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Testable Higgs partners may be sought within the extensions of the SM Higgs sector aimed at generating
neutrino masses at the loop level. We study a viability of extended Higgs sectors for two selected models
of radiative neutrino masses: a one-loop mass model, providing the Higgs partner within a real triplet
scalar representation, and a three-loop mass model, providing it within its two-Higgs-doublet sector. The
Higgs sector in the one-loop model may remain stable and perturbative up to the Planck scale, whereas
the three-loop model calls for a UV completion around 10% GeV. Additional vector-like lepton and exotic
scalar fields, which are required to close one- and three-loop neutrino-mass diagrams, play a decisive
role for the testability of the respective models. We constrain the parameter space of these models using
LHC bounds on diboson resonances.

© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

After discovery of a Higgs-like 125 GeV particle [1,2], the
present data allow it to be just a detected part of an extended
Standard Model (SM) Higgs sector. Additional Higgs candidates
have been proposed in extensions of the SM Higgs sector aimed at
generating neutrino masses at the loop level. We study a possible
appearance of a Higgs partner in the context of beyond-SM (BSM)
fields which appear in two different models of radiative neutrino
masses, displayed in Table 1:

The one-loop neutrino mass model [3] with minimal BSM representa-
tions, providing the neutral component of a real scalar field A in
the adjoint representation of the SU(2); as the Higgs relative;

The three-loop neutrino mass model [4] with exotic BSM representa-
tions, where the Higgs partner emerges in the form of the heavy
CP-even neutral scalar field in the framework of the two-Higgs-
doublet model (2HDM) [5].

Since the extra scalar states affect the ultra-violet (UV) be-
havior of a given model, such states cannot come alone or with
arbitrary coupling. Previous accounts [6] and [7] studied a valid-
ity up to Planck scale for sole second Higgs doublet or additional
Higgs triplet, respectively. The present study considers such extra
scalars in the setup [3,4] decorated with additional fields required
to close respective neutrino mass loop diagrams. The presence of
extra vector-like leptons makes both radiative models to belong to
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generic setup [8] which enables identification of regions of model
parameter space for which the particular cascade decays may re-
veal the Higgs partners.

The paper is structured as follows. In Sec. 2 we briefly review
these radiative neutrino mass models and in Sec. 3 study their
implications for the Higgs-partner decay signals. We discuss the
stability of the scalar potential as well as Landau poles of relevant
couplings in Sec. 4 and present our conclusions in Sec. 5.

2. Two radiative neutrino mass models

The one-loop model: The first mass model [3] in our focus (LHS
in Table 1) has an appeal to invoke low non-singlet weak represen-
tations and to be free of imposing additional ad hoc Z; symmetry
to eliminate the tree-level contribution. This allows a mixing of
the triplet scalar field with the SM Higgs field and its participa-
tion in electroweak symmetry breaking (EWSB). This model has
been invented on a line of attempts [9] to find a substitute for
the ruled out one-loop model by Zee [10]. The charged scalar
singlet h*t ~ (1,2) from Zee’s loop-diagram has been kept, while
Zee’s second Higgs doublet has been replaced by hypercharge zero
triplet scalar field A ~ (3,0) in conjunction with the vector-like
lepton Eg ~ (2,—1) in three generations. The gauge invariant
scalar potential contains new quartic terms

V(Hsm, A, h*) D A3(Tt[A2])? 4 A4HLy Hsmh ™~ h*
+ AsHL HsuTI[A%] + Agh~h*Tr[A%]
+ (A7 HYy AHswh® + H.c) + pHL AHsu (1)
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Table 1

Neutrino mass models. Scalar fields are in (light) yellow and fermion fields in three generations are in (dark)
red. The fields containing an extra Higgs candidate are in (light grey) green. For the one-loop model (left)
the SM Higgs doublet Hsy = (¢T, ¢°)T manifests itself only via its VEV v in the neutrino mass diagram. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)
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Table 2

ChargeNassignment under an automatic Z; symmetry which is induced by the im-
posed Z; symmetry in the lepton-specific 2HDM.

