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We discuss a possibility to explain the 750 GeV diphoton excess observed at the LHC in a three-loop
neutrino mass model which has a similar structure to the model by Krauss, Nasri and Trodden. Tiny
neutrino masses are naturally generated by the loop effect of new particles with their couplings and
masses to be of order 0.1-1 and TeV, respectively. The lightest right-handed neutrino, which runs in the
three-loop diagram, can be a dark matter candidate. In addition, the deviation in the measured value of
the muon anomalous magnetic moment from its prediction in the standard model can be compensated
by one-loop diagrams with exotic multi-charged leptons and scalar bosons. For the diphoton event, an
additional isospin singlet real scalar field plays the role to explain the excess by taking its mass of
750 GeV, where it is produced from the gluon fusion production via the mixing with the standard model
like Higgs boson. We find that the cross section of the diphoton process can be obtained to be a few fb
level by taking the masses of new charged particles to be about 375 GeV and related coupling constants

to be order 1.
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1. Introduction

In December 2015, the both ATLAS and CMS groups have re-
ported the existence of the excess at around 750 GeV in the dipho-
ton distribution at the Large Hadron Collider (LHC) with the colli-
sion energy of 13 TeV. The local significance of this excess is about
3.60 at ATLAS [1] with the integrated luminosity of 3.2 fb~! and
about 2.60° at CMS [2] with the integrated luminosity of 2.6 fb™!.
The detailed properties of the diphoton excess were summarized,
e.g., in Ref. [3], where the best fit value of the width of the new
resonance is about 45 GeV, and the estimated cross section of the
diphoton signature is 10 + 3 fb at ATLAS and 6 £+ 3 fb at CMS. If
this excess is confirmed by future data, it suggests the existence
of a new particle which gives the direct evidence of a new physics
beyond the standard model (SM).

The simplest way to explain this excess is to consider an ex-
tension of the SM by adding extra isospin scalar multiplets such
as a singlet, a doublet and/or a triplet. However, it is difficult to
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get a sufficient cross section to explain the excess as mentioned
in the above in such a simple extension of the SM. For exam-
ple, if we consider the CP-conserving two Higgs doublet models
(THDMs) [4-7], and take the masses of the additional CP-even H
and CP-odd A Higgs bosons to be 750 GeV, then the cross sec-
tion of pp -~ H/A — yy is typically three order smaller than the
required value [4]. Therefore, we need to further introduce ad-
ditional sources to get an enhancement of the production cross
section and/or the branching fraction to the diphoton mode, e.g.,
by introducing multi-charged scalar particles [4,6] and vector-like
fermions [7]. In Refs. [8], the diphoton excess has been discussed
in supersymmetric models.

In this paper, we discuss a scenario to naturally introduce multi-
charged particles to get an enhancement of the branching frac-
tion. Namely, we consider a radiative neutrino mass model in
which multi-charged particles play a role not only to increase
the branching fraction but also to explain the smallness of neu-
trino masses and the anomaly of the muon anomalous magnetic
moment. A dark matter (DM) candidate can also successfully be
involved as a part of the model. There are a few papers discussing
the diphoton excess within radiative neutrino mass models [9].
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Table 1

Particle contents and charge assignments under SU(2); x U(1)y x Z,. The superscripts i and a denote the flavor of the SM fermions and the exotic fermions with i =1-3

and a = 1-Ng, respectively.

Lepton fields Scalar fields

L el L= 9L E~¢ NG P K+ st )
(SU@)L, U(My) 2,-1/2) 1,-1 (2,-5/2) 1,-2) (1,0 (2,1/2) 1,2) 1,2 1,0)
Z + + - - - + + - +

In particular, we discuss a new three loop neutrino mass model’
whose structure is similar to the model by Krauss, Nasri and
Trodden in 2003 [10], because the three loop suppression factor
1/(16m%)3 is a suitable amount to reproduce the measured neu-
trino masses, i.e., O(0.1) eV, by order 0.1-1 couplings and TeV
scale masses of new particles. In our model, an additional isospin
real singlet scalar field can explain the diphoton excess, where it is
produced from the gluon fusion process through the mixing with
the SM-like Higgs boson.

