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A UV complete model for radiative seesaw scenarios and electroweak
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In a class of supersymmetric gauge theories with asymptotic freedom, the low-energy effective theory
below the confinement scale is described by the composite superfields of the fundamental representation
fields. Based on the supersymmetric gauge theory with N. = 2 and Ny = 3 with an additional unbroken Z,
symmetry, we propose a new model where neutrino masses, dark matter, and baryon asymmetry of the
Universe can be simultaneously explained by physics below the confinement scale. This is an example for
the ultraviolet complete supersymmetric extension of so-called radiative seesaw scenarios with first-order
phase transition required for successful electroweak baryogenesis. We show that there are benchmark
points where all the neutrino data, the lepton flavor violation data, and the LHC data are satisfied. We
also briefly discuss Higgs phenomenology in this model.
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I. INTRODUCTION

The discovery of the Higgs boson [1] and measurements
of its properties [2] at the LHC provide us a clue to explore
the essence of electroweak symmetry breaking, which is
possibly described by new physics beyond the standard
model (SM) at the TeV scale. On the other hand, new
physics is required to explain phenomena such as neutrino
oscillation, existence of dark matter (DM), and baryon
asymmetry of the Universe (BAU). If the origins of these
phenomena are related to the essence of the Higgs sector,
they should also arise from new physics at the TeV scale. In
such cases, their origins can be found at current and future
collider experiments.

For example, let us consider the scenario of generating
neutrino masses by the quantum effect [3—8], in which tiny
neutrino masses are explained by perturbation of the
dynamics at the TeV scale. There is a class of models with
right-handed (RH) neutrinos which are assigned the odd
parity under an additional Z, symmetry [5-8]. The Z, sym-
metry forces the neutrino masses to be generated only at the
quantum level, giving loop suppression to the neutrino
masses. Also, the lightest Z,-odd particle can be a DM can-
didate if the Z, symmetry is unbroken. We call such sce-
narios radiative seesaw scenarios. The Ma model is the
simplest one in such a scenario, in which neutrino masses
are generated at the one-loop level by the contribution of
an extra Z,-odd SU(2), scalar doublet (inert doublet) and
Z,-odd RH neutrinos [5]. A neutral component of the inert
doublet field or the lightest RH neutrino can be the DM. On
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the other hand, in the Aoki-Kanemura-Seto model
(the AKS model) [7,8], where Z,-odd charged and neutral
singlet scalars as well as Z,-odd RH neutrinos are added to
a two Higgs doublet model, neutrino masses are induced at
the three-loop level and at the same time the lightest Z,-odd
particle (the Z,-odd neutral singlet or the RH neutrino) can
be the DM. In addition, in this model, electroweak baryo-
genesis can be simultaneously realized due to strong first-
order electroweak phase transition (1stOPT) and the CP
violating phases in the Higgs sector [9].

These models of radiative seesaw scenarios have been
introduced as purely phenomenological models. For exam-
ple, in the AKS model, some of the coupling constants in
the Higgs sector and the new Yukawa coupling constants
for the RH neutrinos are of order one in order to satisfy the
condition of strong 1stOPT and also to reproduce the neu-
trino data. Consequently, these coupling constants blow up
as the energy scale increases and the Landau pole appears at
the point much below the Planck scale or the GUT scale,
and the model is well defined only below the Landau pole
[10]. This suggests that the model is a low-energy effective
description of a more fundamental theory above the cutoff
scale which corresponds to the Landau pole. It is then a
very interesting question what kind of a fundamental theory
can lead to such a low-energy effective theory.

In this paper, we propose a concrete model of the fun-
damental theory whose low-energy description gives a
phenomenological model [7] of radiative seesaw scenarios
with electroweak baryogenesis. In this model, the origin of
the Higgs force above the cutoff scale of the low-energy
theory is a new gauge interaction with asymptotic freedom.
In order to describe this picture, we consider the supersym-
metric (SUSY) SU(N,.) theory with N flavors [11,12]. For
N; = N.+ 1, confinement occurs at an infrared (IR) scale

© 2014 American Physical Society


http://dx.doi.org/10.1103/PhysRevD.89.013005
http://dx.doi.org/10.1103/PhysRevD.89.013005
http://dx.doi.org/10.1103/PhysRevD.89.013005
http://dx.doi.org/10.1103/PhysRevD.89.013005

KANEMURA, MACHIDA, SHINDOU, AND YAMADA

Ay [13]. We here consider the simplest case with N, = 2
and N, = 3. In the low-energy effective theory below the
confinement scale Ay, Higgs superfields H;;(~T,T;)
appear as the composite states of the fundamental super-
fields 7;(i = 1,...,6) which are doublets of the SU(2),
gauge symmetry [14]. In order to realize radiative seesaw
scenarios in the low-energy effective theory, we add
elementary RH neutrino superfields N¢(i =1,...,3) to
the model. We further impose a Z, symmetry to the model
assuming that N¢ and some of the T;’s are Z, odd. Below
the confinement scale, the symmetries of the model are
SU(3)- xSU(2), xU(1)y x Z,, under which fifteen
Higgs superfields appear [15]. All the scalar particles
required in the AKS model are included in these fifteen
Higgs superfields. It is quite interesting that the compli-
cated particle content of the AKS model is predicted by
this SU(2), x Z, theory above the cutoff scale without
any artificial assumption.

