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Influence of an inert charged Higgs boson on the muon g -2
and radiative neutrino masses in a scotogenic model
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A simple extension of Ma’s approach in a scotogenic model is studied for the purpose of simultaneously
interpreting the neutrino data and the excess of the muon anomalous magnetic moment (muon g — 2). The
feasible minimal extension is to add a Z,-odd vectorlike lepton doublet to the Ma’s model. It is found that in
addition to the neutrino data, the strict constraints on the relevant parameters are from the electroweak
oblique parameters and the induced lepton-flavor violation processes, such as &; — £y and £; — £5 fjffj*.

Performing a parameter scan, we numerically demonstrate that when the constraint conditions are satisfied,
the muon g — 2 of 0(10‘9) can be achieved, where it can be expected that with a 5S¢ observation, the Muon
g — 2 experiment at Fermilab can observe a, ~ 13.31 x 107'° when the current experiment and the SM

errors are reduced by a factor of 4 and 2, respectively. Moreover, the branching ratio of the 7 — uy decay
can match the Belle II sensitivity of O(10™) with an integrated luminosity of 50 ab™!.
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I. INTRODUCTION

In addition to the origin of neutrino mass, a clear hint for
new physics is the muon anomalous magnetic moment
(muon g — 2). The results measured by the E821 experi-
ment at Brookhaven National Lab (BNL) [1] and calculated
in the standard model (SM) are, respectively, given as [2]

a,? = (11659209.1 5.4 +3.3) x 10717,
asM = (116591823 £0.1 £3.4 +£2.6) x 1071°, (1)

where the uncertainties in the SM are from the electroweak,
lowest-order hadronic, and higher-order hadronic effects.
The difference between the SM and experiment is [2]

Aa, = a;® —aSM = (268 £6.3+£4.3) x 10710, (2)

which indicates a 3.5¢ deviation. Moreover, the recent
theoretical analysis shows a 3.7¢ deviation [3]. Accordi-
ngly, resolutions to the muon g—2 excess have been
broadly studied in the literature [4—19]. A detailed review
of the muon g — 2 can be found in [20-23].
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The new muon g — 2 measurements performed in the
E989 experiment at Fermilab and the E34 experiment at
J-PARC will aim for a precision of 0.14 [24] and 0.10 ppm
[25], in which the experimental accuracy can be improved
by a factor of 4 and 5, respectively. If we assume the future
experimental and theoretical uncertainties can be, respec-
tively, reduced by a factor of 4 and 2, it is expected that with
a 50 measurement, Aa, ~ 13.31 x 107! can be observed
by the Fermilab muon g — 2 experiment, which has started
taking data [26].

Itis a highly nontrivial issue to simultaneously generate the
neutrino mass at the 1072 eV scale and explain the muon
g — 2 excess in a simple extension of the SM. One of the
feasible possibilities to accommodate both phenomena is that
both processes can be achieved through the quantum radiative
corrections. A known mechanism for a radiative neutrino
mass of O(1072) eV is the scotogenic model proposed in [27]
(called the “Ma model” in this paper), where the dark matter
(DM) candidate can be the lightest inert neutral scalar or the
right-handed neutrino (Ny) [27,28].

It is found that the Ma model cannot generate a sufficient
Aa, without an extension. The main reasons are as follows:
(i) The lepton anomalous magnetic moment can be gen-
erated by the mediation of inert charged Higgs bosons and
dark right-handed neutrinos. Since the involved charged
leptons are left-handed, to match the chirality of tensor-type
dipole operators, the effect is indeed suppressed by m2/ mzzvk-

(i1) a}}“’ induced by a charged Higgs boson at the one-loop
level is usually negative [29]. Therefore, in this work, we
study whether the neutrino data and a}* ~ O(10~?) can be
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accommodated in a scotogenic model when the Ma model is
minimally extended.

We find that the feasible minimal extension is to include
a Z,-odd vectorlike lepton doublet (X). Due to the new dark
lepton doublet, the left-handed and right-handed couplings
can now appear in the same loop diagram; therefore, the
induced a,I;’P is proportional to m,,, not m,zl. Because more
Yukawa couplings are involved, we have the degrees of
freedom to make the inert charged-Higgs-boson-induced
a}}“’ positive. Although the inert neutral scalar bosons can
also contribute to the muon g — 2, due to strong cancella-
tion and m?/ mlz\,k suppression, their effects are small and
can be neglected. Intriguingly, it will be shown that the
proposed model can originate from a larger gauge sym-
metry, such as SO(10) [30,31].

Since we concentrate the study in the flavor physics, we
do not analyze the DM-related physics in this study. The
relevant DM analysis can be found in [32-51]. It is worth
mentioning that it has been found that in some parameter
regions, the imposed Z, symmetry in the original Ma model
could be broken when renormalization group equation
(RGE) effects are taken into account [40,41,45]. The
possible resolutions to the problem can be found in
[39,43,44]. In addition, we also skip the analysis for the
signal search at the LHC, where the related discussions can
be found in Refs. [52-60].

In addition to the neutrino physics and muon g — 2,
lepton flavor violation (LFV) processes, such as £; — £y
and ¢; — f]‘fj‘ff (¢; = 3¢;), can be produced in the
extension model [39,61]. Additionally, X and N, can
together couple through the SM Higgs doublet, so that
the electroweak oblique parameters may constrain the
related parameters due to the mass splitting within the
vectorlike lepton doublet. Hence, it is a challenge to require
all related parameters through various combinations to fit
the current experimental upper limits. After taking some
assumptions based on the y — ey constraint, 11 new
independent parameters are involved. We will show that
the 11 free parameters can be accommodated in the model
when all constraints from the electroweak oblique param-
eters, the LFV processes, and the neutrino data are satisfied;
and the muon g — 2 can still reach the level of 107°.

