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Radiative electroweak symmetry breaking in standard model extensions
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We study the possibility of radiative electroweak symmetry breaking where loop corrections to the mass
parameter of the Higgs boson trigger the symmetry breaking in various extensions of the Standard Model
(SM). Although the mechanism fails in the SM, it is shown to be quite successful in several extensions
which share a common feature of having an additional scalar around the TeV scale. The positive Higgs
mass parameter at a high energy scale is turned negative in the renormalization group flow to lower energy
by the cross couplings between the scalars in the Higgs potential. The type-II seesaw model with a TeV
scale weak scalar triplet, a two-loop radiative neutrino mass model with new scalars at the TeV scale,
the inert doublet model, scalar singlet dark matter model, and a universal seesaw model with an
additional U(1) broken at the TeV scale are studied and shown to exhibit successful radiative electroweak

symmetry breaking.
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I. INTRODUCTION

Discovery of the Higgs boson as predicted by the
Standard Model (SM) by the ATLAS and the CMS
experiments became the moment of triumph for particle
physics [1,2]. Such a historic discovery together with
decades of eletroweak precision data have well established
the validity of SM up to accessible energies. However, there
is no verified explanation of the origin of the small neutrino
masses and no viable candidate for the dark matter in the
SM. Due to these unwavering issues, various extensions of
SM have been proposed. The secret of neutrino masses may
lie in some form of seesaw mechanism, where a SM singlet
right-handed neutrino with large Majorana masses cause
the light neutrino masses (type-I seesaw) [3] or a SM weak
scalar triplet with a tiny induced vacuum expectation value
(vev) generates the small neutrino masses (type-II seesaw)
[4]. If neutrino masses are generated as loop corrections,
the masses will naturally be suppressed and such exten-
sions of SM are both theoretically well motivated and
phenomenologically viable [5,6].

Searches for a stable dark matter candidate have also
been motivation for various extensions of the SM. Some
form of symmetry usually stabilizes the dark matter. Simple
discrete symmetries such as R-parity in supersymmetric
models [7] can perform an excellent job of preventing the
particle from decaying. Kaluza-Klein parity [8] in universal
extra dimension models and T-parity in the littlest Higgs
models [9] can stabilize the lightest particle, turning them
into promising dark matter candidates. A similar role is
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played by a Z, symmetry for the case of inert doublet
models [10] or scotogenic models [11]. SM extended by a
scalar singlet carrying a discrete Z, parity is yet another
example for a simple dark matter model. Instead of being
an ad hoc symmetry, this Z, symmetry can be a remnant of
the (B — L) generator of SO(10) grand unified theories
(GUTs) [12].

SO(10) GUTs provide one of the most lucrative frame-
works, where one can incorporate many of the aforemen-
tioned extensions of SM along with a beautiful unified
picture of SM gauge couplings. Among the classes of
SO(10) GUTs, supersymmetric versions have multiple
features such as successful unification of gauge couplings
and a natural dark matter candidate owing to an automatic
R-parity, while it solves the gauge hierarchy problem based
on the symmetry principle. In addition, supersymmetric
models offer a mechanism for triggering electroweak
symmetry breaking (EWSB) via radiative effects [13]. In
this scenario, the positive mass parameter of the Higgs
boson at high energy becomes negative at low energy due
to the renormalization group flow which dictates how the
parameters evolve with scale.

The purpose of this paper is to explore the possibility of
radiative EWSB breaking in nonsupersymmetric (non-
SUSY) extensions of the SM. Since this is an attractive
mechanism to trigger EWSB, checking its viability in non-
SUSY models is of great interest. As we argue below, such
a radiative EWSB may be necessary in certain unified
theories which have two stages of symmetry breaking. In a
general context a positive mass parameter for the Higgs
boson turning negative also enhances the available param-
eter space.

In some extensions of the SM, the Higgs boson is a part of
the larger multiplet, which breaks some higher symmetry.

© 2017 American Physical Society


https://doi.org/10.1103/PhysRevD.95.095013
https://doi.org/10.1103/PhysRevD.95.095013
https://doi.org/10.1103/PhysRevD.95.095013
https://doi.org/10.1103/PhysRevD.95.095013

K.S. BABU, ILIA GOGOLADZE, and S. KHAN

This occurs in trinification models based on SU(3). x
SU(3), x SU(3), gauge symmetry [14-16] broken by
two (1,3,3*) Higgs multiplets. These multiplets contain
SM singlet components which acquire large vevs breaking
the gauge symmetry down to SM. The same (1,3,3*)
multiplets also contain the Higgs boson of the SM which
should develop a negative squared mass to trigger EWSB.
Consistency of the high scale symmetry breaking, however,
would demand that all physical Higgs bosons, including the
SM Higgs, have positive squared masses at a high energy.
One could introduce new Higgs fields to break the electro-
weak symmetry in which case the model loses its minimality
and predictivity. For such class of models one might employ
radiative loop corrections to turn the Higgs mass param-
eter negative at low energy from the positive value it
obtained at high energy and thus cause electroweak
symmetry breaking. A second example is provided by a
class of SO(10) models with the symmetry breaking
sectors containing 126, along with either a 45, or a
210y [17] where flavor mixing is induced by vectorlike
fermions in the 16 + 16 representation. In such models,
the SM singlet from 126, acquires a GUT scale vev,
breaking SO(10) down to SU(5). The 126 also contains a
SM Higgs doublet which must have positive squared
mass at the GUT scale. This positive mass term can turn
negative at low energy due to renormalization group
flow. Similar arguments can be applied for the case
where a SM singlet of 144 representation breaks
SO(10) down to the SM [18]. The Higgs doublet is also
part of 144, which should have a positive squared mass
at the GUT scale.

In this paper we explore the possibility of radiative
electroweak symmetry breaking in several popular exten-
sions of the SM. The mechanism fails in the SM, as
reviewed in Sec. II. In type-I seesaw models which includes
right-handed neutrinos to the spectrum of the SM, radiative
EWSB is not achieved—in fact the effect of vy fields is to
provide positive corrections to the Higgs mass parameter in
evolving from high to low energies. The situation is
different in type-II seesaw models which contain a weak
scalar triplet, if the mass of the triplet is around the TeV
scale. The key difference is the cross coupling between the
SM Higgs boson and an additional scalar field in the Higgs
potential. The need for this additional scalar field to be at
the TeV scale arises from the needed magnitude of the ,ué

parameter: uj = —(88 GeV)?. As the correction to

from the scalar cross coupling grows as —(mi) of the
new scalar, this scalar should not be much heavier than a
TeV, assuming that the quartic cross couplings are not
extremely weak.

Radiative mass generation is a popular mechanism for
neutrino masses where one assumes new scalars at the TeV
scale for lepton number violation. Such models are ame-
nable to radiative EWSB. Dark matter models employing a
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scalar singlet or an inert doublet also exhibit radiative
EWSB. Finally, we propose and analyze a universal seesaw
model wherein a new U(1) symmetry is broken at the TeV
scale, which also shows radiative EWSB.

In nonsupersymmtric extensions of the SM such as the
ones studied here, the gauge hierarchy problem has to be
somehow solved. One may address the issue by introducing
a classically scale invariant theory [19]. Here we simply
assume that this is done by fine-tuning. The dimensionful
parameters of the SM extensions are given by

‘CSM:A?os +A2ﬂ§$+ (11)
where the - - - donate mass parameters for additional scalar
fields that may be present and A, is the cosmological
constant. These dimensionful parameters may take, for
reasons not understood, special values, rather than their
“natural values” which are of order the Planck scale. Once
the scalar masses are set at these special (or fine-tuned)
values, we assume that the corrections to ;4(2/) arising from

other particles present in the model do not exceed the
physical mass of ¢.

A positive mass parameter turning negative via
renormalization group equation (RGE) flow leads to
dimensional transmutation as can be seen in a
Coleman-Weinberg [20] analysis of the effective poten-
tial. The RGE evolution that we employ is in one-to-one
correspondence with the effective potential, where the
minimization is performed at a momentum scale close to
the mass of the Higgs scalar.

The outline of the paper is as follows. In Sec. II, we
discuss the absence of such radiative EWSB in the SM and
type-I seesaw model. Even though such a mechanism fails
for type-I seesaw models, in Sec. IIl we show that the
presence of a TeV scale weak triplet makes radiative EWSB
a success for the case of type-II seesaw models. In Sec. IV,
we show that for a two-loop neutrino mass model positive
Higgs mass parameter at a high energy scale turns negative
in the renormalization group flow to low energy. In Secs. V
and VI, we show that simple dark matter models such as the
inert doublet model and the scalar singlet dark matter
model also exhibit radiative EWSB when the models
have TeV scale scalar(s) coupled to the SM Higgs boson.
In Sec. VII, we study the radiative EWSB for a universal
seesaw model. Finally in Sec. VIII we conclude.

II. ABSENCE OF RADIATIVE EWSB IN SM
AND TYPE-I SEESAW MODELS

The mechanism of radiative EWSB occurs when the
renormalization group flow of the Higgs mass parameter
(/455) receives enough negative contribution from various
parameters of the model turning the positive quantity into a
negative one while evolving from high to low energies.
Unfortunately such cannot be the case in the SM.
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The Higgs potential of the SM is given by

. A
V(§) = W' +5 (')

And the RGE of mass parameter (,ué) is given by [21]

dy t t t
1672 -2 = Iué <6/1 + 2Tr(3YuYu + 3Yde + 3YeYe)

dt

The evolution of the Higgs mass parameter (,ué) is
dominated by the gauge couplings and the top quark
Yukawa couplings. However, these corrections are propor-
tional to 4 itself, which implies that a positive y, cannot
turn into negative /45, in RGE evolution making radiative
EWSB an impossibility within SM.

For type-I seesaw models, the additional Lagrangian is
given by

L£> _(Yv)ijyﬁil/i - (MR)UWI'CV;?-

This part of the Lagrangian manages to contribute in the
renormalization group flow as it adds a new term to the
RGE of Higgs mass parameter:

2 2
1672 g _ 1677 <ﬁ> — 4Tr(Y, Y M§ Mg)
dt dt ) gum

Unfortunately, the contributions coming from the vy fields
make the situation worse as they only strengthen the
positivity of the mass parameter as it evolves from high
to low energies. One should also notice that if we want to
use the criterion of naturalness, i.e. the correction to the
Higgs mass parameter <1 TeV?, the scale of the Majorana
mass of the right-handed neutrino should not exceed
7.4 x 107 GeV [22].