The condition of strongly 1stOPT, ¢./T. = 1, which is
required for successful electroweak baryogenesis deter-
mines the size of the coupling constants of the Higgs poten-
tial at the electroweak scale. This property commonly
results in the enhanced triple Higgs boson coupling
[17,18]. The electroweak baryogenesis scenario can parti-
ally be tested by measuring the triple Higgs boson coupling
at future collider experiments. By the renormalization
group equation (RGE) analysis of the coupling constant,
the scale of the Landau pole is evaluated as O(10)TeV
[19,20], which is identical to the confinement scale Ay
under the naive dimensional analysis (NDA) [21].

In our model, the lightest Z,-odd particle in the effec-
tive theory can be a DM candidate as in usual radiative
seesaw scenarios. If the R parity is also imposed, there
are two discrete symmetries, and a rich possibility for
the multicomponent DM scenario occurs [22]. In this
paper, however, we do not specify the scenario of DM.
Detailed analysis for the multicomponent DM scenario will
be performed in our model elsewhere [23].

We show that the neutrino masses are generated at the
loop level in the low-energy effective theory of our model.
It contains diagrams of both the Ma model and the AKS
model. We find benchmark points in the parameter space
where all the current experimental data for Higgs bosons,
neutrino data, constraints of lepton flavor violation proc-
esses, and the condition of strongly 1stOPT are satisfied.

"This is the same choice as in the minimal SUSY fat Higgs
model [11]. In this model, however, additional heavy superfields
are introduced in order to make some of the unnecessary
composite superfields to be very heavy. Consequently, in the
low-energy effective theory of the model, two SU(2), doublet
and one singlet Higgs superfields appear as composite states
of fundamental superfields of the SU(2),, gauge symmetry, cor-
responding to the field content of the nearly minimal SUSY SM
(nMSSM) [16].
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We also discuss the possibility of testing this model at
current and future collider experiments.

II. MODEL BASED ON SUSY STRONG DYNAMICS

In this section, we will briefly review a SUSY model
with SU(2), x Z, symmetry and six chiral superfields,
denoted by T;(i =1,...,6), which are doublets of the
SU(2), gauge symmetry. The superfield 7;’s are also
charged under the SM gauge groups SU(2), x U(1),.
The SM charges and Z, parity assignments on 7’s are
given in Table 1. The tree-level superpotential respecting
all the gauge symmetries and the Z, parity is written as

Wiee = mT1Ty +m3T3Ty + msTsTs. ()

The SU(2),, gauge coupling becomes nonperturbative at
an IR scale, denoted by Aj. Below the scale Ay, the theory
is described in terms of composite chiral superfields,
H}; = T,T;(i # j), which are singlets of SU(2),,. We have
the following dynamically generated superpotential
below Ay:

1 ..
Wdyn — _FeljklmnH:'jH;dHinn’ (2)
where A is a dynamically generated scale [13]. The
total effective superpotential is simply the sum of

Wiyn and Wi,

Wesr = Wayn + Wiree = Wayn + my Hy, +msHYy, +msH.
(3)

We cannot determine the normalization for the dynami-
cally generated superpotential. The effective Kihler
potential below the scale Ay is also undetermined,
and so is the canonical normalization for the mesonic
superfields. However, the NDA suggests the following
form of the effective Kéhler potential and normalization
for the effective superpotential at the scale Ay [21]:

1
HH, 4)

Keff[AH]:m ijijs

TABLE I. The SM charges and Z, parity assignments on the
SU(2), doublets T;.

Superfield SU(3)c SU(2), U(l)y Z,

T

(7)) I 2 0 +1
T; 1 1 +1/2 +1
T, 1 1 —1/2 +1
Ts 1 1 +1/2 -1
Ts 1 1 —-1/2 -1
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Wee[An] = — 1672273 eijklm"H;;Hde%n + m1H/12
H

+ myHYy + msHi. (5)

The canonically normalized mesonic superfields H,; at
the scale Ay are then given by

1
Hij= 4nAy Hi ©

and the superpotential at the scale Ay is rewritten as

Wee[Ay] = dme*™ H ;H H,,, + 4nhgmiH

+ 471'AHm3H34 + 471'AHm5H56. (7)

The basic setup explained above is the same as the one in the
minimal SUSY fat Higgs model [11]. In general, fifteen
mesonic superfields H;; appear in the low-energy effective
theory of the fundamental SU(2), gauge theory with three
flavors. In the minimal SUSY fat Higgs model, the super-
fields in the low-energy effective theory are made to be
identical to thoseinthenMSSM [16] by introducing several
SU(2), singlet superfields which give masses as large as
Ay to ten of the fifteen mesonic superfields. On the other
hand, in our model, we do notintroduce such additional sin-
glets and thus all the fifteen mesonic chiral superfields
remain in the effective theory below A.