When the p — ey constraint is compromised in the
model, indeed, v — py exerts an important constraint on
the parameters, especially those related to the neutrino mass
matrix for which we cannot arbitrarily tune the parameters
to be small. After scanning the chosen parameter regions, it
is found that the branching ratio (BR) for the 7 — uy decay
can be well controlled in the model and that BR(z — uy)
can be as large as the current upper bound of 4.4 x 1078,
depending on the values of the involved parameters. With
50 ab~! of data accumulated at the Belle II, the sample of 7
pairs can be increased to approximately 5 x 10'°, where the
sensitivity necessary to observe the LFV 7 decays can reach

10719-1072 [62]. If Belle II observes BR(z — py) at the
level of 107°, the scotogenic model can provide the
interpretation of the observation.

The paper is organized as follows: We briefly introduce
the model and the relevant couplings in Sec. II. In Sec. III,
we derive the formulas for the neutrino mass matrix, for the
Z; — ¢}y decays, for the ¢; — 3¢; decays, and for the
lepton g — 2. Based on the neutrino oscillation data, we also
show the allowed region for each neutrino mass matrix
element. The parameter scan and the detailed numerical
analysis are shown in Sec. IV. In that section, we also
provide a detailed numerical analysis of the relevant
phenomena. A summary is given in Sec. V.

II. MODEL

In this study, we extend the SM gauge symmetry, including
a Z,-parity symmetry. In order to generate the neutrino mass
through a one-loop radiative mechanism and provide the dark
matter candidate, we add three right-handed neutrinos N; =
(1,0) (k = 1,2,3)and one inert Higgs doublet H; = (2, 1) to
the SM [27], where both N and H; are Z,-odd states, and
numbers in brackets denote the SU(2), representation and
U(1), hypercharge, respectively. Using the introduced N
and Hj, it is found that the muon g — 2 can be significantly
enhanced when a vectorlike lepton doublet X, gy = (2, 1)
is included. Since the heavy lepton doublet has to couple to
the SM leptons and Z,-odd particles, i.e., Ny and Hy, X ()
must carry the Z, charge. Thus, in addition to N, which is
free from the mixing with the SM neutrino [27], in principle,
the new neutral lepton y9¢ and scalar bosons can be the DM
candidate.

A. Yukawa couplings and mass splitting
in dark lepton doublet

The gauge invariant lepton Yukawa couplings under
SU(2); x U(1)y x Z, symmetry can be written as

—Ly= )’f,-zinRj +yh,LiH Ny + YR XL H CRj

-~ my —— _
+ hk X, HN, —i—%Nka +myX, Xz +He., (3)

where i, j =1, 2, 3 denote the flavor indices; HT =
(G*, (v +h +iG%)/V/2) is the SM Higgs doublet and v
is the vacuum expectation value (VEV) of H; N¢ = Cy'N*
with C = iy%%, H ) = ityH ;)3 my and my are the masses
of Ny and Xj ), respectively; and the representations of
dark H; and X g are given as

= ((S, +1;IAI+1)/\/§>’ ow = ()){(T>L(R)‘ “

Since y~ is a Z,-odd particle and cannot mix with the SM
charged leptons after electroweak symmetry breaking
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(EWSB), the SM charged-lepton masses are still dictated
by the first term in Eq. (3). That is, the SM leptons
in Eq. (3) can be taken as the physical states after EWSB
and their masses can be expressed as m,, = yfjvé,-j /v2.1In
terms of the representation components, the new Yukawa
interactions are written as

_ - S1+1A1 iy 1)+]’l
—Ly D (Y801 N + Yril riX + AN ——
Y (yL LitVk YRi RZXL) \/z IARAY \/i
mN —_— —_— —
+ > ENEN + (Vrid) Eri — Y5 N i) HY
+my(x{x +xixr) + He., (5)

where yg; and h¥ are taken as the real parameters.

It is worth mentioning that the proposed model can arise
from a larger gauge group, such as SO(10) grand unified
theories (GUTs) [30,31], where the symmetry breaking
chain is SO(10)—SU(5)xU(1),—SU(3)xSU(2), %
U(1)yxU(1),. Denoting all fermion representations as
the left-handed states, the new lepton doublets X and X¢
can originate from 10 of SO(10) and can be (5,-2) +
(5,2)in SU(5) x U(1),. If we embed the inert doublet H,,
the right-handed neutrinos N, and the SM Higgs field in
the representations of 16 D (5, 3), 45 D (1,0), and 10, the
Yukawa interactions X; AN, and X; H,/ can be gauge
singlets under the gauge symmetries 10 x 10 x 45 and
10 x 16 x 16, respectively.

