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We show for the first time that a common solution to dark matter and the flavor problem of the standard
model can be obtained in the framework of the ZN × ZM flavor symmetry where the flavonic Goldstone
boson of this flavor symmetry acts as a good dark matter candidate through the misalignment mechanism.
A hierarchical mass pattern of quarks and charged leptons naturally follows from the discrete symmetry.
For light active neutrinos, we construct the Dirac-type mass matrix which is preferred to fit the observed
neutrino oscillation data with normal hierarchy. Our model predicts the axionlike photon coupling
characteristically different from the standard QCD axion, which could be probed by the future x-ray or
radio observations.

DOI: 10.1103/PhysRevD.108.115035

I. INTRODUCTION

The Standard Model (SM) of particle physics is the most
successful quantum theory of our universe providing a
remarkable description of the elementary particles, such
as quarks and leptons which constitute the matter of the
Universe, and their interactions. The SM, notwithstanding
its triumph, faces serious theoretical imperfections and
experimental failings. In particular, the discovery of dark
matter (DM) is a dire experimental shortcoming of the SM.
On the theoretical side, one of the critical problems is the
so-called “flavor-problem” of the SM. The flavor problem
is defined by the absence of any mechanism to explain the
hierarchical structure of the masses of different flavors and
their mixing in the SM. The problem of neutrino masses
and their oscillations can also be added to the flavor
problem of the SM. This problem can be approached in
different frameworks, such as a technicolor framework
where the vacuum-expectation values are sequential chiral
condensates of an extended dark-technicolor sector

providing a solution [1,2], through an Abelian flavor
symmetry [3–9], using loop-suppressed couplings to the
Higgs [10], in a wave-function localization scenario [11],
through compositeness [12], in an extra-dimension frame-
work [13], and using discrete symmetries [14–16].
It is remarkable to observe that a particlelike explanation

to the problem of dark matter, and a field theoretical
solution to the flavor problem, such as the Frogatt-
Nielsen (FN) mechanism [3], are apparently mutually
exclusive and are poles apart. In the FN mechanism, the
flavor problem is resolved by an interaction of a new scalar
field called flavon with the SM fermions [3]:

LYuk ¼ yij

�
χ

Λ

�
nij
ψ̄ iLHψ 0

jR þ H:c:; ð1Þ

where yij are order-one parameters and χ is the flavon field
whose couplings (or the exponents nij) are controlled by
continuous or discrete charges of the fields. After the flavor
symmetry breaking, the fermion Yukawa matrices are
expressed in terms of the order parameter ϵ≡ hχi=Λ.
Identifying the order parameter as the Cabibbo angle
ϵ ≈ 0.23, all the fermion masses and mixing matrices are
determined by powers of ϵ. Then the flavon is allowed to
decay to the SM fermions at tree level, eliminating any
possibility for this particle to be a DM candidate. However,
the axial degree of freedom of the flavon can be light
enough to guarantee its stability. If the flavor symmetry is a
continuous Uð1Þ symmetry, the axial flavon field could be
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identified with the QCD axion [17–19] providing the
solution to the strong CP problem as well as the axion
dark matter [20]. The flavor problem could be resolved by a
discrete symmetry ZN allowing the flavon potential,

VZN
¼ −λ

χN

ΛN−4 þ H:c:; ð2Þ

which is invariant under ZN. Upon the ZN breaking by the
vacuum expectation value (VEV) hχi ¼ vFffiffi

2
p , the flavonic

Goldstone boson φ receives the potential,

VZN
¼ −

1

4
jλjϵN−4v4F cos

�
N

φ

vF
þ α

�
; ð3Þ

where λ ¼ jλjeiα. Thus, the axial flavon field can be
very light for a sufficiently large N and becomes a DM
candidate whose abundance is generated by the misalign-
ment mechanism [21].
In this work, we will set up a successful discrete flavor

symmetry framework providing a solution of the flavor
problem and show that the misalignment mechanism can
generate the observed dark matter density in such a frame-
work. We shall show the axial flavon field can be a dark
matter candidate associated with this discrete symmetry
resolving the flavor problem, and thus breaking the impasse
posed by the demand of a joint solution of the DM and the
flavor problem.