Symmetry Qi uir  dir

€iR Hq H» ] X Sy

Z accidental + + +
Z, + - -

and the trilinear p term. Without imposing Z, symmetry the u
term leads to an induced VEV (A9) for the neutral triplet com-
ponent, which is constrained by electroweak measurements to be
smaller than a few GeV. Assuming the mass values mg ~ ma+ ~
mp+ ~ 400 GeV, the neutrino masses m, ~ 0.1 eV can be gener-
ated for appropriate Yukawa couplings and for A7 coupling in (1)
of the order of 1074 [3].

The three-loop model: The second mass model [4] in our fo-
cus is based on the three-loop diagram displayed on the RHS in
Table 1. Notably, this model contains 2HDM sector augmented by
exotic fields needed to close the three-loop mass diagram: the
complex scalar pentuplet & and a real scalar septuplet x, in con-
junction with vector-like lepton Xg ; ~ (5, 0). Since ® and x fields
do not form renormalizable gauge invariant couplings with SM
fermions, there is no need for an additional symmetry to eliminate
the tree-level neutrino mass contributions. Moreover, the model is
fortuitously scotogenic [4]: a standard discrete Z, symmetry im-
posed to produce a natural flavor conservation in 2HDM results in
accidental Z, odd parity of its BSM sector shown in Table 2. On ac-
count of it, the lightest among the three generations (o =1, 2, 3)
of exotic real fermions ¥, ~ (5,0) may be a viable minimal dark
matter (MDM) [11] candidate. Out of four different ways the Higgs
doublets are conventionally assigned charges under a Z, symme-
try [12], we adopt the “lepton-specific” (Type X or Type IV) 2HDM
implemented originally in [13,14]. The ratio of VEVs of 2HDM
fields H12 ~ (2,1) is given by tang = v1/v,. The fields Hq 2 are
expressed in standard way in terms of physical charged scalars H*
and two CP-even neutral states h and H which mix with the an-
gle «, and are proposed to be the SM-like Higgs h(125) and its
heavier relative H.

The most general CP-conserving 2HDM potential V (Hq, H2)
presented in [4] is conventionally expressed in terms of five quar-
tic couplings Aq to A5 which can be traded for the four physical
Higgs boson masses and the mixing parameter sin(8 — o). The full
scalar potential contains additional gauge invariant pieces for ad-
ditional exotic scalar fields ® ~ (5, —2) and x ~ (7,0)

V(Hy,Hz, @, x) =V (Hy, H2) + V(®) + V() + Vin(®, x) (2)
+ Vm(H1, H2, ®) + Vin(H1, H2, )
+ Vm(H1,H2, @, %) .

The EWSB in Zz—symmetric quartic term Vp(Hq, H2, ®, x) =
«kH1H2®x + h.c. leads to the substitution x (Hf HY + Hy H)) —
viccos(2B)HT. The resulting three-loop diagram [4] produces
small neutrino masses with non-suppressed couplings: the values
of O(1) for the quartic ¥ and the appropriate Yukawa couplings
easily reproduce neutrino masses m, ~ 0.1 eV.

3. Testability of extended Higgs sectors

The one-loop model: Since the hyperchargeless scalar triplet
participates in EWSB, let us discuss how testable it is. After EWSB,
the neutral components of the SM Higgs doublet ¢° and the triplet
A% mix with an angle 6p, yielding h(125) and its heavier part-
ner H. Thereby the VEV for the neutral triplet component is con-
strained by the electroweak measurements to be (A%) < O(1) GeV
and we neglect effects of O((A%)/v). Accordingly, the contribu-
tions of charged scalars AT and h' to the one-loop-generated
H — yy decay are negligible since the leading trilinear cou-
plings Aga+a- ~ 23(A% and Agp+p- ~ As(A%) vanish in the limit
(Ag) =0, and the effects of the remaining quartic couplings are
negligible. We now turn our attention to the quartics which are
associated with charged components A* of the triplet and the
charged scalar singlet h*, entering into quantum loops for the pro-
duction and decays of light SM-like Higgs h(125).