In supersymmetry, the radiative EWSB becomes suc-
cessful [13] as the scalar partners of the fermions
contribute significantly in the renormalization group flow
of the Higgs mass parameter in the right direction, making
the positive term negative as it evolves from high to low
energies. Similar incidents occur in other extensions of
SM such as type-II seesaw models where the TeV scale
particle(s) manages to dominate the renormalization
group flow and turn the positive value of the Higgs mass
parameter into negative value triggering radiative EWSB.
A common feature of these extensions is the presence of
new scalar(s) at the TeV scale as we show in the next five
sections.
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III. RADIATIVE EWSB IN A TYPE-II SEESAW
NEUTRINO MASS MODEL

While the type-I seesaw model needs right-handed (RH)
neutrinos which are neutral under the Standard Model
gauge group with large Majorana masses, the minimal
type-II seesaw mechanism requires the existence of a weak
scalar triplet. The most natural source for such triplets is
provided by the left-right symmetric theories which can be
realized either at low energy or can be embedded in grand
unified theories such as SO(10) or E¢. Here we study the
potential radiative EWSB scenario of the type-II seesaw
extension of the SM.

A. The model

We consider the possibility that the weak scalar triplet
A(1,3,1) is the only low-energy remnant of the new
physics beyond the SM and the neutral component (A°)
acquires a very small induced vev at low energy. The SM
electroweak doublet ¢(1, 2%) and the electroweak triplet
A(1,3,1) are denoted by

9" i \A/% At
= : A=—LA, = 3.1
’ <¢°> V2 (AO & o-1)

where o¢,;’s are the Pauli matrices. The most general
renormalizable tree-level scalar potential is

V(g.8) = BT+ L (#9) + iATHAA)

+ %2 (Tr(ATA))? + %3 [(Tr(ATA))?

— Tr(ATAATA)] + Ay ¢ Tr(ATA)

+ AsT[AT, Alp + {\%qs%zw + Hc}
(3.2)

The weak triplet also generates a Majorana mass term for
the neutrinos through the Yukawa Lagrangian (correspond-
ing Feynman diagram given in Fig. 1):

(Ya);
V2

With the vev of the electroweak doublet (¢) = v, an
effective dimension 5 operator generates the neutrino
masses through the small but nonzero induced VEV,

2
(A) = \75””2 <

uv* < p3 as the electroweak triplet decouples. The neu-
trino mass matrix is given by

Ly D—

when v < p, and/or p is so small that

2
v
mU:YAIM—.

34
o (3.4)
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Here one assumes y3 > 0 so that (A) is induced only after
(¢) = v is generated.

One also needs to realize the fact that integrating out
the heavy scalar triplet in the tree-level approximation will
also have an effect on the SM Higgs quartic coupling.
The effective quartic coupling below the scale y, = p, is
given by

ﬂ?ff - /11 - —2 . (35)

This is the connecting formula for the Standard Model
quartic coupling 4; at the scale u, = u,.

B. The stability conditions for the Higgs potential
and the evolution of mass parameters

One needs to be careful while studying the solution to the
set of RGEs of the parameters of a model. The parameters
in the scalar potential have to satisfy certain conditions at
all energy scales which ensures that the potential is
bounded from below. For that purpose one must identify
the necessary and sufficient conditions for boundedness
of the potential. For type-II seesaw models, the stability
conditions for the potential to be bounded from below can
be derived to be

(i) 420 AH=20; (3.6)
(11) /14 - Msl > —\/11)«2; 212 +ﬂ.3 > 0, (37)

(i) 2447/20 + 207/ 20 4+ 23\/A4 =0 or,

— Aoy = A A2+ 2052 = 2(22 + 13)A2 > 0.
(3.8)

This is a compact set of constraints that is necessary and
sufficient as we show in Appendix A. For a less compact
set of constraints see Ref. [23]. The couplings of the
Lagrangian have to maintain these stability conditions up to
the energy scale of new physics such as GUTs.

Using vertex corrections and the wave function renorm-
alization factors, we can calculate the complete set of

(®) (®)
'R e
\\ /)‘

Y
|
Y A
|
v > Y, < v

FIG. 1. Diagrammatic representation of type-II seesaw.
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TABLE I.  Quartic couplings and mass parameter values for the
sample point used for the type-II seesaw model in Fig. 2.
Quartic Mass

couplings Values parameters Values

A1 (my) 0.258 m,(m;) 162.25 GeV

A (ka) 0.1887 #a (Ha) 500* (GeV)?
U] 0.15 v(my) 174.10 GeV
A3(up) 0.45 /4{2]5(125 GeV) —(88.91)? (GeV)?
Aa(Ha) 0.19 ui(m) —(89.59)* (GeV)?
As(pa) 0.10 H(Ha) 107 GeV

p-functions and renormalization group equations. We have
also determined the RGEs for the mass parameters of the
model which are related to the anomalous dimensions (y,,)
of the scalar masses by

_ ldIn(m?)

3.9
Tm =5 (3.9)

where t =Iny, and p, is the running scale. The set of
RGEs for the mass parameters is given by1

duy T 9

+ 624p3 + 6lul*;

a2 [/ 18
167:2%: <—?g%—129%) + 84, + 243

+ 2Tr(YZYA):|M2A + A, + 20u;

du 27 , 21
1677:2% = |:j.] +4/14 - 8/15 —Eg% —Tg%
+ 2T + Tr(YZYA)} 1 (3.10)
where
T =Tr[YiYe +3Y Yq +3YaYy].  (3.11)

A complete set of RGEs for all the couplings of the
Lagrangian is given in the Appendix B. With this set of
RGEs we proceed towards its numerical solution. We can
already see that the contribution from the cubic coupling y
and quartic couplings such as 44 has the potential to drive

'"We disagree with the signs of terms involving the couplings
A4 and 15 in the RGE of the mass parameter y given in Eq. (17) of
Ref. [24]. We also disagree with the coefficient in front of the
mass parameter |u| in the RGE of p} given in Eq. (18) of
Ref. [24].
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(b) Evolution of quartic couplings

FIG. 2. One-loop running of the parameters of type-II seesaw model from Planck scale down to weak scale. The black dashed line in
(a) corresponds to the scale, i, = 4. In (a) the evolution of the absolute value of the SM Higgs mass parameter (|u,|) along with the
mass of the weak triplet scalar () has been plotted. The point at which |u,| touches the horizontal axis corresponding to mass =

0 GeV is the energy scale where radiative EWSB is triggered as the sign of the SM Higgs mass-squared parameter (yé) switches from

positive to negative while evolving from high to low energies. Note that in this sample case, the radiative EWSB is prompted at around
an energy scale of 30 TeV. Figure 2(b) shows the evolution of all the quartic couplings of the type-II seesaw model from Planck scale
down to weak scale emphasizing the fact that the model remains perturbative all the way for the selected sample point.

the positive mass parameter ,ui at high energy scale towards

a negative value at lower energy scale to trigger radiative
EWSB. For a TeV scale scalar triplet mass one realizes
that to get the correct order of neutrino mass, the cubic
parameter y needs to be very small (~10™> GeV), which
makes the contribution of the x4 term in the RGEs of
mass parameters irrelevant. This choice is natural, since
quantum corrections to u are proportional to u itself;
see Eq. (3.10).

One can expand the procedure and calculate the two-
loop corrections to the Higgs mass for the type-II seesaw
model [25]. Such corrections will always depend on the
mass of the Higgs triplet (u,). As the newly introduced
triplet mass is near or below the TeV scale, such corrections
will keep the Higgs bosons around TeV scale even at a high
energy scale and will neither spoil the radiative electroweak
symmetry breaking mechanism nor provide any new
contribution to the hierarchy problem that has been dis-
cussed earlier (in Sec. ). So, even though such corrections
may update the numerical value of the sample point of the
model determined in the next section (see Sec. III C) as any
higher loop correction does, such subleading corrections
were avoided for the sake of simplicity. One should also
note that this discussion and conclusion about a two-loop
correction of the Higgs mass is applicable to all the models
considered in this paper.

C. Solution to the RGEs

To analyze the evolution of the mass parameters, one
needs to solve the set of RGEs which in turn requires one to
define the relevant couplings at some energy scale [26]. In
this case, all the SM gauge couplings, Yukawa couplings,
and Higgs quartic couplings were evaluated at two-loop
level up to the energy scale corresponding to the scalar

triplet mass. At energies above the triplet mass, the gauge
couplings were evolved continuously but with the updated
RGEs given in the set of RGEs in Eq. (B3). The quartic
coupling of the SM electroweak doublet Higgs has a
discontinuity at the triplet mass scale due to the matching
condition of the parameter given in Eq. (3.5). Above the
energy scale y,, the full set of RGEs was used to evolve all
the parameters of the model.

To generate a sample case, we specified the values of the
quartic couplings and mass parameters of the model at the
low energy scale, u, = pup, consistent with the stability
conditions given in the inequalities Egs. (3.6), (3.7), and
(3.8). Also the masses of neutrinos put a natural limit on the
cubic coupling of the model because of Eq. (3.4) and this in
turn makes the discontinuity in the Higgs quartic coupling
A1 ignorable. To illustrate the phenomenon of radiative
electroweak symmetry breaking in the type-II seesaw
model, a sample point is chosen as given in Table 1. The
sample point satisfies all the stability conditions and
the mass parameter ,ué runs with a positive slope with
the energy scale. Figure 2 shows that the mass parameter
becomes negative at low energy even though it is positive at
high energy scale. This turning occurs at p, =~ 10° GeV,
when |u,| plotted in Fig. 2(a) becomes zero. This analysis
shows that radiative electroweak symmetry breaking may
be successfully achieved in type-Il seesaw models. The
mass of the triplet scalar should remain below about a few
TeV or else ,u(z/) becomes too negative.

IV. RADIATIVE EWSB IN A TWO-LOOP
NEUTRINO MASS MODEL

Even before the experimental discovery of neutrino
oscillation which is a clear indication of nonzero neutrino
masses and mixings, the subject of neutrino mass
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generation has been an active arena of research. An
interesting alternative to the type-I or type-Il seesaw
mechanism is that the neutrino masses are generated by
loop corrections, hence the masses are suppressed by the
loop factors. In this scenario, the new particles responsible
for the neutrino mass generation should be relatively light
with the possibility that they show up at the Large Hadron
Collider in the near future.