II. THE ZN ×ZM FLAVOR SYMMETRY

The ZN × ZM flavor symmetry is a new discrete
symmetry product capable of providing a solution to
the flavor problem of the SM through the FN mecha-
nism [14,15]. This was first proposed in Ref. [14], and
later two prototypes of this symmetry are investigated in
Ref. [15]. In this work, we use a ZN × ZM flavor symmetry
that goes beyond the prototype symmetries discussed in
Ref. [15]. This is done by creating a flavor model where
the mass of the top quark does not originate from the tree-
level SM Yukawa operator. This model is inspired by the
hierarchical VEV model [1,2], where even the mass of the
top quark arises from the dimension-5 operator. This is

done keeping in mind a possible technicolor origin of the
ZN × ZM flavor symmetry.
Thus, we adopt the Z8 × Z22 flavor symmetry acting on

the flavon field as well as the scalar and the fermionic
sector of the SM as defined in Table I. The generic form of
the Lagrangian, after imposing the Z8 × Z22 flavor sym-
metry on the SM, providing the masses to the SM fermions
now reads as

−LYukawa ¼ yuijψ̄
q
Li
H̃ψu

Rj

�
χ

Λ

�
nuij þ ydijψ̄

q
Li
Hψd

Rj

�
χ

Λ

�
ndij

þ ylijψ̄
l
Li
Hψl

Rj

�
χ

Λ

�
nlij þ H:c:;

¼ Yu
ijψ̄

q
Li
H̃ψu

Rj
þ Yd

ijψ̄
q
Li
Hψd

Rj
þ Yl

ijψ̄
l
Li
Hψl

Rj

þ H:c:; ð4Þ

where i and j represent family indices, ψq
L;ψ

l
L denote the

quark and leptonic doublets, ψu
R;ψ

d
R;ψ

l
R are right-handed

up- and down-type singlet quarks and leptons, H and H̃ ¼
−iσ2H� denote the SM Higgs field and its conjugate, and
σ2 is the second Pauli matrix. We can write the effective
Yukawa couplings Yij in terms of the expansion parameter

ϵ ¼ hχi
Λ such that Yij ¼ yijϵnij .

The mass matrices of the up- and down-type quarks and
charged leptons now can be written as

Mu ¼
vffiffiffi
2

p

0
BB@

yu11ϵ
8 yu12ϵ

5 yu13ϵ
4

yu21ϵ
7 yu22ϵ

4 yu23ϵ
3

yu31ϵ
5 yu32ϵ

2 yu33ϵ

1
CCA;

Md ¼
vffiffiffi
2

p

0
BB@

yd11ϵ
7 yd12ϵ

6 yd13ϵ
6

yd21ϵ
6 yd22ϵ

5 yd23ϵ
5

yd31ϵ
4 yd32ϵ

3 yd33ϵ
3

1
CCA;

Ml ¼ vffiffiffi
2

p

0
BB@

yl11ϵ
9 yl12ϵ

6 yl13ϵ
4

yl21ϵ
8 yl22ϵ

5 yl23ϵ
3

yl31ϵ
8 yl32ϵ

5 yl33ϵ
3

1
CCA: ð5Þ

The masses of charged fermions are approximately
given by [22]

TABLE I. The charges of the SM and the flavon fields under the Z8 × Z22 symmetry, where ω is the 8th, and ω0 is the 22nd root of
unity.

Fields Z8 Z22 Fields Z8 Z22 Fields Z8 Z22 Fields Z8 Z22 Fields Z8 Z22

uR ω2 ω02 cR ω5 ω05 tR ω6 ω06 dR ω3 ω03 sR ω4 ω04

bR ω4 ω04 ψq
L;1 ω2 ω010 ψq

L;2 ω ω09 ψq
L;3 ω7 ω07 ψl

L;1 ω3 ω03

ψl
L;2 ω2 ω02 ψl

L;3 ω2 ω02 eR ω2 ω016 μR ω5 ω019 τR ω7 ω021

νeR ω2 1 νμR ω5 ω03 ντR ω6 ω04 χ ω ω0 H 1 1
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fmt;mc;mug ≃
�
jyu33jϵ;

����yu22 − yu23y
u
32

yu33

����ϵ4;����yu11 − yu12y
u
21

yu22 − yu23y
u
32=y

u
33

−
yu13ðyu31yu22 − yu21y

u
32Þ − yu31y

u
12y

u
23

ðyu22 − yu23y
u
32=y

u
33Þyu33

����ϵ8
	
v=

ffiffiffi
2

p
;

fmb;ms;mdg ≃
�
jyd33jϵ3;

����yd22 − yd23y
d
32

yd33

����ϵ5;
����yd11 − yd12y

d
21

yd22 − yd23y
d
32=y

d
33

−
yd13ðyd31yd22 − yd21y

d
32Þ − yd31y

d
12y

d
23

ðyd22 − yd23y
d
32=y

d
33Þyd33

����ϵ7
	
v=

ffiffiffi
2

p
;

fmτ; mμ; meg ≃
�
jyl33jϵ3;