Because the SM Higgs doublet H couples to X; » and
Ny and )(2‘ x can mix with Np when the electroweak
symmetry is broken, the 5 x 5 neutral lepton mass matrix
in the basis (y%, x9¢, N;) can be written as

0 my 0,3
M= | my 0 vh, /2 |, (6)
03, ”h{/\/i (My )33

with hy, = (h},hi,h}) and my = diag(my, . my,, my,).
The symmetric mass matrix can be diagonalized using an
orthogonal matrix. With the assumption of my, = my, =
my, = my, the eigenvalues of the five Majorana states can
be obtained as

mlz—mx—(eX—EN), mzﬁmx‘kex,

msz(4) = My, ms =~ mgy — ey,
ex = (it + 168,y + mo 2/ 7)
X 8(my + mg) ! X 7
m3 — m% v*¢
_ 4N X R o
7711 Ch + 1}2 eN eX 4(mX + mo)

where we define ¢, = >, (k%)% and hy = vhk/V2 is
taken as the perturbative parameters, and the + sign in
ey can determine what the lightest Majorana particle is, i.e.,
%€ or one of N;. Note that in order to simplify the analysis
for the flavor physics, we set all my_to be the same
although generally this is not necessary. If the DM
candidate is the lightest right-handed neutrino (Ny), we
can take my,, to be smaller than the others. Since our main
target is on the flavor physics, we do not further pursue the
DM issue in this work. The relevant discussion can be
found in [27,32-48,51]. Using the obtained -eigen-
values, the flavor mixing matrix can be approximately
formulated as

my 1 hy hy s
N_x|m;| N_x 2moN_x 2moN_yx 2moN_x
my 1 hy hy hs
Nxmy Ny Ny(mo—my) — Nx(mg—my) — Nx(mo—my)
h h
0 0 2 L 0
Ox~ Ny VIR Ny /b ,
0 0 hy hy _ h4-h3
Ny, \/B2+h2 Ny, /B3+h3 Ny, hs
my ) hy _ hy hs
Nyyms Ny, Ny (mg—ms) Ny, (mg—ms) Ny, (mg—ms)
(8)
where N, (a = —X, X, N;) are the normalization factors,

which follow >7,0%,. = 1.

From the results, it can be seen that the mass splitting
within the vectorlike lepton doublet can be expressed as
Amy = |m, — my| = |ex| and that it depends on vh¥ //2.
This mass splitting contributes to the electroweak oblique
parameters, where the current measurements with U = 0
are given as [2]

S =0.07 +£0.08, T =0.10£0.07. 9)
Therefore, the precision measurements of electroweak
oblique parameters [63] may constrain /5. In order to

consider the constraints, we write the oblique corrections
for the vectorlike lepton doublet as [64,65]

11Z1 +1
__ln__f_i

S _l 2221 + 1422 1 21
n 9 9 2, 18

f(z1)

T

Tz, — 1 flz1) + f(z
+ 218 f(Zz) —\/Z122<4+w>:|’
1 2
~o_-2 7 21 +Zz—ﬂlnz—l
sy cyy 1~ 2

21t 2

4|
+2,/ In—-2)],
ZIZ2<21—12 22 )]
f(x) = —4v/4x — 1 arctan

1
T (10)
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with z; = (mg —ex)?/m% and z, = m}/m%. Since
the U parameter usually is small, we do not explicitly
show it.

In the calculations of LFV processes, we need the gauge
couplings to the photon and Z-gauge boson. The relevant
interactions are given as

Ly =—Qsety, A —ie(H70,H —0,(Hy)H] )A*

g — -
~3cosd ;(0}/”;(02” - fyM(C{PL + C4PR)EZH
w
.gcos?20 _ _
—ITSQ‘:V(% 0,Hj — Hj 0,H})Z", (11)
with
)
¢__ 9 —1 4+ 2sin20 f:gsmew 12
L ZCOSHW( +26in0y),  Ci cosOy (12)

B. Scalar potential and gauge couplings
to dark sector

The gauge invariant scalar potential with the Z,-parity
can be written as [27,28]

V(H.H,) = y*H'H + A\ (H'H)? + m}H H; + J,(H H,)?
+ H'HH]H, + ),H H,H}H

+ %5 [(HTH,)? +H.cl, (13)

where v = \/—u?/1, with u> < 0 and m;, = \/v?A,/2 are
the same as the SM, and the massive inert Higgs doublet
requires m% > 0. With v ~ 246 GeV and m;,, ~ 125 GeV,
we can obtain A; ~ 0.516. The masses of (S, A, H*) can be
expressed as [27,28]

2

2 _ 2 2 2 _ 2
msl—m1+/1LU, my, — mg = —A507,

1
A3
222

- (14)

2 _ 2
mH]i—mI—i—

with A; = (43 + A4 + 45)/2. It can be seen that the mass
difference between S; and A; is dictated by the A5
parameter. We will show that, in addition to the Yukawa
couplings, the radiative neutrino mass also depends on the
mass difference. If y¥, ~ O(1072) are required, [4°| ~ 1078
is necessary to fit the neutrino mass matrix elements, which
are of O(1072) eV.

In the model, the DM particle can be the lightest N, or
S;(A;). If we select S; or A; as the DM candidate, in order
to escape the constraint from the DM-nucleus scattering,
which is generated through the S;A;Z gauge coupling [28],
|m4, — mg | must have a low limit in order to kinematically

suppress the scattering process. Then, y¥; have to be of the
order of 107*~1073 to match the neutrino mass matrix
elements. As a result, the muon g — 2 arising from the inert
charged Higgs boson is suppressed. Similarly, y° cannot be
the DM candidate because the gauge coupling y°y°Z leads
a large cross section in the process of DM scattering off the
nucleus. Hence, we will concentrate on the case with

Mg, (p).Hf = Mo x-

I1I. RADIATIVE NEUTRINO MASS, LFV, AND
LEPTON g-2

In this section, we derive the formulas for the neutrino
mass matrix, the Z; — ¢;y and #; — 3¢; processes, and
lepton g — 2 in the model. Although the original Ma model
can provide sizable contributions to the LFV processes, we
checked that with y¥*y% ~ O(1073), the BR for u — ey is of
the order of 10~!%, which is 2 orders of magnitude smaller
than the current upper limit. Therefore, in the following
analysis, we concentrate on the extension effects.

