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Lepton flavor at the electroweak scale: A complete A, model
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Apparent regularities in fermion masses and mixings are often associated with physics at a high flavor
scale, especially in the context of discrete flavor symmetries. One of the main reasons for that is that the
correct vacuum alignment requires usually some high scale mechanism to be phenomenologically
acceptable. Contrary to this expectation, we present in this paper a renormalizable radiative neutrino
mass model with an A, flavor symmetry in the lepton sector, which is broken at the electroweak scale. For
that we use a novel way to achieve the vacuum expectation value alignment via an extended symmetry
in the flavon potential proposed before by two of the authors. We discuss various phenomenological
consequences for the lepton sector and show how the remnants of the flavor symmetry suppress large
lepton flavor violating processes. The model naturally includes a dark matter candidate, whose phenome-
nology we outline. Finally, we sketch possible extensions to the quark sector and discuss its implications
for the LHC, especially how an enhanced diphoton rate for the resonance at 125 GeV can be explained

within this model.

DOI: 10.1103/PhysRevD.87.033006

I. INTRODUCTION

Much progress has been achieved in the field of particle
physics during the last year. First, the last missing mixing
angle 63 of the Standard Model (SM) with massive neu-
trinos has been measured [1] to be 8° after first hints in
2011 [2] and recently an excess consistent with a SM Higgs
has been observed at 126.0 * 0.4(stat) * 0.4(sys) GeV by
ATLAS [3,4] and at 125.8 = 0.4(stat) = 0.4(sys) GeV by
CMS [5,6].

Let us first discuss the implications of the large mixing
angle 63. Much of the work in the neutrino sector has been
aimed at explaining tiny values of 6,5 as deviations from a
tribimaximal (TBM) mixing structure using flavor symme-
tries, but this scenario is now implausible due to the size-
able value of 6;5." So maybe there exists no symmetry that
is connected to the regularities in the fermion parameters.
It could rather be that mixing angles are determined at a
high scale from some (quasi)random mechanism. Indeed if
one randomly draws unitary 3 X 3 matrices with a proba-
bility measure given by the Haar measure of U(3), i.e., the
unique measure that is invariant under a change of basis for
the three generations, one finds a probability of 44% for
nature to have taken a more ‘“unusual” choice [9]. This
cannot be interpreted, however, as an indication in favor of
anarchy [10,11], as the sample (three mixing angles and
one mass ratio) is clearly too small to reconstruct the
probability measure to any degree of certainty [12]. The
only statement one can make is that the (very limited) data
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cannot rule out the anarchy hypothesis. For any values of
the mixing angles one can always find a flavor model that is
in better agreement with the data.”

Another option is that flavor symmetries are realized in a
different way. One route is to think of solutions that do not
predict TBM. Such models are usually implemented at
high scales and give precise predictions for the leptonic
mixing angles in the experimentally allowed regions.
These models might then be falsified in the same way
that the models that give tribimaximal mixing have been
ruled out, i.e., by a further refinement of the experimental
determination of these angles. This seems to be the only
fruitful direction for models that explain flavor at high
energy scales such as the seesaw or grand unified theory
scale, because mixing angles are generically the only
experimentally testable predictions of such models. An
example are models based on A(96) [14-16].

An interesting question is if flavor symmetries could
even be realized at low scales [17-28]. If this is viable
then such models can be tested by additional observables.
Such observables typically include rare lepton flavor
violating (LFV) decays of leptons and mesons and—
ideally—a direct experimental access to the very fields
that mediate the flavor symmetry breaking. Typically
such models will feature extended Higgs sectors but will
not uniquely determine the mixing angles; they will, how-
ever, rather give relations among the deviations from
patterns such as tribimaximal mixing.

In this work we implement a model based on a flavor
symmetry at the electroweak scale and show that it leads to

“This can be done without increasing the degree of complexity
of the model [13].
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additional phenomenological effects that will become test-
able in the future.

Many authors have noted that quite generic corrections
in the neutrino sector within models based on the symme-
try group A4 [17,29] may lead to corrections to the leptonic
mixing angles that are in agreement with the experimental
data [30]. It should be noted, however, that all such models
need to break the symmetry group in a particular way to
different subgroups in the charged lepton and neutrino
sectors, a vacuum configuration that cannot be obtained
from a straightforward minimization of the potential but
something that rather needs a special dynamical mecha-
nism to achieve it. The two most commonly used mecha-
nisms are either based on (i) continuous R symmetries in
supersymmetry or (ii) extra dimensions. The supersym-
metric models only work in the limit where the supersym-
metry breaking scale is below the scale of flavor symmetry
breaking and the scale of flavor symmetry breaking is thus
unobservabely high. The only experimentally verifiable
prediction of such models seem to be correlations in the
deviations from TBM, e.g., the trimaximal mixing pattern

that predicts a = —%rcos 6 and s = 0 where [31]

r

Sin013 = —=,
V2
1

sin012=—(1 +S), (11)
V3
1

sin 0,3 = —(1 + a).

23 \/5( )

As these models tend to be quite baroque, since they
involve a large number of driving fields etc., this one
prediction seems to be a rather poor showing compared
to the model building effort involved. The second possi-
bility using extra dimensions is possible, but we here
want to focus on nonsupersymmetric models in four
dimensions, a possibility that seems to be favored by the
experimental data.

In an earlier work [32], two of us (M. H. and M. S.) have
studied a possibility to obtain the vacuum alignment that
seems to be quite close to the general spirit of discrete
flavor model building: to get a predictive model one needs
to have unbroken discrete remnant symmetries in the neu-
trino and charged lepton sectors that do not commute with
each other. The way this is usually realized is that symme-
tries, particle content, and vacuum structure are selected
such that these remnant symmetries are realized as acci-
dental symmetries of the leading order mass matrices that
are broken at next-to-leading order. The idea of Ref. [32],
following earlier work by Babu and Gabriel [33], was to
have an extended flavor group G and a particle content
such that an accidental symmetry G X A, arises at the
renormalizable level in the scalar potential that allows
for the desired vacuum configuration. More precisely, the
scalars y; breaking the extended flavor group G in the
charged lepton sector transform under the A4 only, while
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the scalars ¢; breaking the extended flavor group G trans-
form under the full group G. The symmetry is chosen such
that the scalar potential does not contain operators with
nontrivial contractions of y; with ¢;, i.e., there are only
contractions of the form (x;x;);,(¢;¢;);,- The smallest
symmetry group that realizes such a structure for A, is
G = (QgxA, and since the symmetry breaking does not
need any special additional ingredient, there is no imme-
diate theoretical obstacle to have the flavor symmetry
breaking scale at the electroweak scale.

In this work we therefore implement the model in
Ref. [32] at the electroweak scale. The outline of the paper
is as follows: We introduce the model and the exact sym-
metry breaking pattern in Sec. II. Without the introduction
of any additional symmetries, we show in Sec. III that
neutrino masses are generated at one-loop level and that
the neutrino mass matrix is determined by five physical
parameters. We discuss the predictions for neutrino
oscillation observables that follow from this structure. In
Sec. IV, we discuss constraints from lepton-flavor violating
rare decays. In Sec. V, we show that the model contains a
dark matter candidate and discuss its phenomenology.
Three simple possible extensions to the quark sector are
discussed in Sec. VI. Finally, in Sec. VII we discuss the
implications of direct collider searches and the recent
observation of a Higgs-like boson at 125 GeV and then
we conclude in Sec. VIII.

II. MODEL AND SYMMETRY BREAKING

We utilize the symmetry QgxA, introduced in Ref. [32],
which allows for natural vacuum alignment, and imple-
ment a model describing the lepton sector at the electro-
weak scale. Hence, we promote the flavon fields of
Ref. [32] that couple to the charged lepton sector to elec-
troweak (EW) Higgs doublets. The particle content of the
lepton sector is given in Table I. The vacuum configuration

0 1
i) = <\76> <¢1>—7§(R, a, b, —b)T,

{ 2.1
<¢2> = —(C, c, d: _d)T
V2
TABLE 1. Particle content of the minimal model that realizes

flavor symmetry breaking at the electroweak scale. The flavon y
contains the Higgs field and ties the electroweak to the flavor
breaking scale. The scalars 7); and fermionic multiplet S are
needed for one-loop generation of neutrino masses.

L e pn X ¢1 b2 S M M M3
OxA;, 31 L L 13 31 4 4 3 35 3 3s
Z, i -1 -1 —i 1 1 -1 —1 1 i -1
SuQ),, 2 1 1 1 2 1 1 1 2 2 2
Uy —1/2 1 1 1 1/2 0 0 0 1/2 1/2 1/2

c ,TC
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can be naturally obtained from the most general scalar
potential following the discussion in Ref. [32]. As the
discussion is very similar to the one given there, we
relegate it to Appendix A 1, where also the scalar mass
spectrum is discussed. However, let us briefly recall the
salient features of the vacuum expectation value (VEV)
configuration (2.1): the scalar singlets ¢»; and ¢, break the
symmetry group to the subgroup (S|S? = E) = Z, and the
EW doublets y break the discrete symmetry group down
to the subgroup (T|T3 = E) = Z;, while simultaneously
breaking the electroweak gauge group SU(2); X U(1)y
down to the electromagnetic U(1),,,. The normalization
is chosen such that ¥ ;v?=v?=(12G»)~' =(246GeV)?,
in accordance with our earlier definition. Because of the
unbroken Z; symmetry in the charged lepton sector, it is

useful to go to a basis [17,22-24]
H, ¢ //T=Q1L ~ (1, 2’ )
(H, ¢, ¢") x ~ (1, 0% o) 22)
(Lo Ly L) = Q1L ~ (1, 02, w),

where this symmetry is represented diagonally and ; is
defined by

Qr=—7|1 0 o | (2.3)

g
S

We have indicated the transformation properties under the
unbroken subgroup (T) = Z; under which (e, u¢, 7°)
transform as (1, w, w?). This has been denoted flavor tri-
ality in Ref. [22]. In this basis the vacuum configuration
(2.1) implies that only the field H acquires a VEV (H) =
(0, v/+/2)T, while ¢’ and ¢ are inert doublets (and thus do
not obtain a VEV). The potential for the electroweak
doublets y is given by

V.o =eixtx+ D A.0M0.0 0

’:ll,zéls,m

+ Aalm| (03, (0 3, | 24)
and after symmetry breaking the nine physical scalars
contained in y arrange themselves in the following mul-
tiplets under the remnant U(1) X Z; symmetry. There is
one real scalar h = v2ReH® with mass

2
m2 = §<3AX‘1 + VB, )V 2.5)

that plays the role of the Standard Model Higgs boson.
Note that since this scalar is a complete singlet under all
remnant symmetries, it can in principle mix with compo-
nents of ¢; and ¢, that transform in the same way. This is
discussed in detail in Eq. (A9), and in the following we will
for the most part assume the mixing to be small enough to
treat & as a mass eigenstate.
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The next 4 degrees of freedom are in the charged scalars
o't and ¢'" that transform as (1, w?) and (1, @) under
U(1) X Z;, respectively, and have the masses

m2,, = 12(—2\/3_/\)(31,5 - ’\XA)’

@ 12
2 (2.6)
m(P//+ == E(—Z\/g/\x%s + AXA)'

The final four real scalars sit in the two complex neutral
scalars ¢’® and ¢”%*, that both transform as (0, w?) and the
mass eigenstates are given by the neutral scalars

o\ "\ [ cosa sina\[ "
16)) B U‘P s )\ _ o 10% 2.7
) © sina cosa J\ ¢

The mixing angle « and their masses may be written as

6Ay1, T \/§<3AX3],A + /\X31,s>

tan2a = , (2.8)
6/\/\/A;
m?bl + m(zb2 = —2tan (20()(mfp,,+ - miH)
viA
Fmi,. +md, —— X (09
@ [ \/§
mgbl — mgbz = 2|sec (2a)||mi,,+ — m2¢1+|- (2.10)

The mass spectra for the other scalars can be found in
Appendix A 2. Two comments are in order here: (i) in the
potential (2.4) there is only one mass term for the three
doublets. Using the minimization conditions, the mass
term can be swapped for the Higgs VEV v and therefore
(ii) all of the squared scalar masses are given as a product
of dimensionless scalar couplings times v>. The additional
scalar masses may therefore not be arbitrarily large. Note
that in usual multi-Higgs doublet models, each doublet has
its own mass term and therefore there is always a decou-
pling limit where all non-SM particles are unobservabely
heavy. Such a setup is therefore directly testable at col-
liders, as we will study in Sec. VII. However, before
discussing this, we show that the model accomplishes
(i) the description of the (lepton) flavor structure in terms
of a small number of parameters and (ii) the protection
against bounds on new physics from flavor observables
such as lepton flavor violating processes.

