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Abstract We propose a radiative seesaw model in an alter-
native left-right model without any bidoublet scalar fields,
in which all the fermion masses in the standard model are
generated through a canonical seesaw mechanism at the tree
level. On the other hand the observed neutrino masses are
generated at two-loop level. In this paper we focus on the
neutrino sector and show how to induce the active neutrino
masses. Then we discuss the observed neutrino oscillation,
constraints from lepton flavor violations, new sources of the
muon anomalous magnetic moment, a long-lived dark matter
candidate with keV scale mass, and collider physics.

1 Introduction

Current neutrino oscillation data provide strong evidence
of tiny but nonzero neutrino masses [1]. Seesaw mech-
anism is one of the elegant realization to explain such
tiny neutrino masses by introducing right-handed neutrinos,
which can naturally be embedded into a left—right symmetry
SU(2)L x SU(2)r x U(1)p_ as atheory at TeV scale [2].!

On the other hand, radiative seesaw models are also
one of the natural realizations to explain the tiny neutrino
masses at low energy scale where the neutrino mass matrix
is generated at loop level, and a vast paper has recently
been arisen in Refs. [3—120]. Moreover, some new parti-
cles such as dark matter (DM) and/or electrically charged
particles, running inside a loop diagram, are introduced in
radiative seesaw models. Thus the radiative seesaw models
provide a wide variety of interesting phenomenologies cor-
related with neutrino sector, and these two scenarios are well
compatible [14,15]. Thus it is an attractive interpretation that

! The left-right symmetry can smoothly be extended to larger groups,
such as SO (10) symmetry, which is typically realized at a higher scale
such as in grand unified theories.
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the active neutrino masses are generated by combination of
these mechanisms since neutrino masses are very light com-
pared to the other standard model (SM) fermions. In addition,
implementing this scenario into left-right model will be phe-
nomenologically interesting.

In this paper, we combine the left-right model and radia-
tive seesaw model, in which active neutrino masses are gener-
ated at two-loop level while Dirac neutrino masses are gener-
ated at one loop, employing a specific left-right model based
on Ref. [121].> A Majorana mass term of the right-handed
neutrino is obtained at tree level by introducing SU (2)r
triplet scalar Ar. But we do not assume the exact left—right
symmetry and Ap is not introduced. Then we find allowed
region of parameter spaces by carrying out numerical anal-
ysis where we take into account muon anomalous magnetic
moment, various lepton flavor violating processes, and a
long-lived DM candidate to explain the X-ray line at 7.1
keV [122,123], as well as consistency with the current neu-
trino oscillation data.

This paper is organized as follows. In Sect. 2, we show
our model building including Higgs masses, neutrino mass
matrix. In Sect. 3, we discuss lepton flavor violations
(LFV), muon anomalous magnetic moment, DM, and col-
lider physics and then carry out numerical analysis to search
for the parameter space satisfying all the phenomenological
constraints. We conclude in Sect. Appendix B.

2 The model
In this section, we introduce our model where the gauge sym-
metry is introduced as SU (2)L, x SU(2)r x U (1)g_L. In this

paper, we focus on the lepton sector and the details of the
quark sector are found in Ref. [121].

2 The paper also discusses the quark sector.
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Table 1 Lepton sector; notice
the three flavor index of each

field LL(R) and EL(R) is
abbreviated

Table 2 Boson sector

2.1 Particle contents and scalar sector

The particle contents for leptons and bosons are, respectively,
shown in Tables 1 and 2. Here all the new fields are singlet
under SU (3)c. We introduce SU (2)r doublet fermions of
Ly and isospin singlet vector-like fermions of Ey (ry both
of which have three flavors like SM fermions. As for new
bosons, we introduce two SU(2)p) doublet scalars @y,
and ®g, an isospin singlet singly charged scalar 4%, and an

Fermion Ly Lr EL®)
SUQ@)L, SUR)R, U(1)B-L) 2,1,-1) (1,2, -1) (1,1,-2)
Boson o3y PR ht AR
SU@)L, SUR)R, U(1)B-L) 2, 1,1 (1,2, 1) (1,1,2) (1,3,2)
fields by
iR 1
PLR) = 0( ', ¢S(R) = —(uL®)+hL®)FiaLR)),
¢L(R) ﬁ
2.3)
At A4+
2= A
_| V2 o_ I 0, A0
AR = A0 _% , A _ﬁ(vA—i-AR—HA,),

SU (2)R triplet scalar AR. Note here that ®r and A, respec-
tively, develop vacuum expectation values (VEVs) (denoted
by vr/+/2 and v /+/2) in order to break the SU(2)r sym-
metry and generate Majorana mass term for the right-handed
neutrinos vr to realize seesaw mechanism with two-loop
induced Dirac mass as shown below.