A. The Model

We will consider the two-loop neutrino mass model
which introduces a doubly charged (k**) and a singly
charged (h') scalar along with the SM particles [6,27]. In
this model, the lepton number is explicitly broken and as a
result a tiny Majorana mass arises through the loop diagram
at the two-loop level. One of the salient features of the
model is that one of the three neutrino masses is very nearly
zero. The model admits both normal and inverted hierarchy
of neutrino masses and also has CP violation in neutrino
oscillations.

The new scalars under the SM gauge group SU(3). x
SU(2); x U(1)y are denoted by

RH(1,1.1);  kTH(1,1,2). (4.1)

The gauge invariant Yukawa couplings that are allowed
involving the new scalars are

Ly D fitheih™ +hypebesk— +He.  (4.2)

Here a, b are generation indices, i, j are SU(2), indices
with ¢;; being the antisymmetric tensor. The Yukawa
coupling matrices f and h are antisymmetric and sym-
metric, respectively.

The scalar potential for the model is given by

V(g It k) = k21 p + i2 I 4 2k ke

— (uh™h* k™™ +He) + %1 (¢7¢)?

A A3
“Z(hth- 2 2
+ 2 ( ) 2

+24(PT ) (T h7) + As(PT ) (KT k)
26 () (). (4.3)

(k++k——)2

Small neutrino mass matrix is generated by a two-loop
process involving the couplings f, h and y—the simulta-
neous presence of these couplings break lepton number—
depicted in the Feynman diagram shown in Fig. 3. Neutrino
oscillation phenomenology of this model has been studied
extensively [27-29]. Our goal here is to study the renorm-
alization group flow of the Higgs mass parameter and
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1%

h+,¢’—T-~
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1
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FIG. 3. Feynman Diagram responsible for neutrino mass
generation at the two-loop level.

determine the possibility of radiative EWSB. While
performing such a study, one also needs to be certain that
the scalar potential of the model remains bounded
and also that the model remains perturbative.

B. The stability conditions for the Higgs potential
and the evolution of mass parameters

The necessary and sufficient boundedness conditions for
the Higgs potential which ensures that the potential is
bounded from below are given by [27]

(i) 4 > 05 Ay 2 0; Az > 0;
(11) /14 Z —\/11)«2; /15 Z —\//1113; )“6 Z —\/12/13;
(iii) A4v/23 + A6\/ 21 + As\/Ao + \/Adods 2 0 or

detd > 0; (4.4)
where
M Ay A5
A, == /14 },2 ]’6 (45)
s As M3

It has been shown that the model maintains perturbativity
all the way to the Planck scale and boundedness for both
the normal and inverted case, if |h,,| < 0.45 and [f,,| <
0.34 [27]. For the antisymmetric Yukawa coupling matrix
f, the neutrino mixing angles provide two constraints,
reducing the number of free parameters to one. For the
case of normal neutrino mass hierarchy the relation is given
by [28]

os 6 . .
€ =tan6,, 2 | tan @, sin Opze~%;
sO13
1n 923 —is
¢ =tanf, 0~ tan @5 cos O3, (4.6)
8013

And for the inverted mass hierarchy we have
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TABLE II. Quartic and Yukawa coupling and mass parameter
values for the sample point used for the two-loop neutrino mass
model in Fig. 4.

PHYSICAL REVIEW D 95, 095013 (2017)

du; 9 9
16ﬂ2d—t¢ = yé(—ﬁg% —Eg% +2T+6/11>

+ 204, + 2543

Quartic, U 18
Yukawa Mass 28, L 10 5 i
couplings Values paramters Values 167 ar ﬂh< 5 g7 + 8Tr(f'f) + 4/12>
2 (My) 0.258 m,(m,) 162.25 GeV A+ 2Agil + 84
2 (o) 0.1924 M, (my) 125.1 GeV e i
(o) 0.20 v(my) 174.10 GeV cdup L T2, :
25 (0) 0.50 o) 500 GeV 167"~ = #e( ~5 91 +4Tr(h'h) + 44,
2a(ho) 0.10 12 (o) 800° (GeV)? Y s 2k
15 0.15 12 o) 450° (GeV)? T spg 2ot A
YR -0.25 #5125 GeV)  —(88.91)7 (GeV)? ,du 54
1£,.] (1) 0.013 12 (o) —~(89.55) (GeV)? 16n* 0= | =5 91 + 24 + 2
|huﬂ|(ﬂ0) 0.4

+2Tr(h"h) + STr(fo)>. (4.9)
€ = —sin 6,5 cot @3¢, € = cos @y cotfze7°,

Note that the SM Higgs mass parameter (yé) can be turned

(4.7) negative proportional to ,u%l and/or y7 in going from high
. , energy to low energy as long as either 4, or A5 is positive.
where in both case ¢ and ¢ are defined as Such a choice is consistent with the boundedness con-
£ £ ditions given in Eq. (4.4), thus enabling radiative EWSB
e=-2; ¢ =4 (4.8) within the model.
f,. f,

Similar to the analysis of the type-II seesaw model in C. Solution to the RGEs

Sec. III, we require the full set of RGEs for this model
which includes the evolution of the gauge couplings,
Yukawa couplings, quartic couplings, and the mass param-
eters of the Lagrangian. While the complete set of the
RGE:s is listed in Appendix C, the RGEs for the mass

To find the solution to the full set of RGEs, one requires
to completely specify the values of all the parameters of the
Lagrangian at some energy scale. We specify the sample
values at low energy scale while satisfying the necessary
and sufficient conditions for the boundedness of the scalar

parameters of the Lagrangian are given by potential in Table II.

800 // 0.8 — A

— 5 — lugl 06 — X
% 600 ! ’
o : —m 04 — X
g 400 \ — Hx O.Z;—’—:"////z — A
= ' —n = — A

200/ 0.0

Ag\//‘ 02} : As
oL 4 6 8 10 12 14 16 18

N
N
(o]
©
-
o
-
N
-
~
—
(o]
—
(o]

Log,,(14:/GeV) Log,,(11;/GeV)

(a) Evolution of mass parameters (b) Evolution of quartic couplings

FIG. 4. One-loop running of the parameters of two-loop neutrino mass model from the Planck scale down to the weak scale. The black
dashed line corresponds to the scale u, = pq. Here y is the energy scale corresponding to the lightest of the newly introduced particles.
In this sample point y, = y;. In Fig. 4(a) the evolution of the absolute value of the SM Higgs mass parameter (|u,|) along with
M i and cubic coupling u has been plotted. The point at which |u,,| touches the horizontal line corresponding to mass = 0 GeV is the
energy scale where radiative EWSB is triggered as the sign that the SM Higgs mass-squared parameter (ﬂé) switches from positive to
negative while evolving from high to low energies. Note that /455 turns negative around 4, ~ 10° GeV, while 42 and y} remain positive.

Figure 4(b) shows the evolution of all the quartic couplings of the two-loop neutrino mass model from Planck scale down to weak scale
emphasizing the fact that the model remains perturbative all the way for the selected sample point.
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For the sample case, we selected the normal mass
hierarchy for no specific reason. A similar result can be
found if the hierarchy is inverted. We used the set of
two-loop RGEs for the SM case and ran up to the lightest
newly introduced scalar particle (in the sample point
o = ). The full set of RGEs [given in Appendix C
along with Eq. (4.9)] was used to evolve the couplings
and the mass parameters from the energy scale y up to the
Planck scale.

In Table II only the value of |f,,| is listed as the other
values of the Yukawa couplings f can be calculated using
Eq. (4.6) and the definitions in Eq. (4.8). For the case of the
Yukawa couplings h, we only kept the value of |h,,|
nonzero as in the fit to neutrino masses within this model,
|h,,| > |h;| for all i, j #2, 2 [27].

Upon performing a numerical analysis to solve the full
set of RGEs for the model, we plot the evolution of all the
mass parameters and the quartic couplings of the model in
Fig. 4. The sample point satisfies all the necessary
and sufficient boundedness conditions given in Eq. (4.4)
and Fig. 4(b) ensures that all the quartic couplings stay
within the perturbative range up to the Planck scale. As we
have plotted the absolute value of the SM Higgs mass
parameter (|u,|), the point at which the plot of |u, | touches
the horizontal axis (i.e. mass = 0 GeV) corresponds to
the energy scale where the positive mass-squared
parameter (yé) turns negative at low energy, triggering
radiative EWSB. For the selected sample point, the
radiative correction manages to push the Higgs mass
parameter in such a way that it acquires a negative value
at the energy scale u, ~ 10° GeV.

V. INERT DOUBLET MODEL

The inert doublet model is one of the simplest extensions
of the SM, which can be treated as a special case of the
more general two Higgs doublet model. In this model, the
Lagrangian has a Z, symmetry that remains unbroken
by the vacuum structure. Even though it was introduced in
the 1970s [10], it received a new influx of attention when
the model was shown to be able to alleviate the issue of
nondiscovery of the Higgs boson up to a mass of 115 GeV
[30], address the issue of the smallness of the neutrino
masses either via the type-I seesaw mechanism or via one-
loop radiative mechanism (in a version referred to as the
Scotogenic model) [11], leptogenesis [31] by including
TeV scale right-handed neutrino, and most importantly
explain dark matter of the Universe [11]. It has been shown
that electroweak symmetry breaking can be induced by
loop effects due to the cross coupling between the SM
Higgs boson and the dark matter candidate of the model
[32]. We study the scotogenic version of inert doublet
model for completeness which contains a dark matter
candidate and generates a naturally suppressed neutrino

PHYSICAL REVIEW D 95, 095013 (2017)

mass at one-loop level. Unlike the general inert doublet
model, in the scotogenic version the right-handed neutrinos
with sufficiently large masses can, via loop effect, turn the
mass parameter of the inert doublet scalar negative in going
from low to high energy, thus breaking the Z, symmetry at
a high scale. In this situation, the model cannot have a dark
matter candidate and the neutrino masses are not naturally
suppressed any more [33]. We consider TeV scale right-
handed neutrino masses to avoid such an undesired
situation.