The plan of the paper is as follows. In Sec. 2, we define our
model, and give the Lagrangian for the lepton sector and the scalar
potential. In Sec. 3, we discuss the neutrino masses, the phe-
nomenology of DM including the relic abundance and direct search
experiments, and new contributions to the muon g — 2. The dipho-
ton excess is discussed in Sec. 4. Our conclusion is summarized in
Sec. 5.

2. The model

Our model is described by the SM gauge symmetry SU(2); x
U(1)y and an additional discrete symmetry Z; which is assumed
to be unbroken. This Z; symmetry is introduced to avoid tree level
contributions to neutrino masses and to enclose the three-loop di-
agram as shown in Fig. 1. Because of the Z; symmetry, the stability
of the lightest neutral Z, odd particle is guaranteed, and thus it
can be a candidate of DM.

The particle contents are shown in Table 1, where L} and e}
are the SM left-handed lepton doublets and lepton singlets with
the flavor of i (i =1-3). In addition, we add the Ng flavor of the
vector like lepton doublets (singlets) L‘S’/2 =L~ LT (E~—9)
with the hypercharge Y = —5/2 (—2) and the right-handed neutri-
nos N§ (a=1-Ng). The scalar sector is composed of one isospin
doublet field ® with Y =1/2 and two complex (one real) isospin
singlet scalar fields «™+ and ST with Y =2 (X with Y =0).
The doublet and the real singlet scalar fields are parameterized

by

G+
¢:<V+¢°+iG°>s 2 =0"+v, (1)
V2

where v and v, are the vacuum expectation values (VEVs) of dou-
blet and singlet scalar fields, respectively, and Gt (G°) denotes
the Nambu-Goldstone boson which is absorbed into the longitu-
dinal component of the W (Z) boson. The Fermi constant Gf is
given by the usual relation, i.e., G = 1/(v/2v2) with v ~ 246 GeV.
The singlet VEV v, does not contribute to the electroweak sym-
metry breaking. We note that the shift v, — v/, does not change
any physical quantities, because its impact can be absorbed by
the redefinition of the parameters in the Lagrangian. We thus take
ve = 0 in the following discussion to make some expressions to
be a simple form.

The most general Lagrangian for the lepton fields is given
by

1 Other variations of three loop neutrino mass models have also been proposed
in Refs. [11-16].

1 .
—Llep_zM”NaCN”+M“(L5/2)L(L /2)R+M“E “E “+h.c

+yh Li el + y9P (L8 )1 Ex

+yP (L3 )k 2)RGI>E

+gL (L /z)L(L /z)RE—Fg (E——a)L EE_bE
+ gPNENE S + hc.

b+ he.

+ hU etc j K++ +hab Na E——bK++ + hab NacE——b
+f'a L}_(Ls/z)R S™ +he, (2)

where & = io,®*. We can take the diagonal form of the invari-
ant masses M%, M{ and M¢ for the vector like leptons Lg/z, E?

and right-handed neutrinos N%, respectively, without loss of gen-
erality. The SM leptons L; and eg are taken to be the mass eigen-
states, so that the Yukawa coupling yg,, is given by the diagonal
form. For simplicity, we assume that all the above parameters are
reall.“he most general Higgs potential is given by
V(@ kT, ST ¥)
= Vism(®, ) + g (™) + g (STHSTT)

+Asc Z(kTTkTT) + AgsZ(STTST)

+ Ao (BTO) (T ™) + dos(@TD)(STTST)

+ e B2 DA EA(STTST)

+ e (kT2 4 As(STTST)?