Ly =—m} HLH, —m} HH,;—m} &\d, —
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We identify the fifteen mesonic chiral superfields, H,j,
with the MSSM Higgs doublets, H,, H;, and the exotic
chiral superfields in an extended Higgs sector, as

H H H
HME< 13)7 HF( 14>’ %E( 15),
Hys Hyy Hys

W . N=Hss, No=Hj, No=Hjp,
Hyg
Q" =H;3s, Q =Hy, (=Hz, n=Hys. ®)

The SM charge and Z, parity of these Higgs superfields are

summarized in Table II. With these fields, the superpoten-

tial in Eq. (7) is rewritten as

Weff = j'{]V(I_Iulid + U%) + N‘D((Duq)d + vtzb)
+No(Q7Q™ + v3) — NNgNo — Nolnn + {H, @,
+77HL¢(I)d_Q+Hd(I)d_Q_Hu(I)u}' (9)

After the Z,-even neutral fields N, N, and N get vacuum

expectation values (VEVs), the relevant terms of the effec-
tive superpotential are given by [15,20]

— @, Py — po(QTQ™ — )
+ {H @, + H, Py — H,®,Q — H,;®,Q"}.
(10)

Wege = —uH, H,

The relevant soft SUSY breaking terms are given by

my, @y — my QTTQT —mg Q7TQT — mZ ¢ — min'y

—{BuH ,H;+ Bops®, Py + Bopa(Q7Q™ + {n) + Hee.}

BZ
- {AﬁHd(I)uC + AnHu(I)dn + AQ’HMQ)MQ_ + AQ+Hd(I)dQ+ + HC} - {méﬂTC + 7§§2 +

The coupling constant 4 and the cutoff scale Ay are
related through the NDA. Under the assumption of the
NDA, the coupling constant ) _becomes nonperturbative
at Ay as A = 4x. The value of 4 at the cutoff scale Ay is
connected to those at low-energy scales by RGE.
Therefore, the cutoff scale Ay can be predicted from
the value of the coupling constant 2 at the electroweak
scale, /Al(,uEW). In this paper, we constrain the range of
Ay by requiring that the coupling constant A(ugy) sat-
isfies the condition of strongly IstOPT, ¢./T. 2 1
which is one of the conditions for successful electro-
weak baryogenesis [9]. In general, nondecoupling quan-
tum effects of additional scalar fields make the order of
electroweak phase transition strong. In Refs. [19,20],
some of the extra scalar fields such as ®,, &, QT,
Q™ £, and 5 significantly contribute to make the order

2

7”n2+H.c.}. (11)

of electroweak phase transition stronger, when the cou-
pling A satisfies A(ugw) = 1.6 at the electroweak scale.
Correspondingly, the Landau pole appears at the scale
around ten TeV.

TABLE II. The field contents of the Higgs sector below Aj.
Field SU(3) Su(2), U(l)y Z,
H, 1 2 +1/2 +1
H, 1 2 —-1/2 +1
D, 1 2 +1/2 -1
D, 1 2 —-1/2 -1
Qt 1 1 +1 —1
Q- 1 1 -1 -1
N, Ng, Ng 1 1 0 +1
¢on 1 1 0 —1

013005-3



KANEMURA, MACHIDA, SHINDOU, AND YAMADA
III. LOOP INDUCED NEUTRINO MASSES

We will show that radiative seesaw scenarios [5,7] are real-
ized in the low-energy effective theory of the SU(2), x Z,
model by adding Z,-odd RH neutrino superfields N¢. The
superpotential relevant to the neutrino sector is given by

Wy = YUNSL;®, + hNSESQ™ + %N;‘N,‘f, (12)
where E¢ and L; are the RH charged lepton chiral superfields
and the lepton doublet chiral superfield, respectively, and the
basis of the lepton fields is taken such that both the mass
matrix for the N¢ and the charged lepton Yukawa matrix
are real and diagonal. Notice that the Z, parity prohibits
the neutrino Yukawa interactions as N¢L;H, which give
neutrino masses at the tree level, so that the type I seesaw
mechanism does not work.

In our model, the neutrino masses are radiatively
generated by (I) one-loop diagrams and (II) three-loop dia-
grams. The one-loop diagrams correspond to the coupling
constants yy, and the three-loop diagrams correspond to the
coupling constants /y).

A. One-loop contributions

The one-loop diagrams which contribute to the neutrino
mass matrix are shown in Fig. 1. These diagrams corre-
spond to the SUSY extension of the Ma model [5]. Such
mass terms as 5” or ¢ cannot be written in the superpoten-
tial of our model due to the SUSY dynamics at Ay, so that
the loop diagrams with RH sneutrinos and Z,-odd fermions

m _ A oa(ve)i(hy)u () (M) M
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M,

Vi

(Yn)ik VR

FIG. 1. A one-loop diagram which contributes to the neutrino
mass matrix.

do not contribute. The contributions to the mass matrix are
calculated as

n _ (YN)ki (yN)kj

ij (47[)2 {(OO)IG(OO)laMk

m

—(00)*(00)** M} By(m5, . Mz),  (13)
where the loop function By, is given as
- m? In m? — m3 In m3
Bo(mi.m}) = ——————2—2. (14

my —mj;

and the matrix O, is the mixing matrix for the Z,-odd
neutral scalars (see Appendix A).

