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Two-Higgs-doublet models usually consider an ad-hoc Z, discrete symmetry to avoid flavor changing
neutral currents. We consider a new class of two-Higgs-doublet models where Z, is enlarged to the
symmetry group FxZ,, i.e., an inner semidirect product of a discrete symmetry group F and Z,. In such a

scenario, the symmetry constrains the Yukawa interactions but goes unnoticed by the scalar sector. In the

most minimal scenario, Z;xZ, = Dj, flavor changing neutral currents mediated by scalars are absent at

tree and one-loop level, while at the same time predictions to quark and lepton mixing are obtained, namely
a trivial Cabibbo-Kobayashi-Maskawa matrix and a Pontecorvo-Maki-Nakagawa-Sakata matrix (upon
introduction of three heavy right-handed neutrinos) containing maximal atmospheric mixing. Small

extensions allow to fully reproduce mixing parameters, including cobimaximal mixing in the lepton sector

(maximal atmospheric mixing and a maximal charge-parity violating phase).

DOI: 10.1103/PhysRevD.101.035013

I. INTRODUCTION

The discovery of a Higgs boson with a mass of m;, ~
125 GeV has opened the door to the possibility of having in
Nature multiple fundamental scalars. In principle, nothing
forbids their proliferation. Nonetheless, the amount of
parameters dramatically increases, both in the Yukawa
and scalar sector. Here, we consider a simple extension
to the standard model (SM) by only introducing a second
Higgs doublet (2HDM) with quantum numbers identical to
the SM Higgs and three right-handed neutrinos to generate
active neutrino masses. Furthermore, we mainly focus on
the problem of fermion mixing by first adopting the
common 2HDM framework with natural flavor conserva-
tion (NFC) [1,2], achieved through a Z, reflection sym-
metry. Then, we add flavor to it via the enlargement of the
symmetry group in a very particular manner, FxZ,. This
denotes an inner semidirect product of a discrete symmetry
group F and a Z, symmetry. The non-Abelian nature of the
enlarged symmetry group then strongly reduces the number
of Yukawa couplings, thus providing a more predictive
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theory. Moreover, the ad-hoc nature of the Z, is explained
as a part of a larger group.1

To understand the need for the Z, symmetry, we briefly
sketch its impact. In a general setup, one may immediately
write the Yukawa Lagrangian for a given fermion,

—Ly Dy (Y[ @) + Yy ®))wg +He, (1)

where yp or y; are three-dimensional vectors in flavor
space each denoting a weak singlet or a weak doublet,
respectively, and y representing any of the four fermion
types, ¥ = q,, qq4, ¢, v. Notice that the Higgs doublets must
be replaced by their charge-conjugate fields, @, = io, @y,
for the up-type quark and neutrino cases.” If the neutral
components of both scalar doublets acquire a vacuum
expectation value (VEV), (®Y) = v; and (®)) = v,, both
Yukawa matrices contribute to the fermion masses and
mixing. It is clear that diagonalization of the mass matrix,

M =Y, +v,Y,, (2)

cannot mean, in general, diagonalization of the individual
Yukawa matrices. This brings about dangerous tree-level
flavor-changing neutral currents (FCNCs). To avoid them,

"There are other possibilities to explain the ad-hoc Z,, for
instance, by linking it to the remnant symmetry of a sponta-
neously broken U(1); see, e.g., [3-5].

For brevity, we left aside the Majorana option. However, we
return to it later.

Published by the American Physical Society


https://orcid.org/0000-0001-6579-1067
https://orcid.org/0000-0001-9597-3646
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.101.035013&domain=pdf&date_stamp=2020-02-11
https://doi.org/10.1103/PhysRevD.101.035013
https://doi.org/10.1103/PhysRevD.101.035013
https://doi.org/10.1103/PhysRevD.101.035013
https://doi.org/10.1103/PhysRevD.101.035013
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
Salvador

Salvador

Salvador

Salvador

Salvador

Salvador

Salvador

Salvador

Salvador

Salvador

Salvador


S. CENTELLES CHULIA et al.

PHYS. REV. D 101, 035013 (2020)

it is sufficient to assume NFC by introducing a Z, sym-
metry and by assigning a single scalar doublet for a given
fermion species such that only one of the two Yukawa
matrices contributes to the mass matrix. This is, the scalar
fields transform under the discrete symmetry such that
®, - -0, D, > +0,, (3)
while the left-handed quarks and leptons transform trivially
and the right-handed parts transform appropriately. The dif-
ferent assignment possibilities lead to four nonequivalent
types of 2HDMs":
(1) Type I: all charged fermions couple to @,.

(i) Type II: g, and £ couple to ®; and g, to D,.

(iii) Type X: ¢, and ¢, couple to @, and # to ®;.

(iv) Type Y: g, and ¢ couple to ®, and ¢, to ;.
Other possibilities are the Type III which is the general
2HDM with all couplings permitted and the inert doublet
model where @, couples to all fermions while @, has
no VEV, thus leaving unbroken the Z, symmetry and
providing a viable dark matter candidate. Although other
approaches, such as Yukawa-alignment [6] or singular-
alignment [7], may also avoid tree-level FCNC, here we
only focus on those 2HDM employing the discrete sym-
metry Z,. Attempts to add flavor to 2HDMs have already
been made, e.g., [§—10]. However, our approach offers an
alternative and novel way to consider the NFC theories as
the starting point to build minimal extensions where the
patterns in fermion mixing are taken as a guide for new
physics. Note that the nonequivalence nature between the
four types comes from the fact that each framework ends
up having different effective Yukawa couplings of the
fermions to the various scalar particles; for a thorough
discussion on various phenomenological and theoretical
aspects of 2HDMs, see Ref. [11].