++hes(kTTRTTHSTEST)

+ Aok TTSTH®FTTST) +hel, (3)

where the complex phase of the Ay parameter can be absorbed
by rephasing the scalar fields. The squared masses of the doubly-
charged scalar bosons S** and x** are given by
2 2
2 2, VY
Kii MK 5 — Aok, Mgsy = U5 + 7)\4)5- (4)

In Eq. (3), the Vysy part is given in the same form as in the Higgs
singlet model (HSM) involving ® and X as

Vism(®, £) = us (dT0) + A(DTd)% + Apx (dTD)S
+hox (@' D)% +t5 T + ud 2
+As23 45T (5)

Two CP-even scalar states ¢° from the doublet and s from the
singlet are mixed with each other via the mixing angle « defined

as
o? cosae —sina\ (H
<¢0>:(sina cos )(h) (6)

We define h as the SM-like Higgs boson with the mass of about
125 GeV which is identified as the discovered Higgs boson at the
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Fig. 1. Three-loop neutrino mass diagram. Particles indicated by the red color are
Z5 odd, where E;~9 and E; ¢ denote the mass eigenstates for the doubly-charged
exotic leptons. The subscripts « and g (run over 1 and 2) label two mass eigenstates
for each flavor. (For interpretation of the references to color in this figure, the reader
is referred to the web version of this article.)

LHC. The detailed expressions for the masses of the CP-even Higgs
bosons and the mixing angle « in terms of the potential parame-
ters are given, e.g., in Ref. [17].

The masses of the exotic charged leptons are obtained from two
sources, i.e., the invariant mass terms Mg and M| and the Yukawa
interaction terms y; and y;. The mass of the triply-charged lep-
tons L~~~ is simply given by M{. For the doubly-charged leptons,
there is a mixing between L% and E~ % through the y; and
y2 terms. The mass matrix is given assuming y‘]’b = y‘%b =yi =

diag(yL, ..., y§") by

o Ma Mﬂ E,,a
Lmass = —(E~74, L7 (Mf M§> (L,,a )

D L
RN — Ma O E*fﬂ
_ _ (-9 g——a Eq 1
E; % >< & e )(E;a), (7)
2

where M9 = %y%. The mass eigenstates E{ and E§ are defined
by the orthogonal transformation:

E~79\ (cosby —sin6,\ (E; * (8)
L==% ) 7 \'sin6, cosé, E;~)"

The mass eigenvalues (M%] < M%z) and the mixing angles 6, are
given by

1
M, =3 (M‘ﬂ; + MO \/(M‘;: — M9)2 +4(M‘,3)2> , 9)
tan2g, = —2Mb (10)
an = ——
Mg - M|

3. Neutrino mass, dark matter, muon g — 2
3.1. Neutrino mass

The leading contribution to the active neutrino mass matrix m,
is given at three-loop level as shown in Fig. 1. One- and two-loop
diagrams which have been systematically classified in Refs. [18,19]
are absent in our setup. The three-loop diagram is computed as
follows

A0
(16712)3 M ax
3 2
X Y capf* sin20,MF 8 Myhie
a,b,c=1a,8=1

(my)ij =

x sin26; Mg, FIF(rga, Ty, TEG, Tst, Tekt), (11)

where we define rx = (mx/Mmax)® With Mmax = Max(Mgg . Mg .
Myp, Mg+, m++) and my is the mass of a particle X, and cqp =
1 (—1) for « =B (« # B). The three loop function F is given by

F(rga, ryp, rE%, Tgtt, M)

1
1
=/dX1dy1d218(1 —X1—Y1—21)5
o Z1 — 21

1
1
X /dXZdydeZS(l —X2— Y2 — 22)22
0

222
p 1
X /dx3dJ/3dZ35(1 —X3—y3— Z3)A—, (12)
3
0
where
A3 :X31’Egt + y3rs++ + 2347, (13)
XoT A 2ot
with A, = — 220N T V281 F Bl
22 — 22
Xrpc + Yrot+ + ZI++
and Ay =——2— (14)
Z1 —Z1

The interval of the integrals in Eq. (12) for all the variables is from
0to1,ie, fol dxdydz = fol dxfo1 dy ]01 dz. Typical values of F with
ri =(0.1,1) are O(1). Let us estimate magnitudes of couplings and
masses to reproduce the magnitude of neutrino masses, i.e., the or-
der of 0.1 eV. For simplicity, when we take Mmax = Mga ~ ME; ~

M yp, the neutrino masses are approximately expressed as

Mmax
(my)ij ~ m x Kij
6 Mmax
~(0.1eV) x 10° x ’ x Kij, (15)
3 . .
with Ky= 3 i popte pies (16)
a,b,c=1

where we assume A9 x F = O(1). Therefore, in the range of
Mmax = v-10v, the magnitude of the mixing factor Kj; is required
to be ©(10~7-10-%).

