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Abstract We investigate flavour bounds on the Z; x Zj
and Zp x Zg flavour symmetries. These flavour symmetries
are a minimal and a non-minimal forms of the Z, x Zy
flavour symmetry, that can provide a simple set-up for the
Froggatt—Nielsen mechanism. The 2> x Z5 and Z; x Zo
flavour symmetries are capable of explaining the fermionic
masses and mixing pattern of the standard model including
that of the neutrinos. The bounds on the parameter space of
the flavon field of the 2, x Z5 and Z; x Z9 flavour symmetries
are derived using the current quark and lepton flavour physics
data and future projected sensitivities of quark and lepton
flavour effects. The strongest bounds on the flavon of the Z; x
Zs symmetry come from the D° — D? mixing. The bounds
on the Z, x Zg flavour symmetry are stronger than that of the
minimal Z, x Zs symmetry. The ratio R,,,, provides rather
robust bounds on the flavon parameters in the future phase-I
and phase-II of the LHCb by leaving only a very small region
in the allowed parameter space of the models.

1 Introduction

The Z, x Zy flavour symmetry [1] provides a new frame-
work for the celebrated Froggatt—Nielsen (FN) mechanism
that eventually furnishes an elegant solution to the flavour
problem of the standard model (SM) [2]. The flavour prob-
lem of the SM comprises a set of fundamental questions,
including the origin of the mass pattern of fermions of
the SM, an explanation for the observed quark-mixing, and
the source of neutrino masses and oscillations. There are
various approaches to address this problem in literature.
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For instance, it can have a solution through the hierarchy
of vacuum-expectation-values (VEVs) in a technicolour-
framework where VEVs are sequential chiral condensates
of an extended dark-technicolour sector [3-5]. A possible
explanation can be obtained using Abelian flavor symmetries
[2,6—-13], creating loop-suppressed couplings to the Higgs
[14], through wave-function localization [15-19] or via com-
positeness [20].

The central idea of the FN mechanism is based on an
Abelian flavour symmetry U (1) r, which can distinguish dif-
ferent flavours of fermions among and within the fermionic
generations in the SM. This is achieved by introducing a
flavon field x in such a way that only top quark gets mass
from a renormalized SM interaction, and masses for other
fermions are obtained from appropriate non-renormalized
higher dimensional operators, which are constructed using
the flavon field x . For instance, if under the U (1) r symmetry
the fermions v{ and v/; have charges 6; and 6; respectively
and the charge of the SM Higgs field is zero then the Yukawa
Lagrangian of the SM is forbidden by the U (1)r symme-
try. In this scenario, the masses of the SM fermions can be
recovered by the non-renormalizable operators of the form,
X )(9i+9j) -

0=r(%

= ye Yoy = Yoy (1

where y is the dimensionless coupling constant, A is the scale

(x)

at which these operators are renormalized, € = N Y =

)

ye@it0)) is the effective Yukawa coupling, and the gauge
singlet flavon scalar field x transforms under the SU (3), x
SUQ2)r x U(1l)y symmetry of the SM as,

x :(1,1,0). 2)

The U(1)Fr flavour symmetry is broken spontaneously
when the flavon field x acquires a VEV. The scale A is not
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provided by the theory, and it can be anywhere between the
weak and the Planck scale. We only require that the flavour
symmetry should be broken weakly which means the ratio

@ should be less than unity. The flavon exchange effects

in the SM phenomenology will be highly suppressed if the
scale of new physics A is much larger than the weak scale.
However, if the flavour symmetry is broken close to the weak
scale, we can hope to see observable effects on the direct or
indirect experimentally measured SM observables such as
mixing and CP-violation in mesons. Therefore, we need to
ask how low the flavour scale could be such that it respects
the bounds on flavour-changing and CP-violating processes.
Moreover, the nature of the flavour symmetry also plays an
important role in the investigation of the flavour scale. For
example, if the flavour symmetry is a continuous U (1) r, then
we should ask whether it is a gauged or a global symmetry. In
a gauged U (1) r scenario, the phenomenology of the flavon
field will be affected by the exchange of the corresponding
gauge boson. If the continuous U (1) r is global, then a mass-
less Goldstone boson must exist.

The Z, x Zy flavour symmetry, unlike the conven-
tional continuous U (1) flavour symmetry that is employed to
achieve the FN mechanism, is a product of two discrete sym-
metries which can implement the FN mechanism in a unique
way such that the flavour structure of the SM including neu-
trino masses and mixing parameters can be parametrized in
terms of a small parameter which is the ratio of the VEV of
the flavon field and the flavour scale A [1]. We notice that
the origin of the Z, x Zy flavour symmetry may be traced to
an underlying Abelian or non-Abelian continuous symmetry
or their products. For instance, the Z> x Zy symmetry may
be a by-product of a spontaneous breaking of U (1) x U(1)
continuous product symmetry.

We note that the discrete Z, symmetry is extensively
used in studying the different versions of the two-Higgs-
doublet model (2HDM) and the minimal supersymmetric SM
(MSSM). In particular, in the 2, x Zy flavour symmetry, the
discrete Z, symmetry exactly behaves like the one used in
the type-11 2HDM [21]. Therefore, the Z> x Zy flavour sym-
metry may also be used to implement the FN mechanism in
the type-II 2HDM and the MSSM. Moreover, the discrete 2,
symmetry is also found to be useful in model building, for
instance, see Refs. [3,5,22-25].

In this work, we investigate flavour bounds on the dynam-
ics of the flavon field of a minimal and a non-minimal form
of the Z, x Zy flavour symmetry that provides a simple
set-up for the FN mechanism. We do not consider any ultra-
violet completion of the Z, x Zy based FN mechanism, and
present our results in a model-independent manner. The phe-
nomenological investigations of the flavon field of the FN
mechanism in the framework of a continuous U (1) symme-
try and its extensions are dedicatedly performed in literature,
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for instance, flavour bounds are investigated in Ref. [26], the
LHC phenomenology is explored in Refs. [27-34], a low
flavour breaking scale is studied in Ref. [35], a study for a
future high energy collider is presented in Ref. [36], flavon
exchange effects in the dark matter interactions are studied
in Ref. [37], the texture based investigation of the FN mech-
anism can be found in Ref. [38].

We shall present our phenomenological analysis along the
following line: In Sect. 2, we investigate a minimal form of
the Z, x Zy flavour symmetry that can implement the FN
mechanism. An explanation to neutrino masses and mixing
parameters is discussed in Sect. 2.4.1. A non-minimal form
of the Z, x Zy flavour symmetry that implements the FN
mechanism is discussed in Sect. 3. The scalar potential of
our model is discussed in Sect. 4. Phenomenological bounds
based on the quark flavour physics on the parameter space of
a minimal and a non-minimal form of the Z, x Zy flavour
symmetry are derived in Sect. 5. Leptonic flavour constraints
are investigated in Sect. 6. A summary of the work is pre-
sented in Sect. 7.

2 A minimal Z; x Zy flavour symmetry

We now discuss the question of a minimal form of the
Zy x Zy flavour symmetry that can provide a simple set-up
of the FN mechanism. Our guiding principle for this purpose
is the observation that a minimal suppression of the effec-
tive Yukawa couplings will require a minimal form of the
Z, x Zy flavour symmetry. For instance, we assume that
the mass of the top quark originates from the tree level SM
Yukawa operator, then, following the principle of minimum
suppression (PMS), the mass of the bottom quark is obtained
from the operator having the suppression of the order ye, the
mass of the charm quark from the operator having the sup-
pression of the order ye?, the mass of the strange quark from
the operator having the suppression of the order ye>, and the
mass of the up and down quarks from the operators having
at least the suppression of the order ye®.

Additionally, we need to count the number of hierarchical
energy scales needed to account for the fermionic mass hier-
archy in the SM. For instance, for the quark sector, we need
three energy scales to explain the mass hierarchy among the
three fermionic families. We note that only the second and
the third quark families have intra-generational mass hier-
archies, which require only two hierarchical energy scales
to achieve an explanation for the mass hierarchy within the
second and third quark families. These hierarchical energy
scales are created by the different non-renormalizable opera-
tors of the flavon fields as given in Eq. 1. Since the mass of the
top quark is generated by the renormalized SM Yukawa oper-
ators, at least four energy scales are required to be created
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through the operators of the form given in Eq. 1 for providing
an explanation for the hierarchical quark mass pattern.

The symmetry Zy in the Z, x Zy flavour symmetry is
responsible for providing such operators. The symmetry 2,
distinguishes between the up-type and the down-type quarks,
which makes sure that identical non-renormalizable opera-
tors of the flavon fields, as given in Eq. 1, do not appear in
the up and down-type quark mass matrices. For creating four
energy scales, the required Zy symmetry, therefore, should
have at least four non-trivial charges. Therefore, the size of
a minimal symmetry will be determined by this requirement
and through the application of the PMS.

Finally, we must note that a minimal form of the Z; x Zy
flavour symmetry should not only produce correct pattern of
the charged fermion masses, it should be capable of explain-
ing the quark mixing pattern, neutrino masses, and more
importantly, it should predict correct pattern of the neutrino
mixing angles.

After taking into account above considerations, Z, X Zy
flavour symmetry allows us to write the following generic
Lagrangian which provides masses to the charged fermions
of the SM,

X(XT) n;; u 7 ~ u
— Lyukawa = [Tj| yijl/fLiQDij

d
xGHT" 4
+[ N ] Vil ek,

e
xOH7T , -
+[—] Vo3t ovh +He.