The light Higgs h(125) ~ ¢? cos 6 is predominantly given by the
neutral component of the SM Higgs doublet ¢°, which couples to
charged scalars S = (h™, A™) via csv¢9STS coupling, generating
diphoton decay amplitude h(125) — yy at one-loop. Thereby, the
cs couplings correspond to the couplings A4/2 and A5/2 in (1).
The enhancement factor with respect to the SM decay width is
displayed in the left panel of Fig. 1. The horizontal lines in this
figure highlight the current bound Ry, =1.14 £0.19 [15]. Since
the contribution of the lighter among the two charged scalars S
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dominates, this figure sets a bound on the respective coupling cs.
Only the charged scalars which are sufficiently light may produce
significant effects in the LHC diphoton Higgs signals, so that there
is a poor constraint on cs couplings of the charged scalars with
mass bigger than ~ 400 GeV. Also, due to the significant asym-
metry of the constraint on the negative and positive values of the
quartics, negative ~ O(10) values of couplings A4 and A5 may be
excluded only if future considerably larger accumulated statistics at
the LHC, drastically shrinks the bound on Ry, . At same time the
LHC already starts to probe the perturbative region for the posi-
tive values of the quartics. Of course, for the ~ (O(10) values of the
couplings one starts to worry about perturbativity of the model
and the perturbative bounds on the scalar quartics, analogous to
those presented in Ref. [7]. As it will be explicated in Sec. 4, we
do not delve into additional assumptions which might enable to
deduce some bounds on the quartic couplings, since these anyway
do not test heavy (neutral) Higgs. Accordingly, we do not consider
the related quartics further in the present short paper. The con-
siderations of the h(125) — yy here update previous study in [3]
done in hope to probe an eventual charged scalar companion of
the neutral heavy Higgs.

In contrast, the quartic couplings in the three-loop model will
be essential for the testability of the heavy partner H and their
perturbativity bounds will be considered in Sec.4. Before we move
to the three-loop model, we still need to discuss how the scalar H
will be experimentally tested in the one-loop model.

The heavy Higgs H ~ A%cosfy is predominantly A® in this
model. Let us first discuss the productions mechanisms for H. In
general gygr and guyy are ~ sinfp ~ @ which is small. Ac-
cordingly, there is no tree-level coupling of H to SM fermions and
vector bosons and the gluon fusion production is negligible. How-
ever, if 2m2 . =m?, +mﬁ<125) the mixing can become sizeable [16],
and in this small corner of the parameter space the cascade decay
proposed in [8] may become relevant. For special choice of masses
specified in [17] (my < 2m; to avoid H — tt, and mg > mp /2 to
avoid decays into pair of vector-like leptons) the cascade decay
H — E* 4 ¢F¥ — het¢~ can be a dominant discovery mode.

In the rest of the model parameter space we are led to consider
the EW vector boson fusion (VBF) mechanisms. For heavy Higgs
much heavier than the electroweak scale, the photon fusion pro-
duction mechanism dominates and we neglect the contributions
from fusion of weak bosons (see discussion in [18]). Having in
mind the discovery potential of the Higgs diboson decay, we con-
sider the diboson signal strength at /s = 13 TeV from the photon
fusion, given by [19]:

87‘[2 dﬁinc

)24
= a2 I'(H— yy)Br(H— VV), (3)

M=my

where relevant values of inclusive photon-photon luminosity
dL;ﬂ‘;/sz for the production of particle with mass M can be
found in [19]. As we already discussed above, the contributions of
the charged scalars to the one-loop-generated Hy y coupling are
negligible and we therefore consider the charged fermion loops
with the leading contribution from the Yukawa term ggE‘LAE R+
h.c.. The contributions to different channels with SM gauge bosons
for vector-like fermion E; g with multiplicity Ng =3 and coupling