B. Three-loop contributions

The three-loop diagrams which contribute to the neutrino
mass matrix are shown in Fig. 2. The contributions are
calculated as

sin*f(UL )4, (U )4, (UL ) 45(U 4 )45{(00)2,(00)2, = (00)6,(00)6, }

i (1622
2;12()’1?)1‘(hjv)ki(YE);(hfv)ijkméim<i>i
XF(M%’méﬂng,.’m,zqi»mi,yi?m%j,mip,m%)+ (167}2)3 — (V1)2a(V)2a(Vi)ap(Vi) g
X (UL)2(Ur)2, (U1 )25(Ur)25{(00)3,(00)3, — (00)7p(00)7p}F<M%’m%{’[,;m;[f’mém’méyi;m;;’m%m’méﬁi)’ (15)
where the loop function F' is given by [8]
167%) [ d°k 1 1 d°p  p 1 1
F(M?2, 2’2;2’2;2’2’2:( / /
( s s Mgy Q> My Mg, mgz) i 2z)P k> —M* k> —m3 | (2x)P p? — mf{l p>— m%l p>— m{zl)]
§ 1 / g (=) 1 1
(k+p1)*—mg, J 2m)P (=q)* —m3, (—q)* —mj, (k+ (—q))* — mg,
1 /00 M? m3
— k2 d(k2)< _ (i )
(M? — mg) (i, —my Y(my, —mg ) Jo "5\ —kp = M? - —kg —my,

x B (=g, m, . my, ) — By (=K, mg, . m

x {B,(—kg.m;

with B, being

01

2
Q

2
Q,

)}

mg, ) — By(—kg, my ,mg )}, (16)

2
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FIG. 2. Three-loop diagrams which contribute to the neutrino mass matrix.

Bl (P2, m%, m%)

1 — )2 2 1\ i
E_/ dex In (I —=x)my +xm3 —x(1 —x)p ie
0

2

(17)

The numerical behavior of the improper integrals in evalu-
ation of the function F is discussed in Ref. [8]. The matrices
U,, Uy, and Uy are mixing matrices for Z,-odd charged
particles as given in Appendix A, while the matrices V; and
Vr are the mixing matrices for the MSSM charginos as

Vi My, V2my, cos p v, — (™ 0
R \/z . L O m- )
my sin f H 7

(18)

where My, is the wino mass. This is a SUSY extension of
the AKS model [7,8].2 In the AKS model, extra neutral and
charged singlet scalar fields are added to a two Higgs dou-
blet model. The chiral superfields { and Q™ correspond to
these extra singlet scalar fields. In the SUSY extended AKS
model, an extra doublet superfield ®, is necessary to pro-
vide an indispensable quartic scalar interaction such as

’In the original non-SUSY AKS model, the Higgs sector is the
type-X two Higgs doublet model with neutral and charged singlet
fields. The type-X two Higgs doublet model is adopted in order to
make the charged Higgs boson light with avoiding too large con-
tribution to the b — sy process. On the other hand, in the model
discussed here, the Z,-even Higgs sector is the type II two Higgs
doublet model and the constraint from b — sy can be satisfied
with the charged Higgs mass taken in the benchmark points.
In spite of such a small difference, one can say that the model
is essentially identical to the SUSY extended AKS model.

H,HQ~¢* by F-term. The superfields ®, and Q* are
required for chiral anomaly cancellation. It is surprising
that all the superfields required in the SUSY AKS model
are automatically provided in the SU(2), x Z, model.

C. Benchmark points

We here consider the benchmark points where the neu-
trino oscillation data can be reproduced in addition to make
1stOPT strong as ¢./T. = 1 in the SU(2), x Z, model.
The calculation of the order of electroweak phase transi-
tion, ¢./T., is briefly reviewed in Appendix B. In general,
both the one-loop and the three-loop diagrams contribute to
the neutrino mass generation. However, we here consider
the following two limiting cases: (A) one-loop dominant
case (h;(, =0), and (B) three-loop dominant case
(yy = 0). The definition of the two benchmark points
are shown in Table III. The mass of the SM-like Higgs
boson is tuned to be mj;, = 125 GeV by choosing the
parameters in the scalar top sector; i.e., SUSY breaking soft
masses and left-right mixing parameter of the stops. For
simplicity, we do not put any additional flavor mixing in
the scalar lepton mass matrices.

We will discuss consequences of the benchmark points.
First, we will show the strength of 1stOPT ¢./T. and
related issues in Table IV. In order to satisfy ¢./T. > 1
by the mechanism discussed in Refs. [19,20], we take A =
1.8 which leads to the cutoff scale at around Ay = 5 TeV
on both benchmark points. The enhancement occurs by the
nondecoupling loop contributions of Z,-odd scalars. These
nondecoupling loop contributions affect the triple coupling
of the SM-like Higgs boson A;,,, and loop effects of
Z,-odd charged scalars can deviate the decay branching
ratio of the Higgs boson into diphoton B(% — yy) from

013005-5
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TABLE IIIl. Benchmark parameter set for (A) the one-loop
B(D = BQ :Ag :A” = AQ+ :Agf = 0 is taken.