A
= Yi’il/}zigzw%j + Yi‘jl/_/zi(pw%.f
+YU1 0¥k, + He, 3)

where x or x " may appear in the numerator of the term inside
the square brackets. We note that in the above Lagrangian
i and j are family indices, I//Z, 1//1{ are quark and leptonic
doublets, Yrp, wl‘é, foe are right-handed up, down type singlet
quarks and leptons, ¢ and ¢ = —ior¢* are the SM Higgs
field and its conjugate and o7 is the second Pauli matrix.
The effective Yukawa couplings Y;; are defined in terms of

o _ _f

the expansion parameter —— ——— = € K 1 such that
P P A V2A

Yij = yije"i.
2.1 Z x 2, flavour symmetry

The simplest choice is the Z; x 2, flavour symmetry, which
turns out to be a trivial selection since the only charges of the
Z, symmetry are £1, which are too trivial to provide four
energy scales or equivalently non-trivial operators of the form
givenin Eq. 1. Hence, we conclude that this symmetry cannot
be used to create a simple FN mechanism.

Table 1 The charges of left and right-handed fermions of three families
of the SM, Higgs and the flavon field under the Z; and Z3 product
symmetry, where w is the cube root of unity

Fields Z Z3
UR,CR, IR + ®
dR, SR, bR, €R, LR, TR - 1
v, + w?
wzz + 1
¢Z3 + w
1//,€l + ?
wfz + 1
1#{3 + 15}
X - w
% + 1

2.2 2, x Z3 flavour symmetry

The first non-trivial form of the Z, x Zy flavour symmetry,
which may provide an implementation of the FN mechanism,
is Z» x Z3. The symmetry Z3 has two non-trivial charges
characterized by w and w?, where  is the cube root of unity.
In the first scenario, following the PMS, we assign the charges
to the SM and flavon fields as given in Table 1.

We observe that the masses of s and b quarks can be recov-
ered from this charge assignment, for instance, mass of the s
quark is of the order €3, and that of the b quark is of the order
€. However, the mass of the u and d quarks are produced by

the operators y(XX)2&<puR and y(XX)lﬁgodR instead of the

operators y(%)“lﬁgouR and y(%)stﬂwdlg. Any other charge
assignment also does not reproduce masses of every quark.

As an additional check, we may assume that exactly iden-
tical diagonal operators for the # and d quarks in their mass
matrices as given in Table 2. This charge assignment is
against the original sprite of the Z> x Zy flavour symmetry,
where the Z; is exactly like the symmetry used in the type
II 2HDM. It turns out that even in this case, the mass of the
u quark is of the order €. This conclusion does not change
even if we provide different non-trivial charge assignments
to the fermions and flavon fields under the Z, x Z3 flavour
symmetry.

2.3 Z x Z4 flavour symmetry

The charges of the symmetry 2, x Z4 are characterized by the

fourth roots of unity, which are 1, w, w? and @° where w = i,

w’ = w* and w?> = —1. We particularly note that minimally

suppressed diagonal operator of the form y(%)“l/_ngpuR is
not the dominant operator no matter what charge we assign

@ Springer



305 Page 4 of 25

Eur. Phys. J. C (2023) 83:305

Table 2 The charges of left and right-handed fermions of three families
of the SM, Higgs and the flavon fields under the Z, and Z3 product
symmetry, where w is the cube root of unity

Table 3 The charges of left and right-handed fermions of three families
of the SM, Higgs and the flavon fields under the Z> and Z4 product
symmetry, where  is the fourth root of unity

Fields Z Z3 Fields Z Z4
CR, IR + w CR, IR + a)2
uR,dr, s, br. er, AR, TR - 1 UR,dr, SR, DR, €R, LR, TR - w
v + w? v + w?
v, + 1 vl + 1

¢Z3 + w 1//Z3 + w?
1//,{1 + w? wfl + w?
v, + 1 v, + 1

wiz + w 1,01[;3 + w?
X - 3} X - ®
0 + 1 10 + 1

to the flavon and fermionic fields. This is because the tree-
level SM Yukawa operator yvr; ou g is allowed for any charge

assignment for the y( % )4 1& Lou g operator under the 2> x Z4

flavour symmetry.

Therefore, to produce the mass of the u-quark, we either
choose a non-trivial transformation of the u z-quark or the
first family of the quarks under the Z, symmetry, in addition
to the next to the minimal suppressed operator of the order €.
One such charge assignment is given in Table 3. In this case,
the masses of the down-type quarks are produced correctly
through the operators with minimal suppression. However,
in the case of up-type quarks, still non-diagonal tree-level
SM operators dominate the mass of the u-quark. Other alter-
native charge assignments also do not work for creating an
FN mechanism through the Z, x Z4 symmetry.

2.4 2, x Zs flavour symmetry

We now impose the next flavour symmetry, that is, the Z, x
Zs symmetry on the SM in a way that the various fields of the
SM transform under this symmetry as given in Table 4 [1]. As
discussed earlier, we need to create at least four hierarchical
energy scales as an origin of the quark mass spectrum. This
means, for creating these energy scales, a non-trivial and a
minimal Zy symmetry should have at least four non-trivial
charges. Thus, the symmetry Zs could be such a symmetry.
Moreover, we note that the transformation of fields under
the Z> x Zs symmetry is chosen such that the symmetry 2,
exactly acts like the way used in the type-II 2HDM.!

The Z; x Zs flavour symmetry allows us to write the
following Lagrangian which provides masses to the charged
fermions of the SM,

' Adding an additional Higgs doublet to this model such that it is odd
under the Z; symmetry will result in a type-I like 2HDM.

@ Springer

Table4 The charges of left and right-handed fermions of three families
of the SM, right-handed neutrinos, Higgs, and singlet scalar fields under
Z5 and Z5 symmetries, where o is the fifth root of unity

Fields 2

&

™o

UR, CR, IR +

dRr, SR, bR, er, LR, TR -

W

Vers Vugs Vr
vl
v,
Vi,
v
Ui,
Vi,
X _
(7] +

T~

o

S

- & g g & B g & g € 8

XN\ g - X\* w7~
—Lyukawa = (X) )ﬁulwlL]lqu + (X) y?ﬂ”zlch
X\ - X\2 , g -
+ <X> yi‘31//ZI<ptR + <X) Ygll)”ZZW"R
X\2 L X \2 g ~
+ (X) ygzl//ZZ(PCR + (X) y;_zl”ZZWR
Y5 UL PuR + Yo U] Gk + VU] Ptr

5
- X
+< ) Yilﬂ/fZ,(PdR‘*‘(A) y12‘/’L1‘/’SR

+
X >x

_ X 3 _
- ﬁnglﬂ’R + <X> yé’IWZZWR
Y\3 -
X) yé’y/f‘{zgab;e

)’311/fL}§0dR + ( )y32WL3<ﬂSR

w

YUt esk + (

+

) 11‘&[{1§09R

e N N N
PIx IR BIx>(x >

N N N N N

A
3 L gl
YL, PiR +< ) Y3V, TR

+
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X 3 _ X 3 _
+ <X> Y§1W£2</7€R + (X) ygzl//iz‘PMR

X
+ (X) V53U, 0T + (A) Y501, per

+ (A) ygztlfmwze + ( )y33l/fL;§0'5R +H.c.

The mass matrices for up- and down-type quarks and
charged leptons can be written now in terms of the expansion
parameter e,

yi{164 yi‘2€4 yi’3e4
My = % yi’lEz )’5262 y%fz )
Y3 Yno V33
yf165 yhe yihel

v
Md=_ y € yd€3yd 3 ,
NG 21 22 2
y31€ Y326 y336
yflés yf265 yf365
Mgzﬁ yi € vhed yhel | (€))
¢ ¢ ¢
Y31€ Y3€ V33€

The masses of quarks and charged leptons approximately
are [39],

{m;, me, my}

u u
~ )i Y23¥32 | 2
~ 133l — . |€
|)’33|
u u
Y — Y1221
11 u u u u
122 = Y2332/ 33
u u u u u u u u
V1319312 = V2193l — V31

e“} w2, (5)

|y52 - Yg3y1342/y1343 | |}’g3|
{mp, mg, mg}

~ d
= {|)’33|€,

d .d
Yiil . Y1221

d d d jd

122 = Y235,/ ¥33

d \d
d _ Y23Y3
Y22

63

|)’33|

d.d .d d .d d d .d
_y13|y31y22 — Y215l = Y519103
|y§2 - yg3y§2/y§3||y§’3|

{ml’v mpu me}

~ 1
— {|y33|€’

1 1

I Y12Y21

Y1 T 0 0
1¥22 = Y2332/ 33l

65} v/«/z, (6)

1.l
i Y23Y32
Yoo —

63

|)’33|

Lol ol Il Lol
_y13|y31Y22 — V213l = Y3112V
|yé2 - y§3y§2/y§3||y§3|

65} /N2 ()

The mixing angles of quarks are found to be [39],

d u
. Yo V2| 2
sinfp > |Vys| > | == — == €7,

Y22 Y2

d u
. Y3 Vo3| 2
Sln023:|chb|2 7——u s

Y33 Y33

d u d u
. Yz Yi2Yazs Vi3l 4
sin 013 >~ | V| =~ T a4 e 8)

Y33 Y»Viz o V33

‘We notice that the sin 6 and sin 6»3 have the same order.
The similar result is also reported in Ref. [8].

We present a fit of the experimental data to the masses
of fermions in Appendix. It turns out that some of the cou-
plings are not order one. We discuss a theoretical scenario
for such couplings in the Appendix. This kind of not order
one couplings are also reported in Refs. [8,26].

