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Abstract

We show that simple extensions of two Higgs doublet models consisting of new heavy neutrinos and a
singly charged Higgs boson singlet can successfully explain the experimental data on muon and electron
anomalous magnetic moments thanks to large chirally-enhanced one-loop level contributions. These con-
tributions arise from the large couplings of inverse seesaw neutrinos with singly charged Higgs bosons and
right-handed charged leptons. The regions of parameter space satisfying the experimental data on (g —2)e, .
anomalies allow heavy singly charged Higgs boson masses above the TeV scale, provided that heavy neu-
trino masses are above few hundred GeV, the non-unitary part of the active neutrino mixing matrix must be
large enough, two singly charged Higgs bosons are non degenerate, and the mixing between singly charged
Higgs bosons must be non-zero.
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1. Introduction

The latest experimental measurement for the anomalous magnetic moment (AMM) of the
muon a,, = (g —2),/2 has been reported from Fermilab [1] and is in agreement with the previous
experimental result measured by Brookhaven National Laboratory (BNL) ES2 [2]. A combina-
tion of these results in the new average value of a,efp = 116592061(41) x 10~!1, which leads to
the improved standard deviation of 4.2 ¢ from the Standard Model (SM) prediction, namely

Aa) =ay” —aiM = (2.51+£0.59) x 1077, 1)

where aZM =116591810(43) x 10~!! is the SM prediction [3] combined from various different
contributions [4-24]. On the other hand, the recent experimental a, data was reported from dif-
ferent groups [25-27], leading to the latest deviation between experiment and the SM prediction

[19,28-33] as follows:
Aal? =ag® —aSM = (4.843.0) x 10713, Q)

Many Beyond Standard Model (BSM) theories have been constructed to explain the (g —2),.
anomalies. Such theories rely on the inclusion of vector-like lepton multiplets [34-50], lepto-
quarks [51-54], both neutral and charged Higgs bosons as SU (2) singlets [55,56]. Some two
Higgs doublet models (THDM) can provide sizeable two-loop contributions to Aay, arising from
new SU(2); Higgs doublets [57-63,112], where some of them require rather light masses of
new neutral and/or charged Higgs bosons at few hundred GeV.

There are many types of different versions of THDM, such as for instance: type I, type II,
type X and type Y, which are discussed in Ref. [64], where collider phenomenology will give
rise to different physical results. They are distinguished among themselves by the ways in which
the two different SU(2);, Higgs doublets ®; » generate the masses of up and down quarks as
well as of charged leptons. These models arise from suitable choices of Z, charge assignments.
The Yukawa couplings of Higgs bosons with heavy fermions will be constrained by the pertur-
bative limits, for example 0.4 < tan 8 < 91 corresponding to the definitions of Yukawa couplings
of the top and bottom quarks |Y;| = (+v/2/v)m, cot B < /7 and |Y,| = (v/2/v)mptan B < /7,
where tan § is the ratio between the two vacuum expectations values (vevs) of the two neutral
Higgs components. Discussions on the original THDM have shown that a new SU (2); Higgs
doublet can be used to accommodate the (g — 2),,, anomalies in a rather narrow allowed region
of parameter space at the price of imposing dangerous requirements that can be experimentally
tested in the near future [58,65]. The conclusion is also true for the Minimal Supersymmetric
Model (MSSM) [66—68]. Another solution for MSSM requires large SUSY threshold correc-
tions enough to change both sizes and signs of the SUSY electron and muon Yukawa couplings
[69], hence allow regions satisfying both (g — 2),. ,, anomalies with large TeV scale of slepton
masses, but rather large tg > 70 is needed. As usual solution, there is a variety of extensions
of THDM that successfully explain and accommodate the (g — 2).,, anomalies by adding new
vector-like fermions as SU(2); multiplets [38—43] as well as SU(2)1 singlets of neutral and
charged Higgs bosons [55,57,71-74]. Only few THDM models with scalar singlets and fermions
can successfully explain the experimental data of both muon and electron anomalous magnetic
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moments [42,70,72]. Our work here will introduce a more general solution that a wide class
of the THDM by adding heavy right handed (RH) neutrino singlets and one singly electrically
charged Higgs bosons can give sizeable one-loop contributions enough to explain the experimen-
tal ranges of values of both muon and electron anomalous magnetic moments in a wide region of
parameter space.

This paper is organized as follows. In Sec. 2, the THDM extension with new RH neutrinos
and singly charged Higgs boson (THDMNgh*) will be introduced, where we pay attention to
the leptons, gauge bosons, and Higgs sectors, giving all physical states as well the couplings that
may give large one-loop contributions to AMM. In Sec. 3, the simple inverse seesaw (ISS) and
analytic formulas for one-loop contributions to AMM are constructed. Numerical discussion will
be shown in details. Our main results will be collected in Sec. 4.

2. Review of the THDMNzh*

In this section we will focus on the analysis of the lepton sector of the THDMNgh™. For
details of the quark sector of different types of the THDM, the reader is referred to Refs. [75,76].
The leptonic, quark and scalar spectrum with their assignments under the SU (2);, x U (1)y gauge
group are given by [75,76]:

VaL UaL 1

L, = ~2,-1); = ~12,=-,

= () e ou=(4)~(23)
4 2

eqr ~ (1, =2); uaR'\’(l’g); daR'\’(l’_g);

Nig~(1,0),a=1,2,3, 1=1,2,....6;

s 0
i NG

hE ~ (1, £2). 3

Note that we use the old convention for the defining the hypercharge via the original Gell-Mann-
Nishijima relation:

1
Q=T3+§Y. (€]

Here we add six new neutrino singlets to the leptonic spectrum of the model in order to imple-
ment the standard ISS mechanism. Furthermore, the model scalar sector is augmented by the
inclusion of singly charged Higgs bosons, which allow to generate the new Yukawa interaction
(NiRr) eq,rh™ thus resulting in sizeable one-loop contributions to AMM.