����yl22 − yl23y
l
32

yl33

����ϵ5;
����yl11 − yl12y

l
21

yl22 − yl23y
l
32=y

l
33

−
yl13ðyl31yl22 − yl21y

l
32Þ − yl31y

l
12y

l
23

ðyl22 − yl23y
l
32=y

l
33Þyl33

����ϵ9
	
v=

ffiffiffi
2

p
: ð6Þ

The mixing angles of quarks read [22] as

sin θ12 ≃ jVusj ≃
���� y

d
12

yd22
−
yu12
yu22

����ϵ;
sin θ23 ≃ jVcbj ≃

���� y
d
23

yd33
−
yu23
yu33

����ϵ2;
sin θ13 ≃ jVubj ≃

���� y
d
13

yd33
−
yu12y

d
23

yu22y
d
33

−
yu13
yu33

����ϵ3: ð7Þ

To obtain appropriate neutrino masses, we introduce
three right-handed neutrinos νeR, νμR,ντR to the SM. We
note that the Dirac mass operators for neutrinos, which
conserve the total lepton number, can be written as

−Lν
Yukawa ¼ yνijψ̄

l
Li
H̃νRj

�
χ

Λ

�
nνij þ H:c: ð8Þ

The Dirac mass matrix for neutrinos now reads as

MD ¼ vffiffiffi
2

p

0
BB@

yν11ϵ
25 yν12ϵ

22 yν13ϵ
21

yν21ϵ
24 yν22ϵ

21 yν23ϵ
20

yν31ϵ
24 yν32ϵ

21 yν33ϵ
20

1
CCA: ð9Þ

This mass matrix of the form (9) can lead naturally to the
normal hierarchy masses given by

fm3; m2; m1g ≃
�
jyν33jϵ20;

����yν22 − yν23y
ν
32

yν33

����ϵ21;����yν11 − yν12y
ν
21

yν22 − yν23y
ν
32=y

ν
33

−
yν13ðyν31yν22 − yν21y

ν
32Þ − yν31y

ν
12y

ν
23

ðyν22 − yν23y
ν
32=y

ν
33Þyν33

����ϵ25
	
v=

ffiffiffi
2

p
: ð10Þ

From this, we can obtain the neutrino mass eigenvalues:
fm3; m2; m1g ¼ f0.05; 8.67 × 10−3; 1.73 × 10−5g eV with
the yνij couplings given in the Appendix.
The leptonic mixing angles are found to be

sin θ12 ≃
���� y

l
12

yl22
−
yν12
yν22

����ϵ; sin θ23 ≃
���� y

l
23

yl33
−
yν23
yν33

����;
sin θ13 ≃

���� y
l
13

yl33
−
yν12y

l
23

yν22y
l
33

−
yν13
yν33

����ϵ: ð11Þ

From the above equation, we observe that the mixing angle
θ13 is of the order of the Cabibbo angle, and the mixing
angle θ23 is of order 1 as expected from the structure of (9).

However, it leads to θ12 ∝ ϵ which is too small. Thus, one
needs to rely on an unpleasant arrangement of the couplings
yl;νi2 to fit the data.
We can investigate the inverted mass ordering as well.

For this purpose, we assign the following charges to
the right-handed neutrinos: νeR∶ ω6;ω04, νμR∶ ω6;ω04,
ντR∶ ω;ω021 under the Z8 × Z22 symmetry. This results
in the following mass matrix of Dirac neutrinos:

MD ¼ vffiffiffi
2

p

0
BB@

yν11ϵ
21 yν12ϵ

21 yν13ϵ
26

yν21ϵ
20 yν22ϵ

20 yν23ϵ
25

yν31ϵ
20 yν32ϵ

20 yν33ϵ
25

1
CCA: ð12Þ
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The masses of neutrinos are approximately given by

fm3;m2;m1g≃
�
jyν33jϵ25;jyν22jϵ20;

����yν11−yν12y
ν
21

yν22

����ϵ21
	
v=

ffiffiffi
2

p
:

ð13Þ

The neutrino mass eigenvalues are fm3; m2; m1g ¼
f1.70 × 10−5; 4.992 × 10−2; 4.92 × 10−2g eV with the yνij
couplings given in the Appendix.
The leptonic mixing angles turn out to be

sin θ12 ≃
���� y

l
12

yl22
−
yν12
yν22

����ϵ; sin θ23 ≃
���� y

l
23

yl33
−
yν23
yν33

����;
sin θ13 ≃

���� y
l
13

yl33
−
yν12y

l
23

yν22y
l
33

−
yν13
yν33

����ϵ; ð14Þ

which are identical to that of the normal mass ordering.
Next we discuss the other possibilities of neutrino mass

matrices in the model and their shortcomings. With the
charge assignment for different fields as shown in Table 1,
we are allowed to write the pure Majorana mass operators
for the left- and right-handed neutrinos. The mass term
Ll
Weinberg in the Lagrangian with left-handed neutrino field

is given by the following Weinberg operator:

−Ll
Weinberg ¼ hνij

¯̃ψl
Li
HH̃†ψl

Lj

Λ

�
χ†

Λ

�
nνij þ H:c:; ð15Þ

where ψ̃l
Li
¼ iσ2ψc

Li
.