A. The model

The scotogenic version of the inert doublet model
requires three right-handed neutrinos (N;) along with inert
scalar doublet () and the SM particles. All the newly
introduced particles are charged under the additional Z,
parity symmetry while all the SM particles are neutral
under this parity. The neutral component of the inert scalar
doublet is the only dark matter matter candidate for the
general inert doublet model while for the scotogenic case
the lightest Z, odd particle—either a neutral scalar from the
doublet, or the right-handed neutrino—is a dark matter
candidate. The survival of the Z, symmetry is crucial for
the model as this symmetry protects the DM candidate from
decaying and the same symmetry forbids the neutrinos
from acquiring masses at tree level.

In this model, the right-handed neutrinos get a direct

Majorana mass term %N}}MUN{; -+ H.c. which leads to
masses M;’s (where i = 1, 2, 3) upon diagonalization. As
the right-handed neutrinos are odd under the Z, sym-
metry, the neutrino masses cannot be generated at tree
level. The Lagrangian contains a neutrino Yukawa cou-
pling involving the inert scalar doublet # and the right-
handed neutrinos in addition to the SM lepton doublets.
This term is given by

Ly D —h,-jN_j'Qﬁ"'f’L' +H.c.; where 7 =ioon*. (5.1)

(6% (6%
A Y e
A Y e
A Y e
N e
A e
A Y e
A Y e
.- - ~ 0
L rd ~ N 77
d N
/ \
’ \
/ \
1 \
v I N N¢© \ v

FIG. 5. Diagrammatic representation of neutrino mass gener-
ation in the scotogenic model.
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This additional Yukawa coupling along with the right-
handed neutrino Majorana mass term generates the loop
suppressed neutrino mass matrix (see Fig. 5).

The scalar potential of the model can be written as

A A
V(bon) = g™+ n'n+ 5 ($70) + 5 ('n)®

+ 23(0d) (1™ n) + Aa(n" ) (d™n)

+ %5 [(n"9)? + H.c.]. (5.2)

In the potential, the mass parameters x?(i = 1,2) and the
couplings 4;, (i = 1—4) must be real. 15 can also be taken
to be real without any loss of generality as the phase of
the coupling can be absorbed by the redefinition of the
n field.

B. The stability conditions and the evolution
of mass parameters

The parameters in the scalar potential have to satisfy the
boundedness conditions at all energy scales which ensures
that the potential is bounded from below all the way.
The conditions are given as

/11 > 0, 22 > O, /13 > —\/1112;

A3+ A = [As] 2 =/ A1,

(5.3)
One can also find the physical scalar mass spectrum as

m,% = 2/111]2;
mi = m3 + v’
m%g = m% + U2</13 “!‘/14 “!‘/15);

my = m5 +v*(A3 + A4 = As), (5.4)

where m;, is the mass of the SM Higgs boson, m. is
the mass of the charged component of # doublet, and
mp and m; are respectively the masses of the real
and imaginary component of the neutral field inside the
n doublet. We choose the real part of neutral scalar 7
as the DM candidate. For this scenario, the charged
component of the electroweak doublet # needs to be
heavier than the neutral component. Also by keeping
As negative and small, we get a slightly heavier pseudo-
scalar.

To illustrate the radiative electroweak symmetry break-
ing mechanism, we study the RGEs for the mass param-
eters of the scotogenic version of the inert doublet model
which are given by [33]

PHYSICAL REVIEW D 95, 095013 (2017)

2

du
167 d—;” = 6143 + 2(223 + A4 )13

3
+ 3 [ZT -3 (97 + 39%)} ;

167:2%—6/1 242225 + )i
dr 2H> 3 4 )My

3
+R |21, =3 +3)

— 45" M (hh'),;

i’

(5.5)

3
i=1

where T, = Tr[h'h].

The complete set of RGEs is given in Appendix D.
The last term of the RGE for the mass parameter for scalar 7,
namely u3, shows its dependency on the RH neutrino mass
term. For a larger value, this becomes the dominating term
and pulls down the mass parameter, ultimately making it
negative at higher energy. This in turns breaks the precious
Z, symmetry spoiling the model completely. If M? is of the
same order as ,u%, this outcome will not be realized, and Z,
will remain unbroken even at higher energies.

C. Solution to the RGEs

A sample point (given in Table III) generates the running
of the mass parameters and the scalar quartic couplings
shown in Fig. 6. The sample point maintains all the
boundedness conditions at all energy scales. The decou-
pling of the three RH nautrinos was only considered for the
running of the mass parameter y3. As for all the other cases
as the dependence on the RH neutrino mass is indirect, the
decoupling effect is negligible.

In Fig. 6(a), below the energy level corresponding to the
point where u3 = 0, the electroweak symmetry is broken
and the masses of the components of the scalar doublet #
are split. For the energies below that point the running of
the masses of the charged and neutral components of the
scalar 7 is shown. Note that the split in the masses for
the sample point is very small (%6 GeV). All the quartic
couplings remain in the pertubative range and the new
Yukawa couplings are chosen to be small h;; < O(.1).

1] ~

TABLEIII. Quartic coupling and mass parameter values for the

sample point used for the inert doublet model in Fig. 6.

Quartic Mass

couplings Values parameters Values

A1 (my) 0.258 ) 800% (GeV)?

A1 (1) 0.173 M, 900 GeV

A3 (u7) 0.38 M, 2000 GeV

Aa(pto) -0.29 v(my) 174.10 GeV

As(p2) -0.01 p3(125 GeV)  —(88.91)% (GeV)?
15 (12) —(89.77)* (GeV)?
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(a) Evolution of mass parameters (b) Evolution of quartic couplings

FIG. 6. One-loop running of the parameters of scotogenic version of the inert doublet model from Planck scale down to weak scale.
The black dashed line corresponds to the scale, y, = u,. In Fig. 6(a) the evolution of the absolute value of the SM Higgs mass parameter
(|ug]) along with the masses of the components of the inert doublet has been plotted. The point at which |u,| touches the horizontal line
corresponding to mass = 0 GeV is the energy scale where radiative EWSB is triggered as the sign of the SM Higgs mass-squared
parameter (/43,) switches from positive to negative while evolving from high to low energies. Note that /43) turns negative around
, ~ 6 TeV, while y3 remains positive all the way up to the Planck scale emphasizing the fact that the Z, remains unbroken. As below
u, =3 TeV, electroweak symmetry has been broken, and the common mass parameter (¢,) for the components of inert doublet splits
into m., mg, and m;. Figure 6(b) shows the evolution of all the quartic couplings of the model from the Planck scale down to weak scale.

Note that the model remains perturbative all the way for the selected sample point.

VI. SCALAR SINGLET DARK
MATTER MODEL

Perhaps the simplest extension of the SM requires the
existence of a new heavy real scalar singlet of the SM gauge
group. An unbroken Z, symmetry is assumed under which
the singlet scalar is odd and can serve as a candidate for
dark mater [34]. Dark matter annihilation occurs efficiently
in this model via Higgs portal interactions.

A. The model

In this simple extension of the SM, the added singlet can
be protected from decaying into SM particles by virtue of a
Z, parity symmetry. This scenario can be well motivated
from some higher symmetry at the GUT scale where all the
other additional particles lie above some intermediate scale.
For example, such a stable dark matter can be easily
incorporated in SO(10) models [35]. In such cases, the
low scale scalar potential becomes

2
V(p.s) = ' p+ 552 + % (¢7¢)” + %zsét

A
+5 (@')s” (6.1)
Below the energy scale corresponding to the mass of the
singlet, the effective quartic coupling is given by
12
20 =2, - /1—3 (6.2)
2
And the mass of the observed Higgs particle is m7 =
2)¢y? and the matching condition Eq. (6.2) is needed

while one evolves the RGE for the Higgs quartic coupling.

B. The stability conditions and the evolution
of the mass parameters

The parameters of the scalar potential must obey the
boundedness constraints so that the potential remains
bounded from below. The conditions for this simple
potential are given as

j’l > 0, 12 > O, 13 > —\/ﬂlﬂz.
For this extension of the SM, most of the RGEs of the SM
remain the same. But one should update the RGEs for the
Higgs quartic coupling (4,) and the Higgs mass parameters
(/435) along with the newly introduced quartic couplings

(6.3)

(42, 43) and mass parameter (u2). The full set of new and
updated RGEs is given in Appendix E. The RGEs of the
mass parameters are given as

dy 9 9
16ﬂ2d—;/ = |64+ 2T =501 =505 |y + aptls
du;
1672 T 303 + Al (6.4)

From the RGEs of the mass parameters, one immediately
notices that the coupling A3 has the potential to turn the
mass parameter of the SM Higgs negative at low energy
while it remains positive at high energy. And one also
notices that one needs a lower bound on coupling 43 to
perform such a mechanism. The quartic coupling 45 is also
the coupling that keeps the dark matter in thermal equi-
librium. So a lower limit needed for the radiative electro-
weak symmetry breaking can be translated into a lower
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FIG. 7. One-loop running of the parameters of the scalar singlet dark matter model from the Planck scale down to the weak scale.
The black dashed line corresponds to the scale y, = p,. In (a) the evolution of the absolute value of the SM Higgs mass parameter (|, |)
along with the mass of the dark matter candidate has been plotted. The point at which |u,| touches the horizontal line corresponding to

mass = 0 GeV is the energy scale where radiative EWSB is triggered as the sign of the SM Higgs mass-squared parameter (,u(zb) switches

from positive to negative while evolving from high to low energies. Note that ;455 turns negative around x, ~ 10'! GeV, while u2 remains

positive all the way up to the Planck scale emphasizing the fact that the Z, that protects the dark matter candidate remains unbroken.
(b) shows the evolution of all the quartic couplings of the model from the Planck scale down to the weak scale. Note that the model

remains perturbative all the way for the selected sample point.
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FIG. 8. Running of the SM Higgs quatic coupling in the
extension of the SM by a real scalar singlet. The discontinuous
shift in the plot at the renormalization energy scale ~560 GeV
corresponds to the affect of the real scalar singlet. Below that
energy scale, the effective Higgs quartic coupling given by
Eq. (6.2) has been considered.

limit on the dark matter mass if one assumes that the
thermal relic abundance of the dark matter is in agreement
with the observed density, Qpyh? =0.1186. Here Qpy
is the critical mass density for dark matter and % is the

Hubble constant in units of 100 km.(s. Mpc). The mass

of the dark matter candidate is given by m2 = md =

'173112 + 2 and also assuming standard thermal freeze-out,
we get mpy = 3.31; TeV.