A =g3zcosfyNg read:
A1/2(TF)
=Ax —

8(HZy.HZZ) XF: mr

y («/EQF (Tsf—s%vQF), (TBF—S\Z/VQF)2>’

swew s2,C%

A1/2(TF)
Bty Hww) =2y =
o MF
Tr—T T T 1
« (2. ﬁ( F—T3p)(Tp + T3+ 1) @
F 2
2siy

Here, Tr is the weak isospin of the loop-fermion F, the triangle
loop function is given by Aq,2(tf) =27r(1 4+ (1 — rp)arcsinz(l/
4/TF)), and the respective variable is T = 4m%/mf,. The couplings
include symmetrization factors for identical particles in the final
state, and are normalized so that, neglecting masses of the W and
Z bosons, give:

2
My |My gHvV
6473 2
For degenerate loop masses, the couplings can be compactly ex-

pressed in terms of quadratic Dynkin indices Iy and I, of the
loop-fermion SM group representations:

'(H—>VV)= (5)

A1/2(TF)
gHzZy HZZ) = AX————
mg
cw Sw o 2
X \/i —12——11 s TIZ+TI1 N
w cw Sw W
A1/2(TF) I
ity nww) = re — (1 1), V22 ) (6)
mg s

For the multiplicity Ng =3 and I = 1/2, I = 1/2 we ob-
tain for the resulting ratio of the decay widths Ryy = I'(H —
VV)/T(H - yy)

Rz;7~3.2,

Rww =~ 9.1, RZy ~0.8. (7)

This results in a branching ratio Br(H — yy)~7%.

We can now investigate the influence of the constraints coming
from the searches for resonances decaying to gauge boson pairs at
the LHC 13 TeV run. Most stringent constraint comes from searches
in diphoton channel, where limits on the oy, corresponding to an

integrated luminosity of 15.4 fb~', recorded in 2015 and 2016, can
be found in [20].

The results summarized in Fig. 1(right) show that for a fixed
value of mg, the upper bound on the coupling A = g3cos6yNg
generally decreases as we increase the mpy mass, but upward
fluctuation of present LHC data around 700-800 GeV is visible,
making the my = 700 GeV scenario least constrained. Numeri-
cally, for the multiplicity Ng = 3, the bound g3 cosfy < O(10-60)
means that LHC currently starts to constrain the region where our
model is strongly-coupled. For the planned integrated luminosity
of 100 fb~!, we estimate that LHC will probe g3 cosfy < O(4-20)
values.

The three-loop neutrino mass model: The CP-even neutral state
H in this model emerges from the 2HDM and the contributions to
its decays arise from loop-diagrams with exotic charged scalar par-
ticles contained in ® and x multiplets. The quartic vertices which
generate these triangle loops can be read from two scalar poten-
tials contained in (2):

Vin(H1, Hz, X) D (t1H H1 + TaHyH2) X T (8)
Vim(H1, Hz, ®) D (01H} Hy + 02 Hy Hp) @
+ (0] H}H1 + 04 HjHy) O* .

For scalar septuplet x the strengths of trilinear couplings
h(125)xTx and HyxTx are extracted after substituting the VEVs
vy =v cosf and v, = v sing in one of the doublets. This leads to
the couplings of the scalar septuplet x
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Fig. 1. Enhancement factor Ry, for the h — yy decay width in dependence on scalar coupling cs and the mass ms of the lighter charged scalar (left). Bounds allowed by
the LHC 13 TeV search for pp — H — yy (right). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Vy = (mH{HY + T H3H) x T = 9)

= VXTX [H(n cosa cosf + Tosina sing)

+ h(—71sina cosp + tacoso sinﬂ)] .

Adopting the “alignment limit” condition (tang =1, sin(8 —«) = 1)
[21] for the 2HDM and assuming for the couplings the relation
T1 = — Ty = 7, results in the universal coupling

Vy=vt[cos(B+a)H—sin(B+a)h] T x

=vtHyx'y. (10)

The alignment limit identifies the light state as SM-like h(125),
such that its diphoton decay acquires no contribution from (10).
Equivalent conditions (01 = -0, =0 , 0{ =—0,=0") set on
the couplings for the quintuplet @ in (8), ensure that the trilinear
couplings of h(125) to the charged components of the quintuplet
vanish. The couplings relevant for the H — yy decay explicated in

Vo =VH(Cp+r OO 4o @ *® 4 cop- D ¥O

+ @ TFOTTT) (11)
are given by
Cot+ =0, C —0—1—0/ c —a-{—a/ o —0—1—36/
ot =0, Cqpo = 4 o= 5 Com = 2
Cd}*** =0 —"-O'/. (12)

Note that the EWSB contributions to the masses of different com-
ponents of the septuplet x (quintuplet &) are given by vZ(cos? 8 —
sin? B)/2 multiplied by the coupling T (c4) ), respectively, so that
for tan 8 =1 the EWSB contributions vanish.