2.4.1 Neutrino masses and mixing

The neutrino masses are obtained by adding three right-
handed neutrinos as shown in Table 4. The Lagrangian for
the tree-level Majorana mass is,

-

[

5
X -
Lmg = cij [Xi| x "¢ RV R, )

where i, j are flavour indices.
The Majorana mass matrices M is,

C11 €12 €13
Mp=M|ci2cncs], (10)
C13 €23 €33
Wl _ s
where M = (x) [%] = \_565'
The Dirac mass Lagrangian for neutrinos can be written
as,
v v 74 3 4 X 3
= Lyykawa = YN1VL, Hveg [ ] + V¥, Hvug [K]
0 X713 X
E3aPE, Hon [ 5]+ 900, Hvee [ 5]
X X
Y501, Houp [X] + 3L, Hvgg [X]
Myt i
n X X
+y;11/f1€3HVeR A ] + y32‘/fL3HVMR [X]
v 70 _X%
+y331pL3vaR N + H.c.. (11)
The Dirac mass matrix is given by,
y i€ e’ ylv363
Mp=—1| ¥ e y,e yhe |. (12)
2| 22€ V23

Vi€ Yn€ Vi€

@ Springer
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The mass matrix of neutrinos after including the Majorana
mass terms can be written as,

(M Mp
(2 ) "

Since v <« f, we ignore the contribution of the mass
matrix M to the neutrino masses.Z Now, we can use the
type-I seesaw mechanism to determine the neutrino masses
by assuming Mp <K Mp [40—45]. Thus the light neutrino
mass matrix is,

M ~ — MpMz'ME,
_ e*(caae3y} —2c00y] Fenn—2e33y} Hez—yi i +H4v) —2)
v, (022*12)(61')33*1)
N ——e¢ —€7y
ﬁ 2 v v 11} v
(e ity =D

c33—1

3 A non-minimal Z; x Zy flavour symmetry

We note from the previous section that some of the Yukawa
couplings for the minimal model based on the 2, x Z5 flavour
symmetry are not order one, which is a preferred choice in
literature. However, so far purpose has been to introduce the
Z, x Zy flavour paradigm. In this section, we show a non-
minimal model based on the Z, x Zy flavour paradigm where
the Yukawa couplings turn out to be order one, and are given
in the appendix. We adopt a non-minimal Z, x Zy flavour

_e2yy _ eyl i tyh-D

Y1 c33—1
—1 - , (14)
_1 _ (C33+(y;3_2)y;3)

c33—1

where ¢/ = #, and we have assumed each and every cou-
pling exactly one except those appearing in above equation.

We obtain two degenerate neutrino masses. The masses
approximately are given by,

2
mp ~ (=it + 20 — 1)646’v/x/§
cpn—1 ’

~

<—\/4c§3 —8c33 + yig — 4VY3 + 633 — 4yl +5 — 298, — yi2 +2y% + 1)

symmetry, and assign the charges to different fields as shown
in Table 5.

The Z, x Zg9 flavour symmetry allows us to write the
following Lagrangian which provides masses to the charged
fermions of the SM,

my &
2(c33 — 1)

<\/4c§3 —8c33 + yig — 4yY3 + 6933 —4yY. + 5 — 2033 — y¥2 +2y%, + 1)

e'v/V2,

m3 ~
2(c33 — 1)

€'v/V2. (15)

This kind of approximate degenerate neutrino masses are
well studied in literature, for instance, see Refs. [46—49].
The leptonic mixing angles can be written as,
¢
Y2 _ v

— Y11
I3
Y22

2

sin 0y >~ €,

1 —c¢33
33+ (v33 — 2)y33
(e33y1p —y11y33 +y33 — 1D

33+ (33 — 2)y33
The remarkable observation is the pattern of the neutrino
mixing angles. The mixing angle 01, and 63 are of the same

order of magnitude, where 613 is closer to the Cabibbo angle,
and the mixing angle 0,3 is completely unsuppressed.

sin 923 ~

k]

sin 013 =~

2. (16)

2 Alternatively, we can assume that it is forbidden by some discrete
symmetry. For instance, if three left-handed fermionic doublets of
quarks and leptons, and the Higgs doublet have a charge @ under a
Z3 symmetry, the mass matrix M is forbidden.

@ Springer

\ 8 6
X T4 = X 79 &
—Lyukawa = (_) ylitl 1/fZlWR + (X) yIMZI/IIq‘I(pCR
+

X

’ u 749 = 8 u 149 =
Yi3Vp, 9tr + (A) YV, Pur

XN w7 - X\ w7 -
+ (X) YL, éck + <X) V3V, PR

«

4
st o+ (A0) it e

. xX\7 _
+y5 0 PR + <X) Yhv T edr
X 7 _ X 7 _
+ (X> YUt esk + (X) Vi3, ¢br
X 5 _ X 5 _
+ (—) Y51 0] pdr + (—) YUt ek
A A
XN d 7q Y
+ (X> )’23WL2(PbR + (

X'\ a4
X) )’311/fL3§0dR
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Table 5 The charges of left and right-handed fermions of three families
of the SM, right-handed neutrinos, Higgs, and singlet scalar field under
Z5 and Z9 symmetries, where o is the ninth root of unity

Fields Z Z9

UR, IR + 1
CR
dRr, SR, bR, €r, LR, TR -
Ver> Vugs Vg
"

ve

Vi,

Vi,

v,

Vi,

X

@ +

+ o+ o+ o+ o+ o+
- & & & & ¢

X ’ d 74 X ’ d 74

+ (X) J’32WL3§05R + (X) Y33WL3§017R
X 7 _ X 7 _

+ (X> YOVt ver + (X> Yo UL, oir
XN\ 0 e X\ ¢ e

+ (X> Y3V, 9TR + <X) YV, 9er
X 5 _ X 5 _

+ <X) Yo UL, our + (X) Yo3VL,@TR
x\3 LAY
+(X> V¥, 9er + (X> Y3V, $IUR

X 3 _
+(X) y§3wf3¢rR+H.C.

The mass matrices for up and down-type quarks and
charged leptons turn out to be,

8 6 8
yi’leg yi‘2€4 )’1'4368
u u u
Y21€ y22€4 Ya3€ | >
u u u
Y31 Y€ V33
d 7 .d 7 .d 7
Y€ Vi€ ybf
5 5 5
CDINE JERE onY
Y31€7 Y3267 V33€
0.7 0 7 2T
N B
MZ:E V21€7 Y€ ¥p3€” |- (17
Y§153 y§263 y§363

Mu =

Sl <

My =

Sl <

The masses of charged fermions are approximately given
by [39],

{my,me, my}

u u
u 4 Y3Y3 12
Y€ = u €

|)’33|

3

U \u
Y12y
u 68 _ 212 21610

y
1 |y‘242|
TTTEN T} u U
| - |
i3 )’31);22 uy21y32 8 v/ﬁ’ (18)
|y2211y35]
{mp, mg, mg}
d .d
Y23¥32
~ 1 yhle, |y, — 3d3 ’
|)’33|
d .d
yﬁ— Y1221
d d - d d
[¥52 — ¥33952/ Y33l

dyd d d d d d d
Y3131V — VY5l — Y5y
|ygz - yg3J’§12/Y§l3||)’§13|

{ml’s m;,u me}

67} v/V2, (19)

1
~ 1.3 I Y2332 | 5
~ 1 1yasle’, Yo — "1,
|y33|
1.l
I Y12X21
Y1 Wl — 3l
Y22 = Y2332/ Y33

Iyl ol Il 1ol
_Y13|y31y22 — V2130 = 3101023
|yéz - yé3y§2/y§3||y§3|

67} v/V2. (20)

Similarly, the mixing angles of quarks read [39],

d u
. Yo V2| 2
sinfpp > |Vis| = | =5 — =7 | €7,
Yoo o Y22

d u
y y
23 .2 _ Y23 .8

sin 6r3 >~ | Vyp| =~ y; =
Y33 Y33

)

d u d u
y Y12¥ y
Vi3 4 Y12V 4 Vi3 8

. 21
y§13 yilzy% 33

sinf13 ~ | Vyp| =~

3.1 Neutrino masses and mixing

The masses and mixing of neutrinos in the non-minimal
model is identical to that of the minimal model. Thus, we
write the Majorana Lagrangian for right-handed neutrinos
as,

X 3 _
Lvg = cij [K] XVEi RV R, (22)

where i, j are flavour indices.
The Majorana mass matrices M g can be written as,

C11 €12 €13
C12 €22 €23 |, (23)
C13 €23 €33

Mp=M

3
where M = (x) [(j{—)] =-Lé.

@ Springer



305 Page 8 of 25

Eur. Phys. J. C (2023) 83:305

The Dirac mass Lagrangian for neutrinos is,

Lv _ v 7/ X 3 v 70 X 3
— Lyukawa = YNVL, HVer | | +Y12¥L, HVug A

A
_ r X 3 _ X
+Y1V3W£IHVTR -X] +Y2V1Wf2HVeR [X]
- X - X
+y521/f£2HVMR I:X:I + y;?gwszU‘[R I:X:I
ryt T
- X - X
+y§}1 W£3HV€R le + Y;2¢£3HVMR |:Xj|
_ X
+y539f Hry X} + H.c. (24)

The Dirac mass matrix for neutrinos now reads,

e e i€’
E Y2€ Y€ ¥iz€ |- (25)
Y3E Y€ Vi€

Mp =

The mass matrix of neutrinos after including the Majorana
mass term is,

(M Mp
M= (MTD MR)' (26)

The light neutrino mass matrix is,

M~ — MpMz' ME,
e (c220333V2 =220y}, +ean—2c330Y) +es3—yi T +4y}, —2)
cn—1)(c33—1
v, (c22 2)(1}33 )
~ ﬁf €
_ ey =y trn—D
c33—1

(e33y)) =¥ Y33 +y33— D &2

sin 013 >~
33+ (¥33 — 2)y33

(29)

4 The scalar potential

The scalar potential of the model can be written in the fol-
lowing form,

—Lpotential = —1°@ 0 + A@'0)* — 13 x*x + 2y (0 X)?
+ (p x> +He) +ho, (X 0@ ),  (30)

where we have introduced a soft breaking of the Z5 sym-
metry in the fifth term. We are assuming A,, = 0, i.e., no
Higgs-flavon mixing [36]. If this term is non-zero, the phe-
nomenology of the flavon field will be different, for instance,
see Ref. [28]. The only parameter which can have a phase in
the scalar potential is p. However, this phase can be removed
by a phase rotation of the flavon field x leading to areal value
of the VEV of the field .