On the other hand, a general feature shared by the four
different types (I, II, X, and Y) is the Z,-invariant scalar
potential given by

Ao
VZZI%IDM = Z |:m%x(q);q)x> + E (QJ;CI)x)z
x=1,2

+ 13 (D] @) (D)D) + Ay (D] D) (PD))
+t3 [A5(@]D,)? + 25(D] @, )2]. (4)

The hermiticity condition of the potential leaves A5 as the
only complex coefficient while the rest, m?,,m3,, and
A12.34, are real. There are in total eight real parameters.
However, not all of them are physical. A phase redefini-
tion can make A5 real and only seven parameters are
physical. Note that our potential has explicitly become
charge-parity (CP)-symmetric.

The types X and Y are also called the lepton-specific and
flipped scenarios, respectively.

No matter the amount of Higgs doublets one employs,
the full mass matrix for any given fermion is parametrized
by nine complex parameters. The initial arbitrariness may
then be reduced via weak-basis transformations (unitary
transformations leaving invariant the kinetic terms), but not
enough to claim predictivity. In the mass basis, for either
quarks or leptons, one has six fermion masses and four (six
for Majorana neutrinos) mixing parameters, plus arbitrary
Yukawa couplings. The flavor sector thus gives to the SM
and its extensions (without symmetries) the highest amount
of arbitrariness. It is only when symmetries are introduced
that the initial arbitrariness can be drastically reduced.
Here, we intend to explore the effect of symmetries in the
flavor sector such that we find correlations among the quark
and lepton mixing parameters.

The paper is organized as follows: in Sec. II, we discuss
the meaning of adding flavor to Z,. Next, in Sec. III, we
provide the most minimal scenario realizing the features of
our approach. Also, we highlight the main differences when
compared to the four types of 2HDMs. Thereafter, in
Sec. IV, we take the incompleteness of fermion mixing in
our simple model as a hint to the presence of additional new
physics and introduce a flavor doublet of real scalar gauge
singlets. Finally, in Sec. V, we conclude. Some technical
details are delegated to appendices.

II. ADDING FLAVOR TO 7,

We are interested in those finite symmetry groups, G,
which can be written as an inner semidirect product of an
arbitrary group F and Z,,

g = .FNZZ. (5)

There are in fact many examples of such groups (see
Ref. [12] for more details): Dy = A(2N) ~ ZyxZ,,
T(2N?) x (Zy x Z)\y)}Z,, 2(24) = Z, x ZgXZ,, efc.

The main property of this kind of groups is that they
contain two one-dimensional irreducible representations
(denoted singlets), which behave exactly as if we only had a
Z, symmetry. Thus, by assigning each Higgs doublet to
one of these singlets, we are mimicking in the scalar sector
any of the NFC models with a Z, symmetry. On the other
hand, the non-Abelian nature of the symmetry only impacts
the Yukawa interactions, thus providing a way to approach
the problem of mixing while simultaneously tackling
minimal scalar extensions to the SM.

An additional feature of this approach is the following.
Since the number of Higgs doublets in a theory restricts
the maximum group order of allowed symmetries (“real-
izable symmetries”) that would otherwise imply massless
Goldstone bosons [13], then by implementing symmetry
groups as here proposed we avoid these constrictions.

Let us take as a first example the Klein group given by
Z,xZ,. Itis the smallest possibility within this approach. It
has four elements and four irreducible representations
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(irreps): 1, .,1,_,1_,, and 1__. However, as it is still an
Abelian group, its effect on the Yukawa couplings is only of
reduction but not of relation. For example, we could assign
the Higgs doublets as ®; ~1__ and @, ~ 1., while the
third, second, and first fermion families as 1_,, 1, _, and
1., respectively. In return, the mass matrix for Dirac
fermions would take the generic form

YiVpy Y4l 0
M= | ysv__ yvyy 0 ] (6)
0 0 Y3Uyy

where (®%) = v__ and (®Y) = v, . Therefore, although
we have reduced the number of complex parameters from
nine to five, we yet have no predictions except for the fact
that we only expect mixing between the first two gener-
ations. Nevertheless, it demonstrates that the combination
of the flavor-safe Z, with an additional group will simplify
the Yukawa sector. Going to the non-Abelian case will
result in predictive scenarios, and we will study a very
minimal approach in what follows.

III. THE MINIMAL CASE: Z3xZ,

The smallest non-Abelian finite group has six elements
and is denoted by D; = Z;xZ,. This dihedral group
describes the symmetrical properties of an equilateral
triangle.4 It has three irreducible representations: two
singlets 1,,1_ and one doublet 2. The product rules can
be found in Appendix A.

Although different assignments between the Dj irreps
and the fermion fields could be done, here we opt to
consider

Qrs~1,,

UR1
MR'3~1+, MR,D = N2,
UR)>

dps~1_,

whereas in the lepton sector

E;»

EL,INI N EL,D:< Y>"‘/21,

" Eps

e

eR_1~1_, eRD:( RVZ)NZ,
€R3
Ngo

Ngi~1_, Ngp = < >"’2 (8)
Ng3

Dy is isomorphic to S5, the group describing the permutations
of three indistinguishable objects.

We are motivated to this choice, as we will see, because the
dominant contributions to quark and lepton mixing are the
Cabibbo and atmospheric angle, correspondingly.