III. LEPTON FLAVOR STRUCTURE

In this section we discuss the one-loop generation of
neutrino masses and phenomenological implications of the
predicted flavor structure.

A. Lepton masses
The charged lepton sector is described by

- L, =y.Lxe +y,Lyn‘ +y. Lyt +Hc, (3.1
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FIG. 1. Neutrino mass generation at one loop.

where ¥ = io, x* and here and in the following we do not
specifically indicate the contractions if there is only one
invariant that can be formed out of the particle content of
the operator. In the physical basis of Eq. (2.2) this term
reads

_£e = I:I(yeLeeC +y,uL,ulu’C +y.L,7¢)
+ @' (yeLye +y,Lop+y,L,7)

+¢"(yL,e+y,Lou+y,L,m)+Hc, (32)
and we thus see that H couples diagonally to leptons while
¢’ and ¢” do not. Note that here the mass terms are
generated by dimension four Yukawa couplings and there
is therefore no need for a complicated UV completion. The
mass matrix is thus given by

v

ME = ﬁﬂ;dlag(ye? y/.u yT)! (33)

with Q4 given in Eq. (2.3). Neutrino masses are generated
at one-loop level, through the interactions with the fermi-
onic singlets S and the scalar doublets 7, as shown in
Fig. 1. The couplings of S are given by

L, = hLn,S + hyLn,S + BMgSS + He.  (3.4)

The factor of \/3 cancels a factor coming from the normal-
ization of Clebsch-Gordon coefficients. In order to calcu-
late the neutrino mass matrix, we have to determine the
mass matrix of the neutral components of 1, 77,, and 7;.
To shorten the notation we define the doublet 7); to be
the Jth component of the nine-component vector 7 =
(11, M2, M3) and real scalar field 79 to be the kth compo-

nent of (v2Re??, +/2Im#7°). Besides the direct mass terms

2 9 2V’(72) @ Imznt
(M20)ij = 570 With V3= 3Min;m;
n°/ij 87’?8779 n 5212,2,3 i i th
(3.5)
there are couplings that give off-diagonal contributions
926V
(6M2,);; = (0—"0> (3.6)
a1;97;

to the mass matrix. Such interactions are needed to
generate neutrino masses and the relevant ones can be
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determined from symmetry considerations.®> Any contribu-
tion to neutrino mass has to be proportional to
(i) Mg, which breaks the generalized lepton number
L— L, S— e 'S,
(i1) either of the couplings A; or A,, defined by4
Vox = )ll()(T0'25')()11(771T0'25'773)il
+ Azeia*(XTO'z&X)gl(77;0'25'773)51 + H.c.,
(3.7

which break the generalized
L— e L, m;— e %n,,
(iii) and A5 or A, defined by’

Ve = )\3(¢1¢2)11(77;r771)11
+ )‘4(¢1¢2)§1(77;r M)3, + He,

which couples to the Z,-breaking VEV of ¢,.

lepton number

(3.8)

The built-in multiple protection of the neutrino mass
operator thus necessitates the large number of couplings
involved in neutrino mass generation, and thus a large
potential for suppression beyond the naive factor of
1/(167%) from the loop integral. For simplicity, we assume
that the direct mass terms M; dominate over all other
contributions; this is in fact a necessary condition to have
a predictive theory of flavor. Hence, we can approximate
the propagator as

[k2 — (Mfl0 + SMio)]_l
— (kZ _ M%O)*l + (k2 — M%U)715M%0(k2 - Mzio)il)
3.9)

where M%U is diagonal, and treat the mixing between the
different components of 7; by mass insertions 5M370. The
evaluation of the one-loop diagram leads to

3018
(M) ap = Z Z hailhBiJMS(‘SM?,]o)IM(BM%O)MJ
i=11.J,M=1

X I((Mio)?[! (MEIU)?]) (ME]O)%/]M’ MS)) (310)

where the Yukawa couplings #f;; depend on the two
couplings A, , given in Eq. (3.4) via

*The complete expression for & V;zl) can be found in Eq. (A10).
Here, we only present the parts that are relevant for neutrino
masses.

“We can set a number of complex parameters real by phase
redefinitions. We set y,, y,, Y5, i, hy, Mg, Ay, A3, A4 real by
rotating €¢, L, 1,, S, x, M1, 13, respectively, and display the
phase of A, explicitly.

The contractions (x” 0,6 x); , vanish in the vacuum given in
Eq. (2.1) and thus do not contribute to the masses here, because
the Z; symmetry generated by T is conserved by ().
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oL,

hopg = ————, 3.11
K = L3807, (3.11)

and the loop integral is given by®

o (2

167722 Hk#z(m - i)'

I(my, my, ms, my) = (3.12)

Evaluation of the sums leads to the following flavor struc-
ture of the neutrino mass matrix:

a pelr delr
M, = 4+ bel*r  d + gel (3.13)
a

where the four real coefficients are given by

1
4 =——=nMAv*ac + bd)MI(M,, M|, M5, My),
36\/§ 1131 ( ) S ( 1 1 3 S)
(3.14a)
A 1
d= 7 3h1h2)‘4)‘11’2(b€ — ad)MgI(My, M, M3, M),
(3.14b)
b= 08 h2A4A2v2(bc — ad)MgI(My, My, M3, M),
(3.14¢)
R 1 )
e = mhlh2A3)\2U (ac + bd)MSI(Ml, M2, M3, MS)
(3.144)

a+%+ (20 +5)ei
[l —
M =
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Hence, neutrino masses are suppressed by one insertion
of the EW breaking VEV A (x?)/M3, with M, being
the largest mass of the particles in the loop M, ~
max ;—; »3sM;, and one mass insertion of the flavor break-
ing VEV A,(¢;¢,)/M3. A phenomenologically viable
neutrino mass scale is obtained for e.g., My ~ O(TeV),
(x), (@)~ 000 GeV), and h;, A;~ O(0.01-0.1).
The next-to-leading order corrections are suppressed
by A{(x*)/Mj or Ay(p p,)/M3, which amounts to an
0(0.0001-0.001) correction for our typical values and
can be neglected to a good approximation.

The neutrino mass elements correspond to the following
operators:

(i) a: (LT, L)y, (X" 127 x)1,(d192)1,5

(i) d: (LToy0L)3 (X" 025 X)1, (1 62)3,»

(i) &: (LTo,0L)3 (X" 025 x)3, (1)1,

(iv) b: S0 (L oy L)y [(X 020 X)3,(d162)3 Ji:-
The fact that only the combination shown in the last line
contributes to neutrino masses is due to the UV completion
presented here. In a general theory one might have all
operators present, thereby reducing the predictability of
the theory.

B. Phenomenological implications

As the neutrino mass matrix is described by five physical
real parameters, there are four predictions in the lepton
sector at leading order. They can easily be read off from
Eq. (3.13) in terms of matrix elements, but the expressions
in terms of mixing parameters are nontrivial. In the flavor
basis, where the charged lepton mass matrix is diagonal,
the neutrino mass matrix is given by

and it is instructive to look at the neutrino mass matrix in the tribimaximal basis M®™ = UIEPSMQ Uyps, 1.e.,

a+d+(b+
M —

é)e““ —J2eei

—d 4 b iay 2 —d 4 b iy
§t3e%w 5t3e%0
Uibemy a—-49+ (% e)e““ (3.15)
2d 4 b yiay )2
3 +36 w
—igei“A
4 0 (3.16)

~a+d+ (e~ 5)eiw

We will first discuss limiting cases analytically and then perform a numerical analysis of the general neutrino mass matrix.
In the limit of |A,|v? — 0, both b and é vanish and we obtain tribimaximal mixing

®Note that the renormalization scale u drops out of the sum; it is displayed here to make the symmetric structure of the expression
explicit, while keeping the argument of the logarithm dimensionless.
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( ‘/% % 0 U =~UHPSU13(6~13)P, where U,3(f;3), analogous to
3 U»(61,), denotes a complex rotation in the 1-3
Unps = Q}QU =1 - 713 713 715 with plane. This correction is of the trimaximal mixing
L 1 [30,31,35-39] form, which can perturb TBM back into
%k B2 agreement with experiment. The effect of the various
/ 0 1 0 G.17) deviations from TBM is illustrated in Fig. 2.
Lo —i To gain an analytical understanding of how the addi-
Qy=|7 V2| tional parameters affect the mixing angles, we can perform
\\/% 0 \/LE a perturbative analysis in the limit of small é and therefore

o small |sin?@;, — 1|. The PMNS matrix can be described
From Eq. (3.16) we can read off that switching on & # 0 by UgpsUy3(613)U,,(8,5)P, where 6, and 6,5 are small

while keeping b =0 results in a correction to the iy the phenomenologically interesting region and the
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix of Majorana phases are given by P = diag(ei®/2, 1, ¢io/2).

the form U = UnpsU15(612) P with Uy(),) denoting the Hence, we can permute the matrices U, and U3 and

unitary matrix .= < < .
y we define r;; = sinf,;cos §;; and t;; = tan §;, which

clp  —Sspe n evaluate to
Upp(0) = | sp5e12 C12 ,  (3.18) ) )
1 bsina, 2acosa, +b
riz = i l]3 ==
. ~ L. . ) 4a + 2bcos ar), 2dsin
with ¢, = cos 0,, 5|, = sin 0,, and P being an arbitrary 319
phase matrix. In the standard parametrization of the PMINS . A (A' a)
matrix [34] with the 1-2 rotation to the right, this 1-2 . V2d ésina, _2(a+d)cosa, + b
correction only affects the solar angle, while maintaining T2 =y mi, o = 2dsin a, ’
the predictions of a maximal atmospheric and vanishing ' (3.19b)

reactor angle. Since large corrections to this angle are not
allowed, in the phenomenologically acceptable parameter
space the relations é < b, @, d should hold. where Am3, , is the leading order solar mass squared
On the other hand, if we take b # 0 while ¢ = 0, we see difference, i.c., neglecting the small corrections of rj;
from Eq. (3.16) that this requires a 1-3 correction and é. The phases of the matrix P are given by
|

2brizcos ay — sina,(2bristy3 + b + 28)

2(a + brzsina, + d) + cos a,(2brzty; + b+ 28)’
sin a,(b(2r 3t;3 — 1) + 28) + 2bry3 cos o,

204 + brissina, — d) + cos a,(—2brzt; + b — 28)

tana; = (3.20a)

tan a, = (3.20b)

Similar to Ref. [31], we can parametrize the leptonic mixing matrix in terms of deviations from the tribimaximal mixing
angles as defined in Eq. (1.1). The Dirac CP phase 8p is undefined in the tribimaximal mixing limit and we leave it free
and do not expand in it. Besides the contributions of « ; to the Majorana phases ¢, , in the standard parametrization, there
are also small corrections 8¢, , from the matrices U,(0,,) and U}3(6,3) resulting in

o =a;—a3+0p;, and ¢, =7 — a3+ 0¢,. 3.21)

This expansion leads to the following form of the PMNS matrix:

s+idp;—2 2i(s+1)+ 8¢, _ e iy
:;6 2:;3 :;2
_ | 2(—aterts+D)—idp;  Ser—iQater+s—2) a4+l
v 2J6 253 7 |F (3.22)
2a—e®r+s+1)—idg, iQa+e®r—s+2)+8¢,  _ a—1
2.6 23 2

Equating the expanded form of U to UypsU,5(83)U}2(8,,)P determines all free parameters s, , a, 8, 8¢, 8¢, as well as
some corrections to unphysical phases, which we suppressed for simplicity. The first order deviations from the mixing
angles are
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6 of 12 rotation
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FIG. 2 (color online).