Furthermore, according to Eq. (E1) the contribution of
the quartic couplings 43 to the SM Higgs quartic coupling is
just perfect to make the electroweak vacuum stable all the
way to the Planck scale.

C. Solution to the RGEs

Like the previous cases, we evolved the SM couplings
and parameters at two-loop level up to the energy scale
corresponding to the mass of the singlet. From that point we
evolved the new set of RGEs at one loop level up to the
Planck scale.

We randomly took a sample point (given in Table IV) to
illustrate the radiative electroweak symmetry breaking
scenario for this extension of the SM. The running in
Fig. 7(a) is from the mass of the singlet to the Planck scale,
while Fig. 7(b) is from the weak scale to the Planck scale. To
show the evolution of the SM Higgs quartic coupling we
evolved the AS up to the singlet mass using two-loop SM
RGEs and then used the matching condition in Eq. (6.2) and
the set of updated RGEs to run the coupling up to the Planck
scale (see Fig. 8). This figure also shows that the electroweak
vacuum is perfectly stable for the selected sample point.

VII. UNIVERSAL SEESAW MODEL
WITH VECTORLIKE FERMIONS

In universal seesaw models, one introduces a new set of
heavy vectorlike fermions which are responsible for the
masses for quarks and charged leptons via a generalized
seesaw mechanism [36]. Besides providing an explanation
of the smallness of the masses of fermions like u, d, e, etc.
in the context of left-right symmetry, a CP phenomenology
study has revealed that such a model also harbors a solution
for the strong CP problem as the @ parameter of the strong
CP problem only has nonzero value (6~ 107'2) at the
two-loop level [36-39]. Here we propose and analyze a
SM x U(1) based universal seesaw model without com-
menting on left-right symmetry. The strong CP problem
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TABLE IV. Quartic coupling and mass parameter values for the
sample point used for the extension of the SM by a real scalar
singlet in Fig. 7. Note that the mass parameter of the dark matter
candidate y? corresponds to the value needed for the right amount
of thermal relic abundance.

Quartic Mass

couplings Values parameters Values

2 (my) 0.258 > 5602 (GeV)?
28 (uy) 0.1887 v(my) 174.10 GeV

A (uy) 0.247 u3(125 GeV)  —(88.91)% (GeV)?
Aa(my) 0.5 #y () —(89.63)? (GeV)?
A3(my) 0.17

may be solved via spontaneous CP violation [40].
The presence of new scalars needed for U(1) symmetry
breaking enables us to realize radiative EWSB.

A. The model

The model under scrutiny uses the seesaw mechanism
for quarks and leptons and is based upon the assumption
that there exists a set of TeV scale vectorlike fermions. The
original version of the model was constructed in the context
of a left-right symmetric model [36]. Here we will study a
variant of the model which is based on an extension of the
SM gauge sector by an U(1)y, where all the left-handed
fermions of the SM are neutral under the new gauge group
while the TeV scale vectorlike fermions are not. The model
requires two more additional scalar bosons (S; and S,)
along with the SM Higgs doublet with the quantum charge
assignment for all the particles of the model is listed in the
Table V. While one singlet scalar S; or S, is sufficient
for U(1) symmetry breaking, both scalars are needed for
seesaw mass generation.

The vev of the singlet S, gives masses to the vector-
like fermions and the vev of S; along with the electroweak

TABLE V. Particle content of the vectorlike fermion model.

Particle (SUB)ex SU22), xU(1)y x U(1l)y)
Q (3.2,1,0)
L (1,2,-1,0)
u¢ (3.1,-%,-2)
d (3.1.5.2)
e (1,1,-1,2)
u (3.1.5.1)
U (3.1.-32.1)
D (3.L.—5.-1)
D¢ (3.1.4.-1)
E (1,1,1,-1)
EC (1,1,-1,-1)
¢ (1.2,1,-1)
S (1,1,0,1)
Sa (1,1,0,-2)

PHYSICAL REVIEW D 95, 095013 (2017)

vev mixes the right- and left-handed quarks (and leptons)
with the vectorlike quarks (and leptons) while the U(1)y
symmetry forbids the bare mass terms of any of the
vectorlike fermions. Thus, this model is a natural frame-
work for the universal seesaw mechanism related without
left-right symmetry.

Note that the setup is anomaly free. As the added
fermions are vectorlike, most of the anomalies cancel
trivially. The only nontrivial cancellations are for the cases
U(1)y[U(1)x]% [U(1)y]2U(1)y, and Tr[U(1)]. A straight-
forward calculation using Table V shows that the anomalies
for these three cases are all zero.

The Yukawa sector of the Lagrangian for this model is
given by

Ly =Y, QU + FyUucS, + G,UU*S,

—YqQD ) + FqDd< St + GgDD*S;

— Y LE) + F Ee‘St + G EES; +He.  (7.1)
where
Y, QU = (Yu);;(u:U5¢° - d;Usy,):
~Y4QDh = (Yq);;(0;DS¢p™ + d;D5¢°);
Y LED = (Ye);(LESH™ + e ESq0); (7.2)
and
() () o

When the electroweak doublet and scalar singlets both
get vevs, one acquires the fermion mass matrix M in the
seesaw form for both quark and lepton as

0 LY
M; = < 2t ) (7.4)
Ffvs] vasg

where f = u, d, e. For such a case the mass of the light
Y Fpvog
quark (or lepton) becomes my = NiTe !

Vs
masses scale quadratically with Yukawa couplings, fermion
mass hierarchy may be explained with only a mild
hierarchy ~(1072-1073) in the Yukawa couplings.

The scalar potential of the model can be written as

. Since these

V(,S1,8:) = uzd*d + 1iSiSy + 13555,
A A
— (U8 + He) + 5 (910 + 7 (Si5,)?
A
+ 53 (8382)* 4+ A4 (') (S7S1)

+25()(8552) + 46(S7S1)(85S5).
(7.5)
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Here y can be taken as real without any loss of generality by

the redefinition of the complex scalar S,.
When the scalar S; develops a vev v, via radiative
corrections (see below), the S, develops an induced vev due
|

PHYSICAL REVIEW D 95, 095013 (2017)

to the linear term in S, in the potential. For such a case, the
imaginary part of the complex scalar S; is absorbed by
the broken generator of U(1)y and the mass matrix for the
scalar becomes

24,0% 22400, 0 0
5 224004, 2&21131 —2pvy, 0
M; = 0 ) PRI ) (7.6)
UVy AV + AgUs, + fi; 0
0 0 0 Asv? + A2 + 3

Here the basis of the matrix M2 is {m,, mg, Mg, Mg, },
where m;, is the SM Higgs, and mg is the mass of
the singlet §; and the mg, ,mg, are the masses of the
real and imaginary part of the S, scalar. From the
potential we find that the induced vev for the scalar S,
is given by

V2,

/151)2 + /161)%l + ,u% ’

(7.7)

USZ —

A small value of the coupling 4, and v, around the TeV
scale will ensure a small mixing between the SM Higgs and
the singlet §; while the mixing between S; and S, depends
on the cubic coupling parameter .

B. The stability condition and the evolution
of the mass parameters

From the stability point of view, the scalar potential of
the vectorlike fermion model and the two-loop neutrino
mass model are identical. So, the stability condition given
by Eq. (4.4) is applicable here too.

The RGEs for the mass parameters are found to be

dy?, 9 9
2 [/ 2 2 2
167°— % = i (641 = 161 = 5.65 = 665 + 2T
2443 + 225443

zd/'t% 2 2 2 2 2
167° —= = pi[4d — 69 + 2T ] + 4Aapy + 2Aep3 + 8u”;

zdﬂ% 2 2 2 2 2
167 2= H5[423 — 2405 + 2T ] + 4Aspy, + 4Aept + 4p7;

d

16;;267‘: = w22, + 206 — 1862 + 2T + Tg). (7.8)

The complete set of RGEs are given in Appendix F.

C. Solution to the RGEs

To find the solution of the set of RGEs, we took a more
simplified case where we kept all the Yukawa coupling F to
be small and negligible and Yukawa coupling G = O(1).
The numerical solution was hunted for the case where one
of the eigenvalues of the scalar mass matrix M, corre-
sponds to the SM Higgs boson and another one corre-
sponds to the scalar boson of mass ~u,. Here, we used
1, = 750 GeV just as an example as a similar universal
seesaw model [39] was used to explain apparent diphoton
excess [41] which eventually became statistically insig-
nificant [42]. The vectorlike fermion mass was kept
around the TeV scale where the mass is approximated
by ~Gu,,. One such sample point is given by Table VI.
As the first new particle in this model is at u;, = 750 GeV,
the SM RGEs were evolved at the two-loop level up to the
scale p, and then the new set of RGEs was deployed due to
the evolution of the couplings and mass parameters.
Figure 9 shows that both the vevs (electroweak vev and
vev for the single S;) can be generated by radiative
correction.

TABLE VI. Quartic couplings and mass parameter values
for the sample point used for the vectorlike fermion model in
Fig. 9.

Quartic Mass
couplings Values parameters Values
i) 0.258 W) —(1800)% (GeV)®
71 (1) 0.175 (0, (2550)* (GeV)?
Ao () 0.25 15 (1) —(89.74)* (GeV)?
A3(Hs) 0.24 H(ps) 850 GeV
Aq () 0.02 ,ui(125 GeV) —(88.91)% (GeV)?
AS(/’ls) 0.1 (Gt) ( )~ 0.45
( d)ll(M )N
(Ge)ii(M:)
Ao (1) 0.09 vy, 3.60 TeV
My 750 GeV vy, 2.26 TeV
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FIG.9. One-loop running of the couplings and mass parameters of the vectorlike fermion model. The black dashed line corresponds to
the scale y, = p,. In (a) the evolution of the absolute value of the SM Higgs mass parameter (|u,|) and |u| along with the mass
parameters , and u have been plotted. The point at which || touches the horizontal line corresponding to mass = 0 GeV is the energy
scale where radiative EWSB is triggered as the sign of the SM Higgs mass-squared parameter (43) switches from positive to negative
while evolving from high to low energies. For the sample point, this happens around TeV energy scale. Note that the mass parameter of
the scalar S; also turns negative around the renormalization energy scale ~10'> GeV indicating that the U(1), symmetry also gets
broken radiatively. (b) shows the evolution of all the quartic couplings of the model from the Planck scale down to the weak scale.
Note that the model remains perturbative all the way for the selected sample point.