The quintuplet and septuplet charged scalar states in the loop
contribute only to the decay of the CP-even boson H. In the
lepton-specific 2HDM at hand, only H, couples to the SM quarks
and the relevant couplings of H to top and V = W=, Z are
given in the alignment limit by [22] an/an =cos(B — a) —
sin(B —a)/tanB = —1 and gyyy = 2cos(B — a)mv/v =0. In the
scenario where H is produced dominantly through gluon-gluon fu-
sion, the diphoton cross section is

Oyy =0ggr X Br(H— yy), (13)

where the cross section for pp — ggX — HX at /s =13 TeV
is 0ger =9.66 pb for my =400 GeV, oger = 1.03 pb for my =
700 GeV and oggr =157 fb for mp = 1000 GeV [23].

The tree-level decay width of the scalar H to the ft pair is:

oamy

m2
['(H—tf) = N(;;—f<
8sin? Ay my, m%,

(14)
and additional contributions to the H width are provided by the
decays into SM gauge bosons. These contributions are subleading
since the tree-level couplings HVV are absent in the alignment
limit, so that these decay modes are generated only at one-loop

level. To parametrize these decay modes, it is convenient to intro-
duce the effective couplings gyyy of H to the SM gauge bosons.

They can be obtained by substituting A Y p{---}A1,2(TF)/mg
in (4) with
VAo(Ts)
T and
Z{ 2mS

2—T vAo(T

S (o 40/ (25E) ) 1y VAT (15)
4 ms

S

for the scalar septuplet and quintuplet, respectively. Here the factor
(2 — T3s5)/4 accounts for the non-universality of coupling to H in
(12), and should be changed to (3 — T3s5)/8 in the sole case of
guww. These constants are normalized so that, neglecting masses
of the W and Z bosons, we have

my
25673

2
my gHvv

I(H— VV)= 5

(16)

The variable 75 = 4m2/m?% and the loop function is given by
Ag(ts) = —Ts(1—T5 arcsin2(1/4 /Ts)). For the degenerate couplings
T =0 =¢’, this leads to the ratios of diboson to diphoton decay
widths

Rww ~17.8, Rzz=~4.9, Ry

,~3.1. (17)

The dominance of the WW channel above can be understood as
the quintuplet contributes to both H - WtW~ and ZZ chan-
nels, while septuplet, as a real multiplet, contributes only to H —
WTW~. The total width of H for the generic choice of the pa-
rameters is shown in Fig. 2. It is dominated by the tt channel, so
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Fig. 2. The total decay width of H particle in the three-loop neutrino mass model for quartic couplings in ranges consistent with my 4 > my /2 region where diboson searches
are relevant and with perturbativity bounds deduced in Sec. 4.
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that even in the extreme case when 7 = o = ¢’ =4 and for the
kinematically most-favored values my =mq¢ =my/2, the branch-
ing ratio for the diphoton channel is only

Br(Haoo — yy) =2.7%, Br(Hz00 — yy) =0.5%,

Br(H1p00 — yy) =0.2%. (18)

As in the one-loop model, we can now investigate the influ-
ence of the constraints coming from the searches for resonances
decaying to gauge boson pairs at the LHC 13 TeV run where
the most stringent constraint is still coming from the searches in
the diphoton channel. Using the limits on the o}, in [20] gives
the results shown in Fig. 3. Here (in the left figure) only the
strips between the upper and the lower lines, corresponding to
the masses my = (400, 700, 1000) GeV, are allowed by the LHC
searches, while (in the right figure) the areas below the curves
corresponding to the masses my = (400, 700) GeV are excluded by
the LHC searches. We note that, owing to larger number of BSM
particles in the three-loop model, the constraints are stronger than
for the one-loop model. As the mass of H decreases, its couplings
to septuplet and quintuplet scalars become more (anti)correlated.