Recall that the scalar sector should be assigned to

@1 ~ 1_ and CDZ ~ 1+. (9)

The neutral component of both Higgs doublets acquires a
VEV, spontaneously breaking the electroweak symmetry;
we denote them as

v =(®)) and v, = (DY). (10)

Note we are using the convention v = v? + v3 =

(174 GeV)2.
The Z3x7Z,-symmetric Yukawa Lagrangian is

—Ly = LY + LE, (11)
with

L% = 3,01 3Psup s + 9,01 3P 1dg 3
+ V(01 purpl-®1 + ¥4[01 pitg p] s P>
+ 401 pdrp)-P1 + ¥§[01 pdr p) . P>
+ H.c. (12)

and

L = yplEL,l‘i)lNR,l + Y Ep 1 ®@er
+ WIELpNrp) P + ¥4 [ELDNR,D]-&-&)Z
+ ¥$[Erperp) @1 + YS|EL perpl, P2

1. 1 R
+§M1N§,1NR,1 JFEMZ[N},DNR,DL

+ H.c., (13)

where [], = {1,,1_,2} represents one of the three pos-
sible outputs from the D5 tensorial product. Also, notice
that we are now assuming Majorana neutrinos by virtue of a
standard seesaw.

In the quark sector, the resulting Yukawa matrices take
the form

0 » 0 yaer 0 0
A== 0 0], A= 0  yser 0|,
0 0 0 0 0
0 ¥y o0 ydera 0 0
I=|—¢ 0 0| I= 0 yjere 0|,
0 0 y, O 0 0
(14
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while in the lepton sector, we have

ve 0 0 0 0 0
m=|0 o y| m=[0 yer o |,
0 -y 0 0 0 e
v 0 0 o 0 0
Q=]0 0 Wl Q=]0 yer 0 |,
0 -y 0 0 0 e
(15)

where all the parameters are real and positive and where we
have taken {y“ y{,y; yp. ¥, y.} € R+ without loss of
generality. All Dirac mass matrices satisfy

M = U]E] + UQEQ, (16)

where E =T, A, II, and Q. Each mass matrix has three
complex parameters and possesses the feature of being
diagonalizable by the same transformation that brings to
diagonal form its individual Yukawa matrices. It is this
property that guarantees the absence of FCNC at tree level,
and it represents an explicit realization of the singular
alignment ansatz [7].

Note how we end up, in the quark sector, with only eight
real parameters, six of which correspond to the six quark
masses while the other two, being complex phases, are
forced to be nearly +x/2 due to the phenomenological
observation of hierarchical fermion masses. We return to
this point later.

The effective Majorana neutrino mass matrix can be
computed from the standard seesaw formula, M, =
—M, Mz'M?, and is found to be diagonal,

(yy]{/[vlu) 0 0
My=—| o Lt 0 ()
0 0 (yﬁ)zi/%—(Y'{)ZUf

M,

Here, My = diag(M, M,, M,), which is a consequence of
the D5 flavor symmetry. The mass matrix has a mass
degeneracy between the two neutrino states, v; , and vy 3,
while, since it is diagonal, it does not contribute to the
mixing.

Toward studying the phenomenology of this scenario,
we note that complex matrices of the form

wear (00 s

are brought to diagonal shape via a maximal biunitary
transformation

1 ( 1 ii) (e% 0 >
u, =— . up = )y,
L= /a\+ 1 K 0 er) F
(19)

that is,

+ la F ib| 0 )
u;, -m-u, — , 20
g K < 0 la & ib| (20)

with y; = arg(a F ib) and y, = arg(a + ib) implying real
and positive masses. The choice of the signs will depend on
the ordering of the masses. The singular values of such a
matrix m are given by

miz = la ib| = \/laf* + b F 2lallp| sinp.  (21)

where p = arg(a) — arg(b). Moreover, note that if the
parameters a and b are taken to be real (p = 0), then the
masses would be degenerate. In particular, if p is in the first

), #/2]. The transforma-

l/ﬂ%—}‘)‘l‘l’Z
m%er%
tions p — +p + wand p — —p will lead to the same masses
as p. Additionally, when the masses are hierarchical,
m, > my, the allowed interval for p shrinks to p € [z/2 —
2m,/my + O(m3/m3),n/2], essentially implying that
p~+mx/2. We have chosen the off-diagonal Yukawas to
be real and positive without loss of generality. Therefore,
the complex phase of the diagonal Yukawas is found to
be y; > +x/2.

With these results in mind and looking at the form of the
mass matrices of the charged fermions shown in Egs. (14)-
(16), we can extract the masses and mixing parameters,

quadrant, then p € [ArcSin(

m; = y;Us, my = ypvy,

me, = |y5vy £ yivyl,

m, =Y.V,

_ |yd d
Mg = |y2112 +y{v;

’

: (22)

— |ye e
mr,y - |yzv2 j:ylvl

with the Majorana neutrino masses as given in Eq. (17).
The quark Yukawa couplings can now be generically fixed
to (defining tanff = v,/v;)

u(d) _ Me(s) — My(a)

_ (d) _ Me(s) T Mu(a
N 2vcos

u )
d . (23
and -y 2vsin (23)

An alternative solution exists when one exchanges
y{ <~ yé . Similarly, for the charged leptons,

m, —m,
2vcos

m; +m,
2usinf’

e

V1 and y = (24)

and again it is possible to exchange y{ <> y5.

Turning to fermion mixing, we can parametrize the
relevant diagonalization matrices in terms of the complex
rotation matrices U; j(t9, ¢), which are defined as

035013-4


Salvador

Salvador

Salvador


TWO-HIGGS-DOUBLET MODELS WITH A FLAVORED ...

PHYS. REV. D 101, 035013 (2020)

cosd sinfe™
Upn(0,9) = | —sinfe®  cos® 0 (25)
0 0 1

and similarly for U3 and U,3. Then, the mixing matrices
for the up and down quarks and for the charged leptons are
simply given by

U} =Un(n/4,£1/2), (26)
Uf = U, (7/4,+72/2), (27)
Ui = U23 (71'/4, :|:7r/2) (28)

We obtain for the Cabibbo-Kobayashi-Maskawa (CKM)
and Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrices,

1 0 0
Vi =ULU) =0 1 0],
0 0 1
1 0 0
Unns = U3 (U7 = | O %5 £5 | @)
0 +% %

where one of the signs of the PMNS matrix is realized when
Eq. (24) applies and the opposite when y{ < y5.