PHYSICAL REVIEW D 89, 013005 (2014)

dominant case and (B) three-loop dominant case. For both cases,

Case 2 tan M+ my u Ho Ho
(A) 1.8 15 350 GeV 500 GeV 100 GeV 550 GeV —550 GeV
B) 1.8 30 350 GeV 500 GeV 100 GeV 550 GeV —550 GeV
Case g, g, mg,. in3- i’ iy
(A) (100 GeV)? (1500 GeV)? (1500 GeV)? (100 GeV)? (1500 GeV)? (2000 GeV)?
(B) (1500 GeV)? (1500 GeV)? (1500 GeV)? (30 GeV)? (1410 GeV)? (30 GeV)?
2 2 2
Case B; B; mz,
(A) (100 GeV)? (100 GeV)? (100 GeV)?
B) (1400 GeV)? 0 0
Case Ml M2 M3 m,;R] m,;R2 m;m mém (l = 1, 2, 3)
(A) 60 GeV 120 GeV 180 GeV 60 GeV 120 GeV 180 GeV 5000 GeV
B) 100 GeV 2000 GeV 4000 GeV 100 GeV 3000 GeV 5000 GeV 5000 GeV
Case (yN)ij (hN)ij
—0.439 —-0.424 0.512 0 0 0
(A) ( 0.226  0.218 —0.263) x 1074 (0 0 0)
0.272 1.36 1.36 0 0 0
0 0 0 0.003 0 0
B) (0 0 O) (—0.0164 —1.26i —0.02424 + 0.0049i —0.0022 + 0.000971’)
0 0 O 0.491 — 1.581i  0.02461 + 0.00537i  0.0016 + 0.0019:

the SM prediction. The ratio of 4, to its SM prediction
and the ratio of B(h — yy) to its SM prediction are evalu-
ated for each of the benchmark points as shown in Table IV,
and one finds 10%—-20% deviations for them.

To see the detail of the nondecoupling effects on the
condition of ¢/ T, Ayu, and B(h — yy), we show the mass
spectrum of Z,-odd particles in Table V. In case (A), the spec-
trum is very similar to the one given in Ref. [20]. There, the
charged scalar eigenstate ®F and ®5 are almost from the
charged scalar components of Q= and ®,, respectively,
and their masses are dominated by the 422 terms. So signifi-
cant nondecoupling effects appear in 1stOPT, 1,,, and
B(h — yy).Intheneutral Z,-odd scalar sector, there is no sig-
nificant nondecoupling effects, because all the mass eigen-
values are not dominated by the Higgs VEV contributions.

TABLE IV. The predicted value of the cutoff scale Ay, ¢./T,
the ratio of the coupling constant A, to its SM prediction
Apin/ Annnlsm> and the ratio of the branching ratio B(h — yy)
to its SM prediction B(h — yy)/B(h = vy)|sm-

Case Ay @c/Te Awpn/2nmnlsm B(h = yy)/B(h = v7)lsm
(A) 5TeV 1.0 1.18 0.80
(B) 5TeV 12 1.09 0.89

01

On the other hand, in case (B), the eigenstates ®9 and @9
which are almost from the neutral components of 7 give
significant contributions to ¢./T, and A,;,,. In addition,
the nondecoupling effect by ®f ~Q~ contributes to
@c/T ey Appy and B(h — yy) the same as in case (A).

Next, we will show the neutrino masses and mixing
angles obtained on the benchmark points. In order to obtain
the neutrino mass scale of order of 0.1 eV, the constants y%
in case (A) are O(107*). On the other hand, in case (B),
some elements of Ay are required to be rather large.
Especially, in order to compensate the suppression by
the small electron Yukawa coupling, the magnitudes of
couplings h are of order one. With the coupling constant
matrices yy and Ay given in Table III, the neutrino mass
eigenvalues and the mixing angles are obtained as dis-
played in Table VI. These predicted values are in the
allowed region which is given by the global fitting analysis
of neutrino oscillation data as [24]

2 2

2 02 —
208 <Ml _hg0 g ™™ g,
1077 eV 107 eV
0.27 <'sin? 6, < 0.34,  0.34 < sin® 63 < 0.67,
0.016 < sin?6;3 < 0.030, (19)
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TABLE V. The mass spectrum for the Z,-odd particles obtained from the benchmark points defined in Table III.

Z,-odd neutral bosons

Case <I>(1) <I>(2) @g @2

Y Y Y Y

(A) 88.3 GeV 88.5 GeV 1457 GeV 1462 GeV
B) 126 GeV 294 GeV 294 GeV 1505 GeV

1569 GeV 1571 GeV 2023 GeV 2028 GeV
1506 GeV 1525 GeV 1535 GeV 1992 GeV

Z,-0dd charged bosons

Case o i o 5y
(A) 288 GeV 307 GeV 1496 GeV 1517 GeV
B) 271 GeV 1459 GeV 1506 GeV 1574 GeV
~ _ Z5-0dd neutral fermions _ ~
Case CIJ? <I>(2) <I>(3’ CI>2
(A) 429 GeV 429 GeV 721 GeV 721 GeV
B) 422 GeV 422 GeV 725 GeV 725 GeV
~ Z,-odd charged fermions ~
Case of o5
(A) 429 GeV 721 GeV
(B) 422 GeV 725 GeV
where m;(i = 1,2,3) are the mass eigepvalues of the neu- B(y — eee) ~ iB(u - ey). (20)
trinos, and 6,,, 6,3, and 0,5 are the mixing angles relevant 4r

to the solar neutrino mixing, atmospheric neutrino mixing,
and the reactor neutrino mixing, respectively.