636 030 035 040 045 050 055

0.60 0.65 0.70
sin?(653)

The deviations from tribimaximal mixing of the form U = UypgU, and U = UypsU,; generated by the angle

6 defined in Eq. (3.18). The yellow point represents TBM, the continuous lines give the deviations from TBM with the angle 6 given by
the color codes in the top right corner for 8 =2 Zforn = 0, ..., 5, where n = 0 is the outermost parabola etc. The 1, 2, and 3 sigma

52

regions of a recent global fit [7] are indicated by dotted, dashed, and continuous contours, respectively.

2ry3 3
s = —/2r ot , rcosd = — ——=, a=—=,
12412 \/g \/g
(3.23)
and the CP phases are given by
tan 6CP = tan 513, Q) = a; — a3 — 2\/5}’12,
(3.24)

Oy =T — a3 — 2\/51"12.

Following Ref. [31], we can derive a sum rule, which
relates the deviations of the atmospheric mixing angle
with the ones of the reactor mixing angle

1
a= —Ercos Ocp- (3.25)

The masses are determined by
|

5m%

2
omj3

To illustrate our findings numerically, we have per-
formed a numerical scan over the model’s parameter space.
We have randomly drawn values for the model parameters
of order unity, assuming a Gaussian distribution with an
expectation value of 1 and a variance of 0.5. The plots in
Fig. 3 show the relation between the atmospheric mixing
angle 6,3 and the reactor angle 63. From the bottom two
plots one can read off that b is of the same order as a and d
for the experimentally measured 6,3 while é has to be
about 1 order of magnitude smaller. The color codings of

6(2}’13(& + (3) sin ) + l;r13t13 + é) + 2(& + (z) COS a)‘(l;r13t13 + é),
—5(—21’13(& - C,Z\) sin a ) + I;r13t13 + é) - 2(& - d\) Ccos CY/\(57'13I13 + é)

. . LB
m? =&2+b(&+d)cosa,\+2&d+z+d2,

my =&, (3.26)
. 2
m3 = a*> + b(a — d)cos a) — 2&d+z+ 2

to leading order in the small mixings 73, rj,, and the
leading order ratio of mass squared differences is given by

Am3, _ 44(2d + beos ) + 4d(d + bcos a)) + b*
Am3,  4a(2d — bcosa,) —4d(d — beosa,) — b
(3.27)

At next-to-leading order, m; and mj receive corrections

(3.28a)
(3.28b)

the two top panels show the mixing parameters 6.p and
sin?6;,. Clearly, the model is predictive: if sin26,; is
found to be close to the best fit point in the octant with
sin?@,; < 1/2, the prediction for the CP phase is
Scp = 0,27 while for sin26,; > 1/2 it is predicted to be
8cp = . To establish the correlation with sin 26, shown
in the top right panel, a precision determination of all the
mixing angles is needed. In Fig. 4, as a consistency check
of our analytical expressions, the atmospheric sum rule
(3.25) is shown for the points obtained in the numerical
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FIG. 3 (color online).
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Dependence of the reactor angle 03 on the atmospheric mixing angle #,3. The various color codings are given

next to each scatter plot. Top left: For sin26,; < 1/2(sin%6,; > 1/2) the model predicts 8-p = 0, 27(Scp = 7). Top right: The
scatterplot shows a band structure in sin 26,,. Bottom left: For the points in the experimentally allowed region, b has to be of similar size
as 4, d. Bottom right: For the points in the experimentally allowed region, & has to be of approximately 1 order of magnitude smaller
than a, d. The 1, 2, and 3 sigma regions of Ref. [7] are again indicated by dotted, dashed, and continuous contours, respectively.
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FIG. 4 (color online). Numerical evaluation of the approxi-
mate atmospheric sum rule (3.25). The numerical evaluation
shows that the sum rule holds to a good degree of approximation.

scan. The color coding gives an indication of the magni-
tude of deviations from TBM and for small values the
approximate relation is fulfilled to good accuracy.
Finally, let us comment on the predictions for neutrino-
less double beta decay. As can be read off from Eq. (3.15),
the effective Majorana mass of the electron neutrino is
given by
, (3.29)

|m,,| “+23+(2A+5) fay
m = \|a - e bl [4
ee 3 3

which can be expressed in terms of physical parameters as

|mee| = IZUgimi |
i
~ 2m1 - my
3

2m; + 2m,
~ - s
_ 125€01m1 — Spamy

2m1 %)

(3.30)

2m1 - my

As the additional neutral fermions S do not mix with
neutrinos, there is no additional contribution due to the
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FIG. 5 (color online). Expectation for the effective mass of
neutrinoless double beta decay. The pink points lie within the 3
sigma region for all oscillation parameters. The points with
color coding lie within the 3 sigma range for all observables
except 03.

heavy singlet, like in Ma’s scotogenic model [18,19]. In
Fig. 5 we show the predicted range for the effective
Majorana mass of the electron neutrino. As can be seen,
the scan of parameters prefers moderately large values of
the absolute mass scale; however, the effective Majorana
mass of the electron neutrino can become small or even
vanish.

IV. LEPTON FLAVOR VIOLATION

In models with radiative neutrino mass generation, gen-
erally the particles in the loop can also mediate flavor
changing processes, in particular, lepton flavor violating
rare decays. Before we enter into a detailed discussion of
the various processes, we want to remind the reader about
the remnant Z; symmetry in the charged lepton sector

(H, ¢, ¢") ~ (1, 0% w),

(L,.L, L, ~ (1, 0% o), 4.1)

(e, u, ) ~ (1, , w?),
which suppresses several LFV rare decays. If the remnant
Z3 would be a symmetry of the whole Lagrangian, only the
following LFV rare decays

= utute” and 7t —etetu”

and their charged conjugates would be allowed. All other
decays can only proceed through a coupling to the Z;
breaking VEVs of the neutrino sector. Those decays are
naturally suppressed and the symmetry thus protects the
model from large constraints. At first, we will discuss the
radiative LFV rare decays /; — [;y in Sec. IVA, focusing
on the experimentally most well-studied process, namely,

PHYSICAL REVIEW D 87, 033006 (2013)

the process . — e7. In Sec. IV B, we discuss the LFV rare
decays with purely leptonic final states, which are allowed
at tree level, but suppressed by a three-body final state.
Finally, we calculate the anomalous magnetic moment of
the muon and compare it to experiment in Sec. IV C.

A. Radiative LFV decays [; — l;y

Let us first discuss the process of type [; — ;7 using
an effective field theory approach. Such processes are
described by effective operators of the form [40,41]

Lo, ,F*"¢CH/M?* ~ (3, 1), 4.2)

which transforms in the same way as the mass term under
the flavor symmetry. It thus has to be multiplied by flavons
to form an invariant. As we already mentioned, the remnant
Z; symmetry in the charged lepton sector forbids all
radiative LFV rare decays. Hence, the effective operator
in Eq. (4.2) has to involve VEVs of the neutrino sector in
order to lead to nonvanishing decay rates. The lowest order
operators that can multiply the mentioned LFV operator in
the flavor basis read

Qi (dh3,) = é(ab(b2 —a))(1, 1,1, (43a)
Q@) = g led(@ = AL, (@3b)
OH(B19D)3) = §(ab( — ENL LI, @30)
OH(@T6Ds) = 5 (cdla® ~ L L. @30)

There can be more than one contraction, but in the vacuum
they all result in these expressions. The lowest order
effective operators thus all give contributions that can be
written as

Lo = i#NH*aWFWML +he  with
(4.4)

a; o o 4
= (1)
=l a2 a o Yk

as a3 a3

where «; are dimensionless couplings that should
(naturally) be of order one and the mass scale M is the
suppression scale of the higher dimensional operators.
Note that the structure of flavor symmetry breaking in
the neutrino sector is encoded in M. The symmetry thus
automatically leads to a large suppression. From this
matrix the LFV transition amplitudes can be determined
as [40]

Br(l, — ;) _ 12{27%«a
Br(l; = Liv;p;)  GpmIM*

(IM;1> + IM;17)% (4.5)

and the magnetic dipole moments a; and electric dipole
moments d; of the charged leptons are given by [40]
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FIG. 6. Lowest order u — e7y processes mediated by 4 (left) and ¢’ (right). There has to be a coupling to the VEVs (¢, ¢,) of the

neutrino sector, which suppresses the amplitudes.

di = eL Imj\/li,».

Rej\/lii, \/_2_M2

“ I e

(4.6)

Note that the matrix /M has additional dominant contribu-
tions to the diagonal entries stemming from operators that
involve y instead of (¢;)*. Using only the observables
m— ey, 7— puy and 7 — ey as well as charged lepton
electric and dipole moments, it is therefore very difficult
to test the underlying symmetry pattern, but it can give
important indications distinguishing different models.
For example, in this model one would expect—barring
the possibility of fine-tuned cancellations among the
a;—similar branching ratios for the LFV decays u —
ey, T— uy, and T — ey, as was also found in SUSY
A, models [40,42].

In the following, we will focus on u — e7y, which is the
most tightly constrained LFV rare decay. The leading
contribution to u — e7y is given by the diagram depicted
in Fig. 6(a). It is similar to the neutrino mass diagram Fig. 1
in the last section. LFV rare decays mediated by the flavor
violating EW doublets ¢’ are suppressed by one more
loop order because of the necessity to couple to the neu-
trino sector VEVs. Hence, they only show up at two-loop
order, as shown in Fig. 6(b). We will therefore not consider
this diagram further.

Without any mass insertion along the 7 line, a one-loop
diagram of this type evaluates to [19,43,44]

3a

— 4.7
647T(G[:m(2))2

Br(u —ey) =

my =1(M? + M3+ M3) and,
(Mfﬁ)u/mo and hopy =

where using x; =

_aL,
9L, 08,97, °

309
Z Z hirhyigxy ZFZ(Ms/(M2+)JJ) and
i=1J=1

— 61+ 32+ 28 — 6/ 1Int
6(1 — 1)*

Fy(t) =

In our model, we have C?> = 0 for the symmetry reasons
given above and there have to be mass insertions to gen-
erate flavor violating interactions. Note that this is a wel-
come feature since LFV processes of this type severely

constrain models that generate neutrino masses radiatively
[19]. This can be seen as the experimental constraint
Br(u—ey)<2.4X107'? [45] requires C*~ 1.5 X 1078
for Mg = my = 100 GeV. The flavor symmetry auto-

oM
matlcally reduces C? by a factor (5). In the limit

n

< 1, the diagram in Fig. 6(a) can be computed

exphc1t1y, and we find

o -
B — = 4 4.8
r(p—ey) 167G )’ (4.8)
where
1 3 9
Cr=— Z Z WJ(5M k(M2 oKL
My Vi3 7k L=1

X F4(MS’ M], MK) ML) ’ (49)

and F, is a dimensionless loop integral, which we only give
in the limit of degenerate 1 masses

Gy (1) = F4(Mg = tmo, M; = mo, Mg = mg, M;, = my)
1
- N
48(12 — 1)12[
— 2422 + 3)¢* Inf].