One of the most important parameters introduced in the THDM is

1 Etanﬁzz—?, sg =sinfB, cg = cos B. ()

We will also follow the notations sy = sinx, ¢, = cosx, and #, = s, /c, for any parameter x.
Because the Yukawa couplings of up type quarks and ®; are fixed, we always have a lower
bound g > 0.4. In the THDM type I, all fermions couple with only ®;, hence no upper bounds
for tg arise. In the THDM type II and Y, all down type quarks and charged leptons couple with
@1, hence tg < 91. In the type-X, the Yukawa coupling of tau with ® gives 75 < 348.
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Table 1
Zy x Z3 charge assignments of the model type-A for the case I (II) with heavy neutrinos couplings with @1 ($5),
w = i2T/3

Qar UaR daR Lq €aR Ni23R Ny 568 @ ) ht
Zy - - - 1 1 1(-1) -1(1) 1 -1 -1(1)
Z3 w w? w? w w? 1 w w? w? w

The THDM type-II and type-X where lepton doublets couple with only & are called THDM
type-A. The corresponding lepton Yukawa terms are:

_ _— 1 -
—Ly =Y5beaR(D1rLb + Y,y,aNlR (i02®)" Ly + EMN,I]NIR(NJR)C
+ Y7, (Nip)earh™ +h.c., (6)

where a, b =1, 2, 3 are family indices; k = 1,2;and I =1, 2, 3, ...6 are the number of new neu-
tral lepton singlets. A rough condition for the perturbative limit of Y” is |Y ,h Ll < V47, and should
be smaller for trusty values [77]. The Z; charges of Ny and h* are always chosen to guarantee
the Z, symmetry of Lagrangian (6). Using the Z, charge assignments discussed in Ref. [64],
two Higgs triplets @1 > have different Z, charges, therefore Nyg couple with only one of them.
In addition, we can consider the inclusion of new Z3 discrete symmetry in the model in order to

2
forbid the quartic scalar interaction |:<d>i <I>2> + H.c.i| that generates active neutrino masses at

the one-loop level [105]. This guarantees that the Yukawa couplings YIha do not have suppressed
constraints arising from the neutrino oscillation experimental data. The detailed assignments of
the Z, and Z3 charges are shown in Table 1. The Z3 charges of leptons are chosen for the imple-
mentation of the ISS mechanism in the total neutrino mass matrix, namely: i) the charged lepton
mass term always consists of @1, ii) only N,g (a = 1, 2, 3) generate non-zero Dirac mass term
of neutrinos, iii) and only N(,43)g couple with h*. The Z, charges of quarks depend on which
types of well-known THDMs, hence we do not list here. The Z3 charges of all quarks have the
same values as those of lepton doublets and charged lepton singlets. This guarantees that the
quark Yukawa terms are consistent with those previously discussed.

Different from the well-known THDM, the model under considerations has a new kind of
Yukawa couplings with singly charged Higgs boson h* and right-handed neutrinos N;. In the
SM, the vacuum stability around the Plank scale requires the quartic coupling in the Higgs po-
tential close to zero, and the upper bound of the SM Higgs boson mass is very close to the
experimental value, Mj < 126 GeV [106]. This problem can be solved in the model by adding
new scalars such as in the THDM [107], and even with the models by adding neutrino gauge
singlets [108—110]. The reason is that additional scalar couplings to Higgs doublets generating
SM-like Higgs boson mass give positive one-loop contributions to the S-functions of the quartic
couplings, hence the negative values of these couplings implying the vacuum instability will be
relaxed at higher energy scale. This consequence still holds with the appearance of large Yukawa
couplings of new fermions with Higgs doublets, which give negative one-loop contributions to
the S-functions of the quartic couplings. On the other hand, the upper bounds of these Yukawa
couplings are required besides their bounds from the perturbative and unitarity limits, previously
discussed for THDM in refs. [111], for example. This situation also applies to the THDMNgh*
model under consideration. On the other hand, the appearance of the singly charged Higgs boson
h* resulting on the Yukawa coupling matrix Y”, which is irrelevant with any Higgs doublets.
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Hence Y” is not constrained by the requirement of vacuum stability. Furthermore, the quartic
couplings of 1™ with Higgs doublets in the Higgs potential will result in the higher energy scale
satisfying the vacuum stability.

In the THDM type-I and type-Y, where charged lepton couple with ®,, the first term of Eq.
(6) should replace ®; with ®,. We call them the THDM type-B and will discuss later that the
qualitative results for AMM do not change. This model type including the model introduced in
Ref. [42].

We also emphasize that the models under consideration including the Yukawa part discussed
on Ref. [55] focusing on one particular case of ®; = ®;. As we will show that in our numerical
analysis, the regions of the parameter space predicting Aa,, , consistent with the experimental
data, favor small values of 7g, including the range 75 € [0.4, 10] which was not mentioned in
Ref. [55].