We can parametrize the flavon field by excitations around
its VEV,

2 v Vo v v
2.0 € (e3ny) =y 33 ty—D

c33—1
—1 -1 , 27
-1 _ (C33+()’§3*2)Y§3)

c33—1

where ¢/ = #, and we have again assumed each and every
coupling exactly one except those appearing in above equa-
tion.

The neutrino masses approximately are,

2
~ (_yi)l + 2yy) — Ue“e’v/ﬁ
C22—1 ’

mi

~

<—\/4c§3 —8e33 + yiy —4VY5 + 6yY; —4yh +5 — 298, — yis +2y5 + 1)

e'v/V2,

my ~
2(c33 — 1)

<\/4c§3 —8c33 + yiy —4¥Y3 + 633 —4AyY + 5 — 2033 — y35 + 2y%, + 1>

€'v/V2. (28)

ms3 ~
2(c33— 1)

The neutrino mixing angles are,

yK

sin 6y =~ %2 — | €2
Y22

. 1 —c33

sin 63 =~ m — 1
33+ (¥33 — 2)¥33
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_ fAsx)+iax)
- 7 )

In a similar manner, the Higgs field can be written as,

x(x) 31)

v+ h(x)

p(x) NG (32)
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The minimization conditions can be written in terms of the
scalar and pseudo-scalar components having the following
masses:

mg =1ty —2p = /Ay f and mg, =+/—2p. (33)

We observe that the mass of the pseudoscalar component
of the flavon field depends on the soft-breaking parameter
p. Therefore, it is a free parameter of the model. Now using
Eq. 31, we can write
X _ e[l + s+1ia
A f

The couplings of the scalar and pseudoscalar components
of the flavon field are obtained from Eq. 24 by writing the
effective Yukawa couplings in the following form:

f
f _f X \ij v+ h
vje = (%) <¢§'

n;};(s +ia) p

1. (34)

-
fn,'jv

= vyle 1+
KA f

f .
_ nij(s +ia) ﬁ
=My |1+ —f + K 35)

where f = u,d,{,and n lf] is the power of the parameter €
appearing in the mass matrices M .

We note that for our phenomenological investigation, we
have only retained the terms linear in the flavon field compo-
nents s and a in Eq. 35. The terms which are higher than the
linear terms are not interesting in the present work. The cou-
plings of the Higgs boson field 4 to the charged fermions are
real and diagonal since the mass matrices M ¢ can be diag-
onalized resulting in real and positive masses of the charged
fermions. However, the couplings of the scalar and pseu-
doscalar components s and a of the flavon field are given by
nl];./\/l - This product cannot be diagonalized exactly and as
a consequence, the couplings of s and a cannot be made real
and diagonal. This in turn gives rise to the flavour-changing
and CP-violating interactions of the flavon field.

The couplings of a field with fermions for minimal 2> x
Zs5 symmetry are now given by,

4yi‘le4 4yi‘264 4)11”364
2y5,€% 2y5,€” 2y55€” |
0 0 0

5)’?165 5)’?265 5)’?365

Yafir fix = Yaij = T}

v

d _ d 37.d 32.d .3
yaij_ﬁf 3y5,€” 3y5€ 33’336 )
Y31€  Y3€  Y33€
. y 5y£165 5y§265 5y§365
Yaij = o, 3y5,€° 3y5€ 3ype |- (36)

7 7 7
Y31€ Y€ Y33€

In the similar way, the couplings of a field with fermions for
non-minimal Z; x Z9 symmetry are given by

8yjr€® 6yi5€ 8yze®

8y2“168 4y§264 8y§‘368 ,
0 4yhe* 0

7yf167 7yld267 7yld3e7

5y§1165 5y§265 5yg365 ,

3y§ile3 3y§263 3y§i363

u — U v
yafiijR_yaij_ﬁf

d _ v
Yaij = Vif

€ 79,0 774 T
¢ v 7)}165 7)}265 7)}365
Yaij = 5% S¥21€” Sype> Syxe” | - (37)
3y31€ 3y5€’ 3y53€”
For the pseudoscalar component of flavon field, the fol-
lowing notation is used:

Yij = Ysfirfix = ~IYafi fir- (38)

The couplings of a to fermions are identical to that of s except
with a relative phase factor i. This factor becomes trivial in
the squared amplitude of a Feynman diagram mediated by a.
Thus, it does not give rise to CP-violating interactions to the
order investigated in this work.

5 Quark flavour physics in the minimal and
non-minimal Z, x Zy flavour symmetry

The quark flavour physics places stronger bounds on the
parameter space of our model, which is parametrized by
the VEV of the flavon field f, the mass of the pseudoscalar
flavon m,, and the quartic coupling A, . In particular, mea-
surement of the loop-induced processes in the SM such as
neutral meson mixing and rare mesonic decays constrain the
parameter space of the model. The numerical inputs used in
this work are given in Table 6.

5.1 Neutral meson mixing

The non-diagonal couplings of the flavon to fermions intro-
duce the FCNC interactions at tree-level. Therefore, they
are expected to be highly suppressed from neutral meson—
antimeson mixing. These interactions of the flavon can be
parametrized by writing the AF = 2 effective Hamiltonian
as follows,

Hup > = CY @5 vual)’ + CY @ vuap)®
+C5 Gk al)? +C5 @k ap)? + ¢ @hal)
x (G q%) +C3 (@) vual) @k v qp) + He.,
(39)

where gr 1 = HETVSq and the colour indices are omitted for
simplicity.
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Table 6 Values of the

experimental and theoretical Gr 1.166 x 1075 GeV [50] v 246.22GeV [50]
quantities used as input as[Mz] 0.1184 [51] my (2.16f8:§2) x 1073 GeV [50]
1
parameters My 80.387 % 0.016 GeV [50] ma (4.67H048) % 1073 GeV [50]
fx 159.8MeV [52] me 1.27 +0.02 GeV [50]
my 497.611 + 0.013MeV [50] my 93.4784 GeV [50]
Bk 0.7625 [51] m; 172.69 4 0.30 GeV [50]
BK 0.60(6) [52] mp 4.187003 GeV [50]
BK 0.66(4) [52] me(me) 1.275 GeV
BK 1.05(12) [52] mp(mp) 4.18 GeV
BK 1.03(6) [52] my(my) 162.883 GeV
BX 0.73(10) [52] o 1/137.035 [50]
mn 1.87 +0.76 [53] e 0.302862 GeV
m 0.574 [54] me 0.51099 MeV [50]
"3 0.496 =+ 0.047 [55] my 105.65837 MeV [50]
13, 230.3MeV [51] me 1776.86 = 0.12 MeV [50]
mp, 5366.88 MeV [50] T 2.196811 x 107° s [50]
Bp, 1.232 [51] 7 (290.3 £0.5) x 10715 5 [50]
B 0.86(2)(*3) [56] "y 938.272 MeV [50]
B, 0.83(2)(4) [56] ny, 939.565 MeV [50]
By 1.03(4)(9) [56] mp 1864.83 MeV [50]
BY 1.172) (7)) [56] o 212 MeV [51]
BY 1.94(3)("2) [56] BP 0.861 [57]
mB 0.551 [54] B? 0.82 [57]
I3, 190.0MeV [51] BP 1.07 [57]
mpg, 5279.65MeV [50] BP 1.08 [57]
B, 1.222[51] BP 1.455 [57]
B 0.87(4) () [56] B, (1.520 £ 0.004) x 1072 5 [58]
By 0.82(3)(4) [56] T8, (1.505 £ 0.005) x 10712 5 [58]
BY 1.02(6)(9) [56] %, (5.116 £ 0.021) x 108 s [50]
B 1.16(3)(13) [56] ™ (410.1 £ 1.5) x 10713 s [50]
BY 1.91(4)(*%%) [56]

The tree-level contribution to neutral meson mixing due
to the flavon exchange gives rise to the following Wilson
coefficients [59,60],

ij Yijyji {1 1
¢y = - (—2+—2), (40)

where mg and m, are the masses of scalar and pseudoscalar
component of flavon field, respectively.

The Wilson coefficients C; are computed at a scale A,
where heavier new degrees of freedom are integrated out.

@ Springer

They need to be evolved down to the hadronic scales 4.6 GeV
for bottom mesons, 2.8 GeV for charmed mesons, and 2 GeV
for kaons. These particular scales are used in the lattice com-
putations of the corresponding matrix elements [52,56,57].
In this work, renormalization group running of the matrix ele-
ments is implemented as discussed in Ref. [57] and matrix
elements are taken from Refs. [52,56]. Thus, the new physics
contribution to the By — Bq mixing amplitudes due to the
Wilson coefficients C; at a scale A can be written as [57],

5
(ByIHAF=21B,)i = 3 (b7 +n e ™)

—

r=1

~

xn% Ci(A) (B, 02 |B,). (41)
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where ¢ = d, s, a; is the strong coupling constant, n =
as(A)/og(my),anda;, b;r’l), c;r’l) are the so-called the magic
numbers which are taken from Ref. [61]. We can write a
similar formula for D® — D? mixing with magic numbers
givenin Ref. [57]. For K% — K mixing, the formula becomes
[571,

5 5
<KO|HAS 2|KO Zzz(b(rl)+n 5}*1))

j=1lr=1
xn% C;(A) R, (K°10591K®),  (42)

where R, are the ratio of the matrix elements of NP operators
over that of SM [62] and their numerical values are directly
taken from Ref. [57] for our analysis. The magic numbers
for KO — KO mixing are taken from Ref. [52].