— 1242 — 36¢* + 444° + 378

(4.10)

The dimensionless functions F, and G, are plotted in
Fig. 7. The explicit form of the sum in the expression (4.9)

0.01F
0.001¢

1074

001 01 1 10 100

FIG. 7 (color online).
(blue solid).

The functions F, (red dashed) and G,
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+

FIG. 8. Lepton flavor violating rare decay 7= — u~ p e™.

of §-7.

for C? is quite involved and will not be shown here, but it
can be easily obtained using Eq. (A10). Here, we only
comment on the generic size of the branching ratio. In
general, the processes u — e7y and the radiative neutrino
mass diagram break different approximate symmetries and
it is therefore not necessarily the case that the smallness of
neutrino masses implies a small branching ratio. This is also
the case here. For example, from Eq. (3.14), one can read off
that the smallness of neutrino mass could be due to very
small values for A; = A, = 10~°, with all other couplings
being order one. Then the dominant contributions to C?
would be of the type

Gy,(n) 1
mg 432
X [_hl/\3(ac + bd) + a)zhz)\4(bc - ad)],

C*> —— hyAy(be — ad)

.11

where we have again used the limit of degenerate masses
M; = my, and could in principle be of order one. However,
if we stick to the parts of parameter space where the small-
ness of neutrino mass is due to many moderately small
couplings h;, A; ~ 0(0.01-0.1) and my ~ O(TeV), (),
(¢;) ~ O(100 GeV) [as discussed below (3.14)] instead
of one very small coupling, the branching ratio is heavily
suppressed by C* ~ (107°-10713)2. These natural parame-
ter values thus give an appealing explanation of both the
smallness of neutrino masses and the suppression of LFV
decays.

B. LFV decays [; — 111

Another class of processes that are of interest for
our model are rare flavor violating decays of the type
u — eee. As in the case of the processes f; — f;y the
allowed decay channels are restricted by the flavor sym-
metry. If we do not consider the heavily suppressed
diagrams that couple to VEVs in the neutrino sector, it is
clear that the process u — eee is not allowed by the Z;
symmetry of the charged lepton sector and the most con-
straining process is given by 7~ — u " u " e”.

This process can be mediated at tree level by the neutral
components of ¢ as depicted in Fig. 8(a) and its branching
ratio is given by [22,24]

PHYSICAL REVIEW D 87, 033006 (2013)
m

1// ) .

(a) Tree level contribution of ¢”. (b) One-loop contribution

36m2m2

7 ) X Br(t — uvv)

Br(t— - u u et) = (

(4.12)

= 1.7 % 10—8(62 Gev)4

0

where we have used Br(r — uvv) = 0.174. Compared to
the experimental upper bound of 1.7 X 1078 [34], the

effective mass’
1 I:sinza N cosZai|2
Y7 Y 2
M mg, mg,

is thus only weakly constrained. All other processes medi-
ated by ¢'") are further suppressed by y,y, or y uYe- Rare
LFV processes mediated by these fields are therefore
naturally suppressed by smallish Yukawa couplings and
do not put a serious constraint on the model.

Let us also estimate the magnitude of the diagram in
Fig. 8(b) mediating 7 — ppue, as this diagram may in
principle be larger because it is not suppressed by
Yukawa couplings that are known to be small.

To get an estimate, we work in the limit of degenerate 7
masses M; = M, = M3 = m; and find

(4.13)

Iz~ — M_M_€+)
H(Mg/m)

2
S S i, ) |
Tij ,Udk elk™ ulj m%

Jk=1il=1

1677'

where H(Mg/my) is a dimensionless loop integral and

F(rm—u ue")
e~ —u~p,v,)’

Br(7T—u u e")=Br(r— uvr)

Evaluating the sum, we find Z;k 2 haib

rijl x>
hewh',;; = 57 (W — hih3 + h3), and the experimental
bound

"In Ref. [22] Aya = 0 was assumed, which implies @ = /4.
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159 GeV

Br(7- > u uet) = |(
my

can easily be evaded even for small values of m, ~
178 GeV = 308/ V3 GeV (which would give the correct
dark matter relic abundance of 7 in the degenerate limit
we are considering here, as will be discussed in Sec. V B)
and order one Yukawas [assuming H(Mg/m) ~ 1]. For
the parameter ranges preferred by one-loop neutrino mass
generation, i.e., h; ~ 0.1, the expected branching ratio is
too small to expect a signal in next-generation experi-
ments. In summary, we can conclude that the flavor sym-
metry effectively protects against lepton flavor violating
interactions.

C. Anomalous magnetic moment of muon

Let us now briefly discuss the anomalous magnetic
moment of the muon. The contribution from the exchange
of the neutral component of ¢” should give the largest
contributions, as it is proportional to the tau Yukawa
coupling squared. It has been calculated previously [17]
and amounts to

Gpm? (m? 100 GeV\2
Aa, = 2 (m—’;) = 1.5% 10—12<7e) ,
2272 \M} M,

(4.15)

which is negligible and cannot account for the reported
deviation of (290 = 90) X 10~!! [46,47], from the
Standard Model. The charged components of 7 also con-
tribute to the anomalous magnetic moment of the muon,
with a strength given by [43,47]

mi, [h (M hs (M
ool ) )
T 3@y Lz ) o2\,

~1.8 % 10_12;((%)z<IOOAEGV)Z(Z((IA&?)))'
(4.16)

This therefore gives a very mild constraint on the masses
and Yukawa couplings of the n’s. In the preferred parame-
ter space for neutrino mass generation, this contribution is
negligible. Note that the contribution goes in the opposite
direction of the reported excess and it can therefore not be
used to explain it [43].

V. DARK MATTER

In this section we discuss dark matter candidates of the
model and their phenomenology.

A. Dark matter candidates and their stability

To start off the discussion of possible dark matter
candidates in our model, let us dwell on the remnant

2 2
) (h% + h3 — KIh)H(Mg/mg) | - 1.7 X 1078

PHYSICAL REVIEW D 87, 033006 (2013)

(4.14)

symmetries left over after symmetry breakdown. While
the QgxA, part of the symmetry group is completely
broken,® there is a Z, symmetry given by

R:L——L ¢ — — (¢ n,—-n;, (5.1)
which is the (—1)% remnant of the auxiliary Z, symmetry
i, where L' = L + N, is the generalized lepton number
symmetry that is the sum of the usual SM lepton number
with the n number N,,. At the renormalizable level after
symmetry breaking, there is another Z, symmetry of the
model given by

A:§— -8 n; — — ;. (5.2)

This is purely an accidental symmetry that emerges due to
the particle content and the requirement of renormalizabil-
ity and not a remnant of some symmetry we have imposed
on the model. The reason why it emerges can be traced
back to the fact that the SM fermions as well as y transform
only under the generators S and T that form the subgroup
Ay, and thus there are no operators of the form @Oy,
where ¢ is a field transforming nontrivially under X
(e.g., fields transforming as 3; with i # 1 such as S and
1) and Oy, is an arbitrary operator formed by fields trans-
forming under A,. The symmetry /A makes the lightest
component of S and 7 stable, which implies that the dark
matter candidate is either fermionic or bosonic. This sym-
metry, however, is only an accidental symmetry and there
is thus no reason for higher dimensional operators to
respect this symmetry. Such a higher dimensional operator
O with A[O] # O would lead to a decay of the dark
matter candidate. On the contrary, all higher dimensional
operators have to respect the symmetry R[O] = O, as this
symmetry is a remnant of an exact symmetry and is there-
fore also exact. We will now show that this requirement
pushes up the dimensionality of the higher dimensional
decay operators to a level where the dark matter candidate
is stable for all practical purposes. Since the discussion
depends on whether the dark matter candidate stems from
7 or from S, we discuss the two possibilities in turn.

1. Scalar DM

Any effective operator that would mediate a decay of the
lightest component of 7; has to be of the form

0 = nO¥(0y,), 53

8There have been several studies of dark matter, which is
stabilized by a remnant subgroup of a flavor symmetry [48],
while it is completely broken in our model.
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where (O 4 ) is built out of SM-singlet flavon fields
and transforms even under R. As 7 is odd under R,
the operator @55~", which is built up of SM fields, has
to be also odd under R to make the complete operator
invariant. Obviously the complete operator O is odd
under the accidental symmetry A and thus mediates

DM decay.
|

Ld°ded°
xtecucucde

Lu‘ded*
x'L0QQ

LOQde

All dimension six operators in Eq. (5.4a) break baryon
number by one unit, B — L by two units, and preserve
B + L. The dimension seven operators in Eq. (5.4b) on
the other hand break baryon number by one unit, preserve
B — L, and break B + L by two units. They are formed by
adjoining y to a dimension six proton decay operator.
Since baryon number is an accidental symmetry in our
model (in the same way as in the Standard Model), these
operators are never generated9 within the model and thus
dark matter is stable within the model. They rather parame-
trize some baryon number violating physics, which from
proton decay experiments is pushed to scales of the order
of Ay = 10'° GeV.

To form a singlet under the flavor symmetry, the second
operator O, , is needed to make the total operator O a
singlet under the flavor symmetry, as 5; transforms under
X while O55~" does not. It has to be composed of an even
number of flavons ¢, as under the Z, subgroup generated
by'® X2 only ¢, transforms nontrivially.

If we assume the presence of baryon number violating
operators at scale Ag, the dark matter candidate n decays
into quarks and one lepton. Under the assumption that the
flavor part of the operator is related to the breaking of the
flavor symmetry Ay, a DM decay operator formed by a
dimension six SM operator O55=" is suppressed by A3:

7,055~ <¢k¢l>‘

(5.5)
Ay A2
Hence, the lifetime of DM can be estimated to be
AS 7 A% \2 A 6
-1 ~877—7B<—F) —1.9%10% Gyr<1673>
my (Prd1) 10"° GeV
1 70 AL \2
><< OOGeV) < 7 ) (5.6)
mn <¢k¢l>

and the dark matter candidate is thus stable even on cos-
mological time scales, if one assumes ‘‘traditional” values

“Except through instantons and sphalerons, which do not play
a role here, in the same way as in the SM.

'This element generates the center of the group and thus
commutes with all group elements.

XL Oucde

PHYSICAL REVIEW D 87, 033006 (2013)

Since R acts upon SM particles as the discrete subgroup
of lepton number (— 1), the operator O55~" has to violate
lepton number by an odd unit and has to transform as an
electroweak doublet. The lowest dimensional operators in
the SM arise at dimension six and violate L by one unit (see
Ref. [49] for a recent review of gauge invariant dimension
six operators)

ecQded-
xteeooic

(5.4a)

x Loacde. (5.4b)

|
for the scale of baryon number violating physics. However
the operators in Eq. (5.4a) are not those directly tested in
proton decay experiments and the physics of baryon num-
ber violation might be such that the operators in Eq. (5.4a)
are suppressed by a smaller energy scale than the one
responsible for baryon decay. We will come back to the
issue of induced proton decay at the end of the subsection,
but now we want to turn the logic around and derive bounds
on A and A from the fact that dark matter is still around.
Decaying DM models are constrained by WMAP to
! =123 Gyr at 68% C.L. [50] and WMAP + SN Ia to
I'~!' =700 Gyrat 95.5% C.L. [51]. Furthermore, decaying
DM is constrained by possible neutrino final states [52],
which serve as a conservative limit, since neutrinos are the
least detectable SM particles. The exact bound depends on
the DM mass ranging from 10?> s = 10% Gyr at O(1 GeV)
and increasing almost linearly on a log-log plot to 10?8 s =~
10'* Gyr at O(100 TeV). Diffuse gamma ray constraints
from Fermi data yield a limit of I'"! = 10% s = 10'? Gyr
[53] for the decay into a pair of charged leptons. Here, DM
decays into one lepton and quarks, which might lead to
further softer leptons in the final state. Hence the bounds do
not directly apply, but we will use it to obtain an order of
magnitude estimate for the suppression scale of the lowest
order DM decay operator in Eq. (5.3). Using the limit from
diffuse gamma rays with I'"! = 10% s as a benchmark
value, we obtain a limit on the suppression scale of

m Wity

7/10
n
1 TeV) ((100 GeV)?
(5.7)

(AZAR)VS = 6 X 107 GeV(

Because of the high dimensionality of the operator, the
bound on the suppression scale Ap does not depend
strongly on the bound on the lifetime.