This is, by enlarging Z, to Z3xZ,, we are now able to
predict trivial mixing in the quark sector and a maximal
atmospheric mixing angle in the lepton sector. There is also
a maximal CP violation phase, which is unphysical if the
angles 8, and 85 remain 0, but it will become important
later. These features have to be understood as the dominant
characteristics of this model at leading order. Its incom-
pleteness points to further investigation on how the model
should be extended; see Sec. IV.

A. FCNC

There are no tree level FCNCs since all Yukawa matrices
are simultaneously diagonalizable. However, at the one-loop
level, quantum corrections could induce misalignment in the
different Yukawa matrices and generate FCNC. To check
this effect, we employ the formulas obtained for a theory
with N-Higgs doublets [14] and given in Appendix B. It is
straightforward to see that for our particular model in all
cases the one-loop renormalization group equations may
only give place to flavor-conserving terms,

’As we are only interested in finding flavor-violating struc-
tures, we have not considered the quantum corrections to the
VEVs.

d
16”2'“@5“ xE, (a=12), (30)
where p is the renormalization scale and E =T, A, I,
and Q. More details can be found in Appendix B.°

B. Nonuniversal charged fermion-scalar couplings

In order to find the couplings between the charged
fermions and the Higgs scalars, we need to move both
of them to their mass basis. In our case, only the latter are
still in the symmetry adapted basis. We first introduce their
notation,

o D,
D, = 040 |» D, = 04ig) |- (31)
vy + ¢l\/l§¢] vy + ¢2\/%%

Since the scalar potential is CP-symmetric, there are states
with definite CP-odd and CP-even quantum numbers. This
allows one to write two independent mass matrices,

201194345 ) (32)
2'[}%/{1 '

21)%/12

2 _
MCP—even - (2 2
V1024345

where 1345 = /13 —+ /14 —+ /15, and

21)%/15

—21)11)2/15 ) (33)
—2’[11’!]2/15 ’

M2 =
CP-odd < 21}% s

The first case can be brought to diagonal form by means of
the orthogonal transformation

()=(m)(@) e

with tan 2a = 2v;v,d345/(v31, — v31,), while the second

one by
G° cp S 9
()= 96 @
A =S5 Cp (p(l)
Here the latter angle of rotation satisfies tan f = v, /v, and
G is the neutral pseudo-Goldstone boson to be “eaten” by

the Z mass. Similarly, one has for the charged scalars a
mass matrix,

203 (A + 4s)

—21)1”2(/144'/15)) (36)
—20,05(A4 + 25) ’

Mzh, d = <

chatge 21)% (14 + ls)
diagonalized by the same rotation as for the CP-odd neutral
scalars,

®Due to the fact that we are employing the standard seesaw,
FCNC with heavy sterile neutrinos are sufficiently suppressed
and are not discussed here.
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TABLE 1. Flavor universal Yukawa couplings of the charged
fermions to the Higgs bosons 4, H, A, and H™ in the conventional
2HDMs with only Z,.

Type
1 1I X Y

zu Ca/sﬂ Ca/s/)’ Cu/s/i Ca/s/}

gd CulSp —Sq/cp CulSp —Sq/Cp

]; Ca/s/i —Sa/C/} _Sa/c/i Ca/s/i

{;-Iu sa/sﬁ Sa/sﬁ Sa/sﬂ sa/sﬁ

Z, sa/s/} Ca/c/i Sa/sﬂ C(,/C/}

I; Sa/s/f Ca/c/i Ca/cﬁ Sa/S/;

. cotf cotf cotf cot
& —cotf tan j —cotf tan j

4 —cotp tan tan —cotp
&l - cotf cotf cotf cot

g’j cotf —tanf cotf —tanf
e cotf} —tanf} —tanf} cotf

()= )@ e

The Yukawa Lagrangian related to the interactions to the
neutral scalars is

m - 2 of 7
—Ly o gf; m (ELFfh+ L ffH —i& frsfA),

(38)

while the one related to the interactions to the charged
scalar is

0
[()

+ CKM]ij _ - o

_EY O —-H m”i(mi qu PL —+ mjéqd PR)dj
m .

—H (2467({;16\7)51; vy frj+He., (39)

with Pz = (1 F y5)/2. In order to compare this expres-
sion to that appearing in conventional 2HDMs, we have
assumed, for the moment, massless neutrinos.

We find that an important distinction between this
framework with typical 2HDMs with NFC (see Table I)
is that fermion couplings become nonuniversal; see
Table II. Furthermore, those fermions which initially talk
to both Higgs doublets (@ ,) have the following couplings:

YoCq F Y1$
fela.p.y1.y2) —22aTla z,
Yasp £ yicp
y2sa:|:ylca
k) k] ) S —— 40
g+ (a.f.y1.y2) yzsp:l:ylcﬁ (40)

TABLEII.  Flavor nonuniversal Yukawa couplings, cf. Egs. (38)
and (39), of the charged fermions to the Higgs bosons &, H, A,
and H' in the 2HDM with Z;xZ,. We have grouped the
couplings into different sets with equal or similar characteristics.