The mixing observables of the K° — K mixing can be
used now to constrain the flavon mass and VEV by employing
their experimental measurements. These are [57],

C Im( |HeAﬂF 2|K0) =1. 12+027
€K Im( |HAF 2|K0) —-0.25°
Re (K |HG = ’1K®) +1.14

Camk = RerOmar= k0, ~ 00w @)

where numbers are given at 95% C.L., HAF =2 contains the

SM and flavon contributions, and 'HAF 2 represents only the
SM contribution.
The mixing observables for the B, — B, mixing are,

Im(B[HA =21 BY)
(BO|HAF 2|Bc(])>

Cs, eHi%8g —

where ¢ = s,d for By and B; mixing respectively. The
following measurements at 95% CL limits are used in this
work [57],

Cp, = 1110 0.090 [0.942, 1.288],
¢5 =0.42+0.89 [~1.35,2.21]
Cp, = 1.05+0.11 [0.83, 1.29],

¢4 = —2.0% 1.8 [~6.0, 1.5].

The new physics contributions to neutral meson mixing
can be written as,
MK = M s (14 has ke ). (44)

We assume the minimum flavour violation scenario that
corresponds to o4 sk = 0. We adopt the following future
sensitivity phases in this work [63]:

1. Phase I which is 50 fb—! LHCb and 50 ab—! Belle II (late
2020s);

Table 7 Future projected sensitivity of the neutral meson mixing

Observables Phase 1 Phase II Ref.
hq 0-0.04 0-0.028 [63]
hg 0-0.036 0-0.025 [63]
hx 0-0.3 - [64]

2. Phase II which is 300 fb~! LHCb and 250 ab~! Belle I
(late 2030s).

The expected sensitivities to Ca,y and Cp ’ in future
phase I and IT of LHCb and Belle II can be obtained from
Table 7.

InFig. 1, we show the bounds on the VEV of the flavon and
the mass of the pseudo-scalar flavon arising due to the neutral
kaon mixing observables C, and Ca,, for the minimal
model based on the 2, x Zs flavour symmetry. On the left, the
allowed region by the observables Cc¢, and Ca,, is shown
for the quartic coupling A, = 2. There is a sudden dip in the
allowed parameter space given by Cc Wthh appears due to
a cancellation in the Wilson coefficients C2 and C2 when
masses of scalar and pseudoscalar flavon become identical.
For Capmy , this dip is not visible in this plot, and is excluded
for the quartic coupling for A, = 2. The region bounded by
the yellow curve is the allowed parameter space by the future
projected sensitivity as shown in Table 7. On the right panel,
we show the allowed regions of the parameter space by the
observable C¢, for A, = 0.5, 2, 4. Itis observed that the
allowed region shrinks as A, approaches smaller values.

Similar results for non-minimal model based on the Z; x
Zgy flavour symmetry are shown in Fig. 2. The constraints
on the allowed parameter space by the neutral kaon mixing
observables Cc and C, ., in this case, are more stringent in
comparison to that of the minimal (2> x Zs) flavour symme-
try. In particular, we observe that the region with the sudden
dip is excluded for the non-minimal model. Moreover, there
is no allowed parameter space for the future projected sen-
sitivity of the observable Ca,,, for the bench-mark values
of the couplings given in the Appendix. Therefore, we show
these bounds for different values (| yf2| = 1l and | y§’1| =)
of the couplings which are allowed by a more relaxed fit.

We show the allowed regions of parameter space by the
B, — B, mixing observables Cp, and ¢p, for A, = 2 in the
m, — f plane for the minimal model based on the Z, x Zs
flavour symmetry and the non-minimal model based on the
Z X Zg flavour symmetry in Fig. 3. In the left panel in
Fig. 3a, the red and yellow coloured boundaries are rep-
resenting allowed flavon contribution for current values of
Cp, and ¢p,, respectively in the minimal model, while that
for the non-minimal model are shown in the right panel in
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6
10 K'oR(Z, x Zs)
1055
~ 104l
% 10
& Projected Cymy
G 1035 Current Cup,
1025
101 1 BET 2l BT 3l BT 4l BT, 5l T 6
10 10 10 10 10 10
m,(GeV)
(a)

Fig. 1 The allowed parameter space by flavour observables C¢, and
Camy inthe m, — f plane for the minimal (2, x Zs) flavour symmetry.
On the left panel in a, the allowed bounds for A, = 2 with current limits
for Camy and Ce, are shown by red and violet boundaries, respectively.

6
1055
i G
— 4 L
% 10 Current Cuym,
Q 7
«~ 103}
102; — Projected Cym,
012%= 1, yn= 1)
101 T PP 2. PR 3. PP 4. P 5. il 6
10 10 10 10 10 10
m,(GeV)
(a)

Fig. 2 The allowed parameter space by flavour observables C¢, and
Camy inthe m, — f plane for the non-minimal 2 x Z9 flavour symme-
try. On the left panel in a, the allowed bounds for A, = 2 with current
limits for Cap, and Ce, are shown by green and magenta boundaries,

Fig. 3b, by magenta and green coloured boundaries, respec-
tively. We note that the region in the left panel, bounded by the
blue curve, represents the allowed bounds for the observable
Cp, with projected limits of LHCb Phase-II for the mini-
mal model, while the same for the non-minimal model is
shown by the region surrounded by the olive coloured curve
in the right panel. For the LHCb phase-I, the bounds are
shown by the pink coloured curves for the minimal as well
as for the non-minimal models, which are not appreciably
different than that of the LHCb phase-II. We also notice an
isolated allowed strip of the parameter space for the non-
minimal model below the green boundary in the right panel.
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6
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104;
103}
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Also, the allowed bound with projected limits of Capj is shown with
yellow boundary. The effect of the variation of the quartic coupling A,
on the observable C¢, is shown on the right panel in b

6
10 K oR(Zy x Zo)
1055
10¢]
1035
F — G (A=0.5)
102 — C.(A=2)
E— G Ay=ar)
10 10 10 10 10 10
m,(GeV)
(b)

respectively. Also, the allowed bound with projected limits of Cap is
shown with olive coloured boundary. The effect of the variation of the
quartic coupling A, on the observable C¢, is shown in the right panel
inb

The effects of the observables Cp, and ¢p, are relatively
strong in the non-minimal model based on the Z5 x Zg flavour
symmetry, which is obvious from the figure itself.

Figure 4 shows the allowed parameter space by flavour
observables Cp, and ¢, of the B;— By mixing for A, = 2in
the m, — f plane. This is shown for the minimal model on the
left in Fig. 4a and for the non-minimal model on the right in
Fig. 4b. Inthe left panel in Fig. 4a, the red and yellow coloured
boundaries are representing allowed flavon contribution for
current values of Cp, and ¢p,, respectively for the minimal
model based on the Z; x Z5 symmetry while that for non-
minimal model is shown in the right panel in Fig. 4b by green
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108
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@5,
101 1 BET 2l T 3l T 4l T 5l BT 6
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m,(GeV)
(a)

B o B(Z x Zy)
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© e e o Wee wo ey
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m,(GeV)
(b)

Fig. 3 The parameter space allowed by flavour observables Cp, and ¢, for A, = 2 in the m, — f plane for the minimal (2> x Z5) model in the

left panel and for the non-minimal (Z, x Z9) model in the right panel

10°
of
10 Projected Cg, [LHCb-1I]
—~ 104l
% 10 ? ¢Bd
Q [ R
b 1035 Current Cg,
102' Projected Cg, [LHCb-I]
) B o B (Zx Zs)
10 PEEEETTIT PEETETERTTIT PETETETTTIT PEEEETTIT PRI
10" 10> 103 10* 10° 108
m,(GeV)
@

10°
10° Projected Cy, [LHCb-II]
104 E ¢Bd
103= P ————
F — Projected Cp, [LHCb-I]
102;— Current Cg,
i By o B (Zy x Zo)
10' 102 10® 10* 10° 10°
m,(GeV)
(b)

Fig. 4 The allowed parameter space by flavour observables Cp, and ¢ g, for A, = 2 in the m, — f plane for the minimal (Z; x Z5) model in the

left panel and for the non-minimal (2, x Z9) model in the right panel

and purple coloured boundaries, respectively. Moreover, the
region surrounded by the blue curve in the left panel shows
the allowed parameter space for the observable Cp, with
projected limits of LHCb Phase-II for the minimal model
while the same for the non-minimal model is shown by olive
coloured boundary in the right panel. The bounds for the
LHCb phase-I are shown by the pink coloured boundaries
for the minimal as well as for the non-minimal model, and
are very similar to that of the LHCb phase-II.

The SM contribution to D° — D mixing is marred by
large hadronic uncertainties. Therefore, for constraining the
parameter space of our model, we keep only the flavon con-
tribution to D? — D mixing such that it always lies within
the 20 experimental bound [65]:

\MB| = (DY HAT=2|D%)| < 7.5 x 1073 ps™ . (45)

The bound in the m, — f panel arising from the D° — D
mixing is shown in Fig. 5 for the minimal model based on
the Z, x Z5 flavour symmetry and the non-minimal model
based on the Z; x Zg flavour symmetry. The first remarkable
observation is the allowed parameter space for the minimal
model is much smaller than that of the non-minimal model.
This is because the D? — D° mixing has an enhancement of
the order € (see the coupling 2 3 €2 inEq. 36) in the minimal
model based on the Z, x Z5 flavour symmetry, which is not
present in the case of the non-minimal model. Therefore, the
bound derived by the D° — D° mixing is the most stringent
bound among the bounds given by the mixing observables
in the minimal model. However, this is not the case for the
non-minimal model.

The one-loop contribution to this mixing from the box dia-
gram depends on the relatively large y.; and y;. couplings
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6
10 D°oD°
109
i IM12P| (Z x Zs)
= 104
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S E
102
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m,(GeV)

Fig. 5 The allowed parameter space by \MI%\ for A, = 2inthe m, —
f plane for the minimal (22 x Zs) model is shown by the magenta
coloured boundary while that for the non-minimal (2, x Z9) model is
shown by the red coloured boundary

of the flavon to fermions. In the minimal model, y;. is zero.
Thus, this contribution is proportional to €*/(472 £?) in the
minimal model and proportional to €' /(472 £?) in the non-
minimal model. Therefore, this contribution is highly sup-
pressed with respect to the tree-level contribution used in
deriving the bounds in Fig. 5.