All of the operators in Eq. (5.4) lead to DM induced
proton decay ' into a final state lepton and final state mesons

"Induced proton decay has been studied in the context of
asymmetric DM [54]. However, their analysis does not apply
in our case, because the induced proton decay is mediated via a
different operator with different kinematics, since one of the final
state particles has a nonnegligible mass of the order of the proton
mass.
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ni+N—L+ M. (5.8)

As the proton as well as the DM are nonrelativistic and they
annihilate at rest, the induced proton decay leads to similar
kinematics as in the ordinary proton decay, but the total rest
energy E ~ m, + my =~ m, is much larger compared to
the ordinary proton decay with E ~ my. Hence, the final
state particles appear to originate from the decay of a much
heavier particle and the experimental signatures change.
Therefore, the existing limits on proton decay are not di-
rectly applicable. However, in generic grand unified theory
models, for example, the operators given in Egs. (5.4a) and
(5.4b) and the proton decay operators are generated at the
same energy scale.

2. Fermionic DM

Similarly to scalar DM consisting of the lightest com-
ponent of 7;, S can decay via higher dimensional opera-
tors. They are generally of the form

S@SM<@¢/< ¢1>’

where Ogy transforms like a spin % fermion, which is a
singlet under the SM group, but transforms nontrivially
under the flavor symmetry.12 The lowest dimensional

operators Qg emerge at dimension 2

2
0Qd°  xQi‘d®  xQQOQ.

Note that these operators transform trivially under R, as
does S. All of these operators violate baryon number by
one unit, and therefore they lead to induced proton decay.
However, the kinematics is quite different compared to
ordinary proton decay, because the lowest order operators
do not contain a final state lepton.

Similarly to the scalar case, there are bounds from
astrophysical observations. As DM decay only arises at
dimension eight, the bound on the suppression scale does
not depend strongly on the exact bound on the lifetime.
Therefore, we again make a rough estimate of the bound
on the suppression scale by using the same lifetime as in
the scalar case, and we obtain

(5.9)

u‘dede (5.10)

my )5/8< (P )1/4
1 TeV (100 GeV)?/)
(5.11)

(AZA3)V* =9 x 108 GeV(

due to the lower dimensionality of the DM decay operator.

B. Dark matter phenomenology

We now give a brief overview of the phenomenology of
the two different dark matter candidates. We will estimate
the DM abundance and detection possibilities for the

Note that § transforms under the symmetry generator X,
while Og)y; does not. Therefore the operator (O, ,,) is needed
to form a singlet.
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different scenarios and show that there is a region of
parameter space where the correct abundance can be
obtained. A detailed calculation is beyond the scope of
the present work. Again, we discuss the different dark
matter candidates separately.

1. Scalar DM

The scalar dark matter candidate is a component of an
inert EW doublet. Therefore, we are going to translate the
analysis for scalar multiplet DM done in Ref. [55] to our
setup. A detailed analysis would require the precise calcu-
lation of the 7; mass matrices. We assume that one of the
triplets 7, is sufficiently lighter than the other two, such
that we do not have to take them into account during
freeze-out of DM, i.e., they have to be at least 20% heavier
than the DM candidate [56]. In the following, we will
denote the triplet containing the DM candidate by mpy
with direct mass term M, . We are going to assume, as we
did previously in the section about the neutrino masses,
that the direct mass term M, dominates over all mass
terms induced by VEVs. Hence, the DM mass is approxi-
mately given by the direct mass term M, . In the limit
that the mass splittings are below 1%, we can neglect the
annihilations via other scalars and concentrate on the pure
gauge (co)annihilation channels. Following Ref. [55],
there is an upper bound on the DM mass of an inert
doublet of m* = 534 + 25 GeV(30) from overclosing
the Universe in this limit. The correct DM abundance is
obtained for m*. As mpy is in a triplet representation of
QgxA,, there are three almost degenerate doublets, which
all contribute to the DM density equally. Therefore, the
upper bound on the DM mass is lowered by approximately
a factor of \/§ to m*,‘, =~ 308 GeV, which is consistent with
direct searches for scalar particles, as discussed in Sec. VII.

Today, the mass splitting between DM and the next-to-
lightest particles forbids gauge interactions kinematically
due to the small DM velocities, unless it is tuned to be very
small [ = O(100) keV], and DM can only be detected via
the couplings to scalars, specifically via the Higgs portal.
The spin-independent cross section for scattering of DM
off the neutron is given by [57]

~ |)\L|2 Mz m_?)fz

™ My my

AL \2(300 GeVY2

~ 2.7 X 10*48(—L ) (7)
0.01)\ M,

(R o

mpyg ﬁ

n

(5.12)

with A; being the coupling of DM to the Higgs, w the
reduced mass of the DM-neutron system, m, the mass of
the nucleon, my the mass of the Higgs, and f parametrizes
the nuclear matrix element, 0.14 < f < 0.66, which we
took from Ref. [57]. The estimated cross section is well
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below the current experimental limits by XENON100 [58],
which is the most sensitive DM direct detection experiment
in this mass region.

Note, the discussed parameter point is only an example
that proves the possibility of obtaining the correct DM relic
density. For larger mass splittings, the annihilation via
scalar interactions cannot be neglected in the calculation
of the DM relic abundance, and the direct detection cross
section is enhanced.

2. Fermionic DM

For the discussion of the fermionic DM candidate con-
tained in S, we follow the discussion in Ref. [19] to show
that it is possible to obtain the correct relic abundance. For
completeness, we repeat the relevant steps with the neces-
sary changes. At tree level, there is only the mass term
V3MSS = My(S? + S5 + S2) and thus all components of
S are degenerate. At loop level this degeneracy is lifted and
for concreteness we here take Mg = Mz = Mg , where S;

are mass eigenstates. The states 52,3 can decay into S, and
leptons by the interchange of 7 and thus at the present time
only S, is around. However, due to the near degeneracy,
the freeze-out of all three species runs in parallel.
Coannihilation processes of the type §;5; — SM with
i # j are suppressed in comparison to annihiliation pro-
cesses S;5; — SM, because they require an additional mass
insertion along the 7 line. It is thus a very good approxi-
mation to consider the freeze-out of each component sepa-
rately and the total relic abundance is thus just given by the
sum of the abundances of Sy, S, and S3.

The annihilation cross section for each S into leptons in
the limit of vanishing lepton masses and scalar mass split-
tings [59] is given by

(ov) = bv? + O(v?),
2(1 —2r; + 2r2)

b= Y hir? ) (5.13)
i=1,2 247M
_ M
rl - ﬁ.
M2+ MG

In the limit of Mg < M;, the expression for the p wave

simplifies to
M? i \4
b = s _t R
24 i—zlz<mi)

i.e., the cross section scales with (h;/m;)*. The relic den-
sity of the SM singlets S, taking into account the mass
degeneracy of the components of S, can then be obtained
from [60]

(5.14)

0
M
Qgn? =178 2. (5.15)

c

with n‘S) being the number density of S today, which is
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-1 ~1 0.088¢)2MpM(3b
0)—1 — 0 — o\ ! _ 8+ MpMg
(n3) <zk:nsk> <3nsk> Zs, ,

(5.16)

where 55 =2970/cm® s
the critical density is p, = 3H?/(87G) = 1.05 X
1073 h’GeV/cm?, the Planck mass Mp = 1.22 X
10" GeV, and the dimensionless Hubble parameter h.
At the freeze-out temperature, the ratio x; = Mg/T is
determined by

today’s entropy density,

00764MP1(6b/Xf)C(2 + C)MS
(g*xf)l/z

Xf—n

(5.17)

with the effective number of degrees of freedom g,

at freeze-out. After eliminating the cross section with

Egs. (5.16) and (5.15), we obtain

1.74x 2 s0h?c(2 + )M
g+(Qsh®)p.

Following the discussion in Refs. [19,60], we rewrite
Egs. (5.15) and (5.18) as

x; = 1In (5.18)

M _g.—1/2 I:thz:l
— | =195%x10"8% X , 5.19
[GeV] A TN S
b QO h?
————|=732x10"" 2[ a ] 5.19b
[Gev—z] o (5-19)
using gi/ 2=10and c =1 /2. We solve these equations

numerically for fixed values of h; = h, and M; = M, and
show the resulting contour lines with the correct DM relic
abundance in the plane M;/h; = M,/h, vs Mg in Fig. 9.
Hence, it is possible to obtain the correct DM relic abun-
dance for fermionic DM, although large Yukawa couplings
h; are required. Similarly to the scalar DM scenario, we
expect the cross section to raise with nonvanishing mass

Mg[GeV]
200

150

100

50

0
100 150 200 250

M;/hi[GeV]

FIG. 9. Contour lines for different values of h; = h, with the
correct DM abundance Qg¢h? = 0.12.
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splittings of the scalars 7;, which allows for smaller
Yukawa couplings 4;.

VI. EXTENSION TO QUARK SECTOR

So far we restricted ourselves to the discussion of the
flavor structure in the lepton sector. Given the different
structures in the lepton and quark sector, one might wonder
whether and how this model can be extended to the quark
sector. In the following, we will discuss a few simple
possibilities to incorporate the quark sector without enlarg-
ing the flavor group. It is necessary to specify how quarks
transform under the flavor symmetry as this will to a
certain extent determine the collider signatures of the
model. Alternatively, it is interesting to look for a group
extension of the flavor group, which preserves the structure
in the lepton sector, but allows for new structure in the
quark sector [32]. Here, a viable extension of the full flavor
group QgxA, is the group QgxT' = SG(192, 1022) [32]
being the analogue of the extension of A, to T/, which has
been used to explain the flavor structure of quarks and
leptons simultaneously [61]. A detailed discussion of quark
flavor observables is postponed to future work.