Defining v’L = (v1, vy, \)3)}: and Ng = (N1, Na, ..., N6)£, we find the following leptonic mass
terms:

Y% v — 1 — I
_pmass abV1 7 ebe"’E((Vi)c NR)M”< VL )+h.C.,

lepton — NG €aR (Ng)*
v (03x3 ML
MY = (MD My ) 7

where

2 yN
Y\, v
k1
(Mp)ia=Mp,j1a = E -

= V2

are the components of a 6 x 3 Dirac neutrino mass matrix and My is a 6 x 6 symmetric Majorana
mass matrix. Here we choose basis where the charged lepton mass matrix is diagonal, which
implies Y?, = Sab\/imea /v1, i.e., the flavor and mass states of charged leptons are the same. The
total unitary mixing matrix is defined as

®)

U T MUY = MY =diag(my,, My, ..., Mpy) = diag@m,, My),

(( 1\‘,’;)0> =U"n;. (%3 )=U"ne=u" ©)

where ny g = (n1,n2, ...,n9) g are the Majorana neutrino mass eigenstates satisfying n;z g =
(nigr.L)¢, and the four-component forms are n; = (n;r., nir)T.

Given that we are working in the basis where the charged lepton mass matrix is diagonal, the
leptonic mixing entirely arises from the neutrino sector. This implies that, in order to successfully
reproduce the neutrino oscillation experimental data, the neutrino mixing matrix is parameterized
in the following form [78]:

UY — ((]3— %RRT) UpMmNs RV

3
—R"Upmns (16 — %RTR) V) +ORY. (10)

where V is a 6 x 6 unitary matrix; R is a 3 x 6 matrix satisfying |R,;| < 1 foralla=1,2,3,
and I =1,2,...,6. The 3 x 3 unitary matrix Upyns is the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix [79]. The condition |R,;| < 1 needed to guarantee that the U" as a power series
of R given in Ref. [78] is convergent and the approximation up to the order R results in seesaw
relations well-known in literature. Namely, the total neutrino mass matrix given in Eq. (7) will
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result in three light masses for active neutrinos and new heavy neutrinos, my, , ; K my, 5 . This
form of U" is consistent with many other well-known parameterizations [102—104]. '

The successful implementation of the ISS mechanism requires to construct the Dirac and
Majorana mass matrices in terms of 3 x 3 submatrices as follows [78,80]

0 M
T _ T [ O3x3 R
Mp = (], 03x3), My = ( Y ) (1)

where 033 is the 3 x 3 null matrix. Using a new notation M = Mg M;l M 1€, we have the follow-
ing ISS relations:

-1
R=M}My" = <—mj)M*‘1, m}, (M,Z) ) :
-1
U;MNSmVU;MNS =my=-MLMy' ' Mp =m}, <M£> pxMyg'mp,
* 2% ¥ 1 T p* 1 T
VMN V> My + S RTR* My + - MyRR. (12)
Because mp is parameterized in terms of many free parameters, hence it is enough to choose
wx = pols with wg >0, Mg = Mg = Mylz. We choose a simple form mp = \]/V[_,%‘/”A’\)UI:MNS

[78,80,81]. The ISS condition |11, | < x| < |mp| < My gives —”ﬁ%" ~ 0 and

~ Mg osxg) 1 (i I
My = A ~ Moylg, V> — . s 13
N <03X3 My ole slin n (13)

meaning that all of six heavy neutrinos have approximately the same mass m,, >~ My for all
i > 3. Hence, the above simple forms of My, and pux will result in degenerate heavy neutrino
masses, leading to small rates of lepton flavor violating decays of charged leptons (cLFV) that
satisfy the current experimental constraints [82,83]. Relations in (12) reduce to the following
simple forms:

~

~ Hom ~ ~
mp= Mox,}/zU]IMNS, R = (‘UPMNSTOvv UPMNSX5/2> ~ (03x3, UPMNSX$/2)’
(14)
where
. m e A A R m
xv E_v Edlag(xvl,vaxﬁ), xva = n"’ a = 19273 (15)

Mo Mo

satisfying max[|X,,|] <« 1 foralla = 1,2, 3.
In our numerical analysis, we will use the best-fit values of the neutrino oscillation data [79]
corresponding to the normal order (NO) scheme with m,, < m,, < m,,, namely

57, =0.32, 53, =0.547, s, =0.0216, § =218 [Deg],
Am3, =755 x 107°[eV?], Am3, =2.424 x 107 3[eV?]. (16)

In our numerical analysis, we have used the following relations

)’C\'U — Maldiag <mn|7 \/ml%l + Am%l, \/m%l + Am%] + Amgz) )
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c12€13 ‘ 13812 o ospe®
Upmns = | —c23s12 — casi3so3e’®  ciacos —siasizsaze®  cizsos
512823 — c1ac3s13€’? —cazsisize’® — oz cizens
0.816 0.56 0.147¢77%
~ | —0.381 —0.09¢% 0.555 —0.062¢% 0732 |. (17)

0.418 — 0.082¢1%  —0.61 — 0.056¢'° 0.666

These numerical values of neutrino masses satisfy the cosmological constraint arising from the
Planck 2018 experimental data [84]: Z?:a my, <0.12 eV. In order to simplify our numerical
analysis, we assume m,;; =0.01 eV <m,, <my,.

The other well-known numerical parameters are given in Ref. [79], namely

L0652 g = C 2 o3
§Z VIS G =137 T SWTEE

me=5x10"*GeV, m, =0.105GeV, my = 80.385 GeV. (18)

Also the inverted order (I10) scheme with m,; < m,, < m,, can be considered in the similar way,
but the qualitative results are the same with those from NO scheme, so we will not present here.
The non-unitary of the active neutrino mixing matrix (13 — %RR T) Upmns is constrained by
other phenomenological aspects such as, for instance, electroweak precision tests, cLFV de-
cays [85-87], thus leading to the following constraints
1 2x107% 35x107° 8.x1073
n=- (RR"" <mo=[35%x10" 8x10* 51x1073]. (19)
2 §x 1073 5.1x107 2.7x 1073
This constraint is consistent with the data popularly used in recent works discussion on the
ISS framework [55,88,114]. The constraint on n may be more strict, depending on particu-
lar models. For example in the type III and inverse seesaw models, one has the constraint
[Maa] < O(10™%) [36,89]. In our numerical analysis, we will choose the values satisfying
[733] < 1073, which are also consistent with the updated constraints on neutrino couplings dis-
cussed in Ref. [90,91], including the constraint from lepton universality previously discussed
[113].
In the next section, we will discuss the model scalar potential as well as the one-loop contri-
butions to Aay, ..

