P@ Prog. Theor. Exp. Phys. 2020, 073B08 (22 pages)
DOI: 10.1093/ptep/ptaa089

Charged lepton flavor violating processes in
neutrinophilic Higgs + seesaw model

Naoyuki Haba*, Tsuneharu Omija*, and Toshifumi Yamada*
Graduate School of Science and Engineering, Shimane University, Matsue 690-8504, Japan
*E-mail: haba@riko.shimane-u.ac.jp; n19m204@matsu.shimane-u.ac.jp; toshifumi@riko.shimane-u.ac.jp

Received April 4, 2020; Revised May 11, 2020; Accepted May 27, 2020; Published July 27, 2020

We investigate charged lepton flavor violating (CLFV) processes in the “neutrinophilic
Higgs + seesaw model”, in which right-handed neutrinos couple only with an extra Higgs field
which develops a tiny vacuum expectation value and the right-handed neutrinos also have Majo-
rana mass. The model realizes a seesaw mechanism around TeV scale without extremely small
Dirac Yukawa couplings. A phenomenological feature of the model is CLFV processes induced
by loop diagrams of the charged scalar particles and heavy neutrinos. Therefore, first we con-
strain the model’s parameter space from the search for © — ey. Next, we predict the branching
ratios of other CLFV processes including the u — 3e, u + Al - e+ Al, u + Ti — e+ Ti,
Z—eu,Z — et,Z — ut,h — et and h — ut processes, and discuss their detectability in
future experiments.

Subject Index B40

1. Introduction

The origin of the smallness of the neutrino mass is one of the prime open questions in particle physics.
One candidate solution to the above mystery is the neutrinophilic Two Higgs Doublet Model [1],
where there is an extra Higgs doublet i’ called “neutrinophilic Higgs”) that couples to the lepton
doublets and right-handed neutrinos while the coupling of the Standard Model (SM) Higgs doublet to
right-handed neutrinos is forbidden by a Z, symmetry, and the smallness of the vacuum expectation
value (VEV) of the neutrinophilic Higgs explains the smallness of the neutrino mass. In the original
proposal [1], Majorana mass for right-handed neutrinos is absent and the neutrinos are purely Dirac
particles. However, the Z, symmetry that forbids the coupling of the SM Higgs and right-handed
neutrinos does not exclude the possibility that right-handed neutrinos have a Majorana mass term. If
Majorana mass for right-handed neutrinos is introduced, the model becomes a low-scale realization
of the seesaw mechanism [2]-[5], where the smallness of the neutrino mass is accounted for by
the seesaw mechanism in addition to the tininess of the neutrinophilic Higgs VEV. We call the new
model “neutrinophilic Higgs + seesaw model”, for the obvious reason.

Important experimental signatures of the neutrinophilic Higgs + seesaw model are (i) the presence
of new scalar particles H*, H and A originating dominantly from the neutrinophilic Higgs field,
and (ii) charged lepton flavor violating (CLFV) processes, such as © — ey, mediated by a loop
of the charged scalar H* and a heavy neutrino. In this paper, we investigate CLFV processes in
the neutrinophilic Higgs +seesaw model in detail. First, we constrain the parameter space of the
neutrinophilic Higgs + seesaw model from current experimental bounds on CLFV processes, the most
stringent bound coming from the u — ey decay. Next, we predict branching ratios (or conversion
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Table 1. The field content and charge assignments.

Field SU@B)c¢ SU@2). Uy Z,

H, 1 2 “12  +
H, 1 2 “12 -
e 1 2 12+
e 1 1 -1 +
vh 1 1 0 -
gt 3 2 16 +
il 3 1 23+
d 3 1 —13 1

Bold numbers indicate the representations.

rates) of various CLFV processes and discuss whether it is possible to detect these processes in the
future.

Previously, Ref. [6] has studied CLFV processes in the neutrinophilic Two Higgs Doublet Model,
but in that work, the Majorana mass term is not considered and the neutrinos are purely Dirac particles.
Our work extends it by introducing Majorana mass for right-handed neutrinos. Also, Ref. [7] has
studied CLFV processes in a model with similar phenomenological features, but CLFV decays of
the SM-like Higgs particle and Z boson are not included, unlike in our paper.

The rest of the paper is organized as follows. In Section 2, we describe the neutrinophilic
Higgs +seesaw model. In Section 3, we give the formulas for the branching ratios of the CLFV
process. In Section 4, we present our numerical results, which include the current constraints on
the neutrinophilic Higgs + seesaw model and predictions for various CLFV processes. Finally, we
summarize our results in Section 5.

2. Neutrinophilic Higgs + seesaw model

The model contains two Higgs doublet fields, H; and Hj, left-handed leptons, £¢, right-handed
charged leptons, e, and right-handed neutrinos, v}é, where o = e, u, 7 is the flavor index for charged
leptons and i = 1, 2, 3 is another flavor index. It also contains quarks, q]’i, ulfe and dﬁ, but they play
no role in this study. The fields are charged under the SM SU (3)¢ x SU(2); x U(1)y gauge group
and a Z, symmetry as given in Table 1. Note that the above Z, charge assignment allows Majorana
mass for right-handed neutrinos, while it forbids the Yukawa couplings of SM fermions with A, and
the Yukawa coupling of right-handed neutrinos with H.

