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We propose a new mechanism to explain neutrino masses with lepton number conservation, in which
the Dirac neutrino masses are generated at the two-loop level involving a dark matter candidate. In this
model, branching ratios of lepton flavor violating decays of the Higgs boson can be much larger than
those of lepton flavor violating decays of charged leptons. If lepton flavor violating decays of the Higgs
boson are observed at future collider experiments without detecting lepton flavor violating decays of
charged leptons, most of the models previously proposed for tiny neutrino masses are excluded while
our model can still survive. We show that the model can be viable under constraints from current data
for neutrino experiments, searches for lepton flavor violating decays of charged leptons, and dark matter

experiments.
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I. INTRODUCTION

Although the Standard Model (SM) is consistent with
the current data of collider experiments, there are still
mysterious phenomena which cannot be explained in the
SM, such as the origin of neutrino masses, the nature of
dark matter and the baryon asymmetry of the Universe.
To explain these phenomena by extending the SM is
one of the central interests of today’s high energy
physics. Various models and mechanisms have also been
proposed.

For the origin of neutrino masses, many new models
have been studied along with the idea of the seesaw
mechanism, which explains Majorana-type tiny neutrino
masses by introducing new heavy particles, such as right-
handed neutrinos [1,2], an additional isospin triplet scalar
field [2,3] and isospin triplet fermions [4]. There is also
an alternative scenario where tiny neutrino masses are
generated by quantum effects. The first model along this
line was proposed by Zee [5], in which one-loop effects
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due to an additional Higgs doublet field and a charged
singlet scalar field yield Majorana-type tiny neutrino
masses. There have been many variation models [6—
12], some of which introduce an unbroken discrete
symmetry in order not only to forbid tree-level generation
of neutrino masses but also to guarantee the stability of
extra particles in the loop so that the lightest one can be
identified as a dark matter candidate [9—12]. In Ref. [11],
an extended scalar sector for inducing neutrino masses at
the three loop level with a dark matter candidate is also
used to cause the strongly first order electroweak phase
transition, which is required for successful electroweak
baryogenesis [13].

In addition, models which generate Dirac-type tiny
neutrino masses by quantum effects have also been
proposed in Refs. [14—-16]. In Ref. [16], introducing
right-handed neutrinos with an odd quantum number under
a new discrete symmetry, Dirac-type tiny neutrino masses
are generated at the two-loop level. This model also has a
dark matter candidate and can realize the strongly first
order phase transition.

In Ref. [17], a class of models in which Majorana-type
tiny neutrino masses are generated by quantum effects has
been comprehensively studied by using flavor structures of
induced neutrino mass matrices. Classification of models to
generate Dirac-type neutrino masses has also been per-
formed in Ref. [18].

Several years ago, anomaly for a lepton flavor violat-
ing (LFV) decay process of the Higgs boson h — ur at
the LHC was reported by ATLAS [19] and CMS [20,21],
although it disappeared soon later [22]. Motivated by this
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anomaly, the authors of Ref. [23] examined in a
systematic way what kind of models for neutrino masses
can predict a significant amount of signals for & — uz.
In Ref. [23], it was shown that most of the proposed
models radiatively generating Majorana-type neutrino
masses and Dirac-type neutrino masses, as well as
minimal models of Type-I, II and III seesaw mechanisms
are excluded if the signal of LFV decays of the Higgs
boson is observed at future collider experiments without
detecting LFV process for charged leptons. They also
found that only a few models, in which Dirac-type
neutrino masses are generated radiatively, may not be
excluded even in this case.

In this paper, we concretely build one of such models,
where additional scalar fields as well as right-handed
fermions are introduced with even or odd charge under
new discrete symmetries, so that Dirac-type tiny neu-
trino masses are generated at the two-loop level and a
dark matter candidate is also contained. The branching
ratio for LFV decays of the Higgs boson is not too
small in spite of the stringent constraints from LFV
processes for charged lepton decays. We will show that
the model can be viable under the constraints from
current data for neutrino experiments, searches for
flavor violating decays of charged leptons and dark
matter experiments.

This paper is organized as follows. In Sec. II, we define
our model and introduce new fields and symmetries. In
Sec. III, we give the formula of neutrino mass matrix
which is generated at two-loop level. In Sec. IV, we
consider the LFV processes ¢ — ¢y, h - ¢¢ and
m —n?,fpfq. In Sec. V, we show formulas of the
thermally averaged cross sections of annihilation proc-
esses of the dark matter and the relic abundance. In
Sec. VI, we present two benchmark scenarios and give
numerical results of various phenomena in Secs. III-V.
The first scenario is for the normal ordering mass
hierarchy of neutrinos, and the second one is for the
inverted ordering one. Conclusions are shown in Sec. VII.
Some formulas are presented in Appendices.

II. MODEL

In our model, fields listed in Table I are added to the SM
ones. We impose the conservation of the lepton number L
to our model. Gauge singlet right-handed fermions vz
(i=1, 2, 3) have L =1, which compose three Dirac
neutrinos with left-handed neutrinos v,; (¢ = e, u, 7) of the
SM lepton doublet fields L, = (v, #;)". On the other
hand, lepton numbers of the other gauge singlet fermions
war (@ =1, 2,3) are zero. They have Majorana mass terms,
%M,l,aw—fmwa,g, without breaking the lepton number con-
servation, while Majorana mass terms of v;; are forbidden.
If neutrinos have Yukawa interactions (Y,) ;L ¢‘v;x with
the SM Higgs doublet field ¢ = (¢T, ¢°)7, masses of Dirac

TABLE 1. The list of new fields in our model.