3. Higgs bosons and one-loop contributions to Aa,,
The Higgs potential satisfying the symmetry mentioned in this work is
V =i @[® + u3o]ds — (u3@]o) +He.)
1 fo ) o ) ton ) i i i i
+ 50 (f@1) + 32 (0f02) +3s (@]@1) (0]02) + 14 (0] 2) (2]1)
o [ [P [+ 2@ @1+ 20 @002 | + (preas @ 00T + Hee)
where the Z; soft breaking term (,u%d%(bl—i—H.c.) is kept in order to generate non-zero mass

2
for the CP-odd neutral Higgs predicted in this model. The quartic term (<I>;<I>1) vanishes be-
cause of the Z3 symmetry, whose assignments for the particle spectrum are given in Table 1.
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Consequently, the one-loop contributions to active neutrino masses discussed in Ref. [105] do
not appear in this case, implying that all entries of Y” are not constrained by this condition. In
are real [75,76]. In this work, all of these parameters and vacuum expectation values (vev) are
assumed to be real, which corresponds to CP conservation.

It is easy to find the two minimization conditions of the Higgs potential, then inserting them
into the Higgs potential in order to find the physical electrically charged scalars as follows:

G* _( ¢ sp d)li
H*¥ )~ —sg Cp qb;: ’

hi So ¢ h* V2o
ll: = ® 4 + 52 = -
h; o —SoJ\HT)" " 2 _m?’

+
hy hy

2
(M3 + 035 0 = i3’ 202 o)

1

2
m+ .+ =z
hihy 2

1%) . 1 2
where 15 =tan 8 = oo Sy = Sinx, ¢y = COSX, M%ﬁ = Sggﬂ — Esz, M323 = uﬁ + %(c%kg +
1

sgkg). This result is consistent with the one obtained from the Higgs potential used in Ref. [75]
after some transformations into a new Higgs basis and parameters. Namely, the two Higgs dou-
blets ®; are changed into a new basis as follows:

Hi\ cg Sp b,
()=(5% 2) (%) @

which can be expanded around the minimum as shown below:

G* HT
H=| v+ +iG° |, Hy=| ) +iA |, (22)
V2 V2

where vl2 + v% = v? = (246 GeV)?. In addition, the free parameters of the Higgs potential are
transformed as follows u%cé + ,u%sé — M%ZSﬁCﬁ — ,u%, ,u%sé + ,u%c/zs + M%ZLsﬂc,g — IL%’ (M% -
M%)Sﬂcﬂ + M%(C%} — sé) — p,%, )\.86% + A.Qsé — Ag, )Lgsé + )»90/23 — Ao, sgcg(hg — Ag) —> A10,
u — u, ... The Higgs potential after the transformation (21) takes the form [75], where the
physical charged scalar states and their masses are consistent with those ones given in Eq. (20).

In our numerical calculation, we will use miJr and the mixing angle ¢ as free parameters.
k

Three Higgs mass parameters ,u,%, u%, and p are functions of the remaining parameters. Thus, no
perturbative limits on the Higgs selfcouplings are necessary to constrain the dependent functions
chosen here.
From the above information we obtain all vertices providing one-loop contributions to the
e, — eqy decay rates as well as to Aa,,. They are collected from the lepton Yukawa terms given
in Eq. (6) respecting all symmetries given in Table (1), namely
ﬁyuk \/Eme,,

tepion = T La®jear = Y Nor (020" La = Vi, 13, (N3 00 €arh™ +hic..

In order to derive the total neutrino mass matrix in the general ISS form, the leptonic Yukawa
terms are rewritten as follows
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k gme, (—tg) — —_— —
Liepton = —éTﬂLaHzeaR ~ ¥, N1k (i02H)T Ly — Y}, (NjR)earh™ +hec.,
w
(23)
where we denote Y = (Y7, O3X3)T = —sg¥] + cp¥} for the ISS mechanism discussed in

this work. It is interesting to link this matrix with Mp given in Eq. (8), where depending on the
Z» charges of Njp there are two cases where non-zero couplings with only ®; or @, correspond
to Y2N =0or YIN =0, respectively. Namely

-1 r -1 N N

vf tg, Y =06x3, Y5 #0;

MT: H YN, 0 , :|: B 1 X3 2 . (24)
P (ﬁ 0 3“) T Lty ¥ =0, ¥ 0

With this new notation, the Yukawa Lagrangian for the THDM type-A is

yuk gmeatﬁ + +
Elepton \/—mw U;l*nlLeaR (C‘ﬂhl - S¢h2 )
8fH _ + N
T oy Vi Mp.iaiReas (¢oh = sph3)
— Y}, U sylticear (soht +cohy) +hec.. (25)

Then, all relevant couplings are given in the following lepton Yukawa interaction Lagrangian