Also, the Fig. 3 (right) shows that, for the choice of couplings made

there, all BSM scalar particles (H, x, ¢) have to be heavier than
~ 300 GeV.

4. Vacuum stability and perturbativity

A summary of the detailed outcome of the minimal one-loop
scenario with a Higgs partner from extra adjoint representation is
presented in the first row in Table 3. It is contrasted to a more
baroque three-loop model based on a Higgs partner from 2HDM
sector in the second row in Table 3.

It is in order to address a UV behavior of these two comple-
mentary scenarios. Notably, the three-loop model is under a well
known threat that invoking large multiplets [11] leads to Landau
poles (LP) considerably below the Planck scale, potentially sensitive
to two-loop RGE [24] effects. For the SU(2); gauge coupling g,
this threat has been addressed in [25] for the particle content of
two scotogenic three-loop neutrino mass models [4,26] which aim
at accidental DM-protecting Z, symmetry. Thereby the three-loop
model at hand [4] is less affected by this threat, and its exposure
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Table 3

Comparison between the neutrino mass models for my = 700 GeV. In the three-loop model the branching ratios are

calculated for the benchmark point in (18).

Model ISP 'y Production Landau pole Brww Bry, Brzy Brzz Br
1-loop o+ 3 GeV yy-fusion Absent 65% 7% 6% 23% -
3-loop 0t+ 31 GeV gg-fusion 10° Gev 9% 0.5% 1.6% 2.5% 86%

to additional scrutiny presented in [29] shows that the LP appears
around 108 GeV.

As for the quartic couplings, the large values of the “mixed”
scalar couplings 712 and ‘71(.,)2 required for potentially observable
diphoton signal, and the negative values for some of them endan-
ger the stability of the scalar potential and perturbative control
over the model. Here, we highlight different remedies that can be
envisioned in the septuplet x and the quintuplet ® quartic sectors,
by activating them one at a time.

In the quartic coupling sectors, there are three additional quar-
tic self-couplings of the ®*-type and two additional quartic self-
couplings of the y“-type [27] which we are still free to choose.
There are additional quartics of the y2®2-type which we choose
to be zero in order to decouple the septuplet and the quintuplet
quartic sectors.

Now, the stability of the potential will be endangered only due
to those active “mixed” quartics which are negative by the virtue
of the relations between couplings discussed below (9) and (10),
which may lead to an unbounded potential. Such quartics have to
be balanced in the stability condition by appropriately chosen posi-
tive values of the corresponding quartic self-couplings (the stability
condition for the septuplet sector has been explicated in [28]). For
the other inactive “mixed” quartics we may choose the “self” quar-
tics to be zero at the threshold as well.

As for the perturbative control of the model, it was shown in
[27] that for the inactive sector the LP will appear at:

1.28
) GeV ,

1.13
) GeV, (19)

Ag ~10° _ Mo
100 GeV

Ay~ 106<—mx
100 GeV
for the quintuplet and the septuplet sectors, respectively. These
values are not lower than 10% GeV LP of the mentioned SU(2);
gauge coupling, so that we have a control over the inactive sec-
tor. As for the active scalar, we need to consider the possible
Yukawa couplings of this scalar which provide a negative contri-
bution to the one-loop beta function of the quartic self-couplings
and may help to push up the LP. Unfortunately, for symmetry rea-
sons, for the septuplet x the obvious y XX choice for the Yukawa
term vanishes. Following [28], one may introduce the additional
SU(2)-triplet fermion ¢ = (3, 0) to have a Yukawa coupling x X¢
which may be fine-tuned to delay the appearance of the LP. For
the quintuplet @, the needed Yukawa coupling gj, already exists
in our model [4] and can be fine-tuned similarly.
Finally, the dominant contribution to the 1-loop beta functions
of the “mixed” quartics 71, and a](f)z is given in [27]:

153 81
,3X~4x2—7xg§+36g§, ,By~4yz—7yg§+18g§. (20)

Here, these couplings are denoted by x=177, and y = 01(’)2

lectively. Due to the large negative coefficients in g% terms, it is
easy to check that for x (y) in the regions x <0 (y < 0) and
0.2<x<79 (0.2 <y <4.1) the sign of the respective beta func-
tion is such that by the running of the “mixed” quartic coupling its

col-

initial value will be driven towards decreasing its absolute value.'
Combined with the initial conditions 71 = —1, and 01(’) = —02(/)
discussed below (9) and (10) respectively, this translates into the
bounds 0.2 < |x| < 7.9 and 0.2 < |y| < 4.1. As we increase fur-
ther the energy, the SU(2); gauge coupling g, increases towards
its LP and the gg—term will eventually start to dominate the evo-
lution, driving these “mixed” quartics to the LP as well. We there-
fore expect that the dangerously-large initial values of the “mixed”
quartics needed for observable signal will develop LP ~ 10% GeV
together with the g, coupling.

For completeness, let us address also the running of the quartic
couplings in the one-loop model, using A5 as an illustrative exam-
ple. The absence of Landau pole for SM couplings in case of the
one-loop model does not justify the truncation to the same terms
used in (20) and leads us to consider additional terms in the beta
function. These terms include in addition to all leading SM terms
from [7] also other BSM quartics in one-loop model, so that we
obtain

~ 2 2 2 § 4 g 2 2
Bis ~ 8Az ) A585 + 2g2 10)\5g1 + 6As5y; + 404315
+ 12A1A5 + aigAs . (21)

Here, A1 is the quartic of the SM Higgs and the a ~ O(1) coef-
ficient is immaterial for our conclusion. This beta function does
not allow us to set perturbativity bounds, since A3 and Ag quartics
are not constrained by Hyy vertex anyway, as they vanish in the
(Ag) =0 limit.

5. Conclusions

The discovery of a Higgs-like 125 GeV particle opened a ques-
tion of its possible relatives. Additional Higgs bosons employed in
attempts to produce neutrino masses radiatively may be accessible
at the LHC. Two selected radiative neutrino mass scenarios [3,4]
possess accidental protective discrete symmetries in the same way
as we expect from viable TeV extensions of the SM to preserve the
accidental baryon number of the SM to sufficient accuracy. These
scenarios came recently under a serious threat raised by a claimed
750 GeV diphoton resonance, addressed in our unpublished pa-
per [29]. Now, after the hints of 750 GeV resonance have faded
away, our focus turns here to testability of our models and their
validity with respect to appearance of Landau poles (LP) or an in-
stability of the scalar potential. While the one-loop model [3] is
safe up to the Planck scale, the three-loop model [4] may be un-
der a more serious threat. However, in the latter case the mixture
of the 2HD and the exotic scalar sector provides a fortuitous rem-
edy for the too early LP for relevant couplings. Due to signs and
sizes of the coefficients in the relevant beta functions the LP is rel-
egated beyond the ~ 10% GeV scale. Far below this scale the exotic
states of three-loop model already enter into the play.

As shown in Section 3, the testability of the one-loop model is
enabled by a presence of inherent vector-like leptons. In the very
special corner of the parameter space the vector-like leptons medi-
ate the heavy Higgs cascade decay H — E* + ¢F — he¢T¢~ which

T We took the SM value of the SU(2); gauge coupling g2(100 GeV) ~ 0.65.
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as potential discovery mode has to be mentioned for completeness.
In the complementary region of one-loop model parameter space
the vector-like leptons E ~ (2, —1) lead to loop-generated dipho-
ton decay as potential discovery channel. In the case of three-loop
model, the vector-like leptons X ~ (5,0) are decoupled from 2HD
fields and the diphoton decay, generated by exotic scalar fields of
this model, remains the main discovery mode. For both models we
have compared branching ratios of various diboson decay channels
and presented constraints imposed by recent LHC diphoton reso-
nance searches.
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