A. Radiative neutrino mass

The Majorana neutrino mass arisen from a quantum loop
in the scotogenic model is sketched in Fig. 1. It can be seen
that in addition to the Yukawa couplings, the essential
effect is from the (H'H;)? coupling, which is dictated by
the A5 parameter. From the couplings in Eqgs. (5) and (13),
the Majorana neutrino mass matrix elements can be
obtained as [27,66]

} _Zy’iiyfj . [mﬁ[ In(m3 /my ) mg In(mg /my, )
= N
Vo a=2(4n)r my, —my my, —mg,

(15)

It can be found that mj; can be of 0(1072) eV when
Sk~ 0(107-107%), and mg s, & my, & 1 TeV
are used.

The mass matrix can be diagonalized by the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix as

v * di
mi;; = Unnsy ag Ul-t/lNS’ (16)
where mJi#€ — diag(m;, m,, m3), and the PMNS matrix can
be parametrized as [2]
.
x
N
b ~
’ S (4r)
/ \
vi g N, Nf LU

FIG. 1. Feynman diagram for radiative neutrino mass.
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—id

C12€13 $12€13 S13€
_ is is ~ i /2 iz )2
Umns = | —S12¢23 — c12523513€"  €12Cp3 — 512823813€" syycpy | diag(l, e /2, ein/2), (17)
s "
S12823 — C12C23813€"0 —C2823 — §12€3813€"0 €23C3

in which s;; = sin;;, ¢;; = cos 8;;; 6 is the Dirac CP violating phase; and a5, 3; are Majorana CP violating phases. Since
the mass ordering is still uncertain, the current neutrino data can be shown in terms of the different mass ordering as [2]

Am3, = (7.53£0.18) x 107 eV2,  sin?d;, = 0.307 £+ 0.013,
Am3, = (2.51 £0.05,-2.56 £ 0.04) x 10 eV> (NO,10),

sin?0,3 = (0.59710050,0.59210053)  (NO,10), sin?0;; = (2.12 £0.08) x 1072, (18)

where Amj; = m} —m3, and Am3, >0 and Am3, < 0 denote the normal ordering (NO) and inverted ordering (I0O),
respectively.

Based on the neutrino oscillation data, the central values of 9,

j» 0, and Am%j using the global fit can then be obtained

as [67]
NO: 0,,=34.5° 0,3=47.7°, 0,3=845°, §=218°, Am3, =7.55x107eV?, Am} =2.50x1073eV?,
10:0,,=34.5° 053=47.9°, 0,3=853°, §=281°, Am3, =7.55x107eV?, Amj =-242x10"eV?, (19)

where m3) = 0 for NO (10) are applied, and the Majorana phases are taken to be ay(3;) = 0. Taking the 3¢ uncertainties,
the magnitudes of the Majorana matrix elements in units of eV for NO and IO can be, respectively, estimated as

Im¥, | |mby|  |ms] 0.11-045 0.12-0.82 0.12-0.82

ims, | |my,| ms| | =~ | 012-082 24-33  20-22 | x1072

my| || )\ 012082 20-22  22-3.1

Im¥, | |mty|  |ms] 48-50 041-0.65 0.39-0.62

Ims,|  |mb,|  |mbs| ~|041-065 19-28 24-26 | x1072 (20)
my | m| sl ) \0.39-062  24-26  22-3.

It can be found that when Zky’zi,y’zj, ~1073 (@, j =2,3)
and

mo mil ln(mf‘l/mﬁ) ~ mgl ln(mgl/m%)

MO ~ eVa

1672 m3 — mﬁl mj — m%l
(21)

my o~ O(1072) eV can then be obtained. We will show
that due to the ¢ — ey constraint, the y¥,-related param-
eters have to be smaller than y%,,,. Therefore, m}; are
preferred to be smaller than m’;,j,; i.e., the model is suitable
for the NO case.

B. Radiative Z — ¢’y decays

In the model, the LFV processes can arise from the S;, A,
and Hy boson exchanges. Since mg, ~ m,, is taken in this
work, the S;- and A;-induced LFV effects have strong
cancellations. Thus, in this study, we concentrate on the inert
charged-Higgs-boson effects. The current experimental upper

|
limits on the BR for the relevant LFV processes are shown in
Table L.

The Feynman diagrams for the H7-mediated radiative
¢; — ¢y decays are sketched in Fig. 2, where plot (a) arises
from the H7 and y°-fermion loop and plots (b) and (c) are
the associated self-energy diagrams, which can be used to
remove the ultraviolet divergence. According to the
Yukawa couplings in Eq. (5), the effective interactions
for ; — £}y can then be obtained as

0 e i
_E);i_’fﬂ’ = —Emfiagij”yPLfiFﬂb, (22)
TABLE 1. Current experimental upper limits on the LFV
processes.
LFV  u— ey u— 3e T — u(e)y 7 — 3u(3e)

BR 42x1071 1.0x 10712 4.4(3.3) x 107% 2.1(2.7) x 107}
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where the Wilson coefficient and loop integral are given as

2
*
ji  YRYRi My
ap =13l — )
167°mx mx

(=D -y)
d . 23
/ * / 1—x + ax (23)
Because me, Lmg, We have neglected the me,

effects. Since only right-handed leptons couple to ¥, in
order to match the chirality of the dipole operator, a
mass insertion in the ¢; leg to flip the £; chirality from
the right-handed state to the left-handed state becomes
necessary. As a result, Eq. (22) is proportional to m,., and
the left-handed #; is involved in the radiative decay.
We note that although 7; — ¢y processes can be
induced through the N k mediators, because the associated
Yukawa couplings y¥ ]yL, are constrained by the neutrino
masses to be of O(1074~1073) [27], we thus neglect their
contributions.