VIII. CONCLUSION Ly D Tic, AC — TUTic UAUTUE = ¢Tio, A, (A2)
We have presented in this paper various extensions of the AL
SM where electroweak symmetry breaking is triggered by Let us define A = ioyA:
the renormalization group flow. Even though such sym- 0 A+
metry breaking fails to occur in the SM, the scalar extensions A A V2
. . . - . A= . (A3)
are able to incorporate this attractive mechanism. Extensions A A+

like type-1I seesaw models, loop-induced neutrino mass V2
models, and scalar dark matter models all have this built-in
feature. A common shared feature of all models where
radiative EWSB is realized is the presence of new scalars at
the TeV scale. These TeV scale scalars may be detected in
the Large Hadron Collider in the near future.

The gauge transformation of the field A can be written as

A = ic,UAUT = U AU (A4)
Now, one can diagonalize A by gauge transformation
and as Tr(U*AUT) # 0, we can write A in such a basis as
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APPENDIX A: BOUNDEDNESS CONDITION
FOR TYPE-II SEESAW

The gauge transformation of the fields defined in
Eqgs. (3.2)-(3.3) can be written as

¢ — UL, A = UAUT (A1)
where U/ is a unitary matrix. Under this gauge trans-

formation the Yukawa term remains invariant:

Let us define the Higgs doublet as

celd
b= <d _y); where ¢,d,5 and y are real. (A6)
el

In terms of these real fields the quartic part of the scalar
potential [given in Eq. (3.2)] becomes

A A
Ve = 51”4 + 72 (a® + b?)? + A3a>b?
+ Aqu*(a® + b?) + As(a®> — b*)cos2p (A7)
where
Cc = ucosp;
d=usinp. (A8)
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The quartic couplings of the potential form a vector space
spanned by the real valued vector, x” = (u?, a®, b*) and the
quartic couplings of the scalar potential can be written as

1
V= ExTﬂx, (Ag)
where
A Ag +As5c082p Ay — Ascos2p
/l = 14 =+ 15 COS Zﬂ )«2 /12 + /13
ﬂ4 — 15 COS Zﬁ 12 =+ 13 12
(A10)

We use known results from the copositivity conditions of
real symmetric matrices [43,44] to determine the bounded-
ness conditions as

PHYSICAL REVIEW D 95, 095013 (2017)

(i) 2447/ + 207 /21 4+ A3\/4 =0 or detd > 0;

(A13)
where

detd = =241 Apds — A A2 + 22342 — 2(24 + A3)72 cos? 2.

(A14)

As this set of boundedness conditions need to be
satisfied for all values of S, this set of conditions reduces
to the set of inequalities (3.6), (3.7), and (3.8). Note that
all the conditions mentioned in inequalities (3.6) and
(3.7) and at least one of the conditions in inequality (3.8)
need to be satisfied for the potential to be bounded
from below.

(i) 420, 420 (A11)
(i) A4 +A5c082f > —/Ai1do; APPENDIX B: COMPLETE SET OF RGES FOR
I 25> \/ﬁ TYPE-II NEUTRINO MASS MODEL
—Ascos2f > — ;
e i The RGEs for the Yukawa couplings are given
ﬂz + ﬂ3 > —/12; (A12) by [24]
|
dyY 3. 3 1 1
IGHZT:ZYd EYde—EYT,Yu + Yq T—Zg% g%—gf];
dy, (3 - 340 | [ 17
167:27 =Y, EYLYH —EYc’,Yd +Y, T—Z—Ogl —Zgz SQZ],
dy, 3 3 9 9
167:2—: Y, 2Y A +2YTYA +Y, T—Zg% —Zgé};
1 1. ; 3/3 .
162 Yo EY Y, +5 Syt YA} Y, +Y, [EYLYG, +—Y‘AYA] + [—5 <§g% + 393) +Tr(Y‘AYA)]YA. (B1)
The RGEs for the quartic couplings of the Lagrangians are given by [24]
2 dh 2 » .3, 4 3(3 5, 5) 2 2.
1671' 521211—3/11 392"’591 +392+§ ggl+gz +411T—8H+12/14+8A,
di 36 108 72
167r2d—t2 = ——91/12 24630, + —— 35 g1 + 1845 + 5 — G5 + 1423 + 40pd3 + 223 + 423 + 422
+4Tr(Y  Ya) 4y — 8Tr(Y YA YL YA);
2 43 36 2 4144 5 2 2 T T T
167[ E = —?91/13 249213 + 1292 - ?glgz + 3/13 + 12/12/13 - 8/15 + 4TI'(YAYA)/13 + 8TI'(YAYAYAYA);
di 9 33 27
167? d_t4 =——gi - —g§/14 + gg‘f + 6¢3 + [8y + 243 + 64 + 444 + 2T + 2Tr(YZYA)]/14 + 842;
di 9 33 18
1671'2 d_ts = —Eg%/lS /15 ?9192 [2/12 - 213 + 2/11 + 8)«4 + 2T + ZTI‘(YTAYA)]AS,
where T = Tr[Y{Y, + 3Yj,Yd +3YLY,; H=Tr[YiY. YiY, +3Y YqY;Yq +3Y0Y, YaY,]. (B2)

The RGEs for the mass parameters are given by Eq. (3.10).
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Beyond the energy scale corresponding to the mass of
the triplet (u,), the SM gauge coupling evolution also
needs to be recalculated due to the triplet’s contribution.
While the weak triplet does not affect the evolution of the
SU(3), gauge coupling evolution, it does change the RGEs
of the other gauge couplings. The RGEs for the gauge
couplings are given by

d
1672 dgt’ = big?,
where g; = {93, ¢», g1} are the three gauge couplings with

. . _ 5 47
the one-loop f-function coefficient b; = {-7,-3.75}-

(B3)

APPENDIX C: COMPLETE SET OF RGES FOR
TWO-LOOP NEUTRINO MASS MODEL

For the two-loop neutrino mass model, among the gauge
couplings only the hypercharge gauge coupling is modified
due the additional scalar particles. So, the RGEs for the SM
gauge couplings are given by

|

PHYSICAL REVIEW D 95, 095013 (2017)

dg;

1622290 — =b,g}

1
dt ll’ (C)

where g; = {93, 92, 91} are the three gauge couplings with

: » _ 19 51
the one-loop f-function coefficient b; = {-7, - . 75}

The RGEs for the Yukawa couplings are given by [27]

1

dh 18
167> <% = 4(hh'h) + 4hTr(h'h) - = gth + - (hY}Y,)

1
16;;2% — 4(Ff7F) + 4FTr(£7F)

3 3
—§f<—§g% +9%)-

The RGEs for the quartic scalar couplings are given
by [27.45]

1 ' 1
) (FY,Y}) + 3 (Y2 Yf)

(C2)

di 27 9
1672 =1 = 1223 + 223 + 222 — 2, ( 93 + = g2 +- gz+ gt + -~ G971 + AT — 4H;
dt 10071 " 10
d 36 108
1672 =2 = 1042 + 472 + 222 — ?/129% >< —— g% + 161, Tr(£f) — 32Tr(£7£)2;
d 144 864
162> % = 1073 + 423 + 24 =~ hag} + 5 g + 1645Tr(h'h) — 64Tr(h'h)*;
L diy ) 45 5\, 27 ) -
167>~ = 621 s + 4ddy + 2she + 435 = Ja 5 g% +109 ) T 50 Gt + 224 [ATe(f7F) + T] - 8Tr(f7fY,Y,);  (C3)
di 9 ., 153 108 .
16”27; = 6415 + 44345 + 2Auhs + 443 — s (2 %0 2) + th + 245[4Tr(hh) + 7] - 8Tr(Y}Y,h'h);
di 90 432
167> % = Ayl + A3 + Auds + 4% = 5 deg + -} + 8A6[Tr(E'E) + Tr(h'h)). (C4)

The RGEs for the mass parameters are given by
Eq. (4.9).

APPENDIX D: COMPLETE SET OF RGES
FOR INERT DOUBLET MODEL

The one-loop RGEs for the inert doublet model have
already been computed. The SM gauge coupling RGEs are
given by

da:
167;2% = b,

i

(D1)

where b; = (-7, —3,%) are the f-coefficients of the SM
gauge couplings updated with the added particles.

The quark sector of the model remains unchanged, while
the leptonic sector needs to be revisited. The RGEs for the
leptonic Yukawa couplings are [33]

dy, 3 9, 9
2 e _ il T _Z
167z 7 Y{ YY. +- hh+T 4g1 49}
dh 3 1 9 9
1672 — =h{-h"h + - YiY + T, - — @ —~ & ¢
" {2 ToteXet im0y }
dM
1672 T {(hh")M + M(hh')*}. (D2)

For the quartic scalar coupling we find the following set
of RGEs [46]:
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di 3/9 3
16;;27;:12,1%+4,1§+4,13/14+2/1§+2/1§ 4<25gl+ g%g2+3gz) 3/11(59%+3g§>+4/11T—4H;

3/9 6
1671'2? = 12&2 —|—4A2 + 4234 —|—2/12 + 2/12 <2591 +— glg2 + 3g§> 31 (Sg1 + 3g2> +42,T,—4T,,;
di 3/9 6 3
1672 d; 204 +4)(BAz + Ag) +425+ 223 + 222 + 1 <2Sg‘1‘—§g%g§+3gg> —33 <§g%+3g§> +25(T +T,) —4T,,;
(D3)
162d/14 2(2 )4 8154 4/12 8/12 A Ry 32 32 2(T+ T, 4T, .; D4
s (A1 + A2)As + 8344 + 425 + +59192— 4§Q1+ 9 | +204(T+T,) +4T,,; (D4)
, dls 30 430

where T, = Tr[h'h]; T,, = Tr[h"hh'h]; T,. =Trh'hY[Y,]. (D5)

The RGEs for the mass parameters are given by
Eq. (5.5). One notices from the set of RGEs that the
evolution of the Majorana mass (M), the new Yukawa
coupling (h), and the scalar quartic coupling As are
proportional to the respective quantities themselves. The
upshot of this setting is that these parameters remain small
if they are small at any energy scale. This feature of the
model becomes self-explanatory upon realization that if
any of these parameters becomes zero, the neutrino

becomes massless and global U(1) symmetry conserving
the lepton number is restored.