3.2. Dark matter

Assuming that the right-handed neutrino N,l2 is the lightest
among all the Z, odd particles, N}2 looses its decay modes into
any other lighter particles, and then it becomes stable. We thus
can regard N}e as the DM candidate in our model. The annihilation
cross section is then calculated as

b1
O Vel & f do6 sing
0

2
1 _ 4m>
d NINLY — AB)2, /1 — —fin (17
x/ ¢ amas MINENL — AB)2\J1— =0 (17)

0
where mg, is the mass of the final state particle. In the above
expression, [M(NyNL — AB)|? is the squared amplitude for the
following two body to two body processes:

|M(NYN} — AB)|?
= |M(NgNg — ki )? + [M(NgNg — fPI?
+ |M(NYNE = ZZ)|? + | M(NYNE — WwTw )2
+ |M(NyNE — hh)[> + | M(NLNL — HH) % (18)
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The first annihilation process N}QN}2 — k7K~ happens through
the t- and u-channels of the E{, mediation, where the doubly-
charged scalar boson k** decays into the same sign dilepton via
the Yukawa coupling ho. The squared amplitude of the NiN} —
kT~ process is given by

|IM(NYNE = k=)
Ng
=" P er [ 2 — M Xa1 + MMXE]. (19)
a=1
—p1 + k1 + M —p1 + ka2 + M
Xq = cos? 6, = E1 — 2E1
(— M%) u— (M2)
+ (cos By — sinfy, M%1 — M‘g2>, (20)

where s, t and u are the Mandelstam variables, N{ is the color
factor, and (p1, p2) and (kq, k) are the initial and the final state
momenta, respectively. In this expression, we take h® = h9> = hg
for simplicity. The other cross sections are given through the mix-
ing of o via the s-channel mediation of h and H by

[M(NkNg — f)I?
f g“mfsacoc ?
= 16N/ N#

1 1
s —m? + impTy

s —m?% +imyly
x[(p1-p2) = M2 [ k1 ko) = mF ] 1)
|IM(NyNy — Z2))?

2 2
_3 giim2saca 1 _ 1
v s—mi+impl'y  s—m% +imyTy
(k1 -]<2)2
X [(p] “p2) — (M}\J)Z:I |:2 + — | (22)
mz
|IM(NYNy — WTw™)|?
2
16 (Lw)
v
2
1 1
s—mi+impl'y  s—m¥ +imyTy
(k1 -kz)z
X [(P] - p2) — (M}V)z] |:2+ — | (23)
w
|M(NyNk — hh)|?
2
11)2 SorMhhh CaAHhh
=2 (gN ) P A - 2 3
s—mp +impl'y s —my +imyly
x[(p1-p2) — My, (24)
|M(NyYNY — HH)|?
2
SaAmHH CaAHHH

2, - 2
s—mp +impl'y s —my +imyly

x[(p1-p2) = My, (25)

where we use the short-hand notations of ¢, = cosa and s, =
sine. The dimensionful Agp;¢, couplings (¢; j=h or H) are de-
fined by the coefficient of the scalar trilinear vertex in the poten-
tial. We note that the s-wave contribution to o v vanishes due
to the Majorana property of the DM. To reproduce the observed
relic density, the cross section given in Eq. (17) should be inside
the following region

0 Vel = (1.78-1.97) x 1079 GeV 2, (26)

at the 20 level [20].

We also consider the spin independent scattering cross section
with a neutron that is induced via the tree level diagram with the
Higgs boson h and H exchange. The formula is given by

2 2 2
0 C_2 m2Mpy gh CaSa 1 1
o 5 —S+—=]. (27)
T \my+ My v mp my

N

where the neutron mass is m, >~ 0.939 GeV and the factor C >~
0.2872 is determined by the lattice simulation. The latest upper
bound is reported by the LUX experiment that suggests o S
10~% cm for the DM mass of about 100 GeV with the 90%
C.L. [21].