Z3xZ, model

ﬁl C(l/s/i
g,e _Sa/cﬂ
5?4,.9.6 er(avﬁvylsyZ)
/]Z‘d,u f—((x’ﬂmyl#yZ)
{1 sa/sﬁ
Ilj,e Ca/cﬂ
fs,(r g+(a’ﬁ’yl7y2)
/I;I,d.u g—(awﬁvyl’yZ)
A cotf}
. tan 3
ﬁs.c f—%—(ﬂﬂﬁsylvyZ)
;e.d,u f—(ﬁﬁﬁﬂylvyZ)
7 cot 3
e’ —tan 8
ety ~f (B By, )2)
e ~f-(B.B.y1.72)
7 f(B.Byiy2)
51[;[* f—(ﬁ7ﬁ7yl7y2)

Note that cancellations can occur, which could make f, or
g+ vanish. The observed hierarchy in the fermion masses,
ms > my > my, may be applied to Eq. (40) to obtain the
approximate relations

fampm (L), ga i (2af)

- 2m2’1 S/} a 2I’i12.1 S/} C/;

For small or large tan f3, both relations reduce to f_ = % fu
1
and g_ =~ %g ., meaning that the fermion with a lighter

mass (m; < m,) has an O(10 — 100) enhancement in its
coupling to the scalars compared to the heavier one.
Moreover, for a — f—x/2, all couplings to the 125 GeV
scalar state, h, including the new functions f., are
automatically made SM-like, i.e., fzw P 1, while the
other couplings end up only depending on tan . A further
implication of the alignment limit is that the coupling
of the CP-even state H with the W and Z bosons
becomes null.

The resulting couplings have been grouped into different
sets corresponding to similar characteristics in Table IL
This also holds for couplings which depend on the Yukawa
parameters (and therefore, to the different fermion masses),
like & = g (. B.y].y}) for f = 7.5, c. As they have the
same functional dependence, they are grouped under the
category & .
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100} .
100

=

0.10;

ooty 4 ‘

02 04 06 08 10 12 14
B

FIG. 1. Effective couplings to the 125 GeV scalar (h), as a

function of g, in any of the 2HDM types and the Z3xZ, model.
We considered a = 0.7. The blue and red continuous lines
represent any of the conventional 2HDMs couplings with
NFC, whereas the black (dotted) and gray (dashed) lines the
new couplings of our model. The left and right (magenta) shaded
regions depict the small and large tan f limits, while the upper
(cyan) and lower (yellow) regions the philic (\é’}\ > 1.5) and
phobic (|§jﬁ| < 0.5) limits, respectively. The middle (green) line is
the SM limit. Note that the funnel is a consequence of plotting the
absolute values of the coupling 5’;.

In general, conventional 2HDMs with NFC have a
moderate behavior for moderate values of tanf. Their
main differences appear in the small (or large) tan f limits.
For example, take the couplings to the charged scalar, H.
In the type-II scenario, its coupling to b is large (philic) at
large tan 3, whereas in the same limit, it is always small
(phobic) for the type-I case. In contrast to this typical
situation, the Z;xZ, model shows already at moderate
values of tanp either phobic or philic behavior; see
Figs. 1-3. Also, it can be seen that for a given value of

1004 ©

10}

&

0.10;

0.01} . ‘ e
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FIG. 2. Effective couplings to the heavy CP-even scalar (H), as
a function of f, in any of the 2HDM types and the Z;xZ, model.
We considered a = 0.7. The blue and red continuous lines
represent any of the conventional 2HDMs couplings with
NFC, whereas the black (dotted) and gray (dashed) lines the
new couplings of our model. The left and right (magenta) shaded
regions depict the small and large tan f limits, while the upper
(cyan) and lower (yellow) regions the philic (\55,’ | > 1.5) and
phobic (|§j’}’ | < 0.5) limits, respectively. Note that the funnel is a
consequence of plotting the absolute values of the coupling f}’ .

02 04 06 08 10 12 14
B

FIG. 3. Effective couplings to the neutral CP-odd (A) and
charged (H™) scalars, as a function of f, in any of the 2HDM
types and the Z3xZ, model. The blue and red continuous lines
represent any of the conventional 2HDMs couplings with NFC,
whereas the black (dotted) and gray (dashed) lines the new
couplings of our model. The left and right (magenta) shaded
regions depict the small and large tan § limits, while the upper
(cyan) and lower (yellow) regions the philic (|§?'H +\ > 1.5) and

phobic (|§?’H+| < 0.5) limits, respectively. Note that the funnel
is a consequence of plotting the absolute values of the
coupling 5?’1#.

p, a given fermion may completely decouple from one of
the four scalars and accidentally become inert to that scalar.

IV. COMPLETING MIXING AS A GUIDE
FOR NEW PHYSICS

While possessing attractive features, the minimal Z;xZ,
model presented so far does not fully reproduce the fermion
mixing and masses. We take this “incomplete mixing” as a
hint pointing toward new physics. In the quark sector, the
vanishing mixing points to the introduction of a dim > 4
operator that generates small corrections. In a similar
fashion, the Majorana nature of neutrinos could allow
dim-4 operators and therefore large contributions to mix-
ing. The simplest possibility is obtained by introducing a
real singlet scalar field, which is assumed to transform
under D5 as a doublet,

n~2. (42)

This field acquires a VEV,

) = (X) (43)

Note that by introducing # and its nonrenormalizable
interactions we have allowed at tree level the appearance
of FCNC. We may assume a large mass and later decouple
it from the theory. While perturbing 2HDMs is typically
done to explain anomalies [15,16], here we need it to
complete fermion mixing. Note however that our approach
uses an explicit model, i.e., the symmetry and field content
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of our model determine the type of Yukawa matrices to be
added. At last, notice that integrating out the singlet scalar
means that our theory has become a 2HDM of type III.
We will later demonstrate that the model can be easily made
flavor safe. An explicit numerical example will be provided
in Sec. IV D.