The relevant Lagrangian for Yukawa sector and scalar
potential under these assignments are given by

—Ly = (hL)ij Ly, O ER;
+ (hR)ij Ly, PREL; + (fL)ijL{ iToLy; k"
+ (fR)ijL§ iTa Ly, h "
+ (yap)iLg i ARLR, + (ME), EiE; +c.c., (2.1)

V= —mg, |OLI — mg, |Pr|* — mp|h > — mATr[| AR[*]
12%) R
T 7(q>§zrzAl§<1>R +h.c.)
4 4 +4 212
+ 2@ |PLI* 4 Ao |ORI* 4+ A lh T 4+ Aa (Tr[| ARIP])
+ M\Tr[| AR + ALg| P | PRI
+ ALal LR + Agp| DR PR
+ A lhPTC[|AR 2T+ Aoy a| L2 Tr[|AR|2]

+ Aagal ORIPTH AR P] + A s PRARAR PR, (2.2)

where 17 is a second component of the Pauli matrix, the index
i(j) runs 1-3, and ya, and Mg can be diagonal without loss
of the generality. It implies that ya, does not contribute to
lepton flavor violations. Notice here that each of fi r) and
g should be antisymmetric and symmetric. We work on the
basis where all the coefficients are real and positive for our

brevity. After the left—right symmetry breaking, each of the
scalar fields has nonzero mass. We parametrize these scalar

@ Springer

2.4)

where hp is the SM-like Higgs, and v, is related to the
Fermi constant G by vf = 1/(~2Gp) ~ (246 GeV)?2. The
VEVs of ®1 ) are derived from the conditions 0V /dv, = 0,
dV/dvr = 0 and 0V /dva = 0 such that

msz — —7Un |,
)“PL ( oL 2 R

<
qul ]
[2

1 ALR
2 2 2

~ — - — ) 2.5
‘R )VCDR <m¢)R 2 UL) ( )

1 pszz

2 R
VA Y ——— . (2.6)

4 272 m2A

In this paper we require vg >> vr,, which can be obtained if
we adopt méR [Aaog > méL /A, and choose rather small
value of ALr. After the symmetry breaking, we have mas-
sive gauge bosons W]:—L(R) and Zp ) associated with left—
right symmetry. Note that a neutral singlet scalar is required
to obtain the desired symmetry breaking pattern in the model
of Ref. [121], while we can realize the symmetry breaking
due to the absence of exact left-right symmetry in the scalar
potential.

The CP even Higgs boson mass matrix in the basis of
(hy, hy, AOR) is denoted by (M 2)cp_even, and it is diagonal-
ized by 3 x 3 orthogonal mixing matrix Or as
OR(M?)CP.even Oy =diag. (mj; , mj , mj.). Thus hyg) and
AOR are, respectively, given by

h = Y (Oiaha: hr= ) (OR)aha.
a=1-3 a=1-3

AR = Y (OD)3aha. 2.7)
a=1-3
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where h| = hgwv is the SM Higgs and h5 3 are additional CP
even Higgs mass eigenstates.

The CP odd component ar, from &1, does not mix with the
other CP odd components. Thus qar, is the massless Nambu—
Goldstone (NG) boson which is absorbed by Zr, boson. The
CP odd Higgs boson mass matrix in the basis of (A(I), ag)
is denoted by (M 2)Cp_0dd, and it is diagonalized by 2 x 2
orthogonal mixing matrix Oy as O; (M 2)eP-odd OIT = diag.
(mi1 , miz). Therefore ag and A; are given by

aR= Y (ODiaAs, A1= ) (0)2Ae,  (28)

a=1-2 a=1-2

where only A should be massive, since A, is absorbed by
the Zg boson.

The singly charged scalar boson 2™ does not mix with
other charged scalar bosons. Thus it is the mass eigenstate
with mass my+. Also the singly charged component ¢f from
@1, does not mix and it is the massless NG boson absorbed by
WEE. The singly charged scalar boson mass matrix in the basis
of (A%, q)f{t) is denoted by (M 2)singly, and it is diagonalized
by the 2 x 2 unitary mixing matrix U as U (Mz)singlin'L =
diag. (mii, méi). Therefore A* and q‘)ﬁt are given by

1 2

A=) U

a=1-2

¢ = Y. U)oy, (29

a=1-2

2 . + . +
where m e should be zero, since ¢, is absorbed by Wy

boson. The doubly charged scalar boson AT is mass eigen-
state with mass eigenvalue ma++ >~ mp.