3.3. Muong —2

The muon anomalous magnetic moment (muon g — 2) is one
of the most promising low energy observables which suggest the
existence of new physics beyond the SM. This is because there is
the more than 30 deviation in the SM prediction from the ex-
perimental value measured at Brookhaven National Laboratory. The

difference Ay, =aj,” — a3 has been calculated in Ref. [22] as

Aa, =(29.0+£9.0) x 10719, (28)
"

This shows the 3.20 deviation in the SM prediction.

In our model, two diagrams contribute to Aa,, where
L==7%-S7"% and ¢~ -« % with £~ being the SM lepton are run-
ning in the loop. These contributions are calculated by

lw mg‘ii
A Z'f MaZ Ma2
2 Ma2
+—5G ZI (29)
msii ms 3mK:t:t
where h{) =h{ (2hY)) for i =j (i # j), and
1—-6x+3 2x3 — 6x21
Gx) = X + 3x% +2x3 x“ Inx (30)

(1—x)*

We can see that the contribution from the «** loop gives the neg-
ative value which is undesired to explain the muon g — 2 anomaly.
We thus neglect the x** loop contribution that can be realized by

taking f_lgi < fra,
3.4. Aset of solution

Here, we show a set of the solution to give the sizable
amount of Aay, ie., 2.0 x 107° < Aa, < 3.8 x 1079, the non-
relativistic cross section to satisfy the observed relic density
O Vel = (1.78-1.97) x 1079 GeV~2, and to satisfy the constraint
of the direct detection o§j < 104, where we conservatively take
the constraint of the direct detection for all the mass region of DM.
By taking the number of the flavor Ng = 3, we find the following
benchmark parameter sets:
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m,++x =375 GeV, mg++ =377 GeV,
Mg, =375GeV, Mg, =380 GeV,
M}, =478 GeV, M%>=556GeV,
my =750 GeV, Ty =2.40GeV,

3 3
YOI =3.042 3 p2=0721%,
a=1 a=1

g =1.06 x 1073, sinfr =0.141, sina=-0.1, (31)

where Mg, , = M%lz, 0 = 6, for a =1-3, and we take Appy =
Agnh = 0. The trip]y—charged lepton mass M; is given about
375 GeV from the above inputs. The values for three parameters
my, sine and I'y are favored for the discussion of the 750 GeV
diphoton signature which will be discussed in the next section.
The other SM parameters are fixed as follows

I'n=4.1MeV, my=125.5GeV, v =246GeV,
my =80.4GeV, mz;=91.2GeV,
my =173 GeV, mp =4.18 GeV. (32)

From the benchmark set, we obtain the following results
Aay =3.54x107%, ove=1.87x1072GeV~2. (33)
4. Diphoton excess

We discuss how we can reproduce the diphoton excess at
around 750 GeV at the LHC. In our model, the additional CP-even
Higgs boson H plays the role to explain this excess via the gluon
fusion production process by taking its mass of 750 GeV. The cross
section oy, of the diphoton channel is expressed by using the nar-
row width approximation as follows

oyy=0(gg—H—>yy)~o(gg— H)xBH—=yy). (34)

Non-zero production cross section o (gg — H) of the gluon fusion
process is given through the mixing « with the SM-like Higgs bo-
son h defined in Eq. (6) as

o(gg—> H)= sin @ x o(gg — hsw), (35)

where hsy denotes the SM Higgs boson, and o (gg — hsy) does its
gluon fusion cross section in which the mass of hsy here is fixed
to be 750 GeV in order to derive the cross section for H. From [23],
we obtain o (gg — hsy) >~ 736 fb at the collision energy of 13 TeV.