3 2
8 — (4 L.k + +
L= 4 Z[ﬁmw a n; ()‘ia PL-{-)& PR)eah +7U;l* z)/“PLeaW i|+hC
a=1i=1 k=1
(26)
where
v N 0, i<3
ZZfHMD,IaC(pU([+3)i—fHC<p X (MTV) ’ P> 3
=1 a(i—3)
L2, L1, _ .L1
Aig = —hig g =2y [Cw_’ —sp]»
R,1 h
Aig =Me,lpcyU, Z fswy aUlT53)i
LAY hT T .
| MealpCo [UPMNS (13 3%0)],; + 7 (" R'Upyins)yi» 123
Uy [ HT 1 pT . ,
Me,1BCy (Rv)a(z -7 [Y"" (Is — 3 R" R*) V*]a(ifS) i>3
R.2 v h
)”ta —Me, 185 Uc‘zjl* Z %C‘ﬂ YIu U(U;ii-3)i
VC, hT T N
—me,tpsy [Upnns (13 = 350) ], + 2 (VR Upyng) i 153
VC, hT 1 T .
—te,tpsy (RV )5z — £ [V (Ie— 3 RTRY) V*] o) >3
[s(p — Cp, Cp —> —s(p] ) 27)

The Feynman diagrams giving one-loop contributions to (g — 2),, corresponding to the La-
grangian (26) are shown in Fig. 1.
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§
‘WS%L _@‘
@ K (b)

(d) (e) )

Fig. 1. One-loop contributions of W= and h,:(t to (g — 2)e, in the unitary gauge, where k =1, 2.

We do not list here the couplings of neutral gauge and Higgs bosons because they give sup-

pressed contributions to agip. In particular, the relevant couplings are only the ones with usual

charged leptons s%¢,e, and Z neay e, The one-loop level contribution arising from the Z gauge

boson exchange is the same as the predicted by the SM. The contributions arising from new neu-
tral Higgs bosons are not larger than the one coming from the SM-like Higgs boson since they
are suppressed by a factor of the order of @(10~!4), because we assume here their masses are at
the TeV scale.

We will use the approximation that m%i/m%v =0 withi <3 and mﬁi/m%v = Mg/m%‘, =xw
with i > 3. Then, the contribution to a,, arising from the W exchange has the form:

2.2
g m, 5 T 5
o (W) = — e | — +(R*R 28
e, (W) 8n2m%v|: =+ (R°RT) % (fv(xw)+12 (28)
where
~ —4x* +49x3 — 78x2 4+ 43x — 10 — 18x3 Inx
fv(x) = 2 7 ,
x—1
- 5
fv () = —Effv(x)<fv(00) —g (29)

Because | fy (xw) + 12| —2 and (R*RT) < O(1073) « 1, Eq. (28) equals to the one-loop
level contribution predicted by the SM, see example in Ref. [92]:

2m2 5 2m2
M 2 agzx10!, ST L 919 % 1070, (30)

(HSM _
Ui (W)_8n2m2 2 * 8niml,

The one- loop level contribution to Aa,, arising from the exchange of the electrically charged
scalar singlet Wi © is given by [35]:

Lk L.,kx, L,k Rkxy Rk\ [
o ARk, fo (i) +me, (Am, ALk Rk R ) Fo(xis)

9
> z ’

(€29)

oy (hE) = —

“z

My

where x; = m%i / mii and the loop functions appearing in Eq. (31) have the forms:
k

10
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x2—1-2xInx ~ 2x34+3x2—6x+1—6x2Inx
f¢(x)—w7 folx)= 24(x — 1) )
1 - ~ ~ 1
fo(00) =0=< fo(x) < fo(0) = 7 fo(0) =0 =< fo(x) < fo0) = 7 (32)
And the deviation from the SM is defined as follows:
2
Ade, =Y, (h) + A, (W), Adg,(W) = a, (W) —alPSM(W), 33)
k=1
where a'}"M (W) ~ 3.83 x 10— [92]

Using the approximations m /mhi ~( for i <3 and m /mhi i~ Mz/mhi = Xk, we have

k
Jo(xik) = fo(0) fori <3 and fo(x;x) = fo(xk) for i > 3. Following Egs. (1’5) and (14), we
obtain that the one loop level contribution to a,, due to the exchange of hli is given by

m2

oy (hY) = —9.19 x 1077 x —=
m

=

3
x Re {Z Sfu [Cétﬁ \UPMNS,ac|2 n:;"
c=1

172

vcws(/, mnc h

- Upmns, (—) Y x1 fo(x1)
V2m,, “\ o (c+3)a

3
—l—Z[}UPMNs,ac’z (fécé%ﬂxlﬁb(m)
meut 1 > my, 1 ~
+ zﬁ P |:ﬂ - Z [}UPMNS,M’Z p ] (ﬁ - fcp(ﬂ))}

’nHli c=1
2.2 3
Vs 2 mn.] ( 1 - ) ntoh -
+—° N R f A I (Y fy ) X
szZqi [;[ e3a| 0 [\ 24 fo(x1) 5 fa(x1)
1
3 1/2
VMg, 18520 ( 1 ~ n My,
- 22— = fo(x1) ) D | Upmns.acY —e . (34
2 s (c+3)a
\/EmHli 24 p Mo
de, (hzi) =d,, (hjt) [xl — X2, S = Cyp, Cp — —stp] . (35)

In the real part of Eq. (34), the first line corresponds to the chirally-enhanced part proportional
to AL 1*AR1 whereas the second and remaining lines are the parts proportional to AL-*AL1 and
AR R respectively.