2.2 Charged lepton sector

First of all, we define the isospin doublet fermions as Ly (r) =
[VL®), £LR)]T. The charged lepton mass matrix in the basis
of (£, E) can be given as

Mzz[ 0 hLvL/ﬁ]E[OmL]

2.10
hgvr/v2 Mg my Mg 2.10)

Then it can be diagonalized by bi-unitary mixing matrix Vi,
and VR as V.M, VRT = Miag, Where

—miMZ'mg 0
VM Vg ~ | MR R 2.11
LM VR |: 0 Mg | (2.11)
T
| — PePs  _ -
Va = T2 ﬁ%pa . pL=mLMg ",
pa l_aT
pr =maMZ', a=L,R. (2.12)

Here we have used the assumption mp, mr << Mg. The
resultant charged lepton mass squared is then given by

2 —1 Tooag—1
|mg|,-j ~ mL Mg mrmg (Mg )mi
2,2

vy v .
v Rpy Mg hrhi Mg h)

2

U
THthRF, (2.13)

&2

if we assume to be Mg ~ vR.
2.3 Neutrino sector

The neutral fermion mass matrix in the basis of (vi, vR) is
generated by

0
(Mv)ah = |:mT D :| s

D M

(2.14)

where m,, = yARvA/«/E = diag.(mny,, my,, mN3),3 and
the Dirac fermion mass matrix mp is given by

VLR (FL)jy, (M) aa (h)ap (FR)pj In Zg

~ , 2.15
Db 272Mp, 1= Za, @19
where all the indices are summed over, and we define

2
m, 4+
(FL/R)j; = U fL/R)ijs Zasp = <ﬁ , and assume

to be my << ME. Therefore the active neutrino masses can
be obtained at two-loop level through two types of the see-
saw mechanisms (canonical seesaw with one-loop induced
Dirac mass and its irreducible diagram [34]); (M))ap =~
mpm ;leg.“ Notice here that one of three neutrino masses
is zero without loss of the generality, because the matrix rank
of (mp)3x3 is two.

Then (M), is diagonalized by the Maki—Nakagawa—

Sakata mixing matrix Vs (MNS) as

(My)ab = (Vins Dy Vaing)abs Dy = (my, myy, myy), (2.16)
C13€12 C13812 s13e710

VMns = | —ca3s12 — sa3s13c12€® cazcin — so3si3s12¢ ssens |
5238512 — €23513€12€"0 —s23010 — C23813512€ C23C13

Q.17

where we neglect the Dirac phase § as well as the Majorana
phase in the numerical analysis for simplicity. We present

3 Our main motivation to introduce the SU(2)r triplet boson AR is
to formulate the seesaw neutrino mass matrix appropriately. Actually
evenif Ar is notintroduced, a rather heavier right-handed neutrino mass
matrix m,, can be induced at the two-loop level by increasing the scale
of vg. However, we cannot define the inverse of the seesaw neutrino
mass matrix, because the matrix rank is reduced by one. Therefore, the
seesaw formula does not work well.

4 The loop function with the irreducible diagram is usually smaller than
the one with the canonical seesaw diagram [68]. Thus we consider the
canonical seesaw type model only.

@ Springer
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the following neutrino oscillation data at 95% confidence
level [124]:
0.2911 < 57, < 0.3161, 0.5262 < 57, < 0.5485,
0.0223 < 573 < 0.0246,
Im3, —m3,| = (2.44 +0.06) x 10 V2
m2 —m? = (7.53+0.18) x 107>

%)

(2.18)

where we assume normal ordering of the neutrino mass
eigenstate in our analysis below; therefore m,, = 0.

2.4 Neutrinoless double beta decay

Here we discuss the non-standard contribution to the neutri-
noless double beta decay. The relevant process arises from
the same process of the standard interaction just by flipping
the chirality L — R, and its formula is given by

: mwy, ¢ 8L N
Z |(V]\2/[Ns)li|mvi + [m_L] [_} mURl
i=l

m =
BB W P

3

2 Uﬁ
Z [(Vans) i lmy,; + T A 2 Mg,

. (2.19)
P (vg +2v%)

where the first term in the left side equation is the contribu-
tion to the SM and the second term is the one of the new
contribution. Furthermore we have used mw, = gLvL/2,

my, = gR,/vl% + 2v2A/2, and the mixing among vrs is
assumed to be diagonal for simplicity. When we adopt the
typical bound mgg < 0.29 eV [125], we can estimate the
upper bound on the mass of vg, once the vr and v, are fixed.
We will see a concrete discussion in the section of numerical
analysis.