5.2 Leptonic decays of mesons

The effective Hamiltonian for flavon mediated decays of neu-
tral mesons into two charged leptons can be written as,

G2m? i i
i - ) =1 — 7
Heir = =25 (€ @i Prajie + CY GiPraj)ie
T

+C @i PLapTyst + CGi Praj)Tyst) + Hee.
(46)

The branching ratio of a meson decaying to two charged
leptons reads,

BR(M — ¢F¢7)

G4 m4
= a5 Bmufimity
.. s 2 .. 12
m3, (Cp = C3) SM my, (C§ - CY) B
x| |- =27 ,
2my(m; —I—mj) A 2mye(m; + mj)
(47)

where B(x) = +/1 — 4x2 with x = my/my.
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The Wilson coefficients having tree-level contribution of
the flavon are given as [59,60],

2

ci__T 2yeeyji
i ) 2
2Gymy,  mg

Gl _ 72 2yeeyij
i 2
2Gymy,  mg

cii n 2yeeyji
PT 52 2 2
2Gymy,  mg

~ij 7 2yeevij

S - 48
P 2GR, w2 @9

In the SM, processes of mesons decaying to two charged

leptons are induced by one-loop contribution, and for the By
meson it is given by [60],

2 2
m m;

M =— :;,VHY<—;)— ;;,VCSY(—;>, (49)
my My

where Inami-Lim function Y (x) is given by [66],

x[4—x 3x
Y(x) = nqep s TR

3 log x} , (50)

1—x
where ngcp = 1.0113 includes NLO QCD effects [67].
For B; meson, the SM predictions are obtained by a sim-
ple replacement of indices in Eq. 49.

The average of the branching fraction of By — u™u~
from HFLAV group is [68],

BR(B, — putp™) = (3.45 £0.29) x 107°. (51)

The latest measurement of the branching fraction of B; —
wt ™ is [69,70],

BR(By — utp™) <2.6 x 10719, (52)

As observed in Ref. [71], due to sizeable width difference,
of the B; meson, theoretical branching ratio can be converted
to experimental branching ratio by multiplying (1 — y)~,
where y; = 0.088 +0.014 [72]. This correction is negligible
in the case of the B; meson.

In addition to BR(By; — ™ u™) branching ratio, the
LHCb collaboration has also measured the ratio of the
BR(B; — uTu™) and BR(B; — p ™) branching frac-
tions, Ry, [69,70]. The CMS has measured the effective
lifetime, 7, of the By — wt ™ decay [73]. We note that
the ratio R, is an excellent observable to probe the min-
imal flavour violation [74]. On the other side, the effective
lifetime, 7,;,, can be used to discriminate between the con-
tributions due to any possible new scalar and pseudoscalar
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Table 8 The current and

. .. Observables Current LHCb-1 LHCb-II CMS ATLAS
expected experimental precision
for rare B decays observables BR(B, — ptpu)(x10°) +0.38 +0.30 +0.16 - 40.50
where LHCb-I corresponds to
23 fb~!, LHCb-II corresponds Rup ~10% ~ 34% ~ 10% ~21% -
to 300 fb~!, CMS and ATLAS Tup ~ 12% +0.16 ps +0.04 ps - -

correspond to 3 ab~! [73,74]

mediators [74]. The measured value of the ratio of branching
fractions, R, is [69,70],
_ BR(Bg — )
M BR(By — )
— 0039 e 2

The effective lifetime 7,,,, and the branching fraction of
By — utu are also measured by CMS, and are [73],

Tun = 1.8370557504 ps. 4
BR(B, — ptp™) =3.831038 0101013 x 1077, (55)

We have also taken HFLAV measurement average into
account for effective lifetime 7, which is [68],

Tup = 2.001’8:% ps, (56)

with BR(By — ™) given in Eq. 51.

The current and future sensitivities of these observables are
summarized in Table 8. The effective lifetime can be written
in the following form [75],

(Bs — M+ w- )experiment
(B, — ey

Tun = 7B, (57)
where we have assumed the SM value of the final state depen-
dent observable Agr =1[72].

In Fig. 6, the bounds coming from the branching ratios
BR(Bs — " pu™) and the BR(B; — ptu™) fori, =2in
the m, — f plane are shown. The branching ratios BR(B; —
wT ) and BR(B; — utu™) place weaker constraints on
the parameter space of the minimal model. However, for
the non-minimal model, the bounds, particularly from the
branching ratios BR(B; — u* ™), are quite stronger. For
the projected sensitivities of the LHCb Phase-I and IT and of
the ATLAS for the BR(B; — 1 117), we do not obtain any
appreciable improvements in our bounds. Therefore, we do
not show them in Fig. 6.

Figure 7 shows the allowed bounds derived from the
HFLAV average of the effective lifetime 7, and the
branching-ratio BR(B; — ™) by the green coloured
curve for the minimal model in Fig. 7a and through the olive
coloured boundary for the non-minimal model in Fig. 7b.
The bounds from the current measurement by CMS, and
from the future projected sensitivity of the LHCb phase-II
for the minimal model based on Z, x Zs, are shown by red
and yellow coloured boundaries respectively, in Fig. 7a. The
same bounds for the non-minimal model based on the Z, x Zg

flavour symmetry are shown in Fig. 7b by green and magenta
coloured curves respectively. We observe that the bounds are
stronger for the non-minimal model in comparison to that
of the minimal model. For the projected sensitivity of the
LHCb Phase-I, we do not find any appreciable improvement
in the allowed bounds over that from the current measure-
ment. Therefore, we do not show it in Fig. 7.

One of the most important observables for our models is
the ratio R, whose future projected sensitivity will be cru-
cial to constrain our models. On the left panel in Fig. 8a, we
show the bounds arising from the ratio R, for the mini-
mal model. These bounds are weaker for the current mea-
surement as well as for the future projected sensitivity of
the LHCb Phase-I shown by the red and yellow boundaries,
respectively. However, the future projected sensitivity of the
LHCDb Phase-II dramatically changes this scenario and pro-
vide extremely stringent constraints on the parameter space
of the minimal model shown by the purple coloured strip.
Therefore, the LHCb Phase-II will be decisive for the mini-
mal model based on the Z; x Z5 flavour symmetry. We also
do not find any improvement over the bounds given by the
LHCb Phase-I using the future projected sensitivity of the
CMS experiment. Therefore, we do not show it in Fig. 8a.

On the other hand, for the non-minimal model based on
the Z, x Zg symmetry, the bounds from the ratio R, are
shown in Fig. 8b in the right panel. The bounds from the cur-
rent measurement are shown by the green boundary while
the bounds from the LHCb Phase-I are surrounded by the
purple coloured curve. Moreover, we also have bounds from
the future projected sensitivity of the CMS experiment sur-
rounded by olive coloured boundary. These are more strin-
gent than that of the projected sensitivity of the LHCb Phase-
I. We note that similar to the minimal model, the bounds for
the projected sensitivity of the LHCb Phase-II are highly
stringent depicted by the orange coloured strip. This result
does not change even if we deviate from the bench-mark val-
ues of the Yukawa couplings used for these bounds. There-
fore, these bounds are robust, and crucial to test the param-
eter space of the non-minimal model based on the Z; x Zy
symmetry in the future projected sensitivity of the LHCb
Phase-II.

For the K; — utu™ decay, we have only reliable esti-
mate of the so-called short distance (SD) part of K; —
wt ™ decay [59]. We use the SM prediction obtained in
Ref. [59] and given by
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Fig. 6 The allowed parameter space by BR(B; — p* 4 7) in the left panel and that for the BR(B; — p ™) in the right panel for A x = 2 with
current experimental bounds for the minimal and the non-minimal models

10° Tyu (2o x Z5)
102 — 1, (HFLAV)
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1015_..?7.(5.““5.’........
100 10> 10® 10* 10° 108
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Fig. 7 The allowed parameter space by 7,,,, for A, = 2 in the m, — f plane for the recent measurement and the future projected sensitivity of the
LHCb for the minimal (2, x Zs) model on the left, and for the non-minimal (2, x Z9) model on the right

2
—t

Vi Via Y ( " (58)

SM _

) — Vi VeaYNNL,
my

where at NNLO Yani, = A*P(Y), A = |Vys| and P.(Y) =
0.113 = 0.017 [76]. The short distance contribution can be
extracted from the experimental measurement and has an
upper limit [60],

BR(K;, — pntpu)sp < 2.5 x 107°. (59)
For the case of D — T~ decay, the SM contribution

is plagued by large non-perturbative effects. Therefore, we
only require that the flavon contribution does not generate

@ Springer

more than the experimental upper bound on the branching
ratio that is given at 90% C.L. [77],
BR(D —> utpu™) <6.2x107°. (60)

We show bounds arising from the BR(K; — utu™)sp
for A, = 2 for the minimal and the non-minimal models in
the m, — f plane in Fig. 9. It turns out that the constraints
on the parameter space of the minimal model are weaker.
However, the bounds on the parameter space of the non-
minimal model are more stringent. The constraints from the
D — wtu~ decay are much weaker than that from the
BR(K; — ptu)sp. Therefore, we do not show them in
this work.
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Fig. 8 The left panel represents the allowed parameter space by R ;.
for the minimal (2 x Z5) model with A, = 2 with the current measure-
ment and for the future projected sensitivity of the LHCb Phase-I and

6
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10°}
= 104
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102 BR (K> 47) (Za x Z)
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Fig. 9 The parameter space allowed by BR(K; — utu™)sp with
Ay = 2 in the m, — f plane for the minimal (2, x Zs5) and non-
minimal (Z; x Z9) model are shown with red and magenta coloured
boundaries, respectively

6 Leptonic flavour physics in the minimal and
non-minimal 2, x Zy flavour symmetry

Charged lepton flavour violation (CLFV) has a substan-
tial potential to provide bounds on flavon physics in future
upcoming experiments. The quark flavour constraints cur-
rently dominate our flavon model. However, it is expected
that the future projected sensitivities of CLFV, which are
shown in Table 9, may significantly improve the bounds from
quark flavour physics.