A. Quark sector mirroring the lepton sector

We can use the same assignment for the quarks as for the
leptons with respect to (QgxA,) X Zy, i.e.,

0~ @3y 1), u+ct+rr~U+1, +15 1),

6.1
de+ s+ b~ 1y + 1, + 15, 1). ©.1)

This assignment leads to the following Yukawa couplings
in the Lagrangian:

— L, =y,0xu’ + y.Qxc + y,Qxt° + y,Qxd*

+ 30X + y, Qb + He, (6.2)
which amount to the mass matrices of the quarks
v
My = \/——Qrdlag(yw YY) and
2 (6.3)

v

Mp, 75 O5diag(yy ys yp)-

Hence there is no mixing in the quark sector, i.e., the
Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix
Vekm = VC}LVM = 1, which is a good leading order ap-
proximation. The Cabibbo angle can be produced by a
cross-talk of operators from the neutrino sector [29], e.g.,
the operator (Q ¥d“)y,(¢1¢,)*/M* leads to a nonvanishing
Cabibbo mixing angle. It has to be of the order
(1 2)*/(M*) ~107*(m,;/95 MeV), in order to generate
a large enough mixing in the down-type quark sector to
explain the Cabibbo angle. Within the model, the operator
can be generated at one loop with ¢’ running in the loop.
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However, the contribution turns out to be too small and a
different mechanism is required to generate this operator.
Flavor changing neutral currents are naturally sup-
pressed at the leading order, since there is a selection
rule ADASAB = *2 as well as AUACAT = =2 in the
flavor basis for four Fermi operators similarly to the
lepton sector. It has been claimed in Ref. [22] that leptonic
Kaon decays result in a relatively strong bound of
My > 510 GeV on the effective mass M, defined in
Eq. (4.13). However, there is an error in the calculation.
The final result should not depend on the Kaon mass mg
but m, and the corrected expression in our model reads

T(K) — p*e™) _ 9mym; [sin2a cos2a]z 64
FK —wue) WVl Lmd w10
The branching fraction is constrained to be less than
47X 10712, Using m, =95 MeV, m, =106 MeV,
V.s = 0.225, this leads to a bound of

mcp] mq,z

= 248 GeV. (6.5)

2 2 2 i 2
\/mq)lcos o +m®2sm o

B. Quarks transforming under generator X

Another interesting possibility that is not possible in A4
models is to assign the quarks to representations that also
transform under the group generator X. Since the top mass
is large, we want it to be generated at the renormalizable
level, while all the other quark masses might well be
the result of higher order effects. Looking at the multi-
plication rule

(i #)), (6.6)

it is clear that if one assigns Q ~ (3,, 1) and U¢ ~ (35, 1)
there is only one Yukawa coupling at the renormalizable
level

- L, =y,0xU° + Hc, 6.7)

which generates the top mass. The charm and up quark
masses, as well as up sector mixing are generated by
operators of the form

— L, =y"V[oxU (1 ¢)];
+ y"[QxU(pr¢p))]; + He,

where the sum goes over all singlet contractions of the
fields. There are certainly enough parameters to fit the
quark masses and up-type mixing. Actually, there are no
further predictions besides the large top mass, since there
are too many free parameters.

In the down-type sector we can either utilize the same
structure as in the up-type sector or, as the bottom quark
mass is closer to the charm mass than to the top mass, we

(6.8)
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can use the assignment D¢ ~ (3;, 1). With this choice there
is no tree-level operator of type (6.7) allowed and all down
type quark masses and mixing arise from

-L, _yzdl)[QXDL(¢1¢1)]
+ )’id’Z)[QXDC(¢2¢2)]i + H.c.

We will not discuss this possibility further here, as we are
primarily focused on the lepton sector.

(6.9)

C. Additional EW Higgs doublet H, ~ 1,

Another possibility is that the flavor structure in the
quark sector could be completely unrelated to the one in
the lepton sector. In particular, the quarks might not trans-
form under the flavor symmetry in the lepton sector. This
can be simply achieved by assigning the quarks to the
singlet representation of the flavor group. In order to gen-
erate the quark mass matrices, we have to introduce an
additional EW Higgs Doublet H,, which does not trans-
form under the flavor group. Hence, the flavor structure in
the quark sector is unchanged compared to the SM one.
Therefore, we do not discuss this possibility further and we
will only briefly comment on its collider phenomenology
in Sec. VIL.

The only effect'® of the additional Higgs doublet on the
discussion in the preceding sections is to rescale the VEV
of H such that

(HOZ + (HO® = —(I 2Gy) "l = —(246 GeV)?

1S maintained.

VII. COLLIDER PHENOMENOLOGY

Our model predicts several new particles with EW
charges at the EW scale. In this section, we will concen-
trate on the simplest extension to the quark sector given in
Sec. VI A, where quark doublets are assigned to the triplet
representation 3; of the flavor group and obtain their
masses from a coupling to the flavored Higgs y, as dis-
cussed in the previous section. We will briefly comment on
the possibility to have a separate Higgs for the quark sector
in Sec. VIIE. Besides the fermionic singlets S, there are
several EW doublets, which can be grouped in three differ-
ent categories, the Higgs h, which obtains a VEV, the two
partners of the Higgs in the flavor triplet y, namely, ¢’ and
¢, and the additional inert EW scalar doublets 7). In the
following, we sketch the different production and decay
channels and discuss their implications for direct searches
at colliders as well as the current bounds on the existence

Here we assume that H, does not give a leading order
contribution to the Weinberg operator. Symmetries can always
be adjusted in order for this to be the case. If H,, does give such a
contribution there will be one more free physical phase in the
neutrino mass matrix that cannot be rotated away.
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of new particles beyond the SM. However, a detailed study
is beyond the scope of this presentation.

After a brief discussion of electroweak precision con-
straints and a short summary of the main experimental
results, we will discuss each class of new particles
separately.

A. Electroweak precision constraints

The experimentally measured values of the oblique
parameters S and T have been obtained by several preci-
sion measurements at large electron-positron (LEP) col-
lider and Tevatron. The PDG [34] quotes values of
§=-0.04*=0.09 and T =0.07 =0.08 at 95% C.L.
with a correlation between S and T of 88% for a reference
value of my, s = 117 GeV.

A general discussion in a multi-Higgs doublet model
with an arbitrary number of Higgs doublets with hyper-
charge Y = * % and an arbitrary number of SM singlets has
been given in Ref. [62]. The expressions for the oblique
parameters can be directly applied to this model, since the
flavor symmetry only leads to additional restrictions on the
masses and mixing matrices. We only estimate the contri-
bution to S and 7 in the limit of small mixing in of 9, ¢;, H
and only consider the mixing of ¢’ with ¢”, which exactly
corresponds to the region in parameter space being studied
in the previous sections. In this limit also the charged and
neutral scalar masses of the doublets 7 coincide. In this
approximation, the contribution of H exactly cancels with
the subtracted SM term, the contribution of 7 and ¢, to T
vanishes, and ¢; does not contribute to S, since it does not
couple to the gauge bosons in this approximation. Hence,
the final contribution to S originates from % and is given by

cos?(20y) & ~(m%
S06 T g4y ZG(W)’

a=1 a

(7.1)

where a = 1, ..., n sums over the EW doublets contained
in ) with the charged scalar masses m, and 8y, denotes the
Weinberg angle. The function G is defined by

~ — E + 16 - 2(4 _ Z)3/2 arctan (JiM )

Gx) = -
(x) 3 Z Z -z

(7.2)

Its absolute value is monotonously decreasing for z — 0
starting from G(1) = —0.216 to G(0) = 0. The contribu-
tion from ¢'") to S and T is given by

2 2
S S U paPF(m2, p),

T ww = (73)
7 8arsin H%Vm e ]
1 2 2 n
S0 = I [cos 2(2¢9W)G< a) +21In ma] (7.4)
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where the mixing matrix in the neutral ¢'?) sector, U r 18
defined in Eq. (2.7) and m, (u,) denotes the charged
(neutral) masses of the fields contained in ¢”. The func-
tion F is defined by

Xty _ xy InZ
y

if x #
Fap =t 7 ’

(7.5)
if x=y.

The next-to-leading order corrections are suppressed by
small mixing angles in the scalar sector. Hence, the model
is consistent with electroweak precision tests in the
phenomenologically interesting region, i.e., for small mix-
ing in the scalar sector.

B. Summary of relevant experimental results
from colliders

Recently, after the initial announcement of a SM-Higgs-
like resonance by ATLAS [3] and CMS [5], which was
mainly based on the diphoton as well as the h — ZZ* — 4]
channel, several other channels have been measured or
updated [4,6]. We will briefly summarize the current status.
The current best fit values for the mass of the resonance are
126.0 + 0.4(stat) * 0.4(sys) GeV by ATLAS [3,4] and
125.8 = 0.4(stat) = 0.4(sys) GeV by CMS [6]. The results
are usually reported in terms of the signal strength normal-
ized to the SM prediction, i.e.,

o(pp — h)Br(h — X)

Ry = .
X a(pp = hgy)Br(hgy — X)

The two main channels are the decay into two photons and
h— ZZ* — 41. While the h — ZZ* — 4] rate seems to
agree with the SM prediction with R;; = 1.2 = 0.6 for
ATLAS [4] and R, = 0.81033 for CMS [6], the h — yy
rate seems to be enhanced with R,, = 1.8 =0.5 for
ATLAS and R, = 1.56 * 0.43 for CMS. The remaining
channels include 7 — WW™* with a signal strength of
Ryw =1.4*0.6 (ATLAS) and Ryy = 0.74 £0.25
(CMS) and the two channels with decays into fermions
hV — bbV with a signal strength of R,;, = —0.4 = 1.1
(ATLAS) and R,;y = 1.3707 (CMS) as well as h — 77
with R z;; = 0.7 = 0.7 (ATLAS) and R ;;; = 0.72 = 0.52
(CMS). All channels but the decay of the Higgs boson to
two photons are in agreement with the SM prediction. The
deviation in the diphoton channel is intriguing, as in the
SM this decay proceeds via a loop diagram and is thus
sensitive to new physics contributions. However, so far, the
deviation is at the 1-20 level [63-65], if the uncertainties
are taken into account conservatively. Besides the discov-
ery of a Higgs-like resonance, the LHC has put strong
constraints on any physics beyond the SM.

Charged Higgs particles are constrained by searches at
LEP and LHC. At LEP, charged Higgs particles H* are
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produced via a virtual Z* in the s channel, i.e., eTe™ —
Z* — H*H~, and studied via their decays into 7v, as well
as ¢s assuming their branching ratios add up to 1, i.e.,
Br(H* — 7*v,) + Br(H" — ¢5) = 1. This results in a
bound of mpy+ >79.3 GeV [34]. Independent of any
assumptions on the branching ratio, the invisible Z
decay leads to my+ = 45 GeV [34]. CMS searched for
charged Higgs particles [66], which are produced in top
decays, t— H"b and constrains their branching ratio
Br(t— H"b) to less than 2%-4% for charged Higgs
masses between 80 and 160 GeV. Similarly, the search
by the ATLAS experiment [67] yields bounds on the
branching ratio Br(t — H™" b) of the order of 1%—5% for
charged Higgs masses in the range between 90 and
160 GeV, assuming Br(H* — 7tv,) = 1.

C. EW Higgs doublet H

We will first consider the limit in which there is no
mixing between the Higgs h and the flavons ¢;. In the
limit of no mixing, the tree-level couplings of the Higgs &
contained in the EW Higgs doublet H to gauge bosons are
identical to the SM couplings. In addition, the flavor con-
serving tree-level couplings of the Higgs / to fermions also
agree with the SM ones. Note that there might be small
corrections, since quark mixing vanishes at leading order
and the Higgs couplings conserve all flavor numbers sepa-
rately. As there are no new colored particles and the
coupling of the Higgs to tf is the same as in the SM, the
loop-induced coupling of the Higgs % to gluons agrees with
the SM one. In summary, the production of the Higgs 4 as
well as all tree-level decay channels and the decay into
gluons are exactly like those in the SM. The Higgs decay
into two photons is the only decay channel that can show a
significant deviation from the SM in this approximation.
If any of the other new scalars were light enough, there
would be additional tree-level Higgs decays into pairs of
these scalars and such scenarios are therefore constrained.
The decay h — SS, if kinematically allowed, is loop
suppressed.

Mixing of the Higgs & with the flavons ¢; leads to a
suppression of all tree-level couplings to gauge bosons
and fermions. Hence, the production cross section is re-
duced according to the admixture of the flavons ¢; to the
Higgs boson. As Higgs decays into ZZ* are close to the SM
value, the admixture of the flavons ¢; to the Higgs 4 is
limited.