The coupling constants yy and &}, can give significant
contributions to some of the lepton flavor violation proc-
esses through the RH neutrino and sneutrino mediation
diagrams. The predicted values of the branching ratios
B(u — ey) and B(u — eee) are listed in Table VI In
case (A), as already discussed, the coupling constants
yy are so small that the contribution to the u — ey is
suppressed enough to satisfy the current upper bound given
by the MEG experiment B(u — ey) < 5.7 x 10713 [25].
In addition, the branching ratio of the u — eee is
approximately given as

TABLE VI. The neutrino masses and mixing angles obtained
on the benchmark points defined in Table III.

Case m, m, ms sin? @), sin® 6,3 |sin 03]

(A) 0.0eV 0.0087 eV 0.050 eV 0.31 0.50 0.14
(B) 0.0eV 0.0084 eV 0.050 eV 0.32 0.50 0.14

TABLE VII. The prediction on the branching ratios of lepton
flavor violation processes B(u — ey) and B(u — eee) on the
benchmark points defined in Table III.

Case B(u — ey) By — eee)
(A) 52x 1071 8.1 x 102!
(B) 5.0x 10713 8.5x 10713

Then the experimental upper bound on the branching ratio
such as B(u — eee) < 107'2 [26] is satisfied once the
u — ey is suppressed enough. In case (B), on the other
hand, large coupling constants %} enhance the yu — ey
process. The constraint from B(u — eee) is also severe
in this case, even if the branching ratio B(u — ey) is sup-
pressed enough [10]. It is because the order one coupling
constants 4} enhance the contributions from box diagram
where the RH neutrinos and RH sneutrinos are running
in the loop. The predicted values of B(u — ey) and
B(u — eee) on the benchmark points are shown in
Table VII, and we find that they satisfy these experimental
upper bounds on both benchmark points. In case (B), since
the branching ratio B(u — ey) is predicted just below the
current limit, it is expected that the 4 — ey process will be
observed in future experiments.

We have found that the benchmark points defined in
Table III can reproduce the correct values of neutrino
masses and mixing angles with satisfying the constraint
from lepton flavor violations and with keeping strong
enough 1stOPT for electroweak baryogenesis.

D. Collider signatures

In this paper, we do not perform any complete analysis of
specific collider signals. We here give some comments, and
detailed analysis of collider signatures in our model will be
discussed elsewhere.
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1. Precise measurements of the Higgs couplings

As shown in Ref. [20], in the parameter region where
1stOPT becomes strong enough for successful electroweak
baryogenesis, the nondecoupling effect gives significant
contributions to Higgs couplings such as the ~Ahh coupling
and the hyy coupling. The directions of deviations for these
coupling constants are related to each other. Both couplings
can deviate as large as 20% from the SM predictions, which
can be tested by future collider experiments. At the LHC, the
branching ratio of Higgs to diphoton process will be
measured at about 20% accuracy, but the measurement of
triple Higgs boson coupling is very challenging. At the
High Luminosity LHC with the luminosity of 3000 fb~!,
B(h — yy) will be measured with 10% accuracy [27].
The triple Higgs boson coupling can be measured at the high
luminosity LHC and much better at the international linear
collider (ILC). It is expected that the hhh coupling can be
measured with the accuracy of about 20% or better at the
ILC with /s = 1 TeV with 2 ab™! [28].

2. Direct search of the extra particles

There are many extra fields which can provide collider
signals in our model. The Z,-even sector of our model is
essentially the same as the nMSSM. Therefore we can
expect that the collider signals relevant to the Z,-even
particles are the same as those in the nMSSM which are
studied in the literature [29].

Our model is characterized by the Z,-odd sector, so that
the collider signals in this sector are very important. In case
(A) of our benchmark points, inert doubletlike scalars are
light. Collider signatures of the inert doublet scalars have
been studied in the literature [30-32]. The inert doublet sca-
lars are color singlet particles, then it is not easy to discover
them at the LHC. Even though they can be fortunately dis-
covered at the LHC, precise determination of their masses
and quantum numbers is challenging [30]. On the other
hand, the ILC is a very powerful tool to study such non-
colored inert doublet particles. At the ILC, the mass of
charged inert scalar can be measured in a few GeV accu-
racy, and the mass of neutral inert scalar can be measured in
better than 2 GeV accuracy [32].

In case (B), the Z,-odd singletlike charged particle is
required to be as light as 300 GeV for reconstructing correct
neutrino mass scale. As discussed in Ref. [8], such the light
singletlike charged particle can be studied at the ILC via the
pair production such as e*e™ — ¢ ¢ . Furthermore, due
to the interaction of N¢ E;?Q_, the production process such
as e e~ — ¢ ¢ is possible. This process will be strong
evidence of a three-loop neutrino mass generation mecha-
nism [31]. The process can be detected at the e~ ¢~ collision
option of the ILC or the CLIC [8,31].

In addition, the SUSY extended Higgs sector of this
model includes several color singlet SUSY partner fer-
mions of the extra scalars. If such SUSY partner particles
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are discovered, it discriminates our model from non-SUSY
models with radiative seesaw scenarios.