3 Phenomenology of the model

In this section, we discuss some phenomenologies in our
model such as LFV, muon anomalous magnetic moment and
DM. Then numerical analysis is carried out to search for
allowed parameter space which is consistent with current
experimental data.

3.1 Muon anomalous magnetic moment and Lepton flavor
violations

The muon anomalous magnetic moment (muon g — 2) has
been measured at Brookhaven National Laboratory. The cur-
rent average of muon g — 2 experimental results is found

as [126]

ap® = 11659208.0(6.3) x 10719,

@ Springer

Two discrepancy between the experimental data and the pre-
diction in SM; Aa,, = a;,* — aZM, have, respectively, been

computed in Ref. [127] as

Aa, = (29.0+9.0) x 107 at 3.20 C.L., (3.1)
and in Ref. [128] as
Aa, = (33.5+£82) x 107 at 4.16 C.L. (3.2)

In our model, we have new contributions to Aa, com-
ing from the Yukawa coupling of Ay ) and fi(r), and its
contribution is given as’

Aa, ~ Aah” + AahA + Aaf + AaA

hu (H“ )2a(H )2
Aa ay 2(471-)2 ZZ |:

1+3Y2 — 4y, —2Y2 In[Y,
5 2, =AY, — 272, [a,a]}’ G

(3.3)

(1 - Yot a)3
3 S (HDE 2(H“)o,z

hA A 2 ’
Aa#A ~ (47.[)2 Z Z @) (Yoz,a) ’
a=1a=1
(3.5)
2
Aaf ~
o 3(4m)Pmy

3
x 3 [ fide + FDap(fR)pFaten) |

a,f=1
(3.6)
Al i (yARm(yAR)az
a® ~ —
" 4(471)2 mi s
2 (YD2p(YR )2 )2,3( 2
1 — 6x + 3x2 +2x —6x2Inx
F(x) = 1—x) , (3.8)
0T o7 ,
where we define H}; = (hL)’-’(ORMZD(;R)”(OR)Z“, Hi =
OT a h ij
OO Vo = (mg/ME)Y Yoo = md /M3,
(Ya) sy = UD2ag)a: € = (my /mye )* and we

have assumed m,, << mg << {myy, Mg, myo,m,+ }.
a (b)

Note here that the contribution of Aaﬁ
because of the small mixing.

Lepton flavor violation processes (LFVs) £; — £;y and
G — K;E;‘EZ at the one-loop level are measured precisely

is negligibly small

5 Useful formulas for the muon g — 2 can be found in Ref. [129].
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Table 3 Summary of £; — £y process and the lower bound of exper-
imental data [130]

Process @, j) Experimental bounds (90% CL)
- — ey 2,1 Br(n — ey) < 5.7 x 10713
T ey 3, 1) Br(t — ey) < 3.3 x 1078

T > Uy 3,2) Br(t — uy) < 4.4 x 1078

and severely constrained. Each of flavor dependent process
has to satisfy the current upper bound, as can be seen in
Tables 3 and 4. The branching ratio (BR) for the ¢; — £;y
can be written as

4873 0o C;

2 2
5> (aLl” + lar[),
m@;GF

Br(¢; — £;y) =

aL =ap +ag, ar=ap+ag, 3.9)

3

3 a il
~ _ 1 (H")ia(Hq )Olj
S Yo QZ 2:% M

E
=la o
1+3Y2, —4Yqa — 22, In[Yo 4]
% : )
(l - Ya,a)3

, (3.10)

3

Ty . .
~ my, Z (fR)]ot(fR)ou

afm ~
e 3(4m)Pm2,

Fr(eq),
a=1
3

. (D) ja(fL)ai

ap ~m PR
o 3(4m) my

(3.11)

where C; ~ (1,1/5) for i = (u, ) [131], Gf is Fermi
constant, and oy, is the fine-structure constant. On the other
hand, the BR for the process £, — Z;E;EZ is given by

Br(¢; — £767¢;)
~ 1;};2 (8|A|2+8|B|2+2|C|2+2|D|2

+2|AL? + 2| BL|* + 2| AR |* + 2| Br|* + |Cr[?
—8Re[AB*] + 4Re[AD*] + 4Re[BC*] + Re[C D*]
—4Re[AA] ] + 4Re[A B[] — 4Re[AAR]
+4Re[ABR] + 4Re[ACE] + 4Re[BA[ | — 4Re[ B B[]
+4Re[BAR] — 4Re[BBy] — 4Re[ BCR] — 4Re[ AL B;']
—4Re[AR Bi] — 4Re[ARC] + 4Re[ BRCg ]
+8Re[BE*] + 8Re[BF*] + Re[CE*]

1 1
+Re[CF ]+ J|EI* + §|F|2> : (3.12)
where the numerical factors {A, B, C, D} come from box
loop diagrams in which E, and h, are running while the
other factors come from box loop diagrams with E, h, and
A, running inside the loop; the explicit forms of these factors

are given in Appendix B. Note that the LFV decay ratios
are determined by the Yukawa couplings Ay r) and fi(Rr)
which also appear in our neutrino mass formula Eq. (2.15)
indicating the correlation between LFV and neutrino mass
matrix.