10%¢
0% Rop (Zox 76)
10°}
= 104}
2t
g [
3[ LHCb-II
“~ 10 Current bound = : :
102}
f — [LHCb-T]
101 1 BET 2l T 3l BT 4l T 5l BT 6
10 10 10 10 10 10
m,(GeV)
(b)

LHCb Phase-II. The same allowed parameter space for the non-minimal
(22 x Z9) model is shown in the right panel

6.1 Radiative leptonic decays

The effective Lagrangian for the radiative leptonic decays
can be written as,

Letf = my CIT‘ ZO"O)"PL 4 Fp»,

+my CRloP PRt Fpy. 61)

The radiative leptonic decays are mediated by dipole oper-
ators and their branching ratio reads,

md

l/
62
4 Tp (62)

BR(l' — fy) = (k2 +1cfP?).

The one-loop contribution to the radiative leptonic decays
is shown in Fig. 10. The corresponding Wilson coefficients
are [35],

Ci =(CH* = 32% > {% (yZ‘kyz/k + %y&yka)
k=e,u,t
11 me | 1 (3 mg,
X (m_f - m—5> ~ Yekyke |:m—§ (5 + log m—%)
1 (3 m?,
——Lzl (5 +10gm—5>i|}. (63)

The radiative leptonic decays u — ey places weak con-
straints on the parameter space of the minimal model as
shown in Fig. 11a. This does not change much even for the
future projected sensitivities of the MEG-II experiment. For
the non-minimal model, the bounds from the current mea-
surement of the MEG experiment, shown in Fig. 11b by the
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Ezll::: zn S;giﬁ:}f:;igﬂp o Observables Current sensitivity ~ Ref. Future projection ~ Ref.
S:(‘)’f:srsg’:’la‘i"“ LEV) BR(u — ey)  <42x 10713 MEG [78] 6 x 1014 MEGII [79]
BR(t — ey) <33x10°8 Babar [80] ~ 1079 Belle I1 [81]
BR(t — uy) <44x1078 Babar [80] ~107° Belle 1T [81]
BR (u — e)A"  <7x10713 SINDRUMII [82] - -
BR (u — )Nl — - 3x 10713 COMET Phase-I [83,84]
BR (u — )&l - - 6 x 10717 COMET Phase-II [83]
BR (u — Al — - 6 x 10717 Mu2e [85]
BR (u —»> o)Al — - 3x 10718 Mu2e II [84]
BR (u — ¢St - - 2x 10714 DeeMe [86]
BR (u — ¢)T ~10720-10"!%  PRISM/PRIME [87,88]
BR(u — eée) < 1.0x 10712 SINDRUM [89] ~ 10716 Mu3e [90]
BR(r — 3u) <2.1x1078 Belle [91] ~107° Belle I [81]
BR(t — 3¢) <27 %1078 Belle [91] ~ 1077 Belle II [81]
a, s coming from the decays T — ey and t — uy are weaker
H . ) € than that of the decay . — ey . Therefore, they are not shown

Fig. 10 Feynman diagram representing it — ey decay

green boundary, are quite stringent relative to that of the min-
imal model. Moreover, for the future projected sensitivities
of the MEGII experiment, the constraints are further stronger
depicted by the magenta coloured boundary. The constraints

6
107 BR (1> ey) (Z x Zs)
1055
—~ 104k
% 10
g [ Projected bound [MEG-II]
« 103t
Current bound [MEG]
1025
10 10 10 10 10 10
m,(GeV)
(a)

Fig. 11 In the left panel, the red and yellow coloured boundaries rep-
resent the allowed parameter space by the current and projected sensi-
tivities of the MEG experiment on the BR(x — ey) for the minimal
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in this work.
6.2 A u — A e conversion

The effective Lagrangian describing A ;1 — A e conversion
can be written as,

Lot = Cgg 2" PLitqyvq +mumq CogePritdq

+mpua;Cp, PR GG + (R < L), (64)

Moreover, there is additional contribution to A © — A e
conversion from the dipole operators given in Eq. (61).

6
10 BR (4>e7) (Zax Z)
10°
104}
1 03 ! Projected bound [MEG-II]

Current bound [MEG]

1025

10 10 10 10 10 10

m,(GeV)
(b)

(22 x Z5) model with Ay, = 2 in the m, — f plane. The same bounds
for the non-minimal (2 x Z9) model are shown in the right panel with
green and magenta coloured curves, respectively
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Fig. 12 Feynman diagram showing A © — A e conversion

The Feynman diagram for A © — A e conversion is
shown in Fig. 12. The corresponding Wilson coefficients
arise due to the diagram on the left in Fig. 12 [35],

1 1
SL __ *

sk _ (1 ! R 65
qu - m_% - W yL’[L e()’qq)- ( )

a

The nuclear effects which include effects of quarks inside
the nucleons as well as the contribution of the Feynman dia-
gram on the right side of Fig. 12 are absorbed in the nucleon-
level Wilson coefficients defined by,

~VL VL ¢p
Cp Z Caq qu’

q=u,d

~SL SL rp SL P

= Z Caq fa — Z €00 freavy: (66)
q=u.d,s Q=c,b,t

where the quark content of the proton is accounted by vec-
tor and scalar couplings f‘z , £, and fh’;avy = 2/27(1 —
N ff —fF ) [92]. For right-handed operators, analogous
expressions are obtained by replacing L with R, and for the
neutron p is replaced by n. The vector operators contribute
extremely less than the scalar operators and can be neglected
[35]. The numerical values of vector and scalar couplings
are taken from Refs. [93,94], which are based on the lattice
average given in Ref. [95],

fl'=0.0191 £ =0.0171,
7 =0.0363 £ =0.0404,
7= £ =0.043. (67)

The A u© — A e conversion rate including nuclear effects
can be written as [35],

Table 10 Numerical values of the dimensionless coefficients D, SP°",
VP and the muon capture rate for different nuclei

Target D sP sn 144 v Teapt [106 5717
Au  0.189 0.0614 0.0918 00974 0.146 13.06
Al 0.0362 0.0155 0.0167 0.0161 0.0173  0.705
Si 0.0419 0.0179 0.0179 0.0187 0.0187  0.871
Ti 0.0864 0.0368 0.0435 0.0396 0.0468  2.59

Where I'capt stands for the muon capture rate

5
m ~ ~
Papste=—" [CED + 4 mum, CSE + CY Ly
+(p = mI* +L — R, (68)

where the dimensionless coefficients D, S and V7"
depend on the overlap integrals of the initial state muon
and the final-state electron wave-functions with the target
nucleus, and their numerical values are given in Table 10
[96],

The bounds from BR(u — ¢) conversion for different
target nucleus with A, = 2 in the m, — f plane are shown
in Fig. 13. The bounds for the minimal model are shown
in Fig. 13a for the current measurement and for the differ-
ent future projected sensitivities, and the same for the non-
minimal model are shown in Fig. 13b. The strongest bounds
among them arise from the projected future sensitivities of
the PRISM/PRIME experiment for the minimal as well as
non-minimal models.

6.3 u — 3e and T — 3u decays

The three body flavour violating leptonic decays u — 3e
and T — 3¢ where £ = e, u provide additional tests of the
dipole operators given in Eq. (61). Their decay width can be
written as [35],

m,® 11
gm_zz vy

5

’ am;
T — 3¢) =

o2 |10

(Ick +I1cfr),

(69)

where the tree-level contribution is ignored due to the strong
chiral-suppression which is dominated by the logarithmic
enhancement of the dipole operators [35]. Other contribu-
tions, such as Z-mediated penguin are strongly suppressed
and ignored [97].

In Fig. 14, we show the allowed parameter space by
BR(u — 3e) for Ay = 2 in the m, — f plane. For the
minimal model, the bounds are shown in Fig. 14a. They are
weaker for the current measurement and for the future pro-
jected sensitivity as well. In Fig. 14b, the same bounds on
the allowed parameter space are shown for the non-minimal
model. For the current measurement, the bound is given by
the green boundary, and for the future projected sensitivity, it
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Fig. 13 The left panel represents the allowed parameter space by
BR(u — e) conversion in the m, — f plane with different experi-
mental limits of various target nuclei in Table 9 with A, = 2, for the
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minimal (Z; x Zs) model. Similar allowed parameter space for the
non-minimal (£, X Z9) model is shown in the right panel

BR (p—3e) (£ x Zy

Projected bound [MU3e]

Current bound [SINDRUM]

101 1 BEET, 2l BET, 3l BET, 4l BET 5l BT 6
10 10 10 10 10 10
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Fig. 14 The allowed parameter space by BR(u — 3e) for the minimal (Z; x Z5) model on the left and for the non-minimal (2, x Z9) model

on the right with A, = 2

is depicted by the magenta coloured curve. As obvious from
Fig. 14b, the bounds for the non-minimal model are quite
stringent relative to the minimal model. The bounds from
the decay t — 3¢ are much weaker and are not shown in
this work.

Finally, we show a summary of the most relevant and strin-
gent bounds on the parameter space of the minimal and the
non-minimal models in Fig. 15.