We assume that the Z, symmetry is softly broken in the scalar potential. The most general scalar
potential and Yukawa couplings are then

—L = m} H{Hy + m3 HIHy — m3 (H] Hy + H) H))
Al A2
+ 5 H{HY)? o+ T (Hy o) o Ay (H] ) (Hy H) + da(HY Hy) (HY HY) + s (H Ho)?
st 2 at e B ot i L
+As(HyH1)" + (Ye)ap €] €gH | ep + (YD)ai ) Hyvp + EMNi vp €vp + H.c., (1)

where €, denotes the antisymmetric tensor acting on SU(2),, indices and € denotes that acting on
spinor indices. Here, we have taken the flavor basis in which the Majorana mass for right-handed
neutrinos is diagonal, and we have made m% real positive by a phase redefinition. Note that only the
m% term explicitly breaks the Z; symmetry, and so the limit with m% / m% — 0 and m% / m% — 0 can
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be taken naturally at the quantum level. We also assume

m} <0, m >0, (2)

so that H; develops a VEV around the scale ,/ |m%|, and then H; gains a VEV through the term

m% (HlT Hy + H2T Hyp). Consequently, the VEV of H; is proportional to m% and is controlled by the
explicit breaking of the Z, symmetry, and therefore the VEV of H; can naturally take a small
value. Additionally, we assume that A5 is suppressed as |As5| < 87'r2m,,|Mk|/|(YD)O,,'|2v2 and 15| <
8n2mvm§ /(Y )il V2| Mj |, where m, denotes the mass scale of active neutrinos and v ~ 246 GeV.
It follows that, unlike the model of Ref. [8], the one-loop correction to the neutrino mass involving
As is much smaller than the tree-level mass. The above suppression of A5 is realized naturally by
promoting the Z, symmetry to a global U (1) symmetry under which H; is charged by +1, er is
charged by —1 and the other fields have no charge and which is broken only softly.

In the neutrinophilic Higgs + seesaw model, we take the limit with m% / m% — 0. Then, writing the
Higgs VEVs as (HY) = vi/+/2 and (HY) = v2/+/2, we find

vi 2/ —=2m3 /A, 3)

2m§
v
m3 + (A3 + Ag)vi/2

vy 1 4)
and hence vy < v;. The physical particles are the lighter Charge conjugation Parity (CP)-even scalar,
h, which is identified with the observed 125 GeV scalar particle, the heavier CP-even scalar, H, the
CP-odd scalar, 4, and the charged scalar, H*. The masses of 4 and H* are given by

2 2
m m Ag
my= e mps = = (5)
sin 8 cos B sin 8 cos B 2
and the masses of 4 and H are given, in the limit with v; > v;, by
mi i~ klv%, m%{ ~ mi, (6)

where tan 8 = vy /v,. In terms of h, H, A, H* and would-be Nambu—Goldstone modes G° and G+,
the Higgs fields are decomposed as
L . . i O _
Hy — ﬁ(51nﬁv+cosozh+51naH isinf8 G zcos,BA) ’
—sinB G~ —cosB H™

Hy — ﬁ(cos,Bv smoth+cosaH. icosB G +ls1nﬁA) , )
—cosB G +sinB H™
where « is the mixing angle of the CP-even scalars. « satisfies
2
0>a>—z, tan 2o >~ — (8)
2 tan 8

in the limit with tan 8 >> 1, and hence o >~ 0 in the neutrinophilic Higgs + seesaw model.
The interaction of the charged scalar H* is the dominant source of CLFV processes and is
particularly important. The three-point interaction term for H T H ~h is given by

—LDOVvihHTH™ )
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in the limit with tan 8 >> 1. The Yukawa interaction terms of H¥ are
LD —(Yo)ap vy el cospHY + (Yp)ai € vk sinp H™ + Hee,

We turn our attention to the lepton mass. The Dirac and Majorana mass terms are given by

% % : 1 . .
£ \/—lz(ye)aﬂ eTeb 4 é(yp)m AR e S My, vl e + He. (10)
Then, the mass matrix for neutrinos is obtained as
1 . o —2(Y})pi v
_r _(ﬂT w) . V2 L | +H.c. 11
SRR A R A AU I R (v
The above mass matrix is diagonalized by a unitary matrix, U, as
0 B0 |
(_V_Z(}pk) . :S/EM* = U* dlag (mvls mV2: mV37 mV4a mv5a mv6) UT: (12)
N ij M,

where m,,, m,, and m,, correspond to the tiny active neutrino masses, and m,,,, m,; and m,, to the
masses of heavy neutrinos. We assume v, < My;. The unitary matrix U is then approximated by