Finally, let us discuss the diphoton decay channel. The
SM contribution is dominated by the W boson contribution
and the smaller top loop contribution, which interfere
destructively. In our model, the decay into two photons
receives additional contributions from charged scalars in
the loop, which are contained in the EW doublets ¢’, ¢ as
well as 7). Any enhancing contribution has to interfere
constructively with the SM W boson loop or dominate
over the W boson contribution. The contribution of
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additional charged scalars p; with a charge one, coupled to
the Higgs boson via the Higgs portal

0,, = ¢, H Hlp/’

has recently been studied in Ref. [68]. The ratio of the
effective coupling of the Higgs boson to two photons vs the
SM prediction is given by

(7.6)

Z hom ) -0.41 (-0.22)
c, h(m, )=

— P 241 (2.22)
Hence, a large negative coupling ¢, ~ —2 is necessary

to obtain an enhancement factor of 2 for a single
singly charged scalar of mass 100 GeV. Such a large
negative coupling destabilizes the vacuum and leads to
charge breaking minima unless |c,| <{/[AX, ~/A,/2
is fulfilled, where A, denotes the quartic coupling
Alpl*/2. Note that this requires very large values
for A,.

Let us now use this formula to estimate the deviations
from R,, = 1 that can be expected in this model. In total
we have 11 charged scalars, 9 from the doublets 7 and 2
from the doublets ¢’, ¢”. The interaction of the last two
scalars with the Higgs field can be expressed as

(7.9)

(4 2 ’ ¢ ‘U2 ’

with m?,,, defined in Eq. (2.6). In the limit of large m?,,
¢ ¢
these two fields contribute

C(p/h(M )+ C¢//h(M )

22 GeV 22 GeV\2
=01+( e) +( e). (7.10)
ME M

The couplings of the charged components of the 7 fields
are given by

(7.11)

3
=Y e, HHInPP,
iJ=1

h(m,)
1.00
0.50
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0.05

I I I I m,, (GeV)
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FIG. 10 (color online). Plot of function % of Eq. (7.8).
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where the function s is depicted in Fig. 10. To obtain
an enhancement of a factor of 2 (1.5), one thus needs a
value of

(7.7)

for constructive interference (78)
for destructive interference '

as dictated by the symmetry. The coefficients c, are
essentially unconstrained except for the fact that the com-
bination that couples to the DM particle should not be too
large, to avoid the bound from direct detection. In the limit
where all charged scalars have a common mass M, we see
from Fig. 11 that M = 200 GeV requires 1 >3_, ¢,
—1.46 (— 0.95) for R,,,, = 2(L.5).

In case the &7 — yvy anomaly persists, it would be inter-
esting to measure & — yZ, since it originates from similar
diagrams, where one photon is replaced by one Z boson.
A cross correlation of the two measurements would allow
one to determine the isospin of these particles. In our
model all charged scalars are part of SU(2) doublets allow-
ing us to distinguish it from other models which have
EW multiplets in the loop with different EW charges,
like singlets or triplets.

D. Further scalars

Besides the Higgs 4, there are several additional scalars,
such as the flavor-violating EW scalar doublets ¢’ as well

0.0

Z i
7

100 150 200 250 300
M

FIG. 11 (color online). R,, in the case where all charged
scalars have the same common mass M as a function of

1 %3
3 2-1Cnu-
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as 7), which do not acquire a VEV, and the flavons ¢;,
which acquire a VEV. See Appendix A for the scalar mass
spectrum.

1. Flavor-violating Higgs doublets ¢'")

The neutral components of the flavor-violating Higgs
doublets ¢’ have neither tree-level couplings to ¢7 nor
couple to two EW gauge bosons at tree level. Hence, they
are not produced by any of the standard Higgs production
channels, but they can be produced via associate produc-
tion with two different quarks, gg — ¢'”¢qq’. The domi-
nant channel is gg — ¢'fu, ¢''fc, which has a cross section
of the same magnitude as production of a Higgs boson in
association with a ¢f pair. Therefore, they are not con-
strained by the current heavy Higgs searches. Other pro-
duction channels are gg’ — ¢, where ¢ and ¢’ are in
different generations as well as pair production in vector
boson fusion WW, ZZ — ¢'¢’, ¢" ¢". These processes are
suppressed compared to the main Higgs production chan-
nels at the LHC. Note, however, that the decays of the
flavor-violating Higgs doublets ¢’ might lead to distinct
flavor-violating signatures similar to the recent analyses
of flavor-violating Higgs decays in models with flavor
symmetries [25-28,69].

As the charged Higgs particles contained in ¢’ do not
couple to th, the LHC limits do not apply. Hence, the
charged Higgs particles in our model are only constrained
by the LEP limits discussed previously.

Although there are no constraints yet, upcoming
searches will test the allowed range of masses, because
the flavor-violating Higgs doublets ¢/ stem from the
same flavor triplet as the Higgs doublet H, and therefore
their masses are determined to be given by scalar
couplings times the EW VEV. Their masses may therefore
not be raised arbitrarily high, as discussed below
Eq. (2.6)."

2. EW scalar doublets 7

The neutral components of the EW scalar doublets 7 do
not couple to quarks and particularly not to #7 as well as two
EW gauge bosons. They can be pair produced in vector
boson fusion WW, ZZ — n,;7,. Hence, similarly to the
flavor-violating Higgs doublets, they are not produced
via the main Higgs production channels and the current
bounds from heavy Higgs searches do not constrain 7.
Also, the charged components of 7 are not constrained
by the current LHC searches, because they do not couple
to quarks directly and the charged Higgs bounds do not

“Note that if one introduces soft-breaking terms that respect
the Z; symmetry, it is possible to adjust the mass terms arbi-
trarily [22]. Alternatively one may introduce an EW singlet
scalar that transforms as 3; and breaks to the same subgroup
as y. This can be realized without introducing a vacuum align-
ment problem.
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apply. Therefore, they are only constrained by the LEP
searches.

3. Flavons ¢;

The flavons ¢; do not have gauge interactions and they
do not couple to fermions directly. However, they mix
with the Higgs h, which is constrained by the Higgs
searches to be small, since a large mixing suppresses
the production cross section of 4 and therefore all rates
relative to the SM expectation. In conclusion, the scalar
mass eigenstates that are dominantly composed of the
flavons ¢; are only produced via mixing with the Higgs
h, and thus there are no limits from current searches due
to small mixing.

E. Variant with additional EW Higgs doublet H

As we discussed in Sec. VI, another simple possibility to
incorporate quarks in the model is by assigning all quarks
to the trivial representation of the flavor group and
introducing an additional EW Higgs doublet H,, which
transforms trivially under the flavor group. This leads to
different collider signatures compared to the previously
discussed scenario. Soon, these scenarios can be experi-
mentally distinguished at the LHC. We will highlight the
most important differences.

The discussion of the fermions S as well as the scalars 7
remains the same. The main changes are in the Higgs
phenomenology. In contrast to the other scenario, the
component in y which obtains a VEV does not couple to
quarks and therefore it is not produced in gluon fusion,
unless there is mixing between y and H,. Instead, the
newly introduced Higgs H, will be produced in gluon
fusion. In this setup, the observed resonance at 125 GeV
would be associated with the mass eigenstate, which is
dominantly composed of Higgs H,. As H, has exactly the
same couplings to gauge bosons and quarks, but does
not couple to leptons (especially 7’s), the decays into
leptons are suppressed by the mixing between H, and H
(contained in ). The diphoton branching ratio can be
enhanced in the same way as discussed in Sec. VIIC.

F. Fermionic singlets S

The additional fermionic states S are SM singlets
and only charged under the discrete flavor group.
Furthermore, they only couple to lepton doublets and
therefore their production cross section at hadron col-
liders is suppressed compared to colored particles and
there are no relevant analyses at present. The production
depends on the exact mass spectrum of 7) as well as S.
The production via the r-channel #) exchange is always
present in a lepton collider, e.g., ete™ — S§. If S is
lighter than one of the components of 7}, it is possible
to produce S via EW production of these heavier compo-
nents of 7) and subsequently decay into S and one lepton.
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Unless S is the DM candidate, the fermionic singlet S will
decay into a lepton and one of the lighter components
of 7), which will subsequently cascade down to DM via
EW gauge interactions. The signal is missing transverse
energy and leptons (and possibly EW gauge bosons) in
the final state.

If S is lighter than all components of 7 and therefore a
DM candidate, there are bounds from monophoton
searches at LEP [70]. As S only couples to leptons,
the searches at hadron colliders are weaker due to the
additional suppression from loops that couple leptons
to quarks. The monophoton searches at LEP probe the
effective DM annihilation operator (&S)(eS)/A?, which
are induced by the exchange of a scalar doublet 1, ;. The
scale A, of this operator is determined by A;? =
Slhl?/M; for M > M. The analysis in Ref. [70]
quotes a limit of (200-340) GeV for My <90 GeV.
Hence, this does not impose a strong constraint, since the
smallness of neutrino masses points towards larger cutoff
scales A,.

VIII. CONCLUSIONS

We presented a predictive renormalizable A, model of
lepton flavor at the electroweak scale. The flavor group Ay
is extended in the scalar potential to QgxA,, which allows a
natural vacuum alignment at the EW scale [32]. This is the
first model of its kind that explains the lepton flavor
structure at the EW scale including the correct vacuum
alignment.

The SM Higgs boson is subsumed in a flavor triplet that
couples to charged leptons (and quarks) at the renormaliz-
able level, thereby eliminating the need to invoke higher
dimensional operators, as is done in models with flavon
singlets. Neutrino masses are generated at the one-loop
level and are further suppressed by the fact that two small
mass insertions are needed in the loop. This TeV seesaw is
realized without imposing any new symmetries apart from
the flavor symmetries. In the model there are five real free
parameters, which gives a predictive framework and, in
particular, a correlation between the atmospheric and re-
actor angle is predicted, which agrees well with the recent
global fits. Furthermore the model automatically includes a
WIMP dark matter candidate and its stability and phe-
nomenology have been studied. It can explain the observed
dark matter abundance and is consistent with current ex-
clusion limits by dark matter detection experiments.
Constraints from LFV experiments are loosened by the
flavor symmetry in comparison to flavor generic multi-
Higgs doublet models due to the remnant Z; symmetry
in the charged lepton sector.

Finally, several possible extensions to the quark sector
have been studied. We studied the collider phenomenology
of the simplest extension to the quark sector, which does
not require the introduction of new particles at leading
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order and in which the quarks multiplets transform like
the lepton multiplets under the flavor symmetry, and com-
mented on the other possibilities. We studied the possibil-
ity of the Higgs boson / to explain the observed resonance
at 125 GeV, especially the enhanced diphoton rate, which
can be straightforwardly explained by the multitude of
additional charged particles contained in the EW scalar
doublets, which all contribute to the radiative decay of
h — vyvy. The fact that the Higgs doublet is contained in
a flavor triplet leads to distinct signatures at the LHC.
There are additional EW scalar doublets ¢/?), which can-
not be decoupled from the Higgs h, and therefore are
accessible in searches at the LHC. As they do not acquire
a VEV, they do not decay into gauge bosons, but only
via Yukawa type interactions into fermions besides decays
into other scalars. Because of the remnant Z; flavor
symmetry in the charged lepton sector, they only exhibit
flavor violating decays into fermions in contrast to the
Higgs h.