A. Quark mixing

In the quark sector, the nonrenormalizable dim-5 oper-
ators leading to a correct CKM matrix requires a complete
UV formulation to be realized. As a simple example that
serves as a plausibility argument, consider the following
dim-5 effective interactions, invariant under the SM gauge
group and the flavor symmetry,

d d
91 1~ DA
—Aﬁg = Xl (O pn]_dr3 Py + Xz (O ph], dr 3P,

% A 9 A
+ A Q1 3ldr pn), @, + A Oy 3ldr pn]_®,

9 9% 5
+ XS (O pdg phl| , P> + X(S [O1.pdr pn]_P;
+ H.c. (44)

These contributions give rise to small corrections in quark
mixing through perturbations to the down quark mass
matrix of the form

€ €6 €
AMd: €, —€] €y s (45)

/ /
e e 0

i.e., the six new parameters gf-l , the scale of the dimension-
five operators A, and the two new VEVs (;) = w; can be
absorbed intofour4 parameters ¢; in the down quark mass
matrix, which are enough to perturb our initial identity
matrix and reproduce the CKM mixing. These effective
operators can be realized in a UV-complete model just by
adding a vectorlike pair of colored particles with the same
gauge quantum numbers as the right-handed down quarks.

In the basis where M, and M, are diagonal, the
perturbation matrix becomes

0 —(ey —iey) %
AM, = | e +ie; 0 el | (46)
i(es+ieq) —(es—ieg) 0
V2 V2

Recall that here we still have trivial quark mixing. In order
to obtain a realistic mixing scenario, the perturbations need
to be sufficiently small compared to the bottom quark mass
but large enough compared to the down and strange quark
masses. This implies that the Yukawa parameters y‘f’z are no

longer completely satisfying Eq. (23). Through a qualita-
tive analysis, we find that for

¥§|vy + y{vi, ypv1) + AMy

M, = diag(|y§|v, — y{v;.

my Amg Amy
~ | Amg my APmy, |, (47)

where 4~ 0.225, it is possible to fully reproduce quark
mixing without introducing unacceptably large amounts of
flavor violation at tree level. The (3,1) and (3,2) matrix
elements could be taken as zero or of the same order that
their transpose counterparts. On the other hand, all entries
are given up to O(1) complex factors. It is interesting to
note that Eq. (47) shows an approximate U(2) flavor
symmetry for the first two generations, m, > m, , (analo-
gously for the up-type quarks). The above resulting mass
matrix is a similar realization of the “flavorful” 2HDMs
investigated in Ref. [10] wherein Yukawa couplings, for
all charged fermions, are chosen as to approximately
preserve a U(2)> flavor symmetry acting on the first two
generations.

Alternatively, we could have introduced perturbations
through the up-type quarks; however, to reproduce the
CKM mixing would have required a larger modification of
the initial Yukawa parameters, |y5| and y}, by at least 1
order of magnitude. This may be easily appreciated by
considering that a perturbation to the 1-2 sector of the size
/mym, is enough in the down quark sector, /m nm; ~
10 MeV, to generate Cabibbo mixing, while for the up-type
quarks it would still require an additional order of magni-
tude, O(10),/m,m, ~ 100 MeV, plus some extra tuning in
the Yukawa parameters to get the correct light quark
masses, m, and m,.

B. Lepton mixing

In the lepton sector, the dominant perturbation contri-
butions come through the right-handed neutrinos,

1 _ _
—-ALY = EgllvNIC?,l [N p)_ + 95 MIN& pNrplo] +He.,

(48)
producing
O 6N1 r5N1
AMp = ON1 Tono On2 ) (49)
royi - Ona  —TIon

where we have defined r = w,/w,, &y; = g¢Yw, and
Sy2 = ¢Ywy, i.e., we can rewrite the four new parameters
given by ¢V, ¢)', w|, and @, in terms of only three: r, Sy,
and Sy».
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The charged lepton contribution remains untouched by
the addition of the scalar # and is given by Eq. (27). Once
we consider the contributions to the mass matrix of the
right-handed neutrinos shown in Eq. (49), the initial lepton
mixing given by Eq. (29) gets modified. If the Yukawa
couplings appearing in the neutrino mass matrix are taken
real, then we have

U; = Uy (n/4, +7/2),
U’i = 023(933)013(9113)012(972)’ (50)

where O;;(0) is the usual rotation matrix in the (i, j) plane.
It can be shown that

U23<77:/4, iﬂ/2)023(653) = P'U23(7T/4, :Fﬂ'/Z), (51)

where P is a diagonal unitary matrix which is unphysical.
Therefore, if the neutrino sector is real, we obtain cobi-
maximal mixing [17] with 0,3 = z/4 and 6cp = £x/2 in
the lepton sector. While the sign of dcp is not fixed, data
seem to favor the negative option [18]. Note that this is a
particular case of the general theorem derived in Ref. [19],
i.e., if cobimaximal mixing is present in the charged lepton
sector and the neutrino sector is real, then the full PMNS
matrix is also cobimaximal. In particular, the full lepton
mixing parameters are given by

012 = 015,
5CP = :|:7Z/2,

013 = 015,
¢12 = 07

03 = n/4,
7/2 = ¢35, (52)

irrespective of 6%,. That is, the large hierarchy between the
charged lepton masses coupled with the assumption that the
neutrino Yukawas are real leads to cobimaximal mixing,
i.e., maximal atmospheric mixing angle and dcp = +7x/2.
For the other two mixing angles 8, and 63, no predictions
can be made, but the parameters can be chosen in such a
way that they lie inside the experimental constraints.
Moreover, the Majorana phases relevant for neutrinoless
double beta decay maintain their CP-conserving values.
We remark that of course there is no need to assume the
neutrino sector to remain real; in the most general scenario
with complex parameters, there is enough freedom to fit all
the mixing parameters. The assumption that the neutrino
Yukawas are real, while the charged lepton Yukawas are
forced to be complex due to hierarchical masses, may seem
ad-hoc but can actually be justified in many different
scenarios. For example, in Ref. [20], the author derives a
general loop mechanism in which the neutrino mass matrix
is complex but diagonalized by a real orthogonal matrix.
This same mechanism could be applied here by changing
the type I seesaw neutrino mass generation by an inverted
loop seesaw mediated by three real scalars. Then, the
cobimaximal nature of the PMNS would remain. Another

option would be to explicitly impose a remnant CP
symmetry in the neutrino sector.