The above Lagrangian creates the following neutrino
mass matrix:

ML ¼ v2

2Λ

0
BB@

hν11ϵ
24 hν12ϵ

14 hν13ϵ
14

hν12ϵ
14 hν22ϵ

4 hν23ϵ
4

hν13ϵ
14 hν23ϵ

4 hν33ϵ
4

1
CCA: ð16Þ

Let us note that Λ ≫ v in the realistic framework; therefore
the contribution of this mass matrix to neutrino masses is
highly suppressed.
We could have considered a type- I seesaw mecha-

nism [23] for light neutrino masses. However, for that we
have to introduce another new physics scale Λ1 corre-
sponding to the heavy right-handed neutrino mass scale.
This scale will not be related to the flavon field which is
considered in this work. However, if the right-handed
Majorana neutrino mass is related to the scale Λ, the
corresponding mass scale will not be heavy. This is because
right-handed neutrino mass operators would be written as
LMR

given by

LMR
¼ cijχνc̄Ri

νRj

�
χ

Λ

�
nνij þ H:c: ð17Þ

Then the right-handed Majorana mass matrix MR is

MR ¼ vFffiffiffi
2

p

0
B@

c11ϵ26 c12ϵ32 c13ϵ31

c12ϵ32 c22ϵ37 c23ϵ38

c13ϵ31 c23ϵ36 c33ϵ35

1
CA; ð18Þ

for which the right-handed neutrino mass scale is too
small to be considered for a type I see-saw mechanism. So
we refrain from considering the see-saw mechanism for
obtaining light neutrino mass. Owing to all of the above-
mentioned points, the Dirac neutrinos with the mass
matrices of the type (9) and (12) yielding the results (10),
(11), (13), and (14) are preferred.
Let us finally comment on the redundancy in construct-

ing discrete flavor groups. One can find different flavor
symmetries reproducing the same flavor structures. For
instance, we could have used a smaller flavor group like
Z4 × Z17 to achieve what is obtained in this section. Such a
redundancy will be useful to predict different consequences
in flavor violating processes and dark matter properties as
will be discussed in the following sections.

III. THE AXIAL FLAVON AS COLD DARK
MATTER

In the framework of ZN × ZM, the power of the flavon
field in the flavon potential (2) is given by the least
common multiple of N and M which we denote by Ñ.
Then the axial flavon mass is

m2
φ ¼ 1

8
jλjÑ2ϵÑ−4v2F: ð19Þ

The axial flavon could be misaligned from the true vacuum
during inflation, and its initial amplitude sits at some point
in the range φ0 ¼ ð−π;þπÞvF=Ñ. Then, after the inflation,
the boson field rolls down to the true vacuum to produce
cold dark matter density of coherent oscillation. Consi-
dering the linear approximation of the scalar potential, the
axial boson field amplitude follows the equation of motion
in the expanding Universe:

φ̈þ 3Hφ̇þm2
φφ ≈ 0; ð20Þ

which has the solution φðtÞ ¼ φ02
1
4J1

4
ðmφtÞ=ðmφtÞ14. Its

energy density ρφ ¼ 1
2
ðφ̇2 þm2

φφ
2Þ at later time

(mφt → ∞) becomes ρφ ≈m2
φφ

2
0

ffiffiffi
2

p
Γð5=4Þ2=πðmφtÞ3=2.