Now we compare our results given in Eq. (34) with the one-loop contribution due to the
exchange of singly electrically charged Higgs bosons in the original versions [64] without Njg
and the singlet 1. Now we assume h;—L = H¥ in Eq. (20), corresponding to cp=1,5,=0.The
absence of Njr can be conveniently derived from fz =0 and f(x1) = 0, thus implying that the
only one-loop contribution from h;—L only consists of the first term in the third line of the real part
given in Eq. (34), which is proportional to —9.19 x 10~ x m{, t5¢;/(24my;m? ), which yields

1
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NP
I

two-loop Barr-Zee type diagrams. The similar conclusion for the THDM type-B where tg — 1y 2,
hence has suppressed two-loop contributions to AMM for 75 > 0.4.

If the mixing between two singly charged Higgs bosons vanishes, namely sqcy, = 0, then all
of the remaining terms in both Eqgs. (34) and (35) are negative, thus not allowing to accommodate
the experimental data on muon and electron anomalous magnetic moments.

Using the constraint (19) for RR™ = UpMNs Xy UIIMNS we have X, < (9(10_3). Therefore, we
will choose a safe upper bound as follows

a small and negative contribution to Aa,," [65]. The dominant contributions to AMM arise from

~ ~ m _
R3=(£))5; = M’s <1073, (36)

To avoid unnecessary independent parameters of Y ,ha without any qualitative AMM results
discussed on this work and in order to cancel large one-loop contributions from these Higgs
bosons to the cLFV decays e, — ¢,y , we assume that

3 e\ 12
ne
E UpPMNS, ac ( ) Y{’C+3)b =Y. 37
c=1

My,

The total one-loop level contribution arising from the exchange of two singly charged Higgs
bosons is written as

Gog (h5) = a0, (hT) + Gy (h3) = e, 0(hF) + ..., (38)
2
m vs R
e, 0(1*) =919 x 107 fiy x —5* x Re {ﬁxiﬁf [x1 fo(x1) — x2 fo(x2)]{ ,
w Me,

(39)

where agayo(hi) denotes the dominant term of the chirally-enhanced part coming from the sec-
ond one in the first line of the real part given in Eq. (34) where xi is the part relating with
the contribution from h,jf exchange. This conclusion can be qualitatively understood from the
property of the large factor v/ (Zﬁmea) as well as large free Yukawa couplings up to the per-
turbative limit max[|Y Ihal] < V4. In addition, the sign of this term can be the same as Aael\ip
depending on the sign of Re[Y, ad ] when all other factors are fixed. As a result, this term can easily
explain both signs of Aa}jp and Aafp that are still in conflict between different experimental
results and needed to be confirmed in the future. Our numerical investigation showed that the
term in Eq. (39) is the dominant one, and the sum of all the remaining terms is suppressed in
the allowed regions of parameter space. More detailed estimations confirming that the remain-
ing contributions are suppressed were given in Ref. [100]. Finally, aemo(hi) # 0 only when the
mixing between two SU(2), doublets and singlets is non-zero syc, # 0, and their masses are
non degenerate m 0 #*m nE

We comment here an important property that aemo(hi) in Eq. (39) keeps the same form for
both types of THDM A and B, because these models control only the first term of )\{2 in Eq.
(27), which is proportional to tg or tﬂ_l. This key factor controls loop contributions to AMM,
which are proportional to suppressed power of lg ! with large tg in THDM of type-B, including
the model type-1. Hence, it is impossible to accommodate the AMM data in the original version
of the THDM type 1. On the other hand, the THDM type-A has one and two loop contributions
to AMM consisting of much enhanced factors of té and tg, respectively. Therefore, original

12
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sq,_o1 t=0.5, v" =0.01, Y§=0.25 sp=1N2 , =10, Y¢=0.07, Y§=1.5
‘ 118 5]

3.0 18

25

20 A

X2
o

0.5

Fig. 2. Contour plots of Aay, (h*) x 10° and Aae(h*) x 1013 as functions of x1 and xp, where X,3 = 103 and
fu = t,s_ 1 The green (orange) regions are excluded by the lo data of AaHP (AaEIP ). The black and dashed-black

curves show the constant values of Aa, (hi) x 1013 and Aay, (hi) x 109, respectively.

versions can predict large loop contributions to AMM, provided that the new Higgs bosons are
light having low masses of about few hundred GeV. These might be excluded by future collider
experiments. Then, the presence of aea,o(hi) is an alternative way to explain the AMM data.
Now we consider the case of fy = t_l, which corresponds to the models where the RH
neutrino singlets couple with ®;, whereas the charged leptons couple with ®; [58,100]. Now,
increasing values of a,, 0(hT) in Eq. (39) require small tg values, thus implying that the scanning
range of ¢g should be chosen from the lower bound #g > 0.4. Numerical illustrations of aea,o(hi)
are shown in Fig. 2 with fixed £,3 = 1073, i.e., 0 # [(Y2')4| < +/47. In addition, there are
different fixed values of s, 75, Y/, and Y§ shown in the respective panels, namely small 75 = 0.5
and large g = 10. We have checked that aea,o(hi) > Q, (hi). Now we estimate the allowed
ranges of My, m hEy which are affected from the perturbative limit of the Yukawa coupling

matrix Yé\' defined in Eq. (24) and related with M, through Egs. (11), (8), and (14). We have two
different constraints corresponding to fy = lg !and (—1p). The constraint for fg = lg lis

My

~1/2777 vig N vsg
( / UPMNS) b‘ = E (Y3 )a+3)| < E\Mn. (40)

We can choose a more strict upper bound of My < )2531/2513 v/ /2=09.7sg TeV for fy = tﬁ_1

and %,3 = 1073, Therefore for %,3 < 10~3 and tg > 0.4, values of My < 6.4 TeV are always
acceptable. Applying this constraint, we consider a benchmark where My =3 TeV in order to
estimate the allowed values of m nEy . We can see that in the left-panel of Fig. 2, the range 0.2 <

X = Mz/m + < 1.5 with x; = Mz/m £ = = 10 is allowed with respect to 2.5 TeV < myz < 5
2

TeV and m 0t = 0.95 TeV. Similarly for the right panel of Fig. 2, we can choose My = 5 TeV

and larger Myt = My/~/2.5 and My = 5/4/15>1TeV.
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Fig. 3. The correlations of Aay, (hF) vs tg and Y]d2 with fg = tﬂ_l.