It is worth to note that our scenario is minimal and quite
simple, yet it leads to such a restricted scenario. The SM
symmetry group is extended by just D5 while the particle
content is enlarged by an extra Higgs gauge doublet and an
D5 doublet  which is a gauge singlet.

C. The scalar potential

The most general scalar potential invariant under Z;x7Z,
is

V= Vaion + Vi + Ve, (53)
with the first term given in Eq. (4) and

2
Z, U A 1 A 2
Vi =S+ S5l 5 b

Vay & = [01(@]@)) + (o(@10,)] ()., (54)

where [nn], represents one of the three possible choices
(1., 1_, 2), all couplings are real (due to hermiticity)
ensuring a CP-conserving potential and we have omitted
those terms involving [nn]_ as it is zero. This potential
has an extra Goldstone boson due to the fact that
[nn).. = n} + 3 is equivalent to (n; — in,)(n, + in,) and
[ln]alm)y) = ([m].)*. Then, Eq. (54) is accidentally
invariant under a global U(1) symmetry originated from
the two components of the flavor doublet scalar, #. To avoid
its appearance, we softly break the accidental symmetry by
introducing

Hi 5 13
Vit = 77% + 77% — HiaMi7a- (55)

Additionally, the fact that the heavy quark masses are
simply given by m, ~ y,v, and m,;, ~ y, v, naturally points
to having order one Yukawas and hierarchical VEVs in the
range

v,~v and v, ~[1,10] GeV, (56)
meaning that tan # € (10, 100). To create such a hierarchy
while maintaining all scalar masses around the electroweak

scale, we need to consider m3, < 0, m}, > 0 and introduce
the soft-breaking term

—m3,(®|®, + H.c.), (57)

where mj, ~O(10) GeV. By assuming |my|, |man|~
100 GeV, a straightforward calculation then leads to
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and V1 ﬁﬁ (58)

The smallness of v is thus natural as one recovers a larger
symmetry when setting it to zero.
The minimization conditions read

—mi; = A7 + Aagsv3 + (Wi +w3)$p — mi, tan 5,
—m%z = /121}% + /1345’0% + Z(W% + W%)é’l - m%Z COtﬂ,

— Wl
—py = 2(wi + w3)A + 20iC5 + 205, + p3 — W—zlﬁz’

— W2
—/,t,% =2(w} +wH)A+ 2038, + 205, + ui — W—lﬂ%z,

where 1 = Api + Ayp. The latter two conditions can only be
met if

Wiws 2

M%z = _m(ﬂl _ﬂ%)- (59)

The general expressions for the squared mass matrices are
given in Appendix C.

In order to decouple n from the 2HDM, we assume its
mass (or VEV) to be large enough and {; , — 0. Then, for
the full potential, V + V., to be bounded from below, we
require the well-known relations

120, >0, i3> -k
A3+ Ay = [As| 2 =/ 4a, (60)

while for the new contributions
Ap 20 and 4, >0, (61)

which all are sufficient and necessary conditions.

D. Numerical example

In the following, we give a numerical example of how
the perturbations brought by the addition of # modify our
initial 2HDM setup. We assign a best-fit value to our set of
complex parameters {€;, €,, €3, €4, €5, €5} by virtue of a y?
fit to the three down quark masses and four quark mixing
parameters,

th expy2
= ¥ (i —m™) L V[ = VM)
£ o2 o’

f=d.s.b f 12
. (Ve[ - [VE™M)? L (V5] = 1ViE™)?
2 2
023 013
( Jth _ JZXP)Z
q

2
oy

, (62)

where the value of the masses is taken at the Z boson mass
scale, M,, using the RunDec package [21],

mSP(My) = 0.0027753%05 GeV,

m$® (M) = 0.0557 0% GeV,

mZXp(MZ) =2.86 +£0.02 GeV (63)

and

|VEKM| = 0.22452 + 0.00044,
[VSKM| — 0.04214 -+ 0.00076,
[VEKM| = 000365 + 0.00012,
JEP = (3.18 £0.15) x 105, (64)

as shown in the most recent global fit from the particle data
group [22]. As a proof of principle, we consider a minimal
scenario with the least number of parameters. We assume
all of them real except for ¢, which we consider it as purely
imaginary and set esg = 0. Also, we allow for small
variations in the initial down quark Yukawa couplings
appearing in Eq. (22).
The following best-fit values:

€, = 4.4634 MeV,
ey = 103.6520 MeV,

€, = 12.1428 MeV,
€4 = —i60.9786 MeV  (65)

reproduce the down quark masses and the observed CKM
mixing at the 1o level with a quality of fit of y3 . = 0.49.