In addition to the H7-y° loops shown in Figs. 2(a)-2(c),
the 7; - Z;y can be generated by Fig. 2(d), where
the diagram involves the mixing of y° and N, where the
mixing occurs through the VEV of the SM Higgs field, i.e.,
vh¥ /\/2. Because Ny and y° have been massive particles
before EWSB, it is more convenient to use the weak
eigenstates of N and y° to estimate Fig. 2(d). Accordingly,
the effective interactions for £; — ¢y can be written as

551—»5’ y f/”;w(bfPL + bgPR)'/ﬂiFW’ (24)

where the Wilson coefficients are obtained as

Ny X
(1)

(©) (@)

FIG. 2. ¢; — ¢y mediated by the inert charged Higgs boson
and the y° fermion, where plot (d) includes the mixing effect
between Ny and y°.

2 2
ji 1 Uijle I me mHli
L 1677-'2\/7}1’! m2 Nk;( m2 ’ 2 ’

x My
* . m
ji 1 Uijsz y N, HF
R — 0 El )
1677.'2 \/Zm m2 Nex m2 m%

J(a.b) /dx/ dy- 1 pr )y(ay_b)y. (25)

Since the A% parameters always appear to be associated
with y¥. we define the independent &;; = y% .h¥ parame-
ters to combine the % and y¥, effects. In the numerical
analysis, we take all my_ to be the same; therefore, y} i}
can be read as the sum of all k. Because the left- and right-
handed lepton couplings appear in Fig. 2(d) at the same
time, it can be seen that the mass insertion in the ¢; leg is
not necessary. In order to combine this effect with that
arisen from the »° loop, the my, factor is shown in Eq. (24);

as a result, b’L'  are 1/m,_dependent. Combining Eqs. (22)
and (24), the BR for #; — £,y can be expressed as

5
am;
(

BR(¢; = ¢jy) =74, 1

TP+ |Tk[).  (26)

with a = e?/4x, and

T) =a] +b),  Th=b}. (27)
C. ¢; — 3¢, decays

The #; — 3¢; decays in the model can arise from the
photon-penguin diagrams, e.g., Fig. 2 with the off-shell
photon, the Z-penguin diagrams, and the box diagrams. We
show each decay amplitude as follows: For the photon-
penguin diagrams, we write the decay amplitude as

M(¢;—3¢,)
— e2@;(ky) {CQ'}/”PR it

X it (ko )y v;(k3) —

i k(TP + TP ()
(ki < ka), (28)
where C%/' from Fig. 2(a) is given as

YRiYR m?—li ! X
Chil = T ]211<m§(1>’ Il(a)—/) dxm.

(29)

Although Fig. 2(d) can also generate vectorial current-
current interaction, since its numerical contribution is at
least 1 order of magnitude smaller than C}y’, we have
ignored its contribution. Using the results in [68,69], the
BR for #; — 37; induced by the photon-penguin can be
expressed as
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(x2 5 P
BR(, = 36, = 20, |G P = 4Re(C{ )
; (16 my 22
TP+ e (Fn e -2 |
M,

(30)

where 7, denotes the Z; lifetime.

The lepton-flavor changing #; — #;Z can be induced by
the Z-penguin diagrams. In addition to being the same
diagrams shown in Fig. 2 but using the Z-boson instead of
the photon, the Z-boson can also be emitted from ;(0, as
shown in Figs. 2(a) and 2(d). It is found that the #; — £;Z
decays arisen from Figs. 2(a)-2(c) are suppressed by
mfim,fj/m%, where the same results are also shown in
the N, fermion loop obtained in [61]. If we apply the
approximation with Mg, ~ 0, their contributions can be
neglected. Thus, the dominant effects indeed are from
diagrams related to Fig. 2(d), and the induced effective
interactions can be written as

_[I];,.X—O»f,-z = Zi1u(C'PL+ CF'PR)E21, (31)

7ii - .
where the C;’; coefficients are given as

* m
it — SLiYrRi g My, ., <me Hi)
L= 2 N\ T2 T )
167% 2cos Oy \2m} M\ mg ~ my
m2
it — ijéLz g e, <me Hi>
R = p) N\ T2 T
167% 2cos Oy \2m} M\ my ~ my

o(a,b) /dx/dy/dz

[1—(1 —a)x—(a—b)z]z'

(32)

From the result, the decay amplitude for #; — 3¢; through
the Z-penguin can be expressed as

l
o omj

X it;(ky)y*(CL Py, + CiPg)v;(ks)
— (ky < k). (33)

(kl)yﬂ(CZﬂPL + CF'PR)ui(p)

Accordingly, the BR for #; — 3#; can be obtained as
[68,69]

5
my (2
BR({, e 3{/)2 = Tf! 327[1 |:§(|FLL|2 + |FRR|2>
1
+30FuP + 1P P)| (34)

where Fy; pg and Fpg g, are defined as

Zji ~¢ Zji ~¢
P, = Crc o = Cr Ck
gsin’Oym?’ Fsin’Oym?’
Zji ~¢ Zji ~¢
. N CL)
@sin’Gym’’ gsin®Qym?