ViR WaR % sy n 55
Spin J 1/2 1/2 0 0 0 0
SU(2). 1 1 2 1 2 1
U(l)y 0 0 3/2 1 1/2 1
zZ, - + (-+) - + +
L 1 0 -2 -2 -1 -1
Z + - + + - -

neutrinos can be generated with the vacuum expectation
value (¢°). However, required values of Yukawa coupling
constants (Y,),;, for tiny neutrino masses seem to be
unnaturally small. Thus, we impose a softly broken discrete
symmetry (Z5) to our model in order to forbid tree-level
Yukawa interaction of neutrinos, where v;z are odd under
Z), while fields in the SM are even. Assignments of Z)
quantum number to the new fields are shown in Table I.
Although neutrino masses in the Lagrangian are forbidden
by Z/, they can be generated at the loop level via the soft
breaking effect in the scalar sector. Throughout this paper,
we take the basis where 7, vz, and w,z are mass
eigenstates.

Four new scalar fields (®, sfr, n, and s2+) are involved in
our model in addition to the Higgs doublet field ¢ of the
SM. Both of s; with L =2 and s; with L = —1 are
SU(2), -singlet fields with ¥ = 1. On the other hand, ® =
(@, ®")T with ¥ =3/2 and = (", 7°)" with ¥ =
1/2 are SU(2),-doublet fields. The doublet field @ has
L = -2, and the even parity under Z) is assigned to o
Although 7 belongs to the same representation as ¢ under
the SM gauge symmetry, # has L = —1 in contrast with
L = 0 for ¢. We restrict ourselves to the case where 7°, the
neutral component of 7, does not have a vacuum expect-
ation value in order to keep the lepton number conserva-
tion. The other new scalar fields do not also have vacuum
expectation values because they are electrically charged.

Apart from Z),, an accidental unbroken discrete sym-
metry (Z,) appears in our model due to the lepton number
conservation, Majorana mass terms of y,z and some of
new Yukawa interactions,” where the parity is given by
(=1)E72/ Three fields (w .z, 7, and 55 ) are odd under Z,.
The lightest Z,-odd particle is stable. If y 5 or #° is the
lightest one, it can be a dark matter candidate.

In our model, there are three new Yukawa interactions as

= (Y1) i(Cr) virsT + (Y2)pa(€R) WarSs
+(Y,) s Lenwar + Hee. (1)

'CYukawa

'Actually, the Z), parity of @ is irrelevant to our study in this
article so that the odd-parity is also acceptable for ®.

These Majorana mass terms, Y| and Y, terms in Eq. (1)
explicitly break U(1), ,,, into its Z, subgroup.
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The scalar potential is given by

V= uilpl® + u3|®P + p3lsT|* + pzlnl* + ps3ls3 ?

+ (61®"¢ps{ + H.c.) + (6,@'nsy + Hoc.) +

(63¢™n°s3 + H.c.)

+ 2plp|* + Ap| @ + Ag[sT[* + 4, |n|* + Ao]sT[*
+ g PP 1P + A [T @ + Ay |12 I1]* + Xy |0 + Ay | P 1]* + Ay, | @[

2
+ Z {2kl D1 561> + Aokl @ P sil* + AyelnPlse P} + Aialsi[Pls3 2

k=1

+ (&' @' + Hee.) + (L0794 (s;

Notice that o, is the soft breaking parameter for Z’2.3 There
are five complex coupling constants (¢, 65, 03, £, and &),
and two CP-violating phases remain as phy51ca1 para-
meters after redefinitions of phases of fields.* In this
article, coupling constants in the scalar potential are taken
to be real, just for simplicity.

The SM Higgs doublet field ¢ does not mix with the
other scalar fields in our model. Thus, identically to the
SM, the field can be expressed as ¢ = (G*,(v+h+iG°)/

Vv2)T, where v(: \/—H3 /Ay = 246 GeV) is the vacuum

expectation value. The real component / corresponds to the
SM Higgs boson, whose mass is given by my, = |/224v.
Nambu-Goldston bosons (G and G°) are absorbed by the
longitudinally polarized weak gauge bosons by the electro-
weak symmetry breaking.

Fields ®** and #° are mass eigenstates. Their squared
masses are given by

1
mé++ = /,[% -+ Eiqﬁbvz’ (3)

1
mE = b+ Uy A0 )

Mass eigenstates z; and 73, which are singly charged and
have L = —2, are obtained by linear combinations of ®*

and s; as
U (dﬁ) U — < cos @ sin¢9> 5)
‘\st ) 7\ =sin0 coso )

(%)-
2
where the mixing angle 0 is defined as

’If @ is taken to be odd under Z),, the soft breaking parameter is
05 Therefore, a product 6,0, breaks Z), independently of the Z)-
parlty of ®.

*If we take @ as a Z),-odd field, terms of & and &, are replaced
with &®7n¢sTs5 . Then only one CP-violating phase is physical.