In the last discussion we will focus on the allowed regions consisting of masses of heavy
neutrinos and singly charged Higgs bosons below few TeV so that they can be detected by fu-
ture colliders. The allowed regions are defined as they result in the two values of Aay, (h*) and
Aa,(h™) both satisfying the experimental data of the muon and electron anomalous magnetic
moments within the 1 a level and all perturbative limits of the Yukawa couplings Ylha and YIIYZ
are satisfied, namely | u 1Y a| < /47 . The region of parameter space used to scan is chosen

as follows:

0.8TeV < My, M+ <5TeV;10GeV < My < 5TeV;

Mns 1073,

< (41)
nx

03<15<50; |sy| <1; [¥51 <3: 1077 < Ry3= ()33 =
Here we fix m,, = 0.01 eV corresponding to the NO scheme used in our numerical analysis.
Smaller values of m,, will result in small allowed ranges of Y 1”{ , because of the perturbative
limit affecting the relation given in Eq. (37). The scanned range of x,3 satisfies the non-unitary
constraint given in Eq. (19). The numerical results confirm that |aea’0(hi) /ae, (hi)| ~ 1, namely
0.995 < |ae,0(h*)/ac(h*)| < 1.005 and 1 < |a,,0(h*)/a, (hF)| < 1.03. Hence the discussion
about correlations between different contributions in Eq. (35) will not be shown. The correla-
tions between important free parameters vs. Aay, (h™) are shown in Fig. 3. As mentioned above,
large 15 favors small Aay, (h™), leading to an upper bound on tg in the allowed regions, see the
left-panel of Fig. 3. The scanned ranges in Eq. (41) allow all experimental ranges of Aae ,.
In addition, the dependence between Aa, and Aa, is not interesting. We know instead that
Aa,(h*) ~ Aae,o(hi) is a function of the Yukawa coupling Y]d . Hence, the dependence of
Aa,(h*) on Aay, (h™*) can be seen from the dependence of the Yukawa coupling Yld in the right
panel, where it is bounded in a more restrictive range than the one given in Eq. (41), see Table 2,
where other allowed ranges are also listed.

As we mentioned above, the dominant contributions to Aa,, are Aa, o given in Eq. (39).
This property can be seen in Fig. 4, showing the dependence of the ratio Y ld / de and Y f{ , on

Aa,. The allowed region of this ratio Y 1‘1 / de ~ Aae’o(hi) / Aa#,o(hi) also linearly depends on
Aa,(h™). The vertical width of the allowed region is controlled by both 1o ranges of Aa,(h*)
and Aay (h™). Also, the right panel shows the linear dependence of the allowed region of Yld on
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Table 2
Allowed ranges corresponding to the scanned region given in Eq. (41), considered in case of fy = t’;l .
” Isg| Mo [GeV] ‘Yld‘ ‘Yg‘ 213
Min 0.4 0.03 282 0.003 0.171 2.92x 1077
Max 337 0.999 5000 0.203 2.529 1073

Y§1vs§

Nag(h*)x10"® Aag(h*)x10"

yd
Fig. 4. Y_cll (left panel) and Y, fi (right panel) as functions of Aa, with f = tgl .
d2

Aa,(h*). The linear behavior of Yf is less clear than the one of Y ld because Yf is also affected
by the perturbative condition.

An interesting property is that excepting #g, all other parameters like My, the non-unitary
parameter X3, Y{‘f »» and s, must have lower bounds. The allowed ranges of heavy neutrino
masses My > O(100) GeV might be confirmed by recent experimental searches in colliders such
as LHC and ILC [94-98]. Because of the sizeable mixing angle ~ , /X, 3 between ISS and active
neutrinos v, , the main production channel of heavy neutrinos n; (I=4,...,9) with mass M at the
LHC is via the Drell Yan anihilation process ud — n e mediated by the W gauge boson in the
s channel. Then the decay channel of ny canbe n; — e W+, n,Z, ngh, where h is the standard
model-like Higgs boson. The ILC can produce heavy neutrino in the processes eTe™ — 7ign;
through the exchange of virtual W and Z bosons in the ¢ and s-channels, respectively. The model
under consideration also predicts the production channel of a heavy neutrino pair e™e™ — ii;n;
through the virtual exchange of h,jf In addition, the singly charged Higgs bosons in the model
under consideration can be searched in a proton-proton collider through the processes pp —
Y*/Z* — hifhy — (efna)(ipe;) (with a,b,c,d = 1,2,3), where the Yukawa couplings ¥"
give an important contribution [115]. The ILC can produce two singly charged Higgs bosons
ete” — h,jh[_ through the n; exchange in the #-channel. Studying these processes are beyond
the scope of this work, but will be investigated in more detail elsewhere. Because of the non-
vanishing mixing between ¥ and the singly charged components of the Higgs doublets, another
decay into a CP-odd neutral Higgs boson A, such as hff — AW®, can occur [112].

The correlations relating the masses with Aa,, (h™) are shown in Fig. 5. We can see that mii
1

must be different than mii and our numerical analysis indicates ‘mii — mii‘ > 100 GeV. The
2 2 1

allowed regions of large m 0, at TeV scale corresponding to (g — 2),, experimental data may be

tested indirectly through the process u™ ™ — y* — hy at multi-TeV muon colliders [99].
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Fig. 5. The correlations of Aay, (h*) and m+ vs. masses M and m+ with fg = IEI.
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Fig. 6. The correlations of 7g vs other free parameters in the allowed regions with fpy = t[;l.