The box diagrams mediated by H7 and ° for £; — 3¢,
are shown in Fig. 3. Although the box diagrams mediated
by Hf and N, can also contribute to the #; — 3¢ ; decays,
because the involved couplings are constrained by the
neutrino masses, their effects can be neglected. In addition,
there are strong cancellations between the S;-S; (A;-A;) and
S1(A;)-A;(S;) box diagrams, so we also ignore the inert
scalar and pseudoscalar contributions. Hence, the decay
amplitude for #; — 3¢; from Fig. 3 can be obtained as

M(¢; = 3¢;)P% = C'; (k) )y, Prus(p )aj<k2>yﬂPRvi<k3>,

1 Hi
Bj
CRﬂ 1622 2ijyR]ijleIB< > >,

_ [t x(1-x)
IB(a)—A dxl—x—i—ax' (36)

The BR can be found as [68,69]

i
ICy" 2
51223 6

BR(¢; — 3¢,)B% =1 (37)

D. Lepton anomalous magnetic dipole moment

It is known that the lepton g — 2 originates from the
radiative quantum corrections, where the form factors
associated with the quantum effects can be written as

io"k,

o =2(p) |7 Fy (k) +
mg

Fy(k2)|£(p). (38)

The lepton g — 2 can then be defined as

gr—2

== F2(0). (39)

Ay =
Using this definition, it can be seen that the lepton g — 2
induced by Figs. 2(a)-2(c) are suppressed by m2/m%,
whereas a, generated by Fig. 2(d) is dictated by

tp Hy Uk 0p X’ 0 ks
e — > >
1 1
Y Aoy
U,k . Uiy ks Ly, ky : : L ks
FIG. 3. Box diagrams mediated by H; and y° for the #; — 3¢,

decays.
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my/my - vh% /my. Thus, the dominant lepton g — 2 in the
model can be obtained as

2
_ Re(&] syre) V2mev i mzzvk My (40)
167° my N\ my my )

Ay =

Although a,, is associated with >~ y§, i}, which are related
to the neutrino masses, the muon g—2 can still be
enhanced to 107 if &, ~ 0(0.01) and yg, ~ O(1) are
allowed. In order to satisfy the strict constraints from the
u— ¢y and u — 3e decays, we can take the related
Yukawa couplings, e.g., £, and yp;, to be small. Then,
the electron g — 2 is far below the current experimental
accuracy in the model.

Before analyzing the relevant phenomena in detail, we
roughly estimate the BRs for £; — ¢y and the BRs for
¢; — 3¢;, which individually arise from the photon-
penguin, Z-penguin, and box diagrams. For illustration,
a benchmark for the relevant parameters is taken as follows:

& =—10"° &,=-005, & ;=0.02,y5,=0.5x107*,

yR2:17 yR3:0'5’ mX(Nk)leeV, mH;LZI.lTCV,
(41)

where these parameter values have been taken in such a
way that the current upper bounds of the LFV processes
shown in Table I are satisfied and a,~O(107%) is
achieved. As a result, the corresponding values for
BR(¢; = £;y), BR(¢; = 3¢;), and a, are obtained as

(BR(u — er). BR(z — py))

= (4.24 x 10713,3.47 x 107%),
BR(u — 3e)r%Box

= (262 x 10716,9.09 x 10728,6.37 x 10735,
BR(T N 3/1)}/,Z~Box

= (8.64 x 10710,7.09 x 10718, 1.87 x 10"0),

Aoy

=(9.15x10721,9.24 x 10719, =3.13 x 1077). (42)

From the simple analysis, it can be clearly seen that in order
to obtain a, of O(107?), the values of the associated
parameters have to be |&7,| ~ 0(0.01) and yg, ~ O(1).
Then, 4 — ey inevitably gives a strict constraint on the &;
and yg, parameters. If y¥, are of the order of 1073~1072,
which are the typical magnitudes for explaining the
neutrino data with A5 <1 [27], the result of &;; ~
O(107%) or &, ~0 has to rely on the cancellation in
Zkylilhli. Because &; 1, yg; < 1, the contributions to y —
3e from the Z-penguin and box diagrams are negligible.
For 7 — 3p decay, the Z-penguin contribution is still

negligible; however, the box-diagram contribution is some-
what larger and is a factor of 5 smaller than the photon-
penguin contribution. Based on these results, it is sufficient
to only consider the photon-penguin diagram effects when
studying the 4 — 3e and 7 — 3y decays. In addition, due to
&1 < 1, itindicates y}, < y}, 5. Accordingly, we take the
NO case for the neutrino mass matrix in the numerical
analysis.

IV. NUMERICAL ANALYSIS

According to previous analysis, it was found that the
neutrino mass, the LFV, and the lepton g — 2 share some
common parameters; however, the correlated parameters
appearing in the different phenomena have different forms.
From Eq. (20), it is known that we need »_ %, y* I 1073

and >, vk vk, ~ 107 to fit the neutrino mass matrix for the
NO case. From Eq. (41), it is seen that we need &;; ~ 0 and
&1, ~ 0(0.01) to satisfy the LFV constraints and to explain
the muon g—2 excess; that is, different lepton flavor
Yukawa couplings y% . should be different in terms of their
signs and in sizes. In order to show that the scotogenic
model can accommodate the relevant phenomena in the
same parameter spaces, in this section, we numerically
demonstrate that the accommodation can be achieved in
the model.