3.2 Dark matter

We consider a fermionic DM candidate X (= vg,), which
is assumed to be the lightest particle of vg;. Since DM can
decay into neutrinos and photon through the Dirac mass term
at the one-loop level, DM has to be long-lived. Hence we
focus on the explanation of the X-ray line at 3.55 keV, since
X decays into active neutrinos and photon at the one-loop
level after the symmetry breaking. Then the mass of DM
Mx (= M,)Rl) is fixed to be around 7.1 keV with a small
value of the decay rate divided by My i.e., 4.8 x 1078 <
%Xv"y) < 4.6 x 10~46 [134].6 We also note that such a
DM candidate will be over-abundant if one estimates thermal
relic density through the gauge interactions. However, this
problem can be evaded by the entropy production due to the
late decay of vg,; [132,133]. In our analysis, we assume
the right relic density can be obtained by this mechanism
and the constraints on the decay rate of DM is taken into
account. Then the decay rate is derived as

['X — vy)
My
2
1-3 . 2 )
~ Qemab; Z(fT) (o .3 —4b; +bj +2In[b;]
167[4 L/J J Z(bj _ 1)3 ,

j
(3.13)

where we definea = (Mx/mhi)z, bj= (mgj /mhi)z, under
the assumption My, my, << mg, Mp+.

Thus the decay ratio is correlated to neutrino mass matrix,
Aay, and LFV through the Yukawa coupling fi(r).

3.3 Collider physics

Here we discuss the signature of our model at the LHC 13
TeV. Then we focus on the doubly charged Higgs boson A*+,
which decays into the same sign lepton pair with right-handed
chirality. Particularly the process pp — Zr — ATTA™™
is interesting since it provides clear four lepton signal where
invariant masses of same sign leptons and of four leptons
respectively give mass of AT+ and m ZR‘7 This is unlikely

6 This bound is derived from sin? 26 = (2 — 20) x 1011,

7 The doubly charged Higgs pair can be produced via y and Z exchange
in s-channel. In this paper, we do not discuss these productionprocesses

@ Springer



103 Page 6 of 12

Eur. Phys. J. C (2017) 77:103

Table 4 Summary of

P e; Zz,’ ¢; process and the Process @, j, k, 0 Experimental bounds (90% CL)
g‘;‘faeﬁ’z‘znd of experimental pm = eetem 2, 1,1,1) Br(u — e~ete) < 1.0 x 10712
7 = e ete” (3,1,1,1) Br(t —> e ete™) <27 x 1078
7 = puete” 3,2,1,1) Br(t - u~ete™) < 1.8 x 10-8
T > e utuT (3,1,2,1) Br(t — e pute™) <1.5%x 1078
T e putuT 3,1,2,2) Br(t e u"n) <2.7x 1078
T > ptps (3,2,2,2) Br(t —» p ptu™) <2.1x 1078
20.0 — " " " " " " " " " " " " "
1000 ma=10TeV | Z e r=12 my = 1.0 TeV
) = T
= Mo wr=12 T by T |
T O50F 1 4 ““---l._q .........
L - S
T D S
200 Nlavel el 4 b T
g L .
2 10 =z Olf h
= LHC limit m
N = 0.8
T 0.5¢ T
g £ 0.01
S £ 0.01+ ]
0.2+ 5

26 2.8 30 32 34 3.6 38 40
mz,[TeV]

Fig. 1 The left and right plots show o (pp — Zr)BR(Zr — £1¢7)
and o (pp — ZR)BR(Zr — ATTA™7) as a function of Zg mass
for several values of r = gr /gL where we fixed doubly charged Higgs

to neither the type Il seesaw scenario nor the Zee—Babu type
case with k++e§eR, because the type II decay mode comes
from the left—handed chirality, and the Zee—Babu type dou-
bly charged Higgs is produced via gauge interaction with
only U (1)y. Furthermore each of the component ya, can be
determined through the neutrino oscillation data, CLF Vs pro-
cesses, and DM phenomenology such as X-ray line search.
Thus we expect that collider signature further test the struc-
ture of the Yukawa coupling.