Equating this with the dark matter density, ρφ ¼
0.24 eV4 at the matter-radiation equality time teq, that is,
mφteq ≈ 2 × 1027ðmφ=eVÞ, we find the relation

mφ ¼ 3.4 × 10−3 eV

�
1012 GeV

φ0

�
4

ð21Þ
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to get the right dark matter density. Comparing this
with (19) one finds the relation

vF ¼ 2.5 × 107
�

Ñ6

a80jλjϵÑ−4

�
1=10

GeV ð22Þ

taking φ0 ¼ a0vF=Ñ. Thus, the required axial flavon
mass is

mφ ¼ 0.88 × 1016
�
ϵÑ−4Ñ4 jλj

a20

�
2=5

eV: ð23Þ

For our flavor symmetry Z8 × Z22 discussed in the
previous section, we have Ñ ¼ 88 leading to

vF ≈ 1.0× 1014 GeV; and mφ ≈ 1.9× 10−3 eV; ð24Þ

considering ϵ ¼ 0.225 with jλj ¼ 1 and a0 ¼ 1. Let us
remark that one gets different values, vF ≈ 4.4 × 1012 GeV
and mφ ≈ 196 eV, considering Z4 × Z17 with Ñ ¼ 68

instead.
For the longevity of the flavonic DM, its decay to

electrons has to be forbidden, that is, mφ < 2me which
requires

Ñ > 53; and vF > 4 × 1011 GeV: ð25Þ

From (8) and (9), one can see that the largest coupling
of the DM with neutrinos is gφνν ∼ 10

ffiffiffi
2

p
ϵ20v=vF, and thus

the flavonic DM decay to neutrinos is highly suppressed.
For Ñ ¼ 54–120, we obtain the flavonic dark matter
range 10−11 − 106 eV.

IV. PHENOMENOLOGY OF FLAVONIC
DARK MATTER

The axial degree of freedom φ of the flavon field χ
remains light and contributes to the flavor changing
processes as studied for the flavorful axion model [24].
A similar calculation can be made also for our case with the
discrete flavor symmetry breaking. Let us first note that our
discrete symmetry enforces an automatic Uð1Þ symmetry
in the Yukawa matrices (5) under which the fermion fields
ψq
L;i, ψ

u
R;i, ψ

d
R;i, ψ

l
L;i, and ψ l

R;i carry the following charges:

xqi ¼ ð4; 3; 1Þ; xui ¼ ð−4;−1; 0Þ;
xdi ¼ ð−3;−2;−2Þ; xli ¼ ð3; 2; 2Þ; and

xei ¼ ð−6;−3;−1Þ; ð26Þ

assigning the charge þ1 to the order parameter ϵ, respec-
tively for i ¼ 1, 2, 3. Therefore, the field transformation
of ψf

L=R;i → expðixfi φ=vFÞψf
L=R;i for f ¼ q, u, d, l, e will

induce the derivative couplings of the axial boson:

−Lφ ¼ ∂μφ

vF

X
f;i

xfi ψ̄
f
L=R;iγ

μψf
L=R;i: ð27Þ

Then, the mass diagonalization of the quarks and leptons,
performed by the diagonalization matrices Uu;d (Vu;d) for
the left-handed (right-handed) up and down quarks, and Ue
(Ve) for the left-handed (right-handed) charged leptons,
will lead to the following FCNC couplings:

−Lφ ¼ ∂μφ

vF

X
f¼u;d;e

f̄i


γμVf

ij − γμγ5A
f
ij

�
fj; ð28Þ

where Vf=Af ¼ Xf
L � Xf

R with Xu;d
L ¼ U†

u;dx
qUu;d, X

u;d
R ¼

V†
u;dx

u;dVu;d, and Xe
L ¼ U†

exlUe, Xe
R ¼ V†

exeVe.
The most stringent bound on the flavon scale vF comes

from the FCNC process Kþ → πþφ [24]:

vF ≳ 7 × 1011Vd
21 GeV; ð29Þ

where we have Vd
21 ≈ ϵ. Notice that this bound is trivially

satisfied in the flavonic DM scenario requiring (25).
The future sensitivity of the branching ratio of K → πνν̄
at NA62 is about 0.9 × 10−10, and the limit on K → πφ
could be improved correspondingly, but only up to vF ∼
1012 GeV [24].
The most promising channel to observe the axial flavon

DM would be its coupling to photons

Lφγγ
eff ¼ 1

4
gφγγφFμνF̃μν; ð30Þ

which arises from the axial coupling of (28) leading to
gφγγ ¼ α

2πvF

P
f;i NcfA

f
iiQ

2
f where Ncf is the color factor of

the fermion f. For (26), we obtain gφγγ ¼ α
2πvF

5
3
. Taking this

relation with (22) and (23), we show in Fig. 1 the predicted
photon coupling vs the flavonic DM mass denoted by the

FIG. 1. The prediction of flavonic dark matter (thick green line)
and axionlike particle (a≡ φ) searches [25].
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thick green line which is overlaid in Fig. 15 of [25]
identifying the axionlike particle a to our axial flavon φ.
One can see that the DM mass larger than about 1 keV,
corresponding to Ñ < 67 and vF < 4 × 1012 GeV, is ruled
out. This is also found from the recent bound on gφγγ
from INTEGRAL/SPI data [26]. Above KeV mass range
can be further examined by the forthcoming experiment
THESEUS [27]. Note also that our prediction overlaps with
that of the GUT-scale QCD axion at around 10−9 eV which
can be looked for in the future [28].