A. Allowed parameter spaces from the parameter scan

Since the &;; parameters are combined by 4% and y¥ ,, we
first study the limit on h¥. As discussed earlier, the mass
splitting in a vectorlike lepton doublet is Amy = |ex|, and
the direct bound is from the electroweak oblique param-
eters S and 7. Using the results in Eq. (10), it can be seen
that S is far smaller than the current measurement. For
instance, with {;, = 1, we obtain § = 8 x 1073; that is, the S
parameter cannot constrain the {; parameter. In order to
understand the constraint from the 7" parameter, we show T
as a function of ¢, in Fig. 4(a), where the dashed lines
denote the experimental central value with 0, 1, 2, and 3¢
errors, and my = my, = 1 TeV and the positive sign in ey
are used. From the plot, it can be seen that T linearly
depends on (. If we take 3¢ as the maximum value of 7,
we obtain ¢, < 0.3. Moreover, we show |ex| as a function
of ¢, in Fig. 4(b), where the vertical dashed line corre-
sponds to the T parameter with 3¢ errors. From the result, it
can be found that the maximum value of |ey| is around
68 GeV. Our result is consistent with that obtained in [65].
According to the result, when h} ~ h? ~ h3 , the upper limit
of each parameter then is 75 ~0.3.

We next numerically show that §, < 0.3, &, =0,
$2~0(0.01), and that the mj; values shown in
Eq. (20) can be accommodated in the model. We note
that because &;; < 1, we use £;; = 0 in the numerical
analysis. From &;; = 0, we can set
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FIG. 4.

(a) T parameter as a function of {;, = >_,(h%)2, where the dashed lines are the experimental central value with 0, 1, 2, and 3.

(b) Mass splitting (ey) within a vectorlike lepton doublet as a function of ¢}, where the vertical dashed line corresponds to the T

parameter with 3¢ errors.

2 3
1 hL 2 hL

Y1 = _EyLl _E (43)

3
Yo

To find the allowed parameter spaces, we scan the
remaining 11 free parameters in the regions chosen as

hy =[-0.55,0.55],  yj; = [-10,10] x 1072, (44)

In the calculations, we fix my =1 TeV and mg, = my,~
1.1 TeV. In addition, the value of |m,, — mg,| is taken to fit
My~ 6.12x 107 GeV. From the |m]| values shown in
Eq. (20), the corresponding ranges for Y;; = |3, v} v}
can then be written as
Y11~ (1.80-7.35)x 107, Y ;,~(1.96—13.39)x 1074,
Y13NY12, Y22%(3.92—5.39)X10_3,
Y23N(3.27_3.59)X10_3, Y33N(359_506)X10_3
(45)

Using 5 x 10® random sampling points and the chosen
scan ranges in Eq. (44), we show the correlation between

0.04
¥
0.03} e
J002! o
N < G
= RN
Ak o
001} O
eYnoeY;e Yy
0.00 ‘ (@)
30 35 40 45 50 55
Yy 710°

FIG. 5.
are satisfied.

|§L2| and Y22’33’23 in Flg 5(3), where |§L2| > 001,
¢, < 0.3, and the ranges in Eq. (45) are satisfied. The
correlation between |£;,| and Y,; is shown in Fig. 5(b).
From the analysis, it can be seen that 0.01 < |£;,| < 0.04
can have a good match with Y;;, which are determined by
the neutrino data.

As mentioned earlier, 4 — ey gives a strong constraint
on the &;; and yp, parameters; therefore, a simple way to
comply with the requirement is to take &;; =0 and
vr1 = 0. However, even so, the 7 — uy decay may play
an important role in constraining the parameters, where
from Eqgs. (23) and (25), the related parameters are yj, Vg3,
Yraér3, and &} ,ygs. If we take the limit with yg; = 0, the
BR for 7 — puy does not vanish due to the yz,&; 5 effect.
Since &3 is a combination of h¥ and yX,, which are
correlated with &; ,, the T parameter, and the neutrino mass
matrix, we cannot arbitrarily tune &; 5 to be small. In order
to see if £; 3 can be small when the oblique 7" parameter and
neutrino data are satisfied, we show the correlation between
|E12| and |&;3] in Fig. 6, where the conditions used to
determine the parameter values are the same as those shown
in Fig. 5. From the result, it can clearly be seen that when

jo

0l —————

0.03F; 88 ave g0 3 sum wE, 03, S

R % S °... Toa ":o..." s

_ [RSESEIHIT AL Sy W
[ ISR ! . = ° ° & o '-0" -
"’_31‘ 0.02 L- R .;. PR ) ,l.'..; s (|

0.01 ¥ P W LD

[ ° Y Yo ° Yo b

0.001 ' ©
30 35 4.0 45 50 55

Y,:10*

Correlation between |£;,| and Yy, (Yy;), where i'(j') =2,3; i =1,2,3; {, <0.3 and the ranges of Y;; in Eq. (45)
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FIG. 6. Correlation between |£;,| and |&;3].

|E13] < 0.01, |&;,| can still reach 0.03. Hence, BR(z — uy)
can be well controlled in the model.

