result, p term is given by the VEV of the driving field
which is at the soft SUSY breaking scale.

We have studied the axion in the model, which has properties similar to the DFSZ
axion, since our Higgs fields have U(1)pq charges. The axion field a is given by a linear
combination of the phase components of flavons which have non-zero VEVs, and the axion
decay constant F, is obtained in terms of the VEVs of flavons. Remarkably, the axion
decay constant is of the same order as the flavon VEVs in the model. We have also derived
the axion mass and axion-photon coupling as functions of the axion decay constant. As to
experimental constraints on the axion decay constant, it should be larger than O(10%) GeV
due to the constraint from cooling of supernova 1987A, and this can be interpreted as a
lower bound on the flavon VEV scale in the model. We note that the Majorana mass of
right-handed neutrino vp is related to F, in our model since both of them are determined
by the flavon VEVs. The Majorana mass should satisfy Mg > 10® GeV when we assume
that the Yukawa coupling for v is O(0.1) and that all flavon VEVs are of the same order.
The axion in our model can be the dominant constituent of dark matter. In such a case,
still, the axion is not constrained by the ADMX experiment, just like the DFSZ axion.
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A Multiplication rule of A4 group

We show the multiplication of A4 group. The multiplication rule of the triplet is written
as follows,

al b1
ao ® | by = (a1b1 + agbs + agbg)l
as 3 bg 3

&) (agbg =+ a1b2 + a2b1)1/ D (a2b2 —+ albg —+ a3b1)1u

2a1b1 — asbs — azbs
5>l 2@3[)3 - a1b2 — a2b1

3
2a2b2 — a1b3 — a3b1 3
1 Gng — a3b2
S5 5 a1b2 — a2b1 . (Al)
CL1b3 — a3b1

More details are shown in the review [4]-[7].
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