V. SUMMARY

The absence of any explanation to the discovery of DM
is one of the most serious flaws in the framework of
the SM. Furthermore, the flavor structure of the SM is a
challenging theoretical puzzle. This problem is bizarre in
the sense that the mass hierarchy among the second and
third generation quarks is very different from that of the
first generation quarks. Moreover, the quark mixing is also
entirely different from the neutrino mixing. A solution of
the flavor problem should not only produce an explanation
for the charged fermion masses and mixing, it must account
for the neutrino masses and mixing.
A bosonic field called flavon may interact with the SM

fermions to produce a hierarchical spectrum of fermionic
masses and required pattern of fermionic mixing. The radial
degree of the flavon decays quickly through its coupling to
the SM fermions, but the axial degree can be practically
stable to become a DM candidate. We have shown that
a common solution to DM and the flavor problem of the
SM is possible, and can be obtained through a flavonic
Goldstone boson in a discrete symmetry framework
accounting for the flavor problem of the SM.
To achieve this, one needs to introduce a large group

leading to a rather high flavor scale, such as Z8 × Z22

worked out explicitly in this paper. The flavonic dark
matter model predicts specific axial flavon coupling to
photons which is mostly far below the standard QCD axion
DM region, and limited by x-ray searches to mφ ≲ 1 keV
and vF ≳ 4 × 1012 GeV. Thus, there appear to be no
observable consequences in flavor phenomenology. Only
a limited region of parameter space aroundmφ ∼ neV could
be probed by the future radio searches.
It is remarkable that the observed neutrino masses and

mixing can be better fitted with Dirac neutrinos, and thus
our framework will be disregarded if neutrinoless double
beta decay is found in the forthcoming experiments.
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APPENDIX

1. Benchmark points for the Yukawa couplings

We use the values of the fermion masses at 1 TeV given in
Ref. [29]. The Cabibbo–Kobayashi–Maskawa matrix data
are taken from Ref. [30]. The neutrino data for the normal
hierarchy are used from Ref. [31]. We scan the coefficients

yu;d;l;νij ¼jyu;d;l;νij jeiϕq;l;ν
ij in the ranges jyu;d;l;νij j∈ ½0.9;2� and

ϕq;l;ν
ij ∈ ½0; 2π�. The results are

yuij ¼

0
B@

−1.11− 0.09i 0.15þ 1.50i 0.57− 0.74i

−1.06þ 0.03i −1.30− 0.68i −0.95þ 0.18i

1.7þ 0.55i 0.68þ 1.63i 3.76− 0.04i

1
CA;

ydij ¼

0
B@

0.94þ 0.52i 1.27þ 0.79i 0.66þ i

0.95− 0.38i −0.47þ 0.77i −0.90þ 0.18i

0.92þ 0.01i 1.14− 0.46i 0.32þ 1.10i

1
CA:

In the standard parametrization, we obtain δqCP ≈
1.144 ¼ 65.55°. The charged letons couplings are

ylij ¼

0
B@

−1.41− 0.21i 1.14− 0.008i −0.78þ 0.45i

−0.89þ 0.16i −0.53þ 0.79i −1.17þ 0.10i

0.86þ 0.35i 0.91þ 0.003i 0.9

1
CA.

For normal mass ordering the neutrino couplings are

yνij ¼

0
B@

0.9 0.96− 0.11i −0.83− 0.34i

−1.19þ 1.61i 1.95þ 0.006i 1− 0.22i

0.89− 1.8i 1.13þ 0.1i −1.58þ 0.56i

1
CA;

and the leptonic Dirac CP phase is δlCP ≈ π.
For inverted mass ordering the neutrino couplings are

yνij ¼

0
B@

−2.3− 1.13i −1.41þ 2.21i −1.08þ 2.3i

−0.43− 2.9i −1.48þ 0.78i 0.15− 1.33i

0.43− 1.46i 0.81− 0.73i −1.16þ 1.74i

1
CA;

and the leptonic Dirac CP phase is δlCP ≈ 2.25 ¼ 128.7°.