E. Discussions

1. Stability of the scalar potential

Since the Higgs sector consists of four doublet scalar fields
and two neutral and two charged singlet scalar fields, the
structure of scalar potential is complicated. Itis not trivial that
the realistic vacuum where the VEVs of scalar fields are
(HY)) = 7 sin f, (HY) = 75 cos f and the other scalar
fields have no VEVs is on the global minimum of the poten-
tial. The stability of the vacuum should be tested. However,
the general analysis of stability of the vacuum is too compli-
cated. Here we have done it with an assumption that the spon-
taneous breaking of electroweak charge and CP symmetry
does notoccur. As for both benchmark points, we have found
that there is no other local minimum of the potential and the
realistic vacuum is on the global minimum at the tree level at
the zero temperature.

The thermal history of the multiscalar potential can be also
complicated. The thermal evolution of the vacuum state has
been studied in some extended Higgs sector such as the gen-
eral two Higgs doublet model [33], the inert doublet model
[34], and so on. In general, intermediate phases where Z,
parity, electromagnetic charge, and/or CP symmetry are bro-
ken can appear during the thermal evolution of the Universe,
even if the realistic vacuum is on the global minimum at the
zero temperature. Forthe benchmark points, we have checked
thatthe directtransition to the realistic vacuum occurs without
passing through the intermediate phases.

2. Evaluation of the baryon asymmetry of the Universe

For baryogenesis, we focus on the strength of 1stOPT
which gives anecessary condition for successful electroweak
baryogenesis, and we have not numerically evaluated the pre-
diction on the BAU in our scenario. In order to complete the
numerical evaluation of the BAU, we should also take care of
the CP phases. Since it is known that the CP violation in the
SM is too small for getting enough large BAU [35], extra CP
phases are also required in addition to the mechanism to
enhance 1stOPT. In SUSY models, new sources of the CP
violation which can contribute to the generation of the
BAU can be introduced [36]. In the literature [37], numerical
evaluation of the BAU due to the electroweak baryogenesis in
the MSSM s discussed. In principle, we can introduce the CP
phases to the model in the similar ways as the papers men-
tioned above. We then expect to obtain a sufficient amount
of BAU, once the strong enough 1stOPT is realized.

3. Dark matter

This model includes an unbroken Z, parity, which pro-
vides DM candidates. Since the Z,-odd extra fields except
for the RH neutrino have quite strong coupling with the

013005-8



A UV COMPLETE MODEL FOR RADIATIVE SEESAW ...

Higgs bosons, they conflict with the bounds from direct
detection experiments of the DM. We choose both bench-
mark points in such a way that the lightest Z,-odd particle
is the RH neutrino and/or the RH sneutrino. If the R parity
is also imposed, the lightest SUSY particle also qualifies
as the DM candidate. It leads to a rich possibility of the
multicomponent DM scenario [22]. In this paper we do
not specify the scenario of DM. Detailed analyses of
the relic abundance and the direct detection constraints
are performed elsewhere.

4. Mediation mechanism of the SUSY breaking

Due to the nonrenormalization theorem, the neutrino
masses are not generated supersymmetric; i.e., soft
SUSY breaking terms are necessary for loop induced neu-
trino mass models. In our model, SUSY breaking terms in
the last line of Eq. (11) are essential. These terms are not
forbidden by the gauge symmetry, but no relevant terms are
in the superpotential given in Eq. (10). It may suggest a
specific mediation mechanism for the SUSY breaking. It
is a quite interesting point that the neutrino mass generation
is a key to explore the mediation mechanism of SUSY
breaking in our model.

IV. CONCLUSIONS

We have considered a model based on the SUSY gauge
theory with N, = 2 and Ny = 3 with an additional exact Z,

£ — _( (I)Zven Ceven

even even odd odd odd odd 2
pgren peven @pdd godd - pold podd )M
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symmetry. By adding Z,-odd RH neutrinos to the model,
we have proposed a concrete model which can be a funda-
mental theory of a low-energy effective theory with radia-
tive seesaw scenarios and with strong 1stOPT. We have
shown that radiative seesaw scenarios can be realized in
our model and there can be two types of contributions
to the neutrino mass matrix; i.e., by one-loop diagrams
and also by three-loop diagrams. These contributions cor-
respond to the SUSY versions of the Ma model and the
AKS model, respectively. We have also found out the
benchmark point for each contribution, where the neutrino
oscillation data are correctly reproduced with satisfying the
condition of strong 1stOPT and with satisfying the current
experimental constraints. Our model is a candidate of the
fundamental theory whose low-energy effective theory pro-
vides solutions to three serious problems in the SM; i.e.,
neutrino mass, DM and baryogenesis by physics at the
TeV scale. Our model can be tested at current and future
collider experiments.

APPENDIX A: MASS MATRICES AND MIXING
MATRICES FOR EXTRA FIELDS

Here we will list the mass terms of Z,-odd particles
which are obtained from the superpotential given by
Eq. (10) and the soft SUSY breaking terms given by
Eq. (11), and we will define the mixing matrices.