7)? +H.c.). (2)
[
—2(M3,
tan20 = — ( q>“‘)122 ,
(Mtbsl) _(Mtbsl)ll
5 ,Mz + (ﬂng) ‘I—ﬂ(/)q,) %GIU
M<I>s1 = 1 2 1 2 " (6)
WGIU ﬂ3 +§/1¢11}

Squared masses of z{ and x; are given by

1
=5 {083, + 0, ).,

+/((M3,),,

1
2, =5 { O3, + 0, ).y

~ (M), +4(Mésl)?2}, )

08, = 08, P+ 405, ) ®)

Mass eigenstates @] and w;, which are Z,-odd with
L = —1, are constructed by linear combinations of #+ and
sy as follows:

T + cos sin
()=o) (S ) @
w; 55 —siny cosy

where the mixing angle y is defined as

-2(M3,),,
tan2y = 15 ,
(M3,),, (M%XZ)
M2 _ ﬂ4+§ﬂ¢nv —36371 (10)
782 1 2 L g2 '
— 303V H5 + 34400

Squared masses of @, and w; are given by

+ (M%SZ)

1
e, = {(Mzs»

+\/ ms ) — (M35,)1))? + 4(M3,,)7 } (11)
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FIG. 1. The Feynman diagram to generate Dirac-type neutrino
masses. Arrows denote flows of the conserved lepton number.
Red colored lines represent those of Z,-odd fields.

1
= {(M,%sg (M3,

\/ '152

III. NEUTRINO MASS

T (M), ) AR ) } (12)

Mass terms (mp) vz vig of Dirac neutrinos are gen-
erated in our model via two-loop diagrams in Fig. 1. The
Dirac neutrino mass matrix (mp),; is calculated as

(m3, — m3 )oy sin(20)
2

x Y (1)

7 a.k

(mu)fi =

) a(yl)f’i(U){)izlﬂukv

(13)

where the coupling constant ¢; in Fig. 1 is replaced by
using 26 (¢°) = (m2 — m32 ) sin(26). The explicit formula
for the loop funcnon I /ak 18 given in Appendix A. Notice
that o, sin(26) softly breaks Z) that forbids L,¢vig.
Since we take the basis where v;z are mass eigenstates,
the neutrino mass matrix (m,),; is diagonalized as
m, = Upnnsdiag(my, my, ms), (14)
where m; (i = 1, 2, 3) denote masses of Dirac neutrinos.
The mixing matrix Upyns 1S the Pontecorvo-Maki-

Nakagawa-Sakata matrix [24,25], which can be parame-
trized as

1 O 0 C13 0 S13€_i(S
Upnins = | 0 23 523 0 1 0
is

0 —s33 o3 —513€ 0 C13

cp s 0

x| =sp ¢ 0], (15)
0 0 1
where ¢;; =cos@;; and s;; =sin6;;, and 5 is a CP-

violating phase in the lepton sector.

v v

e N e

Y4 / Vi N 4 / , N
l \ I i |

FIG. 2. Feynman diagrams for charged lepton LFV processes
- C.

IV. LEPTON FLAVOR VIOLATION

Matrices Y, Y5, and Y, are not diagonal and cause LFV
processes. Radiative decays of charged leptons, £ — £y,
can be caused via the one-loop diagrams in Fig. 2. Ignoring
m, branching ratios of these decays are expressed as

Br(¢ —¢y) 3

A‘l A® 2 A® 2 ,

Br(¢ — C'v,up) 167tG2 (| AR+ 1ALE)
(16)
where o is the fine-structure constant, Gp=1.17 x
10> GeV~2 is the Fermi constant, Br(z — ev,7,)~

0.178, Br(z — uv,v,) ~0.174, and Br(u — ev,7,) ~1
[26]. Formulas of A3, A%, and A? are presented in
Appendix B. A} corresponds to the contribution from
s{ to £ — ¢%y. Contributions of s; and ™ to £ — £}y are
given by A%, while A? is for their contributions to ¢ — £/ y.

Scalar fields that contribute to ¢ — ¢’y affect also
h— ¢ (¢ # ¢') via diagrams in Fig. 3. Decay widths
for h — ¢¢' (¢ # ¢') are given by

[(h— ¢¢) =T(h— ) +T(h - £'¢)
mh 1
"~ 87 \167°

where we take m, = 0. Formulas of By, B%, and B} are
shown in Appendix C. The contribution from s is given by
Bj, while those from 55 and 7 are involved in both of B
and BY. The subscript X (= L, R) in these By’s indicates
the chirality of the lighter charged lepton ¢ in the
final state.

New scalar bosons in our model contribute also to Z,, —
zj”nfpfq (m=2,3 and n, p, g =1, 2) with new Yukawa
interactions, where ¢, £, and £ corresponds to e, u, and 7,

) 1By + B3P + |BYR).  (17)

4 R v

T, 7 Wy, s
,}f,,{/ vi ,},’,,{’ Ya
N N
AN , wp ,
FIG. 3. Diagrams for h — £¢.

015044-4



NEW MODEL FOR RADIATIVELY GENERATED DIRAC ...

PHYS. REV. D 100, 015044 (2019)

)

W/‘./

|
R

— 1

(/J/‘. +

gm |
I

FIG. 4. Feynman diagrams for £,, — z?nfpfq.

respectively. Contributions from penguin diagrams can be
ignored because of the constraint from ¢ — ¢’y. However,
if some coupling constants of new Yukawa interactions are
O(1), box diagrams in Fig. 4 should be considered.
Branching ratios for £,, — £,/ »€q via the box diagrams
are given by

Br(¢,, = £,£,¢,)
Br(fm - Lﬂpl/fml_/fp)

S 1N\ S
- 64G2 (167[2) {4(|(CR1RRR mnpq + (C‘RZRRR)rm'qu‘2
F

+(CLirr)mnpal®) + 1(CLLrR) mnpgl* + (CLLrR) mngpl?
- Re[(C(fLRR)mnpq(C(i}LRR)fnnqp] + |(C%RLL)mnpq|2
+ |(C%RLL>znnqp|2 - Re[(C?e)RLL)mnpq(C%RLL)fnnqp]
+I( CLURRL>mnpq’2 + [ (;Q)LLR)mnpq|2 + |<C(2)RLR)mnpq|2