Next, we discuss the decays of H and h to figure out the
branching fraction of B(H — yy) and the signal strength pxy of
pp — h — XY modes for h. The latter quantity becomes impor-
tant to set a constraint on the parameter space. In particular, when
we consider the enhancement of B(H — yy), this could also sig-
nificantly modify the event rates of h for various channels. The
definition of pxy is given by

Uxy =o(gg — h) x B(h — XY). (36)
The decay rates of % — PP’ with #=h or H and PP’ = f [,

W+W~, ZZ or gg are given by

[(H — PP) =&, (hsm — PP, (37)

where §7; = sina (cosw) for H = H (h). For the yy and Zy
modes, the decay rate is not simply given by the above way due
to the additional loop contributions of the new charged particles.
In order to simplify the discussion, we take flavor universal valu-
ables for the masses of the exotic charged leptons and the mixing

angles, i.e., M%a = Mg, and 6, = 6 as we have done it in the
previous section. In this case, the decay rates for # — yy and
H — Zy are given by

F(H—vyy)
_ \/EGFOlgmmg_[
25673

A pt+ro—
X SHFsm—Q22+ Z 7¢v¢ Fg"(m¢ﬁ)

¢=S.k

£ N2 v H
+E7—LQ3_NEgS M_ Fl/z(ML)
L

1%
+ Q3 NE Y YaEqE, (W) F)(Mg,)| . (38)
a=1,2 o
C(H— Zy)
3
_ ﬁGpagmmﬁ 1— m_%
12873 m?2

Aot+o—
X |&2Gsm — (—sty Q32,) Z 7“5‘/4’ Gotmyss)

$=S.k

+E1Q3-(—1/2 - sfy Q3-)Negs (MLL) G2 (M1)

2

cos?0g v ”
Qa2- —Sw Q2— | Ne yuEsE, | 77— ) G172 (ME,)
2 Mg

2

.2
sin” 6 v
+Qq ( —si, Qz-) NE y#E Ey <—ME > G1in(Me,)
1

2

in20
sin 26 7 (39)

+Qa-

N Y#E £, G5y (ME, . ME,)

where & = cosa (—sina) for H = H (h) and Qx denotes the
electric charge, i.e., Q; =2/3, Qp =—1/3, Q3- =-3 and Q1+ =
+2. In the above formulae, the Yukawa couplings y4;g,g, and the
scalar trilinear couplings Ag;4++4-- are given by

y . -
YHEE, = 7%5% sin20g + gs&, (40)
y . -
YHEE, = —725% Sin26g + gs&#, (41)
YE
YHEE, = ﬁéﬂ cos 20k, (42)
Apertie— = — (VAo €y + AZK%H)’ (43)
Aps+is— = —(Vioséy + Axsén). (44)

The contribution of the SM particles to H — yy (Fsm) and H —
Zy (Gsm) are expressed as

Fom=Fitmw)+3 > Q3F{H,mp), (45)
f=t,b
I
Gsm = Gt (mw) +3 Z Qf <?f —s%,.,Qf> G?}z(mf), (46)
f=t,b

with Ir =1/2 (=1/2) for f =t (b). The loop functions for the yy
mode are expressed by

H 2v? 2 2
Fg*(my) = m—z[l + 2m¢iC0(O, 0,my,, my, my, my)]1, (47)
H
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Fig. 2. The sina dependence of the cross section oy, for the diphoton process (left), the total width I'y of H and the signal strength ft,, (right). We take Ngp =3 and
Apst+s—— = Agyet+c—— = 0. The black, blue and red curves show the case of gs =1, 2 and 3, respectively. For the right panel, the central value of and the 20" limit on 1ty
from the LHC Run-I experiment are also shown as the green horizontal lines. (For interpretation of the references to color in this figure, the reader is referred to the web

version of this article.)