2. Origin of the ZN ×ZM flavor symmetry

We employ the dark-technicolour (DTC) model dis-
cussed in Ref. [2] to create an origin of the ZN × ZM
flavor symmetry. Let us assume that there are three
strong dynamics at a high scale given by the symmetry
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G ¼ SUðNTCÞ × SUðNDTCÞ × SUðNFÞ where TC stands
for technicolor, DTC for dark-technicolor, and F represents
a strong dynamics of vectorlike fermions. Moreover, there
are KTC flavors transforming under G as [2]

Ti
q ≡

�
T

B

�
L
∶ ð1; 2; 0;NTC; 1; 1Þ;

Ti
R∶ ð1; 1; 1;NTC; 1; 1Þ; Bi

R∶ ð1; 1;−1;NTC; 1; 1Þ; ðA1Þ

where i ¼ 1; 2; 3 � � �, and the electric charges are þ 1
2
for T

and − 1
2
for B.

In a similar manner, there are KDTC flavors of the
SUðNDTCÞ symmetry transforming under G as [2]

Di
q ≡ CiL;R∶ ð1; 1; 1; 1;NDTC; 1Þ;

Si
L;R∶ ð1; 1;−1; 1;NDTC; 1Þ; ðA2Þ

where i ¼ 1; 2; 3…, and electric charges are þ 1
2
for C and

− 1
2
for S.

The symmetry SUðNFÞ has the KF fermionic flavors
transforming under G as [2]

FL;R ≡Ui
L;R ≡

�
3; 1;

4

3
; 1; 1;NF

�
; Di

L;R ≡
�
3; 1;−

2

3
; 1; 1;NF

�
;

Ni
L;R ≡ ð1; 1; 0; 1; 1;NFÞ; Ei

L;R ≡ ð1; 1;−2; 1; 1;NFÞ; ðA3Þ

where i ¼ 1; 2; 3 � � �. In the next step, we assume that there
exists an extended-technicolor symmetry whose gauge
sector is the mediator among TC, DTC, and F fermions.
In this model there are three axial Uð1ÞA symmetries,

namely, Uð1ÞTC;DTC;FA . These symmetries are broken by the
instantons of the corresponding strong dynamics resulting
in a VEV for the 2KTC;DTC;F-fermion operators, which
does not have any other quantum number such as color or
flavor [32]. That is,

Uð1ÞTC;DTC;FA → Z2KTC;DTC;F
; ðA4Þ

where KTC;DTC;F are the number of massless flavors
in the fundamental representation of the gauge group

SUðNÞTC;DTC;F. This breaking results in the conserved
axial quantum numbers modulo 2 K [32]. Therefore, in our
theory there are ZN × ZM × ZP residual discrete sym-
metries where N ¼ 2KTC, M ¼ 2KDTC, and P ¼ 2KF. The
flavor symmetry Z8 × Z22 can be obtained by choosing
KTC ¼ 4, i.e., four TC flavors (2 TC doublets), andKDTC ¼
11 DTC flavors. The VEV of the flavon field χ may be a
chiral condensate of the form hDLDRi which further breaks
the Z8 × Z22 symmetry. The strong dynamics SUðNFÞ acts
like a bridge between the TC and the DTC sectors [2]. We
note that this UV completion is only for the even discrete
symmetry groups. However, ZN × ZM flavor symmetry
may also have some other dynamical origin such as
discussed in Ref. [33].

[1] G. Abbas, Int. J. Mod. Phys. A 34, 1950104 (2019).
[2] G. Abbas, Int. J. Mod. Phys. A 37, 2250056 (2022).
[3] C. D. Froggatt and H. B. Nielsen, Nucl. Phys. B147, 277

(1979).
[4] M. Leurer, Y. Nir, and N. Seiberg, Nucl. Phys. B398, 319

(1993); B420, 468 (1994).
[5] E. J. Chun and A. Lukas, Phys. Lett. B 387, 99 (1996).
[6] K. S. Babu and S. Nandi, Phys. Rev. D 62, 033002 (2000).
[7] G. G. Ross and L. Velasco-Sevilla, Nucl. Phys. B653, 3

(2003); S. F. King, J. High Energy Phys. 01 (2014) 119;
G. F. Giudice and O. Lebedev, Phys. Lett. B 665, 79 (2008).

[8] A. Davidson, V. P. Nair, and K. C. Wali, Phys. Rev. D 29,
1504 (1984).

[9] A. Davidson and K. C.Wali, Phys. Rev. Lett. 60, 1813 (1988).
[10] H. Georgi and S. L. Glashow, Phys. Rev. D 7, 2457 (1973).
[11] T. Gherghetta and A. Pomarol, Nucl. Phys. B586, 141

(2000); Y. Grossman and M. Neubert, Phys. Lett. B 474,

361 (2000); M. Blanke, A. J. Buras, B. Duling, S. Gori, and
A. Weiler, J. High Energy Phys. 03 (2009) 001; S.
Casagrande, F. Goertz, U. Haisch, M. Neubert, and T.
Pfoh, J. High Energy Phys. 10 (2008) 094; M. Bauer, S.
Casagrande, U. Haisch, and M. Neubert, J. High Energy
Phys. 09 (2010) 017.