+ |(C%LRL)mnpq|2}’ (18)

where S=1 (2) for p=g¢q (p#q). The variable
(CRrrR)mnpg ((CRrRR)mnpg ) cOTTEsponds to the contribu-
tion from s7" (s7) in the first diagram (the second and the
third diagrams) in Fig. 4: the structure of chiralities is
Cor = Carl »rC qr because charged leptons that have
Yukawa interactions with s;” and s; are only right-handed
ones. The contribution from #* to £,,;, = €,.¢ Ll qr Via
the second and the third diagrams in Fig. 4 is given by
(CLrrr)mnpq- The other (C?),,. s arise due to the mixing
between 55 and 7" in the second and the third diagrams in
Fig. 4. See Appendix D for formulas of (C),,, ,,’s. Current
constraints on the branching ratios for LFV processes
(¢ -y, h—¢¢, and ¢, > ¢,0,¢,) are summarized
in Table II.

V. DARK MATTER

In our model, dark matter candidates are the lightest of
fermions y, and a scalar #°, which are neutral Z,-odd
particles. Notice that ° from a doublet field is a complex
scalar with the lepton number L = —1. In other words,
there is no mass splitting between CP-even and odd parts of
n°. According to Ref. [32], the scenario where the dark
matter is such a complex scalar is stringently constrained
from direct search experiments because it interacts with
nuclei at tree level. Therefore, we consider the case where
the dark matter is the lightest one of gauge singlet Majorana
fermions v ,,.

The dark matter candidate y, can be annihilated via tree-
level diagrams shown in Fig. 5. The thermal averages

TABLEII. Current experimental constrains on branching ratios
of LFV processes.

Process Upper limit

u—ey 42 %1071 [27]
T ey 3.3 x 1078 [28]
T — uy 4.4 % 1078 [28]
Process Upper limit

u— eéee 1.0 x 10712 [29]
T —> eee 2.7 x 1078 [30]
T — jiep 2.7 x 1078 [30]
T — euu 1.7 x 1078 [30]
T — eey 1.8 x 1078 [30]
T — jiee 1.5 x 1078 [30]
T = jdup 2.1 x 1078 [30]
Process Upper limit

h — ue 3.5 x 107* [31]
h — ze 6.1 x 1073 [22]
h — ur 2.5x 1073 [22]
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FIG. 5. Diagrams that give leading contributions to the DM
relic abundance.

(6vg1), where o is annihilation cross section of y, and v
denotes the relative velocity of the initial particles, is given
by a sum of two processes as (V) = (04Vre1) + (6, V1)
Thermal averages (6,v) and (0,v,) correspond to the
effects of left and right diagrams in Fig. 5, respectively.
Formulas of (6,v,) and (6,v) are shown in Appendix E.
Notice that the s-wave annihilation is only involved in
(6,05) With a mixing y.

For the case where the elements of Y, and the mixing
angle y are negligible (we take such a benchmark
scenario in the next section), the dominant contribution
to (ov,) comes from the mediation of 55 (~wj) in the
left diagram in Fig. 5. Then, (owv.) is approximately
calculated as

where x = m,, /T at the temperature 7. In Appendix E,
(ovy) for the more general case is presented. The relic
abundance of w, with the p-wave annihilation is

calculated as
)

where mp = 1.2 x 10" GeV stands for the Planck mass,
and g, = 106.75 (g.s = 106.75) is the effective degree of
freedom for energy (entropy) density in the era of the freeze
out of the dark matter [33], and x is defined by

GeV-!

Mmpy <Uvrel> |x:1

Q, 12 = 1.04x 107 x 2 x 2 Y
‘ © Gas

x; = In[0.038 x 2(g,,/\/92)mpiM,, (0Vset)] 1]
- %1n{1n[0.038 X 2(gy, / /e )meiM,, (6Vee)] =11}
(21)

where g, = 2 is the degree of freedom of y,,.

VI. BENCHMARK SCENARIOS AND
NUMERICAL EVALUATION

We here consider the possibility that # — pz is enhanced
in comparison with LFV decays of charged leptons. First,

M2 M4 4
(6Vre) :L(Y;Yz)fm Va (2 Va +2m(22)l’ (19)  we take the following benchmark scenario for m; < m;
8z (M ve T mwz) X (the normal ordering case of neutrino masses):
|
6, = 50 GeV, sin 20 ~ —3.38 x 1072, sin2y ~4.99 x 1077,
/1451 - 20, l¢2 - —2.0, /1¢,7 - —2.0, /14)(1) = /1;)(1) = 20,
M, =22.1GeV, M, =70 GeV, M, =100 GeV,
m,, = 520 GeV, m,, = 510 GeV,
my, (m,+) = 1000 GeV, my,, (my,) = 550 GeV, m,o = 1000 GeV,
107* 107 0.10
Y, =274 214 107 |,
350 347 107
1074 107*  0.10 —1.17x107* =147 x107° 4.17 x 1073
Y,=| =350 =347 10~ |, Y,~| 1.90x107° -280x 107 1.83x 1072 (22)
226 350 107 125x 1075 2.16x 107 2.16 x 1072
[
The small value of the mixing angle y implies w; ~5* and  $in*0, = 0.307, sin*fy3 = 2.12 x 1072,
w; =s;. Since 7y and wy have Yukawa interactions  in2g . — (417, (23)
only with leptons, their masses are constrained by the
slepton searches in the context of supersymmetric models Am3; =7.53x107° eV?, (24)
at the LHC, which give about 500 GeV as the lower s IR
bound [34]. Am3, = 2.51 x 107> eV?, (25)
The generated neutrino mass matrix results in the m; = 0.048 eV, (26)
following values, which are consistent with the current
constraint from neutrino oscillation experiments [26]: 6=0, (27)
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TABLE IIl. Numerical results for the LFV branching ratios in
the benchmark scenario for the normal ordering case.