U ~ Upmns 0, (13)
0] I3

where Upyys denotes the Pontecorvo—Maki—Nakagawa—Sakata (PMNS) mixing matrix [9,10] and
I3 denotes the 3-dimensional identity matrix, and we obtain the following seesaw formula:

vz 1 m,)l O O
—%(YS)W(YB)MAT ~ | Upuns | 0 my, O | Upuns . (14)
Ni 0 0 my,

aff component

Inverting the relation Eq. (14), one can express the neutrino Dirac Yukawa coupling Yp as

Y iy 0 0 My, O 0
Yp = i;UPMNS 0 Jm, 0 |R3x3 0 VMn, 0 (15)

0 0 T, 0 0 JMy,

where R3 3 is an arbitrary complex-valued 3 x 3 rotation matrix [11]. The masses of heavy neutrinos
are approximated as

~ * ~ * ~ *
my, = My, mys = My,, myg = Mys, (16)

and the mass eigenstates belonging to m,,, m,; and m,, are mostly given by the right-handed
neutrinos; namely, we find

~ 1% ~ 2 ~ 3%
V4 Eg VRS, V5 €5 VRT, Vg XX €5 VR (17)

We comment on the constraints from electroweak precision tests. The constraint from the Peskin—
Takeuchi T-parameter [12,13] can be avoided by taking the coupling constants A4, A5 close to 0
so that the charged scalar H* and the heavy neutral scalars H, 4 are nearly mass-degenerate (note
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_,_, )
ea —P—P—F ep
Vi

Fig. 1. Feynman diagrams contributing to e, — egy at the one-loop level.

B ~m/2,a =~ 0). Taking Ag = A5 = 0 does not affect the CLFV processes we discuss in the ensuing

sections. When m%, ~ mfl ~ m?,., the Peskin-Takeuchi S-parameter is explicitly calculated as

H*>
L4 2
S—a(zsw—%W*‘l)
2,2 4
x —§+—2’*+—2 L= =) Jamn, — marctan Yo (1)
m; my m3 Myx — Mz

When m%l ~ mi ~ mzi

analysis, we get S >~ —0.0003. This is consistent with the current experimental bound [14].

= (300 GeV)?2, which will be the benchmark value of our numerical

Finally, we comment on new physics contributions to the electron electric dipole moment. The
two-loop Barr—Zee diagrams that involve Yp and contribute to the electron dipole moments are
highly suppressed by the coupling of H™ to quarks (proportional to cos 8) and also by the mixing
of a heavy neutrino with active flavor (proportional to Ypv/Mpy;). On the other hand, the one-loop
diagrams contributing to the electron dipole moments are proportional to Z?:] (YD)eifi (Y g)ie where
f;i are real constants depending on the heavy neutrino masses. The quantity Z?:l (YD)ei fi (¥ [Jr))ie is
always real and hence no electric dipole moment arises in the model.

3. Branching ratios of charged lepton flavor violating processes
The limits with mg/mq — 0 and my /M7 — 0 are taken throughout this section. We only consider

the dominant contribution coming from one-loop diagrams of the charged scalar H* and heavy
neutrinos vy, vs, Ve.

3.1 e, — egy
CLFV decays of a charged lepton into a charged lepton and a photon, e, — egy, arise from the
following dipole term, induced by loop diagrams of the charged scalar H* and heavy neutrinos
V4, Vs, Vg in Fig. 1:

1
Loy = 5eAg"‘ Maepo e F*, (19)
B 1 7
AN = Yp)giF Y )i, 1= —-, 20
D 1672 2M2 ;( D)ﬁl 2(7i)( D)za ri Méi (20)
1 — 6x 4+ 3x2 +2x3 — 6x% log x
F(x) = hl 1)

6(1 —x)4
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Nfi o g
H
HY 4 H P ;H

Co —p—1—p——p— ep ea L - ep ea ep

v v, ep e v,

ep ep
v, A%
% H < A

Fig.2. Feynman diagrams contributing to e, — egegzep at the one-loop level. In the upper row are y -penguin
diagrams or Z-penguin diagrams. However, we neglect the Z-penguin diagrams in Eq. (29) because they are
suppressed by m,mg/M?2. In the lower row are Box diagrams.

The branching ratio is given by

Br(ey — egy) = 4873 G—|A |2Br(ea — egugp). (22)
F
3.2. €y — eﬂéﬁeﬁ
CLFV decays of a charged lepton into three charged leptons, e, — egegeg, arise from the following

dipole, non-dipole and box-induced terms, induced by loop diagrams of the charged scalar and heavy
neutrinos in Fig. 2:

1
Log = 5eAg"‘ Moo, PreaF" + e AN ¢? epy, PreaA™ + & BP (257, Prep)(@py"Prey),
(23)
P 1
A= 1o 6M2 Z (YD) i Ga () (Y} i (24)
ppa = L1 i o) e V) (VD10 )
€ = 167724M1%1i =~ 5 UD)pilplia(LD) gL p)jp1(Ti T;
+(Y5)ﬁi(Yg)ia(YD)ﬁj(Yg)jﬂ«/ViVjDZ(ri,’”j)} , (25)
2 —9x 4+ 18x% — 11x3 4 6x3 logx
Ga(x) = , 26
2(%) 6(1 —x) 20
x%logx 1 y?logy
Di(r,y) = ——— - - A 27)
(I-x0Cx—-y) (d-x)T-=y») A=p)=@-—x)
xlogx 1 lo
Dax,y) = — s S A 5 (28)

1-x2x—y) (-x0-y) (A=p2@—x)

The branching ratio is given by

2
y o pa [ 16 Mg 22 Ba 2 8
B — = 6n’— Ap —log [ — + [Aypl© + =B
r(eq eﬁeﬁeﬂ) 2 { | | ( 3 g ( ﬁ) 3 + | | | |

1 2
+ (-2A§"‘A;3v"[‘,* + 5Ag’i"[‘,Bﬂ"‘* - 5AQ’;"‘BW* + H.c.) }Br(ea — egvyp).
(29)
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Fig.3. Feynman diagrams contributing to uN — eN at the one-loop level. They are y-penguin diagrams or
Z-penguin diagrams. However, we neglect the Z-penguin diagrams in Eq. (30) because they are suppressed
by mgmg/M3. In addition, the Higgs-penguin diagram is neglected because the up and down quark Yukawa
couplings are tiny.

ep

Fig.4. Feynman diagrams contributing to Z — e,e; at the one-loop level.

Here, the contribution from the Z-penguin diagram is neglected because it is suppressed by mgmg /M. %
compared to the contribution from the photon-penguin diagram.

3.3. uN — eN

The ;i — e conversion processes in a muonic atom arise from the dipole term 4p and the non-dipole
term Ayp. We show Feynman diagrams contributing to uN — eN in Fig. 3. The conversion rate
divided by the muon capture rate, CR(u — e), reads

1 Pe em 053G2
l—‘capture 87272

0 1 @) ~(:p) @ n_ 1 ) (4. ) ~(q.n)
géV) _ 1 Z ( q)G qp) | (q)an)>’ géV) _ L Z < (4 G(qp) (q G(qn)

2 2
q=ud q=u,d

CR(u — e) =

2P| @+ gy + @ - Mgl (30)

€2))

g = £ 0, (ANS — 4, (32)

where p, and E, are the momentum and energy of the final state electron, and Z and N are the number
of protons and neutrons, respectively. Z.4 is the effective atomic charge, F), is the nuclear matrix
element, and gé?,), gélV) are effective charges. [capture denotes the muon capture rate, and Q, is the
electric charge of quark ¢. Here, the contribution from the Z-penguin diagram is again neglected, and
that from the Higgs-penguin diagram is neglected because the up and down quark Yukawa couplings

are tiny. Also, since cos 8 >~ 0, box diagrams involving two quarks and two leptons do not contribute.

34. Z— éaeﬁ

CLFV decays of a Z boson arise from the non-dipole term Ayp. We show Feynman diagrams
contributing to Z — eyep in Fig. 4. In the leading order of M% /M 12#, the effective Lagrangian
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ep

Fig.5. Feynman diagrams contributing to 7 — e,eg at the one-loop level.

contributing to Z — eyeg decay is given by

| S _
Eeﬁ’ = —Azﬁvob (‘5 + sin? (9W> gz egyulreq ZM, (33)

The branching ratio for Z — eyep is

g 2
Br(Z — eqep) = Br(Z — eyeq) ———M; ‘Aﬁ‘}g ; (34)

&eL + &er

1. .
(geL = 5 + sin? Ow, ger = sin® Ow ).

3.5 h— eqep

We show Feynman diagrams contributing to 4 — eyeg in Fig. 5. In the leading order of m% /M 12#,
the effective Lagrangian contributing to 7 — eyeg decay is given by

1 Azvmy

3
_— . yYhy. s
Eeﬁ = WM—éi Z(YD)ﬂlGH(rl)(YD)ICI egPreqy h, (35)

i=1
1 —4x + 3x2 — 2x% logx

Grr(x) = TR :

(36)

where 13 is the scalar quartic coupling that appears in Eq. (1). Gy is a novel function different from
F> in Ap or G in Ayp. The branching ratio for 7 — eyeg is

2

L LRSS Guar)) (37)
— D) piGH (ri | -
V2 &= P

1
Br(h — e =Brh—e =
r(h — eqep) r(h — emea)2 62 Méi

4. Numerical study

We investigate CLFV processes in the neutrinophilic Higgs + seesaw model, based on the branching
ratio formulas in Sect. 3. First, we use current experimental upper limits on CLFV branching ratios
to constrain the parameters of the model. Next, under the above constraint, we predict the branching
ratios of various CLFV processes including u — 3e,u+Al - e+ Al, u+Ti — e+ Ti, Z — eu,
Z —et,Z — ut,h— ut and h — ert, and assess their detectability in the future.