F}i)(mp)
4m>2 4m>2
=-—F {2 —m3, ( - —;) co<0,0,m%{,mp,mF,mF>] ,
My My
(48)
FHtamw)
_2m}, m3,
=5 |6+
msg, my,
+ (12m3, —Gm%{)Co(0,0,m%{,mw,mw,mw)], (49)

and those for the Zy mode are given by

Git(my)
2
v 1+42m2 Co(0, m%, m2,, My, My, My)
e(m?, —m?) ¢
2
m
+ e [Bo(m%{,mq),mw)—Bo(mzz,m¢,m¢)]}, (50)
my, —myg
G]/z(mF)
4m?
= F(4Cy3 +4C12 + Co)(0,m%, m3,,mp, mg, mp),  (51)
Swlw

Gy (mE,, m,)

4y
= [2(mF, +mF,)Ca3 + 2(mF, +mp,)C12 + mr, Co]
Swlw

(0,m%,m3,,mp,, mg,, mg,) + (F1 < F), (52)
Gt mw)

2m? m2 m2
=— e |5+ 2 ) —siy |1+ -
swew (my; —m3) 2myy, 2myy,

2
m
[1+—2 L (Bo(m%,mw,mw)—Bo(mé,mw,mw))}
m

my — My
+[2m}y, — 6¢2y (m3, —m3%)

—|—252W(m%{—m%)]Co(O,m%,m%_[,mw,mw,mw)}, (53)

where B; and Cj; are the two- and three-point Passarino-Veltman
functions [24], respectively. The notation for these functions is the
same as that in Ref. [25]. In addition to the above mentioned decay
modes, the H — hh mode is generally allowed. However, this mode

typically reduces the branching fraction of the H — yy channel to
one order, and it makes difficult to explain the observed cross sec-
tion of the diphoton signature. We thus assume that the decay rate
of this process is zero by taking the dimensionful Hhh coupling to
be zero.

Let us perform the numerical analysis to show our predictions
of the cross section oy, for the diphoton process gg — H — yy,
the total width I'y of H and the signal strength wxy. In the fol-
lowing analysis, we take the mixing angle 6¢ to be zero (equiva-
lently taking yr = 0), where a non-zero value of 6 does not give
an important change of the value of I'(H — yy) and I'(H — Zy).
We also take all the masses of the exotic leptons and the doubly-
charged scalar bosons to be 375 GeV which maximizes the value
of '(H — yy) for a given set of other fixed parameters.

In Fig. 2, we show the sina dependence for the diphoton cross
section oy (left panel), the total width I'y (center panel) and
the signal strength ., (right panel) in the case of the number
of flavor of the exotic leptons N to be 3. In these plots, we take
Ays++s—— = Aqe++—— = 0, in which only the exotic leptons give
the additional contributions to the H — yy and H — Zy decays.
The value of the Yukawa coupling gs is taken to be 1, 2 and 3 in
all the panels. For the right panel, the measured value of w,, ie.,
Wyy =1.14:£0.76 [26] at the LHC Run-I experiment is also shown,
where the solid and dashed curves denote the central value and
the 20 limit, respectively. We obtain the cross section to be about
0.6, 1.4 and 2.4 fb when |sin«| 2 0.1,0.15 and 0.2 in the case of
gs =1,2 and 3, respectively. Regarding to the width 'y, its value
strongly depends on sinc, while the dependence on gs is quite
weak. We find that 'y ~ 2.4 (8.5) GeV at |sin|=0.1 (0.2) with
gs = 1. For 0y, and I'y, the sign of sina does not become impor-
tant so much, while that for 11y, does quite important. This can
be understood in such a way that the interference effect in the
h — yy process between the W boson loop and the exotic lep-
ton loops becomes constructive (destructive) when sin« is positive
(negative). Because of this destructive effect, the value of y,, be-
comes zero at sina <0, and it rapidly grows when sino is taken
to be a different value from that giving w,, = 0. Therefore, the
case with sino taken to be a bit different value from that giving
yy =0 is allowed by the current experimental data 3. For the
other signal strengths which have been measured at LHC, i.e., ;t77,
www and ¢, they are calculated by cos? o at the tree level. In
the range of sin« that we take in Fig. 2, we obtain cos®« > 0.91,
so that these signal strengths are allowed at the 20 level from the
LHC Run-I data [27,28].