The gauge interactions associated with Zg are written

as [135,136]
QB—L) Mj|
ZR fSM
2C12v1
_Q}.LL&

SRZR(ATTO,ATT = AT79,ATT)
2 M

LD fsmvu |:gRCM (Q -

(3.14)

where Q is electric charge, Op_; is U(l)p_r charge,
cy = cosby = tanBwgr/gr, Sy = sinfy, and gr

Footnote 7 continued

since they are small as < 0.1 fb for TeV scale doubly charged Higgs
and signal is less significant due to absence of peak in invariant mass
of four leptons.

@ Springer

2.6 28 30 32 34 36 38 4.0
mZR[TeV]

mass ma as 1 TeV. The red curve in the left plot indicate the upper limit
from LHC experiment [139]

is SU(2)r gauge coupling. Then we estimate the produc-
tion cross section of Zr and its branching ratio (BR) with
CalcHEP [137] implementing the interaction and apply-
ing CTEQ6L PDF [138]. In Fig. 1, we show o(pp —
ZR)BR(ZR — ¢*¢7) and o(pp — ZR)BR(Zr —
ATTAT7) as a function of mz, for several values of r =
gr/gL with fixed doubly charged Higgs mass ma = 1 TeV
where constraint on o (pp — Zr)BR(Zr — £1£7) from
LHC experiment is indicated by red curve [139]. We find
that Zgr should be heavier than around 3.5 TeV where the
lower mass limit depends on r. Note here that this result
does not depend on doubly charged Higgs mass strongly
if it is lighter than m z, /2 sufficiently. The doubly charged
Higgs pair production cross section via Zg is given as ~
{0.28,0.11, 0.045}[fb] for r = {1.2, 1.0, 0.8} withmz, = 4
TeV. Thus O (10)-0 (100) number of events can be obtained
with luminosity of ~ 100-300 fb~! for » > 1 while num-
ber of events is smaller for »r < 1. Therefore we can test
our model at the LHC with sufficient luminosity since the
four lepton final state gives clear signal, and structure of the
Yukawa coupling ya, would be investigated by measuring
the BR of A**. The detailed simulation analysis including
SM background is beyond the scope of our paper and it will
be investigated in future work.
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3.4 Numerical analysis

Now that all the formulas have been provided, we carry out
numerical analysis to search for parameter region satisfying
all the constraints. First of all, we fix the following parameters
in the scalar sector:

mp, = 125 GeV, vr (R vp) = 10° GeV,my,, =7.1keV.
(3.15)

Before discussing the numerical analysis, we comment
on the neutrinoless double beta decay. Once we apply these
above values, we can estimate the neutrinoless double beta
decay as
mpg ~ 3.5 meV, (3.16)
where non-standard contribution is about O(10~%) meV. It
suggests that it satisfies the experimental bound on mgg <
0.29 eV, as discussed before. Then we have 26 free param-

eters (see Appendix A) and randomly select the values of
these parameters within the following ranges:

Mg ; = (500 GeV, 1000 GeV),
Myg.j = (5000 GeV, 10,000 GeV),
mp, = (1000 GeV, 10000 GeV) ,

Fi,, = (0,0.01), hr,, = (0,0.01), hr,, = (0,0.01),
hri; = (0, 1),

Fr,; = (=0.01,0), hg,, = (—0.01,0),
hRr,, = (=0.01,0), hg,; = (—1,0),

a; = (=03, -0.2) , a2 = (0.2,0.3),
a3 = (—0.0002, —0.00002) ,

yi = (=0.1,0.1), ar, = (2.9, 1), ag, = (1.5,2),
aR; = (0.1,0.5),

ar = (=3,-2),a, =(0.05,0.1), (3.17)

which are found as the preferred parameter range to satisfy
the constraints.

Then we have examined 10 sampling points to inves-
tigate how much parameter space is allowed. We find 311
points that satisfy the current LFV constraints and the neu-
trino oscillation data. Figure 2 shows the correlation between
Aay, and F(XM;X”"”) where a red point represents negative
Aay, and the blue points represent positive Aa,,. The DM
decay rate can satisfy the experimental data (16 points) if the
points are within the line between the two black horizontal
lines in Fig. 2. On the other hand, the discrepancy of muon
g — 2 from SM is at most the order 10711, which is too small
to explain the experimental data by the order 0.01 magni-
tude. This is because there exist more negative contributions
in Egs. (II1.5-7) than the positive contribution in Eqs. (II.4).
But a future experiment might verify the scale.