It might be interesting to study leptogenesis in this
model. Because of the flavor symmetry, the fermionic
SM singlet S are degenerate in mass at tree level as well
as all couplings but A, are real. The degeneracy is only
lifted at two-loop order and therefore the induced mass
splittings are small and there might be a resonant enhance-
ment. This also introduces some CP violation into the mass
matrix of S, but it has to be checked whether it is sufficient.
We will leave a study of possible ways to obtain the baryon
asymmetry of the Universe for future work.
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APPENDIX A: VACUUM ALIGNMENT
AND SCALAR SPECTRUM OF

1. Vacuum alignment

The vacuum configuration given in Eq. (2.1) is naturally
obtained from the most general potential15

V=V4(d1, d2) + V,(x) + Vi (x> &1, ¢2)

compatible with given symmetries, where V,(x) is given
in (2.4) and

SWe do not have to consider the part involving 7), because it
does not change the minimization conditions of ¢; and y, if it
does not acquire a VEV.
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Vo(d1, ) = ui(di1d)y, + a1(¢1¢1)i] + Z ai(1d1)s, - (P1d1)s, + pi(drh)y, + B1(¢z¢2)il

i=23
+ Z Bi(haa)s - (d22)3 + vi(P1d1)y, (d2p2)1, + Z Yi(d1d1)3, - (h262)3,,
i=2,3 =234
V0 = #3000, + o1y, + A o0t + 0001, (s,
Viix(6 61, 62) = £13(d1 )1, (X T )1, + La(dadha)y, (xT )y, (A1)

is compatible with given symmetries. The minimization conditions reduce to the equations

alai(a* + b)) +a_(a® =)+ y (P +d*) +y (¢ —d*) + Uy +Thed =0,
blas(@®>+b*) —a_(a®>— b))+ y. (¢ +d*) — y_(c? —d?*) + U,) + Tacd = 0,
c(Bi(2+d*) + B_(c?—d*) + vy, (a®> + b>) + y_(a®* — b*) + U,) + Tabd = 0, (A2)
dBi(c*+d*) — B_(c* —d*) + y.(a* + b*) — y_(a®* — b*) + U,) + Tabc = 0,
v(M2 + A7) =0,

with
1, . 3
L= _ + 2= a2 | =
U; 2,u,, 2 {pve for i=1,2,
and )
M2 =2p2 + f5(a® + DY) + La(2 + &), A, = §(\/5)% + A
& &H+ & By + v, Y2 T V3 V4
=2 _ = , =7 _ 7% _ = , and T'=-12,

with £ = a, B. Since the number of equations matches  with'® 0, = Q s, diag(L, 1, 1, —1)QT4, where
the number of VEVs, vacuum alignment is possible.

Corrections to the scalar potential only arise on dimension 0
six level. These corrections furthermore arise on one-loop

level and are thus further suppressed. We therefore neglect 0. = 1
VEV shifts arising from these interactions throughout this 84 V2| —1
work. 1

-1

(A6)

_— = O O
S =

S O = =

2. Scal i . .
Scalar spectrum ¢;, x It is useful to go to a basis

Let us first discuss the visible sector, i.e., the flavons ¢,
¢,, x that get VEVs and realize the symmetry breaking; 5 — ot
the 7’s are independent and will be discussed later. The bi = O, i
fields can be classified according to remnant symmetries (H, ¢/, ") = Q; X (A7)

of the potential. There are the obvious symmetries N
(Le: L/,L) LT)T = QTL;

Z3: x — Ty, b — b, (A3)
where these symmetries are represented diagonally. Let us
with Ty = Qdiag(l, ©2, 0)Q] and discuss the mass terms in turn:
(i) The nine physical scalars contained in y have been
Zy: b — S, Y= x (A4) discussed following Eq. (2.6). Here we only report

the expressions of the dimensionless couplings in

with S, = Qg diag(1, 1, —1, —1)0;4 but there is another terms of masses:

accidental symmetry of the potential V4 not part of QgxAy:

'The alert reader will recognize this as an outer automorphism

Zy: ¢ — O4¢;, X=X (A5)  h, defined in Ref. [71].
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2
3my,

A ,
2

o, = M2+ MA

1
A, = 5(3m§ — 3yt — 2mImd + md — AM — ML)+ 3m — M — 2M3),

Aa.s = —V3(M2 + M3), (A8)

Npn = —\/§<m% it = 2nind + mk — A0E — ML+ i — M — Ma),

A

a = 602 — M),

(ii) ()4 and (,)4 transform as (1, —1, —1) and have a mass matrix given by

3

(m 2(ac(xByy—2y,)+2by,d) )
11 \/'
mn((% b, c, d, az) A (Cy d, a, b, ,32))

with

2 —d)(c+d I'd\ bcl'd 1
my = —4\/§a2a2 + a( a’}/M(C )(C ) + Ci) - ¢

G- T b)) 2a T Vel — 3T + &)+ 83ya(d — o).

(iii) ()3 and (¢,); transform as (1, —1, 1) and have a mass matrix given by

( my, 2(acyz—bd<]3_z—zﬁm>> )
my((a, b, ¢, d, ay) < (c,d, a, b, B,))

with

202(\Bay(a — b)(a + b) + 2yy(c —d)(c + d) acT'd 2bcTd
+ - +
b? — a? b a
y2(c = d)(c + d)
V3 '

my = 2\/§a2a2

1
- EF(C‘z + d2) +

(iv) The real scalars i, (&), (1), (5)1, and (), transform as (1, 1, 1) under the remnant symmetry. Here we do not
give the full mass matrix but only give the mixing with the Higgs boson in the limit of small mixings. The mixing
matrix with field f is given by

2mhf
mf - my
with

o bv{y; o av{s o dvis; o cvin
My = BV My (1), A My (G = BV My, ($2), BN

3. Scalar spectrum—ij

The relevant part of the scalar potential to calculate the mass insertions needed to calculate neutrino masses for the mass

spectrum of #) has been given in Egs. (3.5), (3.6), (3.7), and (3.8). To calculate the n mass spectrum the complete
interactions
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Representations of QgxA, in the chosen basis. The first 4 representations are the

unfaithful A, = (S, T) representations to which the leptons are assigned (with p(X) = 1). Note

that the representations 4; are double valued, i.e., p(Z(G) =

X2) = —1, whereas the other

representations are single valued (p(X?) = 1). 1,3 and 4,3 are complex, the other representa-

tions are real.

L, 1, 1; 3 3, 3; 3 35 4, 4, 45
S 1 1 1 Sy T383T  T38:T2 1, T38:T; S, Sy Sy
T 1 o o T T, T, T, T, T, T, T,
X 1 1 1 15 S5 T3S3Ty  T3S;77  T38:T; X, X4 X4

5‘/%2) = M} 02001, (] 025 m3)1, + el (X 0,6 X)3, (15 025 13)3 + As(d12)1, (nimy)y,
+ )\4(¢1¢2)§1(77;r M3, + A5(¢1¢2)§2(77;r )3, T /\6(¢1¢2);,,(77;r )3, T )17(¢1¢2)3J(77;r773)34s
+ A8(¢]¢2)§5(7’I7’3)§5A + lij((ﬁj(ﬁj)ll(n;r 771‘)11 + lé(ff’jd)j)gm(ﬂfﬂz);m + l§(¢j¢j)§4(n§nz)§4

+ kl(XTX)gl(nIrﬂz)gl + kz(XT(725X)§,(77;r(725'772)§1 + kgi)(XT025X)11(77;r(725'77i)11

+ kf()()(*)()ll(nf 7)1, + He

are needed. Let us brleﬂy outllne how the various couphngs
act: The couplings k4 and l renormalize M;, k3 splits
masses of charged and neutral components, and A; and A,
mix neutral scalar and pseudoscalar components of the
various fields. Hence, it also splits the masses of scalar
and pseudoscalar of the lightest mass eigenstate, and k;,
lz’ , 13 U mix the components of the various 7) and adds
ﬁavor breaking effects. Since ( Xl ) = 0 such couplings
do give contributions to mass terms and are not shown
here. A5, ..., Ag break Z, and therefore mix components of
13 with components of 7,.

APPENDIX B: GROUP THEORY

In this section, we give a short review of the relevant
group theory of QgxA,. We give the presentation of the
group and a possible set of generators for all irreducible
representations of the group. We summarize the most
important Clebsch-Gordan coefficients for the quartet 44
and triplets 3;. See Ref. [32] for a more detailed description
of the group theory of QgxA,. All Clebsch-Gordan coef-
ficients can be obtained with the help of the Mathematica
package DISCRETE, which has been published as part of
Ref. [32].

1. Mini review

The semidirect product QgxA, we are using is defined
by the relations

SXS~ ' =X,
TXT ' =YX,

Sys-t=vy!,
TYT ' =X,

(B1)

(A10)
|
between the generators of A,
(S, TIS>=T3=(ST)? =1), (B2)
and Qg
X, Y|IX*=1,X2=Y2 Yy 'Xy =X (B3)

Note that it is sufficient to use e.g., the generators X, S, T as
Y = T~ 'XT. The defining representation matrices for the
representations we are using are given in Table II with

1 0 01 0
S3= 0 -1 0 , T3= 0 0 1 y
0o 0 -1 1 0 0
(B4)
01 0 O0
0 010
T4= ,
1 0 0 O
0 0 0 1
andS4=a'3®0'1andX4=—i0'2®0'3.

2. Clebsch-Gordan coefficients: Quartets

The most important Clebsch-Gordan coefficients for the
quartets a, b ~ 4, are given by
1
(atb)y, = E(afbl +alb, +atby +alby)  (B5)

and the triplets
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(—a:{bl +a;rb2—a;rb3+a;rb4\ (a:{bl +a;rb2+a;rb3+a}tb4
(@tbls, = 5| ~alby — alby +albs +alby | @by, =3 | alby +alby + albs +aloy |
\ agbl —a;er—aIb3+a;rb4 \a;rbl +a;rb2+a:{b3+agb4
( a}Lbl —a;rbz—a;rb3+a:{b4 \ ( albl —agbz—a§b3+a}Lb4
(atb);, = % —alby + alb, — alby + alb, |, (atb);, = % —alby +alb, — alby + alb, |. (B6)
\—a;rbl —a;rb2+a;rb3 +a:{b4 \—a;rbl —a;rbz—i-a:{l% +a§b4

—a:{bl - a;bz + a§b3 + dil-b4
a;rbl — a:{bz — a:rb3 + a;b4
—a;rbl + airbz - a1b3 + d§b4

1

Note that [(aTb)éi]* = (bea)éi isreal for i = 2, 3, 4 and [(aTb)gi]* = —(bea)éi fori=1,5.

3. Clebsch-Gordan coefficients: Triplets

Furthermore, the most important Clebsch-Gordan coefficients for the three-dimensional representations 3; are
described by

1
(anb)l1 = —(airbl + agbz + a;rb3),

V3
1 1
(aer)l2 = ﬁ(a;rbl + wza;rbz + wa;rb3), (aTb)l3 = ﬁ(a}tbl + wa;rbz + w2a§b3), (B7)
alby — agbz alby + a;rbz
1 1
(aTb)Aé = 3 a;rbl - a}Lb3 , (a*b)sé = 3 a;rbl + afb3 ,
alb, — alb, atb, + alb,

where (ay, as, a3), (b, by, b3) ~ 3. Note that (ana)Aé is imaginary and (ata) 5,3 is real. Other important products are the
product of a ~ 35 and b ~ 3,4:

a;b3 a;bz a§b3
(ClTb)gl = a;bl ’ (afb)éz = Clii-b3 y (afb)g.‘ = airbl s (B8)
a-{.bz agbl agbZ
ofa~3sand b ~ 3,
a§b2 a;rbz agb3
(a-rb)él = airb3 , (a-rb)é3 = a;bg, 5 (a".b):_ﬁ4 = a;bl , (Bg)
alb, alb, afb,
and of a ~34and b ~ 3,
a;b3 a;rbl Cl;bz
(a'h)y = | alb, |, (ath);, = | alb, | (ath)y, = | alb; |- (B10)
Cl.lrbz a§b3 agbl
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