4.1. Assumptions on the model parameters

The branching ratio formulas of CLFV processes depend on the neutrino Dirac Yukawa matrix
Eq. (15), the charged scalar mass my+ and the right-handed neutrino Majorana masses My, , My,
and My,. The neutrino Dirac Yukawa matrix depends on v,, My,, My,, My,, m,,, m,,, m,, and
Uppns as well as a complex-valued 3 x 3 rotation matrix R3x3. There are too many parameters and
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it is not easy to gain physical insight to the phenomenology of the model. Therefore, we reduce the
number of parameters by considering the following situation.

For the charged scalar mass my=+, the most phenomenologically interesting situation is when the
charged scalar particle is detectable at the LHC. Hence, we assume

mys = 0.3 TeV. (38)

For the tiny active neutrino masses m,,, m,, and m,,, we consider both Normal Hierarchy (NH)
and Inverse Hierarchy (IH) cases, while focusing on the case where the lightest neutrino mass is 0;
namely, we assume

my, =0 (NH), m,, = 0 (IH) (39)

The values of m,, and m,, (m,, and m,,) in the NH (IH) case are obtained from the mass differences
measured in neutrino oscillation experiments. In this paper, we employ the central values of the mass
differences given in NuFIT 4.1 [15,16].

For the parameters of Upyns, we employ the central values of the three mixing angles in
NuFIT 4.1 [15,16]. As benchmark values of the Dirac phase &, we take the 30 bounds and central
value in the NuFIT 4.1 result [15,16] as

§ = 144°, 221°, 357° (NH), (40)
§ = 205°, 282°, 348° (IH). (41)

We set the Majorana phase to be 0.
For the Majorana masses of right-handed neutrinos, we assume them to be degenerate as

My, = My, = My, = My, (42)

where My is taken as real positive by a phase redefinition. We have found numerically that the
branching ratios of CLFV processes do not change significantly even when the Majorana masses are
hierarchical as My, = 0.1My, My, = My, = My or My, = My, = 0.1My, and My, = My.

For the neutrinophilic Higgs VEV v,, we take it to be proportional to /My as

[ My
=1x107%x,/—= TeV (NH), 43
vy X X Tev eV (NH) (43)
[ My
=2 x 107%x,/ — TeV (IH). 44
) X X Tev eV (IH) (44)

These values of v, ensure | Yp| ~ 0.05 in each hierarchy, where we have defined | Yp| as the minimum
absolute value of the Yukawa matrix components when Imf; = Im#, = Imf; = 0. Note that the
motivation for the neutrinophilic Higgs + seesaw model is to realize low-scale seesaw without taking
very small values for the neutrino Dirac Yukawa coupling, hence it is essential to have | Yp| not much
smaller than 1.

For R3 3, we parametrize it in terms of three complex rotation angles 6; = Ref;+ilmé; (j = 1,2, 3)

as
1 0 0 cosfp 0 —sin6, cosfz —sinf; 0
Rix3=1] 0 cosfH; —sind 0 1 0 sinf; cosf3 0 |. (45
0 sinf; cosO sin6p 0 cos6; 0 0 1
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For the sake of simplifying the analysis, we vary each 6; separately while fixing the other complex
angles at zero. When we vary each 6;, its real part Red; does not affect the branching ratios of CLFV
processes, which is understood as follows. Let us focus on the case where we vary 61 while fixing
0, = 03 = 0. R343 can then be decomposed as

1 0 0 1 0 0
Riy3 =1 0 cos(ilmf;) — sin(ilmb) 0 cos(Ref;) —sin(Reb;) |. (46)
0 sin(ilm#;) cos(ilmo) 0 sin(Ref;) cos(Red))

Since we are assuming that the Majorana masses are degenerate as Eq. (42), the matrix with Ref
in Eq. (46) cancels in the combination 21'3:1 (Yp)gif (ri) (Y, g)ia, where f is any function and r; =
M 1%/1_ /M fli. Therefore, we only regard the imaginary parts Imé, Im6, and Im#s as the parameters of
R3x3. The larger the absolute value of Imé) is, the larger Yp becomes. Thus, to maintain perturbativity,
we restrict the range as —2 < Imf; < 2.

The above are our assumptions on the model parameters. Consequently, for one CLFV process such
as u — 3e, we show 18 plots on (M, Im6;)-parameter space [3(§) x 3(Im@) x 2 (NH, IH) = 18].

4.2.  Constraints on the neutrinophilic Higgs + seesaw model from charged lepton flavor
violating processes
The CLFV processes experimentally searched for are e, — egy, ey — 3eg, uN — eN, Z —
eqep, and h — eyeg. For each process, the upper limit on the branching ratio (or conversion rate) is
obtained by experiments and it constrains the model parameter space. At present, the strongest con-
straint comes from the upper limit on the & — ey branching ratio, Br(u — ey) < 42x 10713 [17],
in the entire parameter space. Therefore, in the study of the current experimental constraints, we can
concentrate on the u — ey process while neglecting bounds from other CLFV processes [18]-[21].