Process Numerical result
H—ey 236 x 10715
T ey 8.26 x 10714
T — uy 4.68 x 10710
Process Numerical result
u— eee 1.26 x 10718
T > eee 428 x 107!8
T pep 1.97 x 1071
T epp 9.70 x 107"
T eep 2.06 x 10710
T jee 1.75 x 10712
T ppp 3.98 x 10711
Process Numerical result
h > pe 1.43 x 10716
h — e 1.56 x 10713
h— ur 4.05x 107

where Amj; = m} — m7. The values of m is also consistent

with > ;m; < 0.26 eV that is given by cosmological
observations [35], although m is not constrained by the
oscillation data.

In Table III, we show branching ratios for the LFV
processes £ — £y, £, — z?nfpfq, and h - £¢ in our
benchmark scenario given in Eq. (22). They satisfy the
constraints from the current data in Table II. Since
the elements of Y, are rather small as seen in Eq. (22),
the contribution from 7™ to ¢ — £’y [A¢ in Eq. (16)] is
negligible. Then, values of BR(¢ — £"y) in our benchmark
scenario are suppressed due to the cancellation of A3 and
A%, which are contributions from s;” and s, respectively.
This is an interesting utilization of scalar bosons (s{ and
s3) that are originally introduced for generating neutrino
masses. On the other hand, the contribution from 5™ to
h — ¢¢' [BY in Eq. (17)] is also negligible due to small
values of components of Y,. Even though contributions
from 57" and s3 to £ — ¢'y are destructive with each other,
their contributions to h — £¢’ [Bfel and By in Eq. (17)]
are not necessarily canceled with each other because of
the sign flip by using coupling constants in the scalar
sector, A7, and AJ, in Appendix C.°> In our benchmark
scenario, BR(Z — uz) is indeed much larger than
BR(z = py). This hierarchy is what expected in
Ref. [23], and our calculation explicitly shows that the
expectation is correct.

Notice that other A*’s and A®’s do not contribute to the
cancellation dominantly because € and y are small in the
benchmark scenario.

In Fig. 6, we show plots of the branching ratio for z — uy
vs that for &7 — pr. In the left one, we change only the
values of (Y1), between —3.5 and 3.5. In the right one, we

assume that the form of the matrices Y| and Y, is

107* 107 0.10
Yi=| Y)u (Yo, 107% ], (28)
(Yk)‘rl (Yk)fZ 10_4

where k = 1, 2, and then we vary eight unfixed parameters
between —3.5 and 3.5. The orange points are predictions
with same sign 2’s, Ay = dgo = gy = Apo = Ao = 2.0.
The blue points are ones with opposite sign A’s, 1y, =
dpo = Aye = 2.0 and Ayy = 44, = —2.0, as in the bench-
mark scenario. In both of the plots, values of fixed
parameters are taken to be the same with those of the
benchmark scenario. Two branching ratios are equal on the
solid line in the figures. The upper dashed line is the current
upper limit for BR(z — py), 4.4 x 1073, and the lower one
is the expected upper limit, 1.0 x 107, from the Belle-II
experiment [36] with the integrated luminosity 50ab~". In
the case with same sign A’s, the correlation between
branching ratios is almost linear, and BR(z — puy) is larger
than BR(2 — ut) in most of the orange points. In the case
with opposite sign 4’s, on the other hand, BR(h — ut) are
significantly larger than BR(z — uy) in some of the blue
points. This is just what we anticipated. The red point
represents the result in the benchmark scenario.

In Fig. 7, we show the plot for BR(z — fiuu) vs BR(h —
ut) under the same assumptions as in the right one of
Fig. 6. The upper dashed line is the current upper limit for
BR(7 — fipup), 2.1 x 1078, and the lower one is the
expected upper limit, 3.3 x 10719, from the Belle-II experi-
ment [36] with the integrated luminosity 50 ab~!. We
cannot find any correlation between the branching ratios,
because these processes are given by different kinds of
Feynman diagrams.

From Figs. 6 and 7, it is obvious that BR(z — puy) and
BR(7 — jipp) in our benchmark scenario is smaller than
the each expected upper limits at the Belle II experiment,
and these experiments cannot verify our scenario. However,
the branching ratio of 2 — ut is about 10°-times larger than
our prediction on BR(z — py). The expected sensitivities
of this process are O(107*) at HL-LHC [37,38] and
O(107%) at ILC250 [39], and our prediction on BR(h —
ut) is close to the sensitivity at ILC250. There is the
possibility that we can test our scenario at ILC250 by
detecting of h — uz.