7 Summary
We have discussed a simple FN mechanism in the frame-

work of a new Z, x Zy flavour symmetry. This symme-
try is inspired by the extensively explored 2HDM and the
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MSSM, where the Z, symmetry is an essential ingredient
of the theoretical framework. We show that a minimal form
of this symmetry, the Z, x Zs, is capable of providing an
explanation to the charged fermion mass pattern and quark
mixing along with a mechanism to predict neutrino masses
and mixing angles. However, for the minimal model based
on the Z, x Z5 flavour symmetry, all the Yukawa couplings
are not order one, which is a preferred choice in literature.
This observation leads to a non-minimal model based on the
Zp x Zy flavour symmetry, where all the couplings are order
one. The FN mechanism created through the 2> x Zy flavour
symmetry is different from the conventional FN mechanism,
where a continuous U (1) symmetry is employed to achieve
a solution of the flavour problem of the SM.
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Fig. 15 Summarized significant bounds on the minimal Z; x Zs and the non-minimal Z; x Z9 model in the left and the right panel respectively

The leading question is the scale where the flavour sym-
metry Z, x Zy is broken. This is addressed by deriving the
bounds on the parameter space of the model using flavour
physics data. Moreover, future sensitivities of the CMS and
the phase-I and II of the LHCDb for the flavour physics observ-
ables turn out to be an interesting and fertile ground to inves-
tigate the breaking scale of the Z, x Zy flavour symmetry.
Particularly the reach of the experiments such as MEG II
and PRISM/PRIME, which are going to test lepton flavour
violating effects, could play a crucial role in improving the
present limits by orders of magnitude.

For the minimal model based on the flavour symmetry
Zy X Zs, the quark flavour physics plays a crucial role.
For instance, the most stringent constraints on the parame-
ter space of the minimal model comes from the K — K°
and D° — D° mixing using the present data. In partic-
ular, the D° — D° provides the very tight bounds since
it is highly unsuppressed due to the PMS in the mini-
mal model. The By — B, mixing provides tighter bounds
than the By — By mixing. The future projected sensitivity
of the B; — B, mixing will further constrain the param-
eter space of the minimal model in future. The rare decays
BR(Bss — wt 7)) branching ratios place relatively weaker
bounds on the parameter space of the minimal model for the
present measurements as well as for the future projected sen-
sitivities of phase-I and II of the LHCb. However, the future
projected sensitivity of the rare B decays observable R,
provides robust and the most stringent bound on the parame-
ter space of the minimal model. Among the leptonic observ-
ables, the future projected sensitivity of the PRISM/PRIME
for the BR (u — )™ will substantially be able to constrain
the parameter space of the minimal model.

In the case of the non-minimal model based on the flavour
symmetry Z, X Zo, both the quark as well as leptonic flavour

physics play decisive role in constraining the parameter space
of the non-minimal model. On the quark flavour side, the
most stringent bounds are coming from the K? — K° mixing
while from the leptonic flavour side, it comes from the radia-
tive leptonic decay u — ey. We observe that every flavour
observable including the branching ratio of the K; — pu™ ™
decay, is able to provide important bounds on the parame-
ter space of the non-minimal model. In particular, the future
projected sensitivity of the rare B decays observable R, for
the LHCb and CMS experiments, will test the non-minimal
model rigorously. Moreover, the future projected sensitivity
of the PRISM/PRIME for the BR (u — €)™ will eliminate
a large part of the allowed parameter space.

In short, quark flavour physics will determine the allowed
parameter space of the minimal model, and leptonic flavour
violating observables independently can further probe the
parameter space up to a very high scale. For the non-minimal
model based on the Z, x Z9 flavour symmetry, quark and
lepton flavour physics play a crucial role in constraining the
allowed parameter space of the model. The future sensitiv-
ities of the experiments such as MEG II, Mu3e, DeeMe,
COMET, Mu2e and PRISM/PRIME will be able to constrain
the parameter space of the non-minimal model based on the
2, x Zo flavour symmetry. On the quark side, the B; — By
mixing in the future phase-I and II of the LHCb will be able to
eliminate a sufficient region of the parameter space. In future
phase-II of the LHCb, the ratio R, will be crucial in ruling
out the major part of the flavon parameter space. Thus, future
projected sensitivities of the LHCb phase-I and II will play
a defining role in determining the fate of the flavon models
discussed in this work.
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Appendix
Benchmark points for the Yukawa couplings

We reproduce the fermion masses using the following values
of the fermion masses at 1 TeV [98],

{me, me, my} =~ (150.7 £ 3.4, 0.5327007%,
(1.10%933) x 1073} GeV,
{mp, mg, mg} > {2.43 £0.08, 4773 x 1072,
2.507108 x 107} GeV,
(e myme} = {178 £0.2, 0.105H94X107
4.96 + 0.00000043 x 1074} GeV. (70)

The magnitudes and phases of the CKM mixing elements
are [50],

[Vial = 0.97370 £ 0.00014, | V5| = 0.0410 £ 0.0014,
[Vup| = 0.00382 £ 0.00024,
sin2p = 0.699 £0.017, a = (84.9731)°,
y = (72.1751H°,8 = 119675933, (71)
The present scenario of the neutrino physics for the normal

hierarchy can be described by the following global fit results
(991,

Am}; = (7.55103%) x 1077 eV,

|Am3,| = (2.50 £ 0.09) x 1073 eV?,

@ Springer

sin® 012 = (3.207939) x 1071,
sin 6p3 = (5.4770:9%) x 1071,
sin? 013 = (2.1607033) x 1072, (72)

where range of errors is 30.
We fit quark and charged-lepton masses along with the
neutrino oscillation data by defining

dely2
5 (mq _ mglo e) (my — mznodel)Z

X =

2 2
Oin, O,

(Sil‘l 9,']' — sin 9;}10(161)2 n (sin 2/3 — sin 2'3model)2

2 2
Oin 0 Ogin 28
(Ol _ O[model)2 ()/ _ ymodel)Z
(Uot)2 (Uy)2
2 2 model 2 2 model
+(Am21 — Amj, ) . (Amz; — Amg| )
(T2 (T2
Am%1 Am%1

: Voo v model\2
(sin 6, ; — sin 0; j )

Ogin Y.
sm&ij

where g = {u,d,c,s,t,b}, £ = {e,u, T}, v = {ve, vy, v}
and i, j = 1,2, 3. The phases of the CKM matrix in the
standard choice are defined as follows:

ﬂmodel = arg (_ Vea 57 qmodel _ arg | — Via V;Z
Vid V;Z ’ Vud Vu*b ,
Vua V'

J/model =arg(— ud Vyp . (73)
Vea V;Z

The minimal model

wdl,v o udlyv
g = by

are scanned with |yf’j’d’€’”| € [0.1,4x] and ¢lqj v e [0, 27].
The fit results are,

. .q.tly
The dimensionless coefficients y Ie’d’ij

—1.68 —3.37i —0.09 4-0.03; —0.1 — 0.02;

Y, =1 1.53+4.95 —-0.5740.55i 0.48 +0.002i |,
0.76 +-0.18i —1.04 +0.46i 0.58 — 0.65i
—4.1543.58i 2.20—-0.89i 2.62 —4.20i

Yy =1-033-036i 0.07—-0.075; 0.174+0.47i |,
—0.24 — 0.07i —0.06 — 0.084; —0.07 — 0.12{
—0.07 — 0.06i 0.099 —0.004i 0.45 —0.32i

Y, =1-0.14—-0.09; 0.08 —0.06i —0.6340.24i |,

—0.04 +0.09i —0.09 + 0.06i 0.10 — 0.0003i

withe = 0.1€’ = 1.259x 10713, y2 & 14, and the following
results for neutrino oscillation data,

{|yr]|s |yé}2|s |Y§}3|’ |C11|7 |C22|1 |C33|}
~ {3.14,3.14, 1.48, 3.14, 0.90, 2.76},

(@115 622 D33: 115 P2 053
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~ (3.67,7.73 x 1077, 1.24,1.18,2.10, 5.18}.

The non-minimal model

wdl,v _ o udlyv
g =y

are scanned with |yf’j’d’€’”| € [0.9, 27 ] and ¢lqj v e [0, 27].
The fit results are,

SRR
The dimensionless coefficients y |e’¢ii

1 0.87 —0.49i —0.23 4+ 0.97i
Y, =1-09+1.05 —0.7—0.72i 1 ,
0.94 — 0.33i 0.554 0.84i 0.9
0.99 —0.09i 3.24 — 1.05i 1
Ys = 10.99 —0.10i 0.92 + 0.39i 0.9 ,
1 1 —1.04 +0.54
090915
Y =10915151],
1.51.509

with e = 0.23, € = 1.259 x 10713, x2 ~ 9, and the follow-
ing results for neutrino oscillation data,

{3111 12l 133l lettls leazl, lessl}
~ {3.14,3.04,0.9, 2.08, 3.14, 0.9},

P11, D22, B33, #1192 D53}
~ {2.68,0.51,4.92,0.86, 3.14, 1.99}.

Outline of a possible ultraviolet completion of the
Z5 x Zn model

We present an outline of the underlying renormalizable the-
ory, which could be suitable to the models discussed in this
work using the idea discussed in Ref. [5]. Let us suppose
that the underlying theory is a technicolour (TC) theory con-
taining two technicolour symmetries. The SM Higgs field
comes from the conventional TC group and the flavon field
x 1is derived from a different dark technicolour symmetry
(DTC).

The TC chiral condensate which play the role of the SM
Higgs VEV can be parametrized as,
3

WIVES) = (Arcexplireax™) (74)

where A xT€ is the chirality of the operator on the left of
above equation, Atc is the scale of the underlying gauge TC
theory, and ktc is a constant.

In a similar manner, we can write DTC chiral condensate
which represents the flavon VEV,
3

WPy RTC) = (ADTC eXp(kDTCAXDTC)) )

Now the couplings y;; are given by the following equation:

vij = f(Ar1c, Aprc, AETC), (76)

where the scale Agrc corresponds to the extended TC theory
in which the SM, TC and DTC fermions are embedded.
The masses of the fermions can be written as,

my < f(Atc, Aptc, AgTC). (77

We observe that if the function f(ATc, Aptc, AgTC) 1S
always generated by a tree-level exchange of the underly-
ing theory, all the couplings y;; will have the same order of
magnitude (which could be order one). However, depend-
ing of the structure of the underlying theory, some of the y;;
could be loop-induced and some could come from tree-level
contributions. Therefore, this will result in some couplings
being suppressed compared to the tree-level contributions.
This scenario will lead to the numerical couplings for the
minimal model based on the Z, x Zs flavour symmetry.
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