The constraint on the (My, Im6;)-parameter space from the bound Br(u — ey) < 4.2 x 1013
is displayed by the blue solid line in every figure, for both NH and IH, for my+ = 0.3 TeV,
vy =1(@2) x107¢ x \/% TeV in NH (IH), and for the benchmark values of the Dirac phase §.
Additionally, we show the constraint when v; is multiplied by 1/3 and thus Yp is uniformly multiplied
by 3, by the dashed blue line.

We observe that the constraint tends to be weaker for smaller My and [Im#}|. This is because Yp
is proportional to /My and R33 (see Eq. (15)), and so Br(u — ey) is suppressed for small My
and [Imo}|.

4.3. Prediction on charged lepton flavor violating processes

4.3.1. u— 3e

Among the e, — egegep processes, the future sensitivity for the 4 — 3e decay reaches Br(u —
3e) = 10710 [22], and so there is a large chance that this mode is detected even when the model
satisfies the current experimental bound on Br(u — ey). Therefore, we show in Fig. 6 (Normal
Hierarchy) and Fig. 7 (Inverse Hierarchy) the prediction on Br(iu — 3e), along with the value of
Br(u — ey).

In Fig. 6, the blue solid line agrees with Br(u — ey) = 4.2 x 10~!3 for NH and v; in Eq. (43),
and the region to the left of the blue solid line is excluded by the search for u — ey . The green solid
line agrees with Br(i — 3e) = 1071, the future sensitivity. Therefore, in the region between the
blue solid line and the green solid line, the u — 3e process can be detected in the future. Figure 7
is the corresponding figure for IH and v, in Eq. (44).
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Fig. 6. Prediction for Br(u — 3e), along with the values of Br(u — ey). The neutrino mass hierarchy is
Normal Hierarchy, and we fix my+ = 0.3 TeV. We take § = 144°, 221° and 357° in the first, second and
third rows. In the first column, we vary Im#, # 0 while fixing Im8, = Im6; = 0. In the second column,
we vary Im6, # 0 while fixing Imf, = Im#; = 0. In the third column, we vary Im6#; # 0 while fixing
Im#, = Im#, = 0. The blue solid line corresponds to Br(u — ey) = 4.2 x 107" for v, in Eq. (43), and
the region to the left of the blue solid line is excluded by the search for Br(u — ey). The green solid line
corresponds to Br(u — 3e) = 107!°, the future sensitivity, for v, in Eq. (43). The blue dashed line corresponds
to Br(uw — ey) = 4.2 x 10713 and the green dashed line corresponds to Br(iu — 3e) = 107!¢ in the case
when v, is multiplied by 1/3 and thus Y}, is uniformly multiplied by 3.
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Fig.7. Same as Fig. 6 except that the neutrino mass hierarchy is Inverted Hierarchy and v, is given in Eq. (44).

In the same figures, the blue and green dashed lines are contours of Br(u — ey) = 4.2x 10713 and
Br(u — 3e) = 107'° in the case when v, is multiplied by 1/3 and thus Yp is uniformly multiplied
by 3 according to Eq. (15). Since the dipole and non-dipole terms Ap, Axp are proportional to

Y, [2) whereas the box-induced term B is proportional to Y2, reducing v, affects Br(u — 3e) and

Br(u — ey) differently. However, such an effect is not clearly seen in the figures, as the region

between the blue and green dashed lines has a similar size to that between the blue and green solid

lines.
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4.3.2. |-e conversions
The processes whose sensitivity will be improved in the future are the © + Al — e + Al and
w + Ti — e + Ti processes. The future sensitivity for CR(u + Al — e + Al) is 2 x 10717 [23],
and that for CR(i + Ti — e + Ti) is 10718 [6]. Therefore, we study whether the © + Al — e + Al
and u 4+ Ti — e + Ti processes can be detected in the future. In the numerical calculation of the
conversion rates, we employ the values of Z.5, F, I'capture from Ref. [24].

We comment that a peculiar property of ;[he conversion rates CR(uN — eN) is that they are zero

M

ViL
and CR(u + Ti — e + Ti) show a different behavior from other processes around the region

if My = mpy+, because Ayp = Ap at = 1. Therefore, the plots of CR(i + Al — e + Al)

My =~ my= = 0.3 TeV. However, this region is excluded by the 4 — ey search and so such a
behavior is unimportant.

In Fig. 8, the solid orange line agrees with CR(u + Al — e + Al) = 2 x 10~!7, the future
sensitivity, for NH and v, in Eq. (43). Therefore, in the region between the solid blue line and
the solid orange line (we neglect the orange line near My = 0.3 TeV), the u + Al — e 4+ Al
process can be detected in the future. Figure 9 is the corresponding plot for IH and v, in
Eq. (44).