Finally, the correlations showing significant dependence of free parameters and g are given
in Fig. 6, where the allowed regions with large 75 > 20 require both conditions of large mixing
|s25] = 1 and large X,3. We obtain a small allowed range of 7g < 10 that was missed in Ref. [55].
Our result is consistent with the discussion corresponding to 3-3-1 models given in Ref. [93,101],
where the THDM is embedded.

For the case of fy = (—tg), i.e., RH neutrino and charged leptons singlets couple with the
same SU (2);, Higgs doublet @ in Yukawa Lagrangian (6), for example Ref. [101]. Then large
de, (h*) in Eq. (39) support large 7. In addition, even when a,, (h*) ~ $2¢ 7& 0, the first terms
in the first lines of Eq. (34) or (35) may be large enough consistent with Aa . in both sign and
amplitude. But the simple assumptions of the couplings and the total neutrmo mass matrix in this
work are not enough to explain both (g — 2), , experimental data. The perturbative constraint
gives an upper bound on My, namely

N ve A—1/2 -1
My ‘( 1/2U11LMNS) b‘ = 75 ‘(YlN)(a+3)b‘ = My < xv,3/ Upmns,23| vepy2m,  (42)
therefore My may be small with small cg equivalently with large 5. We always have My <

1.6 TeV for tg = 0.4 and %, 3 = 1073, Although 5 > 0.4 is always kept, smaller £, 3 < 1073
may allow large My which also allow large My . On the other hand, from Eq. (39), |ac,| ~
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sy=-0.5, t3=0.5, Y§=0.025, Y5=0.5 54=-0.1, t5=20, Y{=0.01, Y§=0.3
1 1 T T 1

X4 X1

Fig. 7. Contour plots of Aay, (h%) x 10° and Aae(h™) x 1013 as functions of x1 and xp, where %3 =5 x 10~% and
fu = —tp. The green (orange) regions are excluded by the 1o data of Aa}jp (Aagn)). The black and dashed-black curves

show the constant values of Aae (hi) x 1013 and Aay (hi) X 109, respectively.

Fig. 8. The correlations of g vs other free parameters in the allowed regions with fr = —tg.

1g (xp3)17/2 [$2¢ Yg [, hence the allowed regions are easily satisfied for small 74 and large values
of other parameters. Our numerical analysis shows that large x,3 > 10~* allows all tg <50
and all singly charged Higgs masses at the TeV scale. Contour plots of Aay (h*) x 10° and
Aa.(h*) x 103 for £, 3 = 5 x 10~* with small 75 = 0.5 and large tg = 20 are shown in Fig. 7.

Regarding the numerical analysis in the scanning range (41) with fy = —tg, the allowed
ranges are tighter than the scanning regions as shown below
Isg| > 1073, 0.21 > |¥{| > 0.002, 2.6 > |V§| > 0.02, %3 >3 x 10717, (43)

In addition small My < 30 GeV is also allowed. The numerical results of the correlations between
tg vs. Y d, Yﬁi , and X,3 are shown in Fig. 8, where the allowed ranges of Yf correspond to a

rather narrow allowed range of Y¢, see Eq. (43). This implies that the phenomenology of the
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Fig. 9. The correlations of g vs 52, (upper panels) and X3 (lower panels) near lower bounds of their allowed ranges
with fgg = —tg.

singly charged Higgs boson at colliders related with these two couplings will have some certain
relations that should be experimentally verified.

We have checked numerically that although lower bounds for allowed ranges of s, and X3
are tiny, but never vanishes. In addition, small allowed values of X,3 near lower bounds require
both large 15 — 50 and |52, | = 2[cysy| — 1, implying the existence of Aay,, (h*). Also, small
allowed values of |52, | near the lower bound require both large X,3 — 1073 and tg. Illustrations
for these comments are shown in Fig. 9. We see also that, the relation shown in Fig. 4 is also true
with fg = —1g.

Finally, we have comments regarding the (g — 2), data [26]: AaEIP =—(8.7+3.6) x 10713,
The allowed regions of parameter space corresponding to this data can be derived from the above
described numerical analysis. Namely, excepting Yfi all allowed ranges of free parameters are
kept unchanged to guarantee consistency with the experimental (g — 2),, data. On the other hand,
Y ld is changed into new values such that Y ld — % X de and exclude too large values
violating the perturbative limit. The two models under consideration predict allowed regions of
parameter space that are different from those discussed in Ref. [59,112] for the THDM model
where fermions couple to two Higgs doublets with the aligned assumption of the two respective
Yukawa couplings Yz’ = Ly Yl’ . with f =u,d, £, v, where v denote new right handed neutrinos
ver. The large contributions to (g — 2),, come from the two-loop Barr-Zee contributions with
the necessary condition of very light neutral CP-odd Higgs boson mass, m4 < 60 GeV. On the
other hand, large and negative sign of (g — 2), satisfying the 1o experimental data comes from
one-loop contribution with the condition that {,¢, < 0. The model in Ref. [59] does not include
the case Y|, =0and Y # 0, corresponding to fy = g ! mentioned in our work. In addition, the
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region of parameter space with ¢, = ¢y = 0 corresponding to fy = —1g is excluded by the lo
range of (g — 2), data. In contrast, our models always assume that Y|, = ¢, =0, and only one of
the two Yukawa coupling matrices Y| or ¥, being non-zero