B.u — ey and u - 3e

According to the indication shown in Eq. (42), we have
to take a small &; =0 to fit the BR for 4 — ey. For
simplicity, £;; = 0 is fixed in the parameter scan. From
Egs. (23) and (25), it can be seen that even when using
&1 = 0, the BR for u — ey is still dictated by yj,&;; that
is, the y — ey also gives a strict constraint on the yp,
parameter. In order to understand how BR(u — ey) is
sensitive to &, ;, BR(u — ey) (in units of 107!%) as a
function of |&;,| is shown in Fig. 7(a), where the allowed
parameter spaces are applied; yz, = 2.5 is used; and the
results for yg; = (1.0,0.8,0.5) x 10~ are shown, respec-
tively, in the plot. It can be seen that 4 — ey can further
exclude some parameter regions if the yp; values approach

[5) >

BR(u— ey)10"
>

0.010 0015 0.020 0.025 0.030 0.035
[£1o]

FIG. 7.

(a) Scatters of BR(u — ey) (in units of 107'3) as a dependence of |&;,

1073 from below. We also show the dependence for the
u — 3e decay in Fig. 7(b); however, the result is far less
than the current upper limit.

C.7—>puy and 7 — 3u

Using the allowed data points, which are obtained by the
parameter scan, we show the scatters of BR(z — uy) (in
units of 1078) with respect to |£;,| in Fig. 8(a), where yg, =
2.5 and yp3; = 0.5 are used, and the horizontal dashed
line is the experimental upper limit. It can be seen that
BR(7 — uy) indeed can further bound the parameter. In
order to retain a, ~ 1072, we can take a smaller value for
Yr3- We also show the scatter plot for BR(z — 3y) in units
of 1078 in Fig. 8(b). Although the resulting BR(z — 3u) is
still smaller than the current upper limit by 1 order of
magnitude, the allowed region can still reach the Belle I
sensitivity of tau physics.

As mentioned before, BR(z — py) depends on the
YioVr3s Yrobr3. and &7 ,yg; parameters. To gain a better
understanding of the correlations among parameters, we
show the contours of BR(z — uy) (in units of 107%) as a
function of &;53 and yg, in Fig. 9, where plots (a) and
(b) denote yrz = 0 and yzz = 0.3, respectively, and &;, =
0.03 is fixed in both plots. From the results, it can be seen that
BR(z — py) doesnot vanish at £, 3 = 0 when ygs # 0. If the
Belle II experiment does not find any event for the 7 — py
decay at the sensitivity of 107 [62], a simple way to
suppress the BR for z — py in the model is to take yz; = 0.

D. Muon g-2

According to above analysis, it is known that the range of
0.01 < |&75] < 0.04 is allowed in the model. Although we
only show the positive values for &;;, indeed, the same
allowed region is also suitable for the negative &;; with the
exception of the sign. From Eq. (40), it can be seen that &; ,
and yg, have to be opposite in sign in order to get a positive

10

® T

yr1 =107

Yr1 =0.8x107*

Yr1=05x107* 1

&1 =0
YR2 = 2.5

S e e o

[o))

BR(u~ 3e)10'°
IS

0.010 0.015 0.020 0.025 0.030 0035
(3%

, where the allowed data points are applied; £;; = 0 and

Yo = 2.5 are fixed; and the results with yg, = (1.0,0.8,0.5) x 10~* are shown. (b) Scatters of BR(u — 3¢) (in units of 107!6), where

the same conditions used in (a) are applied.
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Scatters for (a) BR(z — py) and (b) BR(z — 3u), where yg, = 2.5 and yg3 = 0.5 are fixed.

(b)
21 .
05
; I
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&3 / A«
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FIG. 9. Contours for BR(z — uy) (in units of 107®) as a function of &5 and y,, where we fix yg3 = 0 in (a) and yg3 = 0.3 in (b),

respectively. In both plots, &, = 0.03 is used.

a,. To see the influence of inert charged-Higgs-boson
effects on the muon g — 2, we show a,, (in units of 107'%) as
a function of positive &;, and negative yg, in Fig. 10, where

-10F

-15¢

=20}

-2.5¢

YRr2

-30¢t

35t

—40}

0025 0030 0035

&2

0010 0015 0020

FIG. 10. Muon g — 2 (in units of 107!°) as a function of &, , and
Vg2, Where the dashed line denotes the 50 result when the
experimental and theoretical uncertainties are reduced by a factor
of 4 and 2, respectively.

the dashed line denotes the 5o result when the experimental
and theoretical uncertainties are reduced by a factor of 4
and 2, respectively. The same result can be applied to the
negative &;, and positive yg,. It can be concluded that
a, ~0(107%) can be realized in the model when the
experimental constraints are included.

V. SUMMARY

Based on the scotogenic model proposed in [27], we
extend the model by including a Z,-odd vectorlike lepton
doublet (X) in order to resolve the muon g—2 excess
through the mediation of an inert charged Higgs boson.

In the model, two new Yukawa interactions, i.e.,
X, H,fy and X, HN,, play the key roles. In addition to
the new Yukawa couplings, the induced muon g — 2 also
depends on other Yukawa couplings, which are determined
by the neutrino mass matrix elements of the order of
107-107% eV. It was found that the case with my y, >
mg,4,) cannot significantly enhance the muon g-—2
because of the bound from the direct dark matter detection.
Thus, the suitable dark matter candidate in the model is the
lightest Z,-odd Majorana lepton.
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Lepton-flavor violation processes, especially 4 — ey and
T — uy, make strict constraints on the relevant parameters.
Nevertheless, we found that the resulting muon g — 2 can
reach O(107°) when the 11 independent parameter values
satisfy the experimental measurements, such as lepton-
flavor violation, neutrino oscillations, and electroweak
oblique parameters. Moreover, the branching ratio for

7 — uy can be well controlled and can reach the sensitivity
of Bell II with an integrated luminosity of 50 ab™".
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