APPENDIX E: COMPLETE SET OF RGES FOR
SCALAR SINGLET DARK MATTER MODEL

While the RGEs for the mass parameters are given by
Eq. (6.4), the RGE:s for the quartic couplings are given by

di, 3 3 3 3 /12
1672 T = 1222 -3, (59% +3g§> —1—59‘2‘ +7 <g§ +§gl> +4MT —4H +2 5
L, dl, 4
1622 == =323 +-13;
dt 234
, dA3
RGE:s for the Yukawa couplings and the gauge couplings remain the same as the SM.
APPENDIX F: COMPLETE SET OF RGES FOR VECTORLIKE FERMION MODEL
The RGEs for the mass parameters are given by Eq. (7.8). The RGEs for the gauge couplings are given by
dg;
167~ = b,g3, F1
7 - =big (F1)
where b, = {3,512 105 259
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The set of RGEs for all the Yukawa couplings is given by

16;:2% -Y, -%(YEYH - Y\Yy) +%G3Gu +T- ;—gg% - %g% — 893 — 3931} ;
16”2% ~ Y, %(Yj,Yd ~YiY,) + %GSGd +T- %g% - %9% — 843 - 393] ;
167> dz" =Y, :%YZYe JF%GZGe +T —%g% —%g% - 395];

16;:2% =F, |FiF, +Tr - gg% — 8¢5 — 1593] + %GHGI;F“;

16712% =F, _Fj,Fd +Tp - %g% — 83 — 159&] + %GdGTiFd;

16712% =F, _FZFe +Tp——g — 15g%;} + %GeGZFe;

16772% =Gy [GiG, + YiY, +Tg - 29? — 803 - 693} + %FuFTIGu?
16712‘17(};‘ =Gq|GiGq + Y Yq + TG — %g% — 893 — 69%} + %FdFEGd;
16n2%:Ge GG, + YlY, +TG—15—8gl 694] +2F FiG..

The RGE:s for scalar quartic couplings are given by

3 27 9 9
! <§9% +3g% + 49%) + <m9‘1‘ +39+ EQ?Q%)

18
+ 1203 + 60302 + — g1 g5 + 40T — 4H;

5
di
16;:27; = 1043 + 443 + 242 — 120,03 + 1245 + A, T — 4Hp;

dis
167° o = 1023 + 422 + 222 — 482395 + 4845 + 43T — 4H;

da
16;1261—t1 = 122 4223 + 242 - 32

di 9,
16n27;‘ = 61 Ay + 2dady + 2A5A + 472 — z4< 0

9
— g+ 12g4> + 1295 + 224(T + Tp);

di 9 9
1677:27; = 6/1]15 + 413/15 + 2/14)'6 + 4&2 ls <2 1091 + 3094) + 4891 "‘ 2&5(T + TG) - 4HYG;

da
167> 7; = dyAg + 43dg + s + 422 — 3062 + 484} + 226(Tr + Tg) — 4H g

where
T = Tr[Y{Y, +3Y,Yq + 3Y0aYy];
= Tr[FiF, + 3F,Fq + 3F,F,];
Tg = Tr[G{G, 4+ 3GGq + 3GiG,];
= Tr[YeY YiYe +3Y YqY, Y +3Y0Y, YiY,;
= Tr[FiF FiF, + 3F FqFFy 4+ 3FLF, FiF,];
= Tr[GiG GG, + 3G G4GGq + 3G1G,GiG,];
Hyg = Tr[Y{Y GG, 4+ 3Y,YqGiGq + 3Ya Yo GiG,);
Hpg = Tr[FiF.G{G, + 3F F4GGq + 3FiF,GiG,].

095013-18

PHYSICAL REVIEW D 95, 095013 (2017)

(F2)

(F3)

(F4)



RADIATIVE ELECTROWEAK SYMMETRY BREAKING IN ...

[1] S. Chatrchyan et al. (CMS Collaboration), Phys. Lett. B
716, 30 (2012); G. Aad et al. (ATLAS Collaboration), Phys.
Lett. B 716, 1 (2012).

[2] G. Aad et al. (ATLAS and CMS Collaborations), Phys. Rev.
Lett. 114, 191803 (2015).

[3] P. Minkowski, Phys. Lett. 67B, 421 (1977); T. Yanagida,
Proceedings of the Workshop on Unified Theories and
Baryon Number in the Universe, Tsukuba, 1979, edited by
A. Sawada and A. Sugamoto (KEK, Tsukuba, 1979); S.
Glashow, in Proceedings of Cargese 1979, Quarks and
Leptons (Plenum Press, New York, 1979); M. Gell-Mann, P.
Ramond, and R. Slansky, Conf. Proc. C790927, 315 (1979);
R.N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44,
912 (1980).

[4] J. Schechter and J. W. F. Valle, Phys. Rev. D 22,2227 (1980);
G. Lazarides, Q. Shafi, and C. Wetterich, Nucl. Phys. B181,
287 (1981); R. N. Mohapatra and G. Senjanovic, Phys. Rev. D
23, 165 (1981); C. Wetterich, Nucl. Phys. B187, 343 (1981);
J. Schechter and J. W.F. Valle, Phys. Rev. D 25, 774
(1982).

[51 A. Zee, Phys. Lett. 93B, 389 (1980); 95B, 461(E)
(1980).

[6] K.S. Babu, Phys. Lett. B 203, 132 (1988).

[7] G.R. Farrar and P. Fayet, Phys. Lett. 76B, 575 (1978).

[8] H.C. Cheng, K. T. Matchev, and M. Schmaltz, Phys. Rev. D
66, 036005 (2002).

[9] H. C. Cheng and I. Low, J. High Energy Phys. 09 (2003)
051; J. High Energy Phys. 08 (2004) 061; 1. Low, J. High
Energy Phys. 10 (2004) 067.

[10] N. G. Deshpande and E. Ma, Phys. Rev. D 18, 2574 (1978).

[11] E. Ma, Phys. Rev. D 73, 077301 (2006).

[12] T. W.B. Kibble, G. Lazarides, and Q. Shafi, Phys. Lett.
113B, 237 (1982); R. N. Mohapatra, Phys. Rev. D 34, 3457
(1986); A. Font, L. E. Ibanez, and F. Quevedo, Phys. Lett. B
228, 79 (1989); L. M. Krauss and F. Wilczek, Phys. Rev.
Lett. 62, 1221 (1989); L. E. Ibanez and G. G. Ross, Phys.
Lett. B 260, 291 (1991); Nucl. Phys. B368, 3 (1992); S.P.
Martin, Phys. Rev. D 46, R2769 (1992).

[13] L. E.Ibanez and G. G. Ross, Phys. Lett. 110B, 215 (1982); K.
Inoue, A. Kakuto, H. Komatsu, and S. Takeshita, Prog.
Theor. Phys. 68,927 (1982); 70, 330(E) (1983); L. E. Ibanez,
Phys. Lett. 118B, 73 (1982); J. R. Ellis, D. V. Nanopoulos,
and K. Tamvakis, Phys. Lett. 121B, 123 (1983); J. R. Ellis,
J.S. Hagelin, D. V. Nanopoulos, and K. Tamvakis, Phys.
Lett. 125B, 275 (1983); L. Alvarez-Gaume, J. Polchinski,
and M. B. Wise, Nucl. Phys. B221, 495 (1983).

[14] A. de Rujula, H. Georgi, and S.L. Glashow, in Fifth
Workshop on Grand Unification, edited by K. Kang, H.
Fried, and P. Frampton (World Scientific, Singapore, 1984),
p- 88; For an earlier discussion, see Y. Achiman and B.
Stech, in New Phenomena in Lepton-Hadron Physics,
edited by D. E. C. Fries and J. Wess (Plenum, New York,
1979), p. 303.

[15] K. S. Babu, X. G. He, and S. Pakvasa, Phys. Rev. D 33, 763
(1986); G. M. Pelaggi, A. Strumia, and S. Vignali, J. High
Energy Phys. 08 (2015) 130.

[16] J.E. Camargo-Molina, A.P. Morais, R. Pasechnik, and J.
Wessn, J. High Energy Phys. 09 (2016) 129.

[17] K. S. Babu, B. Bajc, and S. Saad, Phys. Rev. D 94, 015030
(2016).

PHYSICAL REVIEW D 95, 095013 (2017)

[18] K.S. Babu, I. Gogoladze, P. Nath, and R. M. Syed, Phys.
Rev. D 72, 095011 (2005).

[19] For example: C. Englert, J. Jaeckel, V. V. Khoze, and M.
Spannowsky, J. High Energy Phys. 04 (2013) 060; A. Salvio
and A. Strumia, J. High Energy Phys. 06 (2014) 080; A. D.
Plascencia, J. High Energy Phys. 09 (2015) 026.

[20] S.R. Coleman and E.J. Weinberg, Phys. Rev. D 7, 1888
(1973).

[21] H. Arason, D.J. Castano, B. Keszthelyi, S. Mikaelian, E. J.
Piard, P. Ramond, and B. D. Wright, Phys. Rev. D 46, 3945
(1992); M. x. Luo and Y. Xiao, Phys. Rev. Lett. 90, 011601
(2003).

[22] F. Vissani, Phys. Rev. D 57, 7027 (1998).

[23] A. Arhrib, R. Benbrik, M. Chabab, G. Moultaka, M. C.
Peyranere, L. Rahili, and J. Ramadan, Phys. Rev. D 84,
095005 (2011).

[24] M. A. Schmidt, Phys. Rev. D 76, 073010 (2007); 85,
099903(E) (2012).

[25] M. Farina, D. Pappadopulo, and A. Strumia, J. High Energy
Phys. 08 (2013) 022.

[26] I. Gogoladze, N. Okada, and Q. Shafi, Phys. Rev. D 78,
085005 (2008); A. Kobakhidze and A. Spencer-Smith, J.
High Energy Phys. 08 (2013) 036.

[27] K.S. Babu and J. Julio, AIP Conf. Proc. 1604, 134
(2014).

[28] K.S. Babu and C. Macesanu, Phys. Rev. D 67, 073010
(2003).