The dark matter in the benchmark scenario is the lightest
Z,-odd Majorana fermion y;. The density of the thermal
relic abundance h?* can be evaluated with Egs. (19)—
(21), which are valid for the case where Y, and y are
negligible. The Planck experiment shows that Qpyh?> =
0.1200 £ 0.0012 [40]. In Fig. 8, we show Qv,lhz as a
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107

1078 / l
-
X100 ———ff—— —
= 10710
m :
10—11
1 —12 :
0 10713 10710 1077 1074
BR[h—urt]

1077
107
I
T 10
&
~ 107"
m
10—11
10712k 2 X .
1073 1071 1077 107
BR[h-pur]

FIG. 6. Plots of the branching ratio for 7 — uy vs that for h — puz.

function of the dark matter mass M,, , where Y, and m,, are
fixed to the values of the benchmark scenario. The blue
curve is the mass dependence in our model, and the
horizontal line shows the observed value. It is clear that
the appropriate value of Q, h? is obtained for M, =
22.1 GeV in the benchmark scenario.

There is no tree-level contribution to the dark matter
scattering off nuclei, because y, are gauge singlet fer-
mions. The scattering occurs at one-loop level via three
penguin diagrams with ®;, @,, and 7° in the loop. In our
benchmark scenario, the elements of the matrix Y, are
typically smaller than those of Y,, so that we consider only
the contribution from the diagram with @, in the loop. In
Ref. [41], the authors studied in detail the gauge singlet
Majorana dark matter which is coupled to a dark scalar and
charged leptons. They also considered the scenario where
the dark matter has no interaction with electrons, which is
similar to our benchmark scenario. They gave the constraint
from the direct searches with the combined data from
XENONIT [42], PandaX [43], and LUX [44]. From their
results, we expect the dark matter in our benchmark
scenario satisfies the constraint from the current direct
detection experiments.

The Higgs boson can decay to a pair of dark matter
particles in our benchmark scenario, and it is observed as

107 &
1078
107°

10—10

BR[r-apu]

10—][

/

10712

10713 10710 1077 1074

BR[h-purt]

FIG. 7.
h — pr.

The plot of the branching ratio for 7 — puu vs that for

invisible decay of the Higgs boson at the collider experi-
ments. The decay is induced via one-loop diagrams,
and the branching ratio in our benchmark scenario is
BR(h — yy;) = 2.0 x 1073, The current upper limit
for the branching ratio of h —inv is 0.24 [45].
Therefore, our benchmark scenario is consistent with this
constraint. In our benchmark scenario, the Z boson can
also decay to a pair of dark matter particles at one-loop
level. The current data of the total invisible width of the
Z boson from LEP is 499.0 & 1.5 MeV [46], and the
prediction in the SM of it is 501.44 + 0.04 MeV [26].
These and the observed full decay width of the Z boson,
' =2.4952 £ 0.0023 GeV [46], lead the current upper
limit for the branching ratio of Z — y,y;, BR(Z —
wiy) <2.0x 107*. The prediction in our benchmark
scenario is BR(Z — y ) = 1.2 x 1073, and it satisfies
the current upper limit. The explicit formulas of I'(h —
yy) and I'(Z — ) in our benchmark scenario are
shown in the Appendix F.

Next, we consider the benchmark scenario for the
inverted ordering case (m3 < m;). The difference from

0.30F
025}

020}

Quii?

0.05F

0.00
0 50 100 150 200
My [GeV]

FIG. 8. Mass dependence of the DM relic abundance in the
benchmark scenario for the normal ordering case of neutrino
masses.
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the normal ordering case appears on Y,, and we
here take

—2.09x 107* —-254x%x107° 4.17x 1073
Y,~| 325x107° -476x 107 1.84x 1072
1.88x 1075 4.05x 1075 2.16x 1072

(29)

All the other parameters are taken to be the same with those
in Eq. (22).

The neutrino mass matrix generated at two loop gives the
following values, which are consistent with the current
constraint from neutrino oscillation experiments [26],

sin20;, = 0.307,  sin?0;3 = 2.12 x 1072,

sin’6,; = 0.421, (30)
Am3, =7.53 x 107 eV2, (31)

Am3, = —2.56 x 1073 eV?, (32)

ms = 0.07 eV, (33)

5=0. (34)

The value of mj satisfies the condition from the Planck
observation, Y .m; < 0.26 eV [35].

Branching ratios for the LFV processes in this scenario
are listed in Table IV. All branching ratios are the same as

TABLE IV. Numerical results for the LFV branching ratios in
the benchmark scenario for the inverted ordering case of neutrino
masses.

Process Numerical result
H—ey 236 x 10715
T ey 8.26 x 10714
T py 4.68 x 10710
Process Numerical result
B —> eee 1.26 x 10718
T — éee 428 x 10718
T pep 1.97 x 10711
T eup 9.70 x 10712
T eeu 2.06 x 1071
T = jee 1.75 x 107"
T = fup 3.98 x 107"
Process Numerical result
h — ue 1.43 x 10710
h — e 1.56 x 10713
h = ur 4.05x 107

those in the scenario in Eq. (22), because the elements
of Y, are typically smaller than those of ¥, and Y, in the
both scenarios. BR(h — pz) is about 10° times larger than
our prediction on BR(z — py).

The dark matter in this scenario is again the lightest
Z,-odd Majorana fermion ;. The density of the thermal
relic abundance depends on only (Y. ;Y 2)11- M, and m,,, in
the case, where Y, and y are negligibly small. Values of
these parameters are the same with those of Eq. (22).
Therefore, M,, = 22.1 GeV can still explain the observed
relic density Qpyh? = 0.1200 £ 0.0012 [40], just like in
the benchmark scenario for the case of m; < ms. The
constraints from the direct detection experiments and the
invisible decay of the Higgs boson and the Z boson are also
the same with those in the previous scenario.