Besides their role in mixing, the introduction of pertur-
bations has also brought FCNC at tree level. We now show
how the size of the contributions is still sufficiently small.
Through the best-fit values, we calculate the unitary
transformations for the left- and right-handed fields.
With them, the corresponding down quark Yukawa matri-
ces, in the mass basis, are

107 107 1077 107° 1077 1077
r,<|10* 10 105 | +i| 107 10°% 10°° |,
107 107 107! 10 107 107
1074 1075 1078 10-1° 10-% 1078
<105 10% 107 | +i| 108 108 1078 |,
10 10°% 107° 1077 107 10710

(66)

where we have assumed v ~ 10m,, and v, ~ m, to estimate
the upper bounds and which are all consistent with those
presented in Refs. [10,23]. There are in fact three different
scenarios from which Eq. (66) represents one of them. As
all the independent perturbations defined in Eq. (45)
originate from both Higgs doublets, ®; and ®,, we can
define three different benchmark scenarios as follows: all
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the perturbations come from (i) @, (ii) ®,, or (iii) both.
Our choice in Eq. (66) depicts the first case. We left for
future work a detailed study of the differences between this
approach and the conventional 2HDMs.

V. CONCLUSIONS

We have considered a new class of 2HDM where the
conventional Z, symmetry, by which FCNC can be
naturally avoided, has been enlarged to FxZ, such that
symmetry constrains the Yukawa sector but goes unnoticed
by the scalar sector. In particular, we have shown that the
minimal case with Z3;xZ, is able to provide trivial quark
and maximal atmospheric mixing at leading order. A
further implication to this class of models is that couplings
between the fermions to the scalars are nonuniversal,
compared to the conventional types where couplings are
universal. At last, we have taken the incompleteness of
fermion mixing as a hint pointing toward new physics. To
this end, we have included two real scalar gauge singlets
which transform as a flavor doublet and are later integrated
out by assuming them to be properly heavy. We have shown
that quark mixing can be set in agreement with the latest
global fits while the lepton mixing can become cobimax-
imal, i.e., maximal atmospheric mixing and maximal CP
violation. We have treated the introduction of the real
scalars as a new way of adding perturbations to 2HDMs in a
systematic manner by demanding them to be invariant
under the flavor symmetry. In general, these additions have
the effect of breaking flavor conservation and tree level
FCNC, mediated by the neutral scalars, are induced.
However, the size of the contributions remains sufficiently
small thanks to the approximate presence of a U(2)* global
flavor symmetry in the light quark sector.
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APPENDIX A: PRODUCT RULES OF D; ~ 7Z3x7Z,

Dj is the smallest non-Abelian discrete symmetry group.
It describes the symmetrical properties of an equilateral
triangle. It has three irreducible representations: two sing-
lets, 1, and 1_, and one doublet, 2. Their product rules are

Lx1, =1,

1, x2=2,

Ix1_=1,, 1.x1,=1_
1.x2=2 2x2=1,+1_+2. (Al

In particular, the tensor product of two doublets, a =
(a1,a,)T and b = (b, b,)7, is explicitly given as

axb = (ab; +aybs), + (a1by —asby);_
n <a1b2—|—a2b1> ‘
aiby —ayby /),

APPENDIX B: RENORMALIZATION
GROUP EQUATIONS

In a model with N Higgs doublets, wherein all Higgses
couple to all fermions, the fermion mass matrices are
expressed as a linear combination of N Yukawa matrices
times a VEV. Given an initial setup, the one-loop renorm-
alization group equations (RGEs) tell us how stable are the
initial mass matrices at higher scales and if new flavor
structures may appear, giving rise to misalignments. The
one-loop RGE has been calculated in Ref. [14] and reads

d
167T2ﬂ Erk = arrk

M=

+Y [BTr(0L] + AJA) + Tr(I, )T,
I?I

+Y (-24A]T, + T,IT)

+§Z (AA T + T, (B1)

=1

d
]677:2#%Ak = aAAk

N

+ [BTr(AA] + L)) + Tr(ILIT) )] A,
=1
N
+> 0 (-20 A, + AAJA))
=1
1 N
+3 > (TTA+ AAJA). (B2)

=1

d
1671'2/1 d—ﬂl’[,{ = ClHHk

N

+ > [BTr(AA] +TI)) + Te(ILIL) )1,
=1
N 1

+y (nkrﬂnl + EHIH,*Hk>, (B3)
=1

where we have followed the notation introduced in [14].
Here i denotes the renormalization scale and
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9 5
ar = 8 — 2 — = g,
4 12
9 17
aA:—8g§—Zgz—Eg/2,
9 » 15 ”
=P B4
an=-29=—,9% (B4)

where gy, g, and ¢’ are the gauge couplings of the SM gauge
group, SU(3)- x SU(2), x U(1)y, respectively.

APPENDIX C: SQUARED MASS MATRICES

The squared mass matrix for the CP-even scalars reads

m2, m?
PP on
M2, = < ; ) ) (C1)
my, My,
where
m? (21’%/12 +miy ot 2v10pl345 — mi, ) (€2)
" 2010yd345 —miy 20741 + mi, tan
5 V28w 2V280w,
2V28 0wy 2V280w,

T wyws (=2 B w2 (U2 =
4/1W1W2 _m 22(141 2!2) 4/1W2 + 1(1241 !242)
) wy—wi 2 wi—wj
m =
m — 20212 — 2_,2 ’
2 wilpi—p3) _ wiwa(py—p3)
4/1W1 + 7W§—W% 4/1W1W2 7w§—w%

(C4)
whereas for the CP-odd and charged scalars, we have
20345 — m3, tan B

—2111112/15 + m%z >

M oaa = <
° 20325 — m?, cot 8

—2111 0215 + m%z
(C5)

and

M2_

(21}%(14 +2s)—miytanf =200, (A4 +1s5) +m3, )
1= :

20,0y (A4+As5) +m3, 203 (A4 +1A5) —m3,cotf
(Co)

Note that the mass matrices for the CP-odd and charged
scalars are rank one while rank four for the CP-even case.
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