[12] D. B. Kaplan, Nucl. Phys. B365, 259 (1991).
[13] J. Fuentes-Martin, G. Isidori, J. M. Lizana, N.

Selimovic, and B. A. Stefanek, Phys. Lett. B 834, 137382
(2022).

[14] G. Abbas, Int. J. Mod. Phys. A 36, 2150090 (2021).
[15] G. Abbas, V. Singh, N. Singh, and R. Sain, Eur. Phys. J. C

83, 305 (2023).
[16] T. Higaki and J. Kawamura, J. High Energy Phys. 03 (2020)

129.
[17] L. Calibbi, F. Goertz, D. Redigolo, R. Ziegler, and J. Zupan,

Phys. Rev. D 95, 095009 (2017).

FLAVONIC DARK MATTER PHYS. REV. D 108, 115035 (2023)

115035-7

https://doi.org/10.1142/S0217751X19501045
https://doi.org/10.1142/S0217751X22500567
https://doi.org/10.1016/0550-3213(79)90316-X
https://doi.org/10.1016/0550-3213(79)90316-X
https://doi.org/10.1016/0550-3213(93)90112-3
https://doi.org/10.1016/0550-3213(93)90112-3
https://doi.org/10.1016/0550-3213(94)90074-4
https://doi.org/10.1016/0370-2693(96)01015-5
https://doi.org/10.1103/PhysRevD.62.033002
https://doi.org/10.1016/S0550-3213(03)00041-5
https://doi.org/10.1016/S0550-3213(03)00041-5
https://doi.org/10.1007/JHEP01(2014)119
https://doi.org/10.1016/j.physletb.2008.05.062
https://doi.org/10.1103/PhysRevD.29.1504
https://doi.org/10.1103/PhysRevD.29.1504
https://doi.org/10.1103/PhysRevLett.60.1813
https://doi.org/10.1103/PhysRevD.7.2457
https://doi.org/10.1016/S0550-3213(00)00392-8
https://doi.org/10.1016/S0550-3213(00)00392-8
https://doi.org/10.1016/S0370-2693(00)00054-X
https://doi.org/10.1016/S0370-2693(00)00054-X
https://doi.org/10.1088/1126-6708/2009/03/001
https://doi.org/10.1088/1126-6708/2008/10/094
https://doi.org/10.1007/JHEP09(2010)017
https://doi.org/10.1007/JHEP09(2010)017
https://doi.org/10.1016/S0550-3213(05)80021-5
https://doi.org/10.1016/j.physletb.2022.137382
https://doi.org/10.1016/j.physletb.2022.137382
https://doi.org/10.1142/S0217751X21500901
https://doi.org/10.1140/epjc/s10052-023-11471-5
https://doi.org/10.1140/epjc/s10052-023-11471-5
https://doi.org/10.1007/JHEP03(2020)129
https://doi.org/10.1007/JHEP03(2020)129
https://doi.org/10.1103/PhysRevD.95.095009


[18] Y. Ema, K. Hamaguchi, T. Moroi, and K. Nakayama,
J. High Energy Phys. 01 (2017) 096.

[19] F. Björkeroth, E. J. Chun, and S. F. King, Phys. Lett. B 777,
428 (2018).

[20] For a review, see, e.g., J. E. Kim and G. Carosi, Rev. Mod.
Phys. 82, 557 (2010); For a review, see, e.g., 91, 049902(E)
(2019).

[21] J. Preskill, M. B. Wise, and F. Wilczek, Phys. Lett. 120B,
127 (1983); L. F. Abbott and P. Sikivie, Phys. Lett. 120B,
133 (1983); M. Dine and W. Fischler, Phys. Lett. 120B, 137
(1983).

[22] A. Rasin, Phys. Rev. D 58, 096012 (1998).
[23] P. Minkowski, Phys. Lett. 67B, 421 (1977); M. Gell-Mann,

P. Ramond, and R. Slansky, Supergravity, edited by P. van
Nieuwenhuizen et al. (North Holland, Amsterdam, 1980),
p. 315; T. Yanagida, in Proceedings of the Workshop on the
Unified Theory and the Baryon Number in the Universe,
edited by O. Sawada and A. Sugamoto (KEK, Tsukuba,
Japan, 1979), p. 95; S. L. Glashow, The future of elementary
particle physics, in Proceedings of the 1979 Cargèse
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