_38 :, ]
—40 . ]
= L
> .
N a2 f
x I
= [
= -4l f
ERaa
g [
-
_46 |- ]
~
a8 ]
_50 L L L L L L L L L L L L L L L L L L L ]
~14.0 135 -13.0 125 -12.0 115
Logyglla,]
Fig. 2 The correlation between Aq,, and %}(‘W) All points satisfy

the current LFV constraints, a red point means Aa, is negative and
blue points mean Aa,, is positive. The total number of the consistent
data points is 311

4 Conclusions

We have studied a radiative seesaw model based on a
SUR)L xSU(2)r x U (1)p_L symmetry, where the neutrino
mass matrix is induced at two-loop level. Then we have for-
mulated masses in lepton sector, lepton flavor violating decay
ratios, muon g — 2, and the decay rate of the long-lived dark
matter. Due to the antisymmetric Yukawa couplings con-
tributing to the active neutrino mass and absence of A, a
zero mass eigenstate (with two massive) is predicted, and (a
long-lived) dark matter candidate can be accommodated in
our model. Then we have carried out a numerical analysis to
search for the parameter space which is consistent with all the
experimental constraints, and correlation between Aa,, and
['(X — vry)/Mx for the allowed parameter set is depicted
in Fig. 2, in which the red points represent negative Aa,, and
the blue points represent positive Aa,,. The DM decay rate
satisfies the experimental data (16 points) if the points are
within the line between the two black horizontal lines. On
the other hand, the discrepancy of muon g — 2 from SM is at
most the order 10~!! that is too small to explain the current
experimental data by the order 0.01 magnitude, since there
exists only a positive contribution to be compared with three
negative contributions. But a future experiment might verify
the scale.

Our model also could be tested at collider experiments
by searching for exotic charged particles such as heavy lep-
tons and doubly/singly charged Higgs bosons. These parti-
cles would be produced via electroweak interactions at the
LHC when their masses are O (100) GeV to O (1) TeV. Then
we have analyzed doubly charged Higgs production via the
process pp — Zr — ATT AT~ at the LHC where doubly
charged Higgs decays into two same sign leptons providing
clear signals from four lepton final states. The production
cross section is estimated as ~ 0.05-0.3 fb for mz, = 4

@ Springer



103 Page 8 of 12

Eur. Phys. J. C (2017) 77:103

TeV depending on value of the ratio of SU(2)Lr) gauge
couplings, and we can obtain around 10 to 100 number of
events with luminosity of O (100) fb—!. Thus we can test the
signature of our model and structure of Yukawa coupling for
AR and right-handed charged leptons could be tested by mea-
suring branching ratio of doubly charged Higgs. The detailed
analysis including SM background will be left as future work.
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Appendix A: Yukawa couplings

In this section, we discuss the structure of Yukawa couplings
of our model. Our neutrino masses are obtained by (M), =
mDm;leE, where m,, = yazva and mp is given by Eq.
(2.15). Using the Casas—Ibarra parametrization, the mp is
written by
1 1 1 1

mp = Ujyyys-diag (mf,mf,mf).O.mﬁR, (A.1)
where Uy s is the MNS matrix, m;’s are neutrino masses, O
is a complex orthogonal matrix. O is parametrized by three
complex parameters: o1, &2, 3.

Generally, a matrix M is factorized by the following form:
M = LDU, (A.2)

where D is diagonal matrix and L(U) is upper (lower) trian-
gular matrix with unit diagonal components. The factoriza-

@ Springer

tion is called the LDU decomposition. We can factorize mp
using the LDU decomposition as follows:

mp = LDU = LpUp, (A.3)

where Lp = LD} = Fuhy 23, Up = DYU = (FrhgZ3)"
and the diagonal matrix Zp is written by
_ vLUR In Z;

2w ME, (1 - Z;)'

We assume Fi hp and Frhgr are lower triangular matrices.

The components of Fi Ry and hp ) are written in the fol-
lowing form:

Zp,; (A4)

P _ ILR),, ILw) LR, 4
L(R)Sl - L(R)Zl _l l l l l L(R)I] ’
LR35 LR LR, —IL®)y LR)s,
IL®); IR
hL®)y = —lL®yy + QLR ALR),;
IL®R)3 LR — LRy IL®)3
P _ IL®),, IL®), IL®)s, "
LR)3, = L(R)zz_l I ! ! I L(R)j2»
L(R)32 ‘L(R)31tL(R)2; T EL(R)21 fL(R)3;
LRy, IL®R
hL(R)zz = _lL(R)sz + B LR hL(R)IZ’
IL®R)3 IL®)s = ILR)y LR
PR LwnlL®ys h
LR)3 = LR)y3-
ILR)5 ILRYy = ILR)y ILR)s,
P _ hwyphiws,
e
22
hL®R)y LR
Fyy, = FLys oo
hL®) ;3 ALR),,
L(R)
FLRr);; = —FL®)y hL(R)B (AS5)
13