VII. CONCLUSIONS

We have proposed a new mechanism to explain neutrino
masses with lepton number conservation, in which the
Dirac neutrino masses are generated at the two-loop level
involving a dark matter candidate. In this model branching
ratios of lepton flavor violating decays of the Higgs boson
can be much larger than those of lepton flavor violating
decays of charged leptons. We have found the benchmark
scenarios for normal ordered masses of neutrinos and
inverted ones, where the neutrino mass matrix, the relic
density of dark matter and the branching ratios for LFV
processes can satisfy the constraints from current exper-
imental data. We have showed that BR(2 — uz) is about
10° lager than BR(7 — py) in our benchmark scenarios. If
the lepton flavor violating decays of the Higgs boson are
observed at the future collider experiments without
detecting lepton flavor violating decays of charged leptons,
most of the previously proposed models are excluded,
while our model can still survive.

In this paper, we did not discuss collider signature of
new scalars and fermions. Collider phenomenology for
Z,-even/odd charged singlet scalars in different models can
be found in the literature [47,48]/[48-50], while that for ®
(Y =3/2) has been discussed in Refs. [51,52] in the
different context. We will discuss these issues elsewhere
in the future [53].
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APPENDIX A: THE LOOP FUNCTION IN THE
NEUTRINO MASS MATRIX

The neutrino mass matrix formula given by Eq. (13) in
Sec. III contains the loop function I (k=1,2,a =1, 2,
3 and ¢ = e, u, 7). We here show the explicit formula
for If’ak;

1 1
(167)? (m3, — m3,)(Mj,

X/]dZZ{%(fak( ) = far(m3))
0 my, mf

If’ak
2
— mno)

1
e Uak) =)} A
where the function f; is defined as follows
fax(m?) = m*{Lis(zf,(m?)) — Lix (zf(m?))},  (A2)
with
1
Z(m?) =1 —W{Mﬁ,a + z(mg, — My},
(A3)
1
) = 1= 2l )} (A4)
= [Tdr—In(1 - AS
Liy(x) A t—In(1 —1) (A5)

APPENDIX B: SOME FORMULAS
FOR ¢ — ¢y

In Sec. 1V, blanching ratios for £ — £’y are given by
Eq. (16), which depend on A}, A% and A?. We here present
their explicit formulas. They are given by

2
1 my

AR = ﬁm_(Y YD) e (Up)a (BI)
1 m2 , M,
A(fe) = z/{:im—; |:(Y2);ra<y2)fa(U)()i2F2 (mzla>
a, @k b
M —M2
=) ) U 0 () |
(B2)

4t = Y5 e ()
O 02 ) (0 U)o ()| 9

where F,(x) and G(x) are defined as

1

Fy(x) :m

(1 =6x+3x* +2x* —6x?Inx), (B4)

(1 —x% + 2xInx). (BS)

(1-x)

Terms that proportional to M,, /m, in formulas of A} and
A? appear due to the mixing between 53 and 5.

APPENDIX C: SOME FORMULAS FOR h — ¢¢’

In Sec. IV, blanching ratios for h — ££’ are given by
Eq. (17), which depend on By, B%, and BY. We here give
their explicit formulas. They are defined as

By = my(Y, YD///ZAZ/(/(Uﬁ)kZ(U6>k’2
%

|
X / dxdydz 5 Z2 . (C1)
0 ymg, + imz, — yzmh
B =" me(Y2)ra(Y2)iru AL (U)o (U)o
ak.k
/ ' dxdyd <
x xdydz
Y M,y ¥ ok, — v
+ D My (V)70 (Y2) 1 A (U (U
ak.k
1d dyd ! C2
x xdydz ,
/o Y xM;, +ym?, + zm,%,, - yzm} (€2)
B} = me )2a(Yn)eralNi (U)o (U)o
akk
z
dxdydz
/ Y xM;, +ym?, + zmwk, — yzm;
+ ZM Y2 fa ) Akk’(U)()kz(U)()k’l
akk'
/ " dxdyd ! (€3)
X z .
0 YoM v, T yme, +zmg,, — yzm;

Coefficients A7, and Ay, are defined in order to satisfy

£=> (A

k.k'

LTy + Ao wp)h, (C4)
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and given by

AF = — %sin 20 ~ (Apo + Aipp)1vC0OS*0 — A5 18I0,
(C5)
b3 b3 o1 1 , .
A12 = A21 = —7§COS 20 + 5 (i{/)(p + itﬁq))’lj sin 26
1
- 5/1(/)1 v sin 29, (C6)

A%y = TLsin20 — (Agqy + Ayp)v5in%0 — 4 0050, (C7)

1 1
Afy =AY = T cos 2y + 2 gyvsindy =5 2o sin2y,

V2
(C9)

2 sin 2y = Agyusin’y — Agpvcos’y.  (C10)