[29] M. Nebot, J. E. Oliver, D. Palao, and A. Santamaria, Phys.
Rev. D 77, 093013 (2008); J. Herrero-Garcia, M. Nebot,
N. Rius, and A. Santamaria, Nucl. Phys. B885, 542
(2014); D. Schmidt, T. Schwetz, and H. Zhang, Nucl. Phys.
B885, 524 (2014); J. Herrero-Garcia, M. Nebot, N. Rius,
and A. Santamaria, Nucl. Part. Phys. Proc. 273-275, 1678
(2016).

[30] R. Barbieri, L. J. Hall, and V. S. Rychkov, Phys. Rev. D 74,
015007 (2006); J. A. Casas, J. R. Espinosa, and I. Hidalgo,
Nucl. Phys. B777, 226 (2007).

[31] E. Ma, Mod. Phys. Lett. A 21, 1777 (2006).

[32] T. Hambye and M. H. G. Tytgat, Phys. Lett. B 659, 651
(2008).

[33] A. Merle and M. Platscher, Phys. Rev. D 92, 095002
(2015).

[34] V. Silveira and A. Zee, Phys. Lett. 161B, 136 (1985); J.
McDonald, Phys. Rev. D 50, 3637 (1994).

[35] M. Kadastik, K. Kannike, and M. Raidal, Phys. Rev. D 80,
085020 (2009); 81, 029903(E) (2010); Y. Mambrini, N.
Nagata, K. A. Olive, and J. Zheng, Phys. Rev. D 93, 111703
(2016).

[36] K. S. Babu and R. N. Mohapatra, Phys. Rev. Lett. 62, 1079
(1989).

[37] K.S. Babu and R. N. Mohapatra, Phys. Rev. D 41, 1286
(1990).

[38] R.N. Mohapatra and Y. Zhang, J. High Energy Phys. 06
(2014) 072.

[39] P.S. B. Dev, R. N. Mohapatra, and Y. Zhang, J. High Energy
Phys. 02 (2016) 186.

[40] S. M. Barr, Phys. Rev. Lett. 53, 329 (1984); A. E. Nelson,
Phys. Lett. 136B, 387 (1984).

[41] CMS Collaboration, Report No. CMS-PAS-EXO-15-004;
ATLAS Collaboration, Report No. ATLAS-CONF-2015-081;

095013-19


https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1103/PhysRevLett.114.191803
https://doi.org/10.1103/PhysRevLett.114.191803
https://doi.org/10.1016/0370-2693(77)90435-X
https://doi.org/10.1103/PhysRevLett.44.912
https://doi.org/10.1103/PhysRevLett.44.912
https://doi.org/10.1103/PhysRevD.22.2227
https://doi.org/10.1016/0550-3213(81)90354-0
https://doi.org/10.1016/0550-3213(81)90354-0
https://doi.org/10.1103/PhysRevD.23.165
https://doi.org/10.1103/PhysRevD.23.165
https://doi.org/10.1016/0550-3213(81)90279-0
https://doi.org/10.1103/PhysRevD.25.774
https://doi.org/10.1103/PhysRevD.25.774
https://doi.org/10.1016/0370-2693(80)90349-4
https://doi.org/10.1016/0370-2693(80)90193-8
https://doi.org/10.1016/0370-2693(80)90193-8
https://doi.org/10.1016/0370-2693(88)91584-5
https://doi.org/10.1016/0370-2693(78)90858-4
https://doi.org/10.1103/PhysRevD.66.036005
https://doi.org/10.1103/PhysRevD.66.036005
https://doi.org/10.1088/1126-6708/2003/09/051
https://doi.org/10.1088/1126-6708/2003/09/051
https://doi.org/10.1088/1126-6708/2004/08/061
https://doi.org/10.1088/1126-6708/2004/10/067
https://doi.org/10.1088/1126-6708/2004/10/067
https://doi.org/10.1103/PhysRevD.18.2574
https://doi.org/10.1103/PhysRevD.73.077301
https://doi.org/10.1016/0370-2693(82)90829-2
https://doi.org/10.1016/0370-2693(82)90829-2
https://doi.org/10.1103/PhysRevD.34.3457
https://doi.org/10.1103/PhysRevD.34.3457
https://doi.org/10.1016/0370-2693(89)90529-7
https://doi.org/10.1016/0370-2693(89)90529-7
https://doi.org/10.1103/PhysRevLett.62.1221
https://doi.org/10.1103/PhysRevLett.62.1221
https://doi.org/10.1016/0370-2693(91)91614-2
https://doi.org/10.1016/0370-2693(91)91614-2
https://doi.org/10.1016/0550-3213(92)90195-H
https://doi.org/10.1103/PhysRevD.46.R2769
https://doi.org/10.1016/0370-2693(82)91239-4
https://doi.org/10.1143/PTP.68.927
https://doi.org/10.1143/PTP.68.927
https://doi.org/10.1143/PTP.70.330
https://doi.org/10.1016/0370-2693(82)90604-9
https://doi.org/10.1016/0370-2693(83)90900-0
https://doi.org/10.1016/0370-2693(83)91283-2
https://doi.org/10.1016/0370-2693(83)91283-2
https://doi.org/10.1016/0550-3213(83)90591-6
https://doi.org/10.1103/PhysRevD.33.763
https://doi.org/10.1103/PhysRevD.33.763
https://doi.org/10.1007/JHEP08(2015)130
https://doi.org/10.1007/JHEP08(2015)130
https://doi.org/10.1007/JHEP09(2016)129
https://doi.org/10.1103/PhysRevD.94.015030
https://doi.org/10.1103/PhysRevD.94.015030
https://doi.org/10.1103/PhysRevD.72.095011
https://doi.org/10.1103/PhysRevD.72.095011
https://doi.org/10.1007/JHEP04(2013)060
https://doi.org/10.1007/JHEP06(2014)080
https://doi.org/10.1007/JHEP09(2015)026
https://doi.org/10.1103/PhysRevD.7.1888
https://doi.org/10.1103/PhysRevD.7.1888
https://doi.org/10.1103/PhysRevD.46.3945
https://doi.org/10.1103/PhysRevD.46.3945
https://doi.org/10.1103/PhysRevLett.90.011601
https://doi.org/10.1103/PhysRevLett.90.011601
https://doi.org/10.1103/PhysRevD.57.7027
https://doi.org/10.1103/PhysRevD.84.095005
https://doi.org/10.1103/PhysRevD.84.095005
https://doi.org/10.1103/PhysRevD.76.073010
https://doi.org/10.1103/PhysRevD.85.099903
https://doi.org/10.1103/PhysRevD.85.099903
https://doi.org/10.1007/JHEP08(2013)022
https://doi.org/10.1007/JHEP08(2013)022
https://doi.org/10.1103/PhysRevD.78.085005
https://doi.org/10.1103/PhysRevD.78.085005
https://doi.org/10.1007/JHEP08(2013)036
https://doi.org/10.1007/JHEP08(2013)036
https://doi.org/10.1063/1.4883422
https://doi.org/10.1063/1.4883422
https://doi.org/10.1103/PhysRevD.67.073010
https://doi.org/10.1103/PhysRevD.67.073010
https://doi.org/10.1103/PhysRevD.77.093013
https://doi.org/10.1103/PhysRevD.77.093013
https://doi.org/10.1016/j.nuclphysb.2014.06.001
https://doi.org/10.1016/j.nuclphysb.2014.06.001
https://doi.org/10.1016/j.nuclphysb.2014.05.024
https://doi.org/10.1016/j.nuclphysb.2014.05.024
https://doi.org/10.1016/j.nuclphysbps.2015.09.271
https://doi.org/10.1016/j.nuclphysbps.2015.09.271
https://doi.org/10.1103/PhysRevD.74.015007
https://doi.org/10.1103/PhysRevD.74.015007
https://doi.org/10.1016/j.nuclphysb.2007.04.024
https://doi.org/10.1142/S0217732306021141
https://doi.org/10.1016/j.physletb.2007.11.069
https://doi.org/10.1016/j.physletb.2007.11.069
https://doi.org/10.1103/PhysRevD.92.095002
https://doi.org/10.1103/PhysRevD.92.095002
https://doi.org/10.1016/0370-2693(85)90624-0
https://doi.org/10.1103/PhysRevD.50.3637
https://doi.org/10.1103/PhysRevD.80.085020
https://doi.org/10.1103/PhysRevD.80.085020
https://doi.org/10.1103/PhysRevD.81.029903
https://doi.org/10.1103/PhysRevD.93.111703
https://doi.org/10.1103/PhysRevD.93.111703
https://doi.org/10.1103/PhysRevLett.62.1079
https://doi.org/10.1103/PhysRevLett.62.1079
https://doi.org/10.1103/PhysRevD.41.1286
https://doi.org/10.1103/PhysRevD.41.1286
https://doi.org/10.1007/JHEP06(2014)072
https://doi.org/10.1007/JHEP06(2014)072
https://doi.org/10.1007/JHEP02(2016)186
https://doi.org/10.1007/JHEP02(2016)186
https://doi.org/10.1103/PhysRevLett.53.329
https://doi.org/10.1016/0370-2693(84)92025-2

K.S. BABU, ILIA GOGOLADZE, and S. KHAN

M. Aaboud et al. (ATLAS Collaboration), J. High
Energy Phys. 09 (2016) 001; V. Khachatryan et al. (CMS
Collaboration), Phys. Rev. Lett. 117, 051802 (2016).

[42] CMS Collaboration, Report No. CMS-PAS-EXO-16-027;
ATLAS Collaboration, Report No. ATLAS-CONF-2016-
059.

PHYSICAL REVIEW D 95, 095013 (2017)

[43] K. P. Hadeler, Linear Algebra Appl. 49, 79 (1983).

[44] K. G. Klimenko, Theor. Math. Phys. 62, 58 (1985).

[45] W. Chao, J. H. Zhang, and Y. Zhang, J. High Energy Phys.
06 (2013) 039.

[46] C.T. Hill, C.N. Leung, and S. Rao, Nucl. Phys. B262, 517
(1985).

095013-20


https://doi.org/10.1007/JHEP09(2016)001
https://doi.org/10.1007/JHEP09(2016)001
https://doi.org/10.1103/PhysRevLett.117.051802
https://doi.org/10.1016/0024-3795(83)90095-2
https://doi.org/10.1007/BF01034825
https://doi.org/10.1007/JHEP06(2013)039
https://doi.org/10.1007/JHEP06(2013)039
https://doi.org/10.1016/0550-3213(85)90328-1
https://doi.org/10.1016/0550-3213(85)90328-1