In this case, F1.(r)A1(R) becomes a lower triangular matrix:

Lwy, 0 0
FLeohiw = | Lwy Lw, 0 = Lp or Up,.
IL®y Lw®yn lL®s
(A.6)

IL(r);; are determined by neutrino oscillation experiments.
Therefore we have eight free parameters: ALR),,» ILR);,>

hiR) 5 and FLR),;-
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Appendix B Loop factors for £; — Z;(,’:Z;

Here we summarize the loop factors appearing in the formula
of lepton flavor violating decay £;” — E;Z;{"Ee_ inEq. (3.12).

(H®) o (H)ai (H®) j5 (H ) pic — (HP) 0o (H )i (H) 5 (H k.
B.1
2(47‘[)2/ ;; x]M2 —|—x2M2 —i—xg,m% +x4mib (B.1)
H o5 (HD) g (H?) 10 (HDai — (H?) 5 (HD) g1 (H) 100 (HL )i
- 2/ ZZ( Vep(Hy ) i ( 2); (Hy)ai — (H?)g(Hy) g (H?) jo (Hg) ’ B.2)
4m) ot x1Mg +szEﬂ+X3mh +X4mhb
Mg Mg, ((H?) 4o (HD) i (HY) 15 (H + (H) o (H )i (H?) 5 (H,]
2/ ZZ EeME;((H?)pa( )2 (HY) jp( )ﬂk (H?)pa ( )2 (H?) jp( )ﬂk) (B3)
(47t) ot (1 My +x2MEﬁ+x3mh —|—x4mhb)
Eu ME, (H) o (H)) e (H) jo (Hai + (H?) g (H) g (H) joc (HY o)
(4n)2/ ZIX; (1 MR, +x2ME, + x3mj, + xamj, )2 ’ D
4i(fof)ij(foL')kz / E,ME, (d +h(€ < j))
— B.
(4n)2mii 2(471)2 Zl(;()clM2 —}—sz2 —|—x3mi +)C4mA )2’ (B-5)
4 DD
BL = — B.
- (4m)2m3 . B0
/ ZZ(H%(H,, )k (H'™®) o (Ho i — (H'®) e (H) i (H'™) jo (Hl e
2(47‘[)2 ot le%a +x2M%ﬁ +x3m124H +x4mih
i e+ f—g—h
dx
+ 2(4m)? / ZZ )ClM2 +X2M125/3 +X3m%a +X4m124h
Mg, Mg, (c + g < j)) . T T
8 a aj a ia’J1,aa’» B.7
2(471)2/ X};(XIMZ —i—sz2 + x3mj, + xam? )2 Rt e UrdkaFria 1 B
/ ZZ(H”)MH Vi (H'®) j5 (H, ) g — (H'®) e (Hy i (H'™) s (Ho )
R = 2(471)2 P le%a +x2MEﬁ +x3m/24a +JC4m%4l7
a+b—c—d . ; i
- a a'j a’ ia aa’ s B.
2(471)2/ 2}; le2 +x2MEﬂ—|—x3m% + xq4m ih SR ae Ji)aj ke dia 1 -5
Cr = 161.va,,,va,“/ (fR)aZ(fR)aj (fR)ka’(fR)ia’jZ,aa’s (B.9)
Here the factors {a, b, ..., h} have been defined as
2(471)2/ ;; ta }
Mg, M, @+ e(t < J)) o O (H™) e (H i (H) j (H, g
Y Ty A S C b= (Ha(H, )ai () j5(H]) pi. (B.12)
f ZZ ¢ = (H") o (H))ai (H) 5 (H]) i,
2<4”>2 o o d = (Ha(Hy i (H) i (Hy g (B.13)
(XIM +x2M +X3mh +x4mAb) f — (H/b)iﬁ(Hj)ﬂk(Ha)ja(HbT)ai’ (B.14)
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g=(H")ip(H)pr(H®) jo (H )i,

h = (H) s (H, ) pr (H) joo (H, i (B.15)
1 1 1—x
Jo = — d d

1,aa (477,')2\/0 x\/O\ y
l—x—y

x _i=(1,2),

[xm3, , +ym|2)R.a, + (I—x—y)m?.]
(B.16)

where we define the coupling factors Hi‘;

(h1)ij (O 1a+(hR)ij (OR)2a (OD1a(hR)ij _
53 — 5 [dX =
fol dxidxpdxszdxgd(xq + x2 + x3 + x4 — 1).

’
a ——
and Hl.j =
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