The mass terms for the Z, odd neutral scalars are given
by

even
i
geven
even
q)d
neven
odd ’
i
é’odd
odd
(I>d

nodd

(A

where the superscripts “even” and “odd” denote the CP-even neutral scalar component and CP-odd neutral scalar com-
ponent, respectively. The 8 x 8 mass matrix M can be written as

2
M2_ M!ﬂ(ﬂ (74
O\t M2, )
(74 xx

where the three 4 x 4 matrices are defined as

M, = ReMj)o +

pp —

oS O O O

M2
(A2)
0 0 0
Re(B%) 0 Re(m?
(B?) (mz,) ’ A3
0 0 0
Re(mZ,) 0 Re(B;)
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0 0 0 0
0 —Re(B?) 0 Re(m?)
2 2 ¢ &n
My, =ReMjy + | 0 0 0 ; (Ad)
0 Re(m}) 0 —Re(B})
0 0 0 0
0 —Im(B?) 0 —Im(m?)
2 2 ¢ in
M, = ImM{/)O + 0 0 0 0 , (AS)
0 TIm(mZ) O —Im(B})
and
Ay 02 2% v x U, * ok e % u
ﬁiéu‘l‘ﬂz?d‘i‘D@O /l,uﬁ—l-ch’i —Byu} ﬂ,ugﬁ /llhpﬁ
A A 2 A
M+ Arh mg + A% 3 N Bojpig
e B ve TR (A6)
—Bope Vpo o= duy s my + 22— Doo —dut = Ay
O] 2k v, R Tk 1 * Uy _ 0 'UZ
/1/497“5—/1;4@\/5 B —/I,u—“—Aﬂ\/z m%—i—ﬁz?
The matrix M} is diagonalized by a real orthogonal matrix O as
méo 0 0 0 0 0 0 0
0 méo 0 0 0 0 0 0
2
0 0 méo 0 0 0 0 0
0 0 0 m3 O 0 0 0
OTM30, = o (A7)
0Tome o 0 0 0 m, 0 0 0
0 0 0 0 méo 0 0
6
0 0 0 0 0 méo 0
0 0 0 0 0 0 m(zbo
8
The mass terms for Z,-odd neutral fermions are written as
&0
L i ~
L=—3(3) 2 & M| 2, |- (A8)
d
ﬁO
where the mass matrix is given by
AO j% He
0o — U 0 0 _;1 1;1(2 ( )
0 —ﬂﬁ Ho

The mass matrix MO can be diagonalized by a unitary matrix f]o as
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mg 0 0 0
TR — 0 mg O 0
0MoUg 0 0" mgpy 0 |
0 0 0 mg
and one can obtain the real and positive mass eigenvalues mg .
The mass terms for the Z,-odd charged scalars are given by
P,
+
L=—(@) (@) @ om| o
(®g)"
(Q7)"
with the mass matrix being
A 2 N xow Nk .
my, + 2%+ Dos Mo T~ Ha Uk B ug,
* ) 2% u 7 12 v * u
o 2 Ho =T Mg 42 Yt Do —Au ”f+AQ+f
= A ,
B:u(b —/I,U* \1/—"5 + AQ+ 1—\/% mq> + /12 a5 Dq)j:
T Y T A
The mass matrix M2 can be diagonalized by a unitary matrix U, as
m(zpi 0 0 0
1
0 m2, 0 0
UlMiU, = o
T 0 0 mé? 0
0 0 0 m(zbf

The mass terms of the Z,-odd charged fermions are written as

OB
oy

L=—(3; frwi(

where the mass matrix is given by

_,1% —Ha

The mass matrix M is diagonalized by two unitary matrices U; and U as

b o~ m(I,i 0
URM:tUL = Ol - 5

mq)zi

where mj: are the real and positive mass eigenvalues.

APPENDIX B: CALCULATION OF THE ORDER OF ELECTROWEAK PHASE TRANSITION

PHYSICAL REVIEW D 89, 013005 (2014)

(A10)

(Al1)

(A12)

(A13)

(A14)

(A15)

(A16)

In this Appendix, we summarize the calculation of the order of electroweak phase transition, ¢./T ., which is done by

evaluating the one-loop effective potential at finite temperature [38].
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For our model, the one-loop effective potential at temperature 7" is given by

T4
vl(hmhd;T>=V?<hmhd>+2—ﬂz[ > nilg(mi(hy, ha)?/T?) +

i€Bosons

where V(h,, h;) denotes the one-loop effective potential at
zero temperature. The functions I, I are defined as

Iyla) = A " do? log [1 —exp(—v/x2 1 a)],  (B2)

Ip(a) = A " e log[1 + exp(—V +a).  (B3)

“Bosons” in the summation include the W and Z bosons as
well as the bosonic components of ®,, ®,, QT, Q~, , .
“Fermions” include the top and bottom quarks as well as
the fermionic components of ®,, ®,, QF, Q~, £, 5. Fields
other than the above have comparably small coupling con-
stants with the Higgs fields H,, H,, so we neglect their
contributions. n; denotes the off-shell degrees of freedom
of the field i and m;(h,, h;)? denotes its field-dependent

Z ”iIF(mj(hm hd)z/Tz) )

i€eFermions

(BI)

mass squared that depends on the VEVs of the neutral com-
ponents of the Higgs fields, &, hy.

In our analysis, we use interpolating functions that
approximate the functions /5, I . We numerically evaluate
the critical temperature 7', below which #,,, h, take nonzero
values at the absolute minimum of the potential
Vi(hy, hg; T). The field value at the critical temperature,

b, is given as ¢. = /(h$)? + (h§)?, where hS, h§

denote the values of &,, h; at the absolute minimum of
the potential V(h,, hy; T = T¢).
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