In the same figures, the dashed orange line agrees with CR(it + Al — e+ Al) = 2x 10717 when v,
ismultiplied by 1/3, and the u+Al — e+ Al process can be detected in the region between the dashed
blue line and the dashed orange line for this v,. Since the dipole and non-dipole operators Ap, Anp
are both proportional to Y. 2 Br(u — ey)and CR(u+Al — e+ Al) both scale with 1/ v;‘ . Hence, the
relative location of the contours of Br(u — ey) and CR(u + Al — e + Al) does not depend on v;.

In Fig. 10, the solid purple line agrees with CR(i + Ti — e 4 Ti) = 107'%, the future sensitivity,
for NH and v, in Eq. (43). Therefore, in the region between the solid blue line and the solid purple
line (we neglect the purple line near My = 0.3 TeV), the u + Ti — e + Ti process can be detected
in the future. Figure 11 is the corresponding plot for IH and v; in Eq. (44).

In the same figures, the dashed purple line agrees with CR(u + Ti — e + Ti) = 107!3 when v,
is multiplied by 1/3, and the i + Ti — e + Ti process can be detected in the region between the
dashed blue line and the dashed purple line for this v;. Just as with Al, the relative location of the
contours of Br(u — ey) and CR(i + Ti — e + Ti) does not depend on v;.

4.3.3. Z — eqep

There are three modes, Z — eu, Z — et and Z — purt. In Fig. 12, the solid green, orange
and red lines correspond to the contours of Br(Z — eu) = 10716, Br(Z — er) = 107!¢ and
Br(Z — nt) = 10719, respectively, for NH and v, in Eq. (43). Figure 13 is the corresponding
figure for IH and v, in Eq. (44).

In the same figure, the dashed green, orange and red lines correspond to the contours of Br(Z —
ep) = 10716 Br(Z — et) = 1071%and Br(Z — ut) = 10716, respectively, when v is multiplied
by 1/3. Since the dipole and non-dipole operators Ap and Axp are both proportional to Y3, the
branching ratios Br(iu — ey) and Br(Z — eyeg) bothscale with 1/v§.Hence,the relative location of
the contours of Br(u — ey ) and Br(Z — epn), Br(Z — et) and Br(Z — put) do not depend on v;.

We observe that in all cases, all of the Z — eu, Z — et and Z — ut decays can be detected at a
rate of about 10~ !¢ even when the model satisfies the current experimental bound on Br(i — ey).
Unfortunately, the rate 1016 is much lower than the future sensitivity of a high-luminosity Z-factory
proposed in Ref. [25].
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Fig. 8. Prediction for CR(u + Al — e + Al), along with the values of Br(u — ey). The neutrino mass
hierarchy is Normal Hierarchy, and we fix my+ = 0.3 TeV. We take § = 144°, 221° and 357° in the first,
second and third rows. In the first column, we vary Im6; # 0 while fixing Im8, = Im6; = 0. In the second
column, we vary Imé, # 0 while fixing Imf; = Imé; = 0. In the third column, we vary Imf; # 0 while
fixing Im@;, = Im6@, = 0. The solid blue line corresponds to Br(u — ey) = 4.2 x 10~ for v, in Eq. (43),
and the region to the left of the solid blue line is excluded by the search for Br(i — ey). The solid orange
line corresponds to CR(u + Al — e + Al) = 2 x 1077, the future sensitivity, for v, in Eq. (43). The

dashed blue line corresponds to Br(u — ey) = 4.2 x 10~

13 and the dashed orange line corresponds to

CR(u + Al — e + Al) = 2 x 10~!7 when v, is multiplied by 1/3.
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Fig.9. Same as Fig. 8 except that the neutrino mass hierarchy is Inverted Hierarchy and v, is given in Eq. (44).

434. h—etandh — urt

Among the 4 — eyep (a # B) decay modes, the diagrams of # — et and 2 — ut involve the large
7 Yukawa coupling and so these modes have much larger branching ratios than # — eu. Therefore,
we concentrate on the former two. Br(h — et) and Br(h — ut) involve one unknown coupling
constant, that is, A3. We present our prediction by assuming A3 = 1. Since the prediction scales with
A2, it is straightforward to consider cases with other values of A3.
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Fig.10. Same as Fig. 8 except that the prediction for CR(i + Ti — e + Ti) is presented by the purple lines,
for Normal Hierarchy. The solid purple line corresponds to CR(u + Ti — e + Ti) = 107'8 for v, in Eq. (43),
and the dashed purple line corresponds to CR(u + Ti — e + Ti) = 107!® when v, is multiplied by 1/3.

In Fig. 14, the solid green and orange lines correspond to the contours of Br(h — et)/Br(h —
77) = 10~ 2 and Br(h — ut)/Br(h — t1) = 10_“,respectively, for NH and v, in Eq. (43). In the
same figure, the dashed green and orange lines correspond to the contours of Br(h — et)/Br(h —
t7) = 1072 and Br(h — ut)/Br(h — t1) = 107!, respectively, when v, is multiplied by 1/3.
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Fig. 11. Same as Fig. 10 except that mass hierarchy is Inverted Hierarchy and v, is given in Eq. (44).