V2

[
A22__

APPENDIX D: SOME FORMULAS
FOR ¢, — 2,2,¢,

In Sec. IV, blanching ratios for Z,, — £, £,t, are given

\/i by Eq (18) which depend on (CRRRR)mnpq’ (CSRZRRR)mnpq’
(& , and (C?)' s. We here give their explicit
» o3 . 2 . 5 mnpq mnpq
Af = ﬁsm 2% = Agyveos’y — Agpvsin“y,  (C8)  formulas. They are given by
s 1 " 1
(CRIRRR)mnpq == E [(Yl YJlr)mp(Ylyl)nq + (P < Q)]Z(UH)%Z(UH)iQ/K’ (Dl)
kK
S 1 * * 2 2 1
(CRRRR)mnpq = Z 5 ((YZ)ma(Y2)nb(y2)pa(y2)qb + (p <~ Q))(Ux)kz(U){)k’z i
a,b.k.k
1
- Z Ml//“Ml//h(YZ)ma(YZ)na(YZ);b(YZ)Zb(U)()i2(U)()i’2/?7 (DZ)
a,b.k.k
1 1
(Cheetdmmpg == D 5 (V)aV)is (V) pa(Yi) gy + (2 < D) UL (U )i / S
a,b.k.k
1
- Z Ml//aMllfh(Y’Y):na(Y”/):La(yﬂ)pb(yﬂ)qh(lj)()il(U)()i’l /?* (D3)
a,bk.k
1
(CELrmImnpg = D My, My, (V) (V) (V250 (V250 (U) 1 (U)1n (U) o (U )y / = (D4)
a,b.k.k
() 1
(CRRLL)mnpq Z M Ml//b(YZ)ma(Y2)nb( ) (Y )qb( ) ( ){)k’ ( )kl(U)()kfl ?’ (DS)
a,b.kk
(C(;?)LLR>mnpq = Z (YZ)ma(Yn):b(U)()kz(U)(>k’1
a,b.k,k
1 1
S RO NCARUANY PN AMISHCSNCANY b
1
- Z (Yz)ma(yn):;u(U;()kz(U;{)kq(Yn)ph(yz)Zb((U;()m(U;()k/z - (U;()kq(U;()kz)/z’ (D6)
a,b.k.k
(CZ)RRL)rnnpq = Z (Yn)*ma(y2)nb(U)()k1(U)()k’z

a,b.kk’

(M My (020 00) U0 U [ g P00 U [ 5)

= > (1))

a,b.k,k

1

a(U;()kl(U;()k’z(YZ);b(Yn)qb((U)()kQ(U;()k/1 - (Ul)kl(Ul)k’Z)/E’ (D7)
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where A and X are defined as

A=, 4y, (D8)

Y= xmg,k + ymz,k, + zM,%,a + a)Mg,b,

(D9)

and the symbol | denotes the integration with respect to x,
v, z, and w as follows;

1
/ = / dxdydzdw.
0

By exchanging p and g for (CRg)ump, @nd
(CTRRL) mnpq» WE ODtain

(D10)

() = 3 o (VY22 (U (U,)

. 8

Ml%/a (Mf}/a + mgjkmz )

(%

(CCI(K’)LRL>mnpq -~ (CCI(?)LLR)mnqp’ (Dll)

(Cz}RLR)mnpq = _(CZJRRL)mnqp‘ (Dlz)

APPENDIX E: ANNIHILATION OF
DARK MATTER vy,

In Sec. V, we have shown only the approximate formula
for the thermal averaged cross section for annihilation of
the dark matter y,, (60, ). In this Appendix, we show the
complete formula at tree level. First, the contribution from
annihilation to a pair of charged leptons, (6,v,), which is
shown by the left of Fig. 5, is given by

.
i’z + (Y'?Yr/)ia(Ul)il (U){)i’l)

1
X —
(M2, +m2, 2(M2, + m2, ) x

1. .
- Z@ (Y3Y2)aa YY) aa (U5 (U2 (U )2 (U2,

kK
2
M2,

2

l//(Z

X
[(Mia +mg,) (Mg, +mg,,

+
) My, +mg, ) (Mg, +mg,,)?

X {SMg,a + IZMS,H (mz,k + mg,k,) + 3M3,a (mﬁ,k + 8mg,kmg,k, + mﬁ)k,)

1
2 .2 2 (2 2 4 4
+4M;, mg, mg,, (mg, + mwk,) = 3my, myg,, ML

Second, the contribution from annihilation to a pair of
neutrinos, < o, v, >, which is represented by the right of
Fig. 5, is given by

il 2 2 4 4
<6 v > — (Yﬂyﬂ)au M’//a (MWa + m”l)l
v Vrel 87T (M2 + m$)4 X :

Ya

(E2)

The complete formula for (cv,) is given at tree level by the
sum of Eq. (E1) and (E2).

APPENDIX F: DECAY RATES OF THE
INVISIBLE DECAY OF THE HIGGS
BOSON AND THE Z BOSON

In the benchmark scenarios in Sec. VI, the Higgs boson
and the Z boson can decay to a pair of dark matters. In this
Appendix, we show the formulas of T'(h — yy,) and
['(Z = wyy). We assume the elements of Y, and the
mixing angle y are negligibly small as the benchmark
scenarios, and the only leading terms of the each decay
rates are shown. The decay rate of the Higgs boson to a pair
of dark matters is given by

(E1)

[
m 1 \2 M2 3
= i) =1 (1) (14525 ) G0y
h

(F1)

where

1
D, = Z |(Y2)f1|ZA dxdydz
z

C=e.u,t

M
X Y . (F2)
ymg + (1 =y)mg, —y(1 = y)My, — xzm;

The decay rate of the Z boson to a pair of dark matters is

given by
3
myatan®@,, [ 1 \2 My N2,
1—4—=1 ) |DylJ5,
6 (16772 m’ Dzl

(F3)

D(Z = yy) =

where m is the mass of the Z boson, 6,, is the Weinberg
angle and D, is given by
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: (1= y)ym2 + ym2,
Dz = Z |(Y2)fl|2A dxdydz[ln( ¢ =

ymg + (1 = y)mg, —y(1 = )My, — xzmy

‘=euz

xzmy — y*Mj,

—y(1—y)M2 - xzm%)

+
(1= yymZ +ym, = y(1 = y)M}, — xzm}

} . (F4)
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