In Fig. 3, we show the contour plots of o},, on the sina-gs
plane in the case of Agg++s5-— = Agye++,—— = 0. The left, center
and right panels respectively show the case of N = 3,6 and 9.
We restrict the range of sina to be 0 to —0.3, because the positive
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Fig. 3. Contour plots for the cross section o)), on the sina-gs plane. We take Az g++5-— = Aqq++c—— = 0. The left, center and right panels respectively show the case of

Ng =3,6 and 9. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

41—

(N, 89 =9,09)
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T

(N 89 = (6,13)

Ny g9 = (3,2.9)

55

Fig. 4. Cross section o0y, as a function of Ayg++s—/v. We take Apg+t— =
Ags++s— and Apg+t,— = Aps++s— = 0. The black, blue and red curves respec-
tively show the case of (Ng, gs) = (3,2.5), (6, 1.3) and (9, 0.9). For all the plots, we
take sinoe = —0.12. (For interpretation of the references to color in this figure, the
reader is referred to the web version of this article.)

value of sina is highly disfavored by 137 as we see in Fig. 2. The
shaded region is excluded by 37 at the 20 level. We find that the
maximally allowed value of the cross section oy, is about 1.5 fb,
2.5 fb and 3 fb when N is taken to be 3, 6 and 9, respectively.

Finally, we add the non-zero contributions to # — yy from
the doubly-charged scalar bosons S** and «k**. In Fig. 4, we
show the diphoton cross section ¢y, as a function of Apg++s—-
(= Ahi++i——) normalized by v in the case of Apg++5—— = Appe++ie—-
In this case, only the H — yy/Zy mode is modified as com-
pared to the previous cases shown in Figs. 2 and 3 for the
same parameter choice of Nr and gs. In this figure, we take
(Ng,gs) = (3,2.5), (6,1.3) and (9,0.9), and sina = —0.12 for
these three cases, where these points give the maximal al-
lowed value of o0y, that is found in Fig. 3. We can see that
the constructive effect between the exotic lepton loops and the
doubly-charged scalar boson loops is obtained when Ajg++s— < 0.
At Aps++s--/v = —10, we obtain oy, >~ 2.0,2.8 and 3.8 fb at
(Ng, gs) = (3,2.5),(6,1.3) and (9, 0.9), respectively.

5. Conclusions

We have constructed the three-loop neutrino mass model
whose structure is similar to the model by Krauss, Nasri and
Trodden. The neutrino masses of (J(0.1) eV are naturally gener-
ated by the loop effect of new particles with their couplings and
masses to be of order 0.1-1 and TeV, respectively. We have an-
alyzed the Majorana DM candidate, assuming the lightest of Ng.
The non-relativistic cross section to explain the observed relic
density is p-wave dominant, and there are several processes;
NLNL — ™k~ with the ¢- and u-channels, and NyN} — ff,

NNy — ZZ, N\NL - WHW~—, NyN} — hh, NyN} — HH with
the s-channel. The dominant DM scattering with a nucleus comes
from the Higgs boson mediation h and H at the tree level, and
we have calculated the spin independent cross section of the pro-
cess. Furthermore, the anomaly of the muon g — 2 can be solved
by the one-loop contribution of the triply-charged exotic leptons
and doubly-charged scalar boson. We have found the benchmark
parameter set to satisfy the relic abundance of the DM, the con-
straint from the direct search experiment and to compensate the
deviation in the measured value of the muon g — 2 from the SM
prediction.

We then have numerically shown the cross section of the
diphoton process via the gluon fusion production gg — H — yy
and the width of H under the constraint from the signal strength
Myy for the SM-like Higgs boson measured at the LHC Run-I ex-
periment. We have obtained the width to be about 3-5 GeV in the
typical parameter region, which gives a tension to the measured
value, i.e., about 45 GeV. We have found that the cross section of
the diphoton process is given to be a few fb level by taking the
masses of new charged fermions and scalar bosons to be 375 GeV
with an order 1 coupling constant. A bit larger cross section such
as about 4 fb is obtained by taking the larger number of flavor
N of the exotic leptons and take a non-zero negative value of the
trilinear scalar boson couplings Ayg++s— and Ape++,——-
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