Br(u — ey) and Br(Z — eqeg) (o # B) both scale with 1/ vg, and so the relative location of their
contours does not depend on v;.

Figure 15 is the corresponding figure for [H and v, in Eq. (44). Here, the green lines correspond
to Br(h — et)/Br(h — tt) = 10~'3 and the orange lines correspond to Br(h — ut)/Br(h —
1) = 10712,

We observe that for NH we can hope that the # — et decay is detected at a rate Br(h —
et)/Br(h — tv) ~ 107'% and that the # — ut decay is detected at a rate Br(h — ut)/Br(h —
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Fig.12. Prediction for Br(Z — eu), Br(Z — et) and Br(Z — urt), along with the values of Br(u — ey).
The neutrino mass hierarchy is Normal Hierarchy, and we fix my+ = 0.3 TeV. We take § = 144°, 221° and
357¢ in the first, second and third rows. In the first column, we vary Imé; 7 0 while fixing Imf, = Im6; = 0. In
the second column, we vary Im6, # 0 while fixing Imf; = Im#; = 0. In the third column, we vary Im6; # 0
while fixing Imf; = Im#, = 0. The solid blue line corresponds to Br(i — ey) = 4.2 x 107" for v, in
Eq. (43), and the region to the left of the solid blue line is excluded by the search for Br(iu — ey). The solid
green, orange and red lines correspond to the contours of Br(Z — eu) = 107'%, Br(Z — et) = 107!¢ and
Br(Z — ut) = 1071, respectively, for v, in Eq. (43). The dashed blue line corresponds to Br(u — ey) =
4.2 x 10713 and the dashed green, orange and red lines correspond to the contours of Br(Z — eu) = 10716,
Br(Z — et) = 107'% and Br(Z — ut) = 107'%, respectively, when v, is multiplied by 1/3.
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as Fig. 12 except that the neutrino mass hierarchy is Inverted Hierarchy and v, is given in

t7) ~ 107!! even when the model satisfies the current experimental bound on Br(u — ey). If
IH is the correct mass hierarchy, both Br(h — et) and Br(h — ut) roughly decrease by 1/10.
Unfortunately, the predicted rate is too small to explain the hint of 4 — w7 decay reported by

CMS [26].
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Fig. 14. Prediction for Br(h — et) and Br(h — ut), along with the values of Br(u — ey). The neutrino
mass hierarchy is Normal Hierarchy, and we fix my= = 0.3 TeV. We take § = 144°, 221° and 357° in the first,
second and third rows. In the first column, we vary Im6f;, # 0 while fixing Im8, = Im6; = 0. In the second
column, we vary Im6, # 0 while fixing Im@; = Im6; = 0. In the third column, we vary Im6; # 0 while fixing
Imf, = Imé, = 0. The solid blue line corresponds to Br(i — ey) = 4.2 x 10713 for v, in Eq. (43), and the
region to the left ofthe solid blue line is excluded by the search for Br(u — ey). The solid green and orange lines
correspond to the contours of Br(h — et)/Br(h — tt) = 1072 and Br(h — ut)/Br(h — t7) = 107!},
respectively, for v, in Eq. (43). The dashed blue line corresponds to Br(u — ey) = 4.2 x 1071 and
the dashed green and orange lines correspond to the contours of Br(h — et)/Br(h — t1) = 107'? and
Br(h — ut)/Br(h — tt) = 107!, respectively, when v, is multiplied by 1/3.
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Fig. 15. Same as Fig. 14 except that the neutrino mass hierarchy is Inverted Hierarchy and v, is given in Eq. (44)
and that the solid green and orange lines correspond to the contours of Br(h — et)/Br(h — tt) = 107" and
Br(h — ut)/Br(h — tt) = 107'2, respectively, and the dashed green and orange lines correspond to the

contours of Br(h — et)/Br(h — 17)
v, is multiplied by 1/3.

5. Summary

= 10" and Br(h — ut)/Br(h — t1) = 107'2, respectively, when

We have investigated the neutrinophilic Higgs +seesaw model, in which right-handed neutrinos
couple only with an extra Higgs field that develops a tiny VEV and have Majorana mass, and which
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realizes the low-scale seesaw naturally. We have concentrated on CLFV processes induced by loop
diagrams of the charged scalar and heavy neutrinos. First, we have studied the current constraint on
the model’s parameter space from the search for u — ey . Secondly, we have predicted the branching
ratios of other CLFV processes (u — 3e, u + Al > e+ AL u+Ti > e+ Ti,Z — eu, Z — ert,
Z — ut,h — et and h — ut),and discussed whether these processes can be detected in the future.
An important finding is that, considering the future sensitivities, the © — 3e, u + Al - e+ Al and
u + Ti — e + Ti processes can be detected in a wide parameter region in the future, even when the
model satisfies the current stringent bound on the 4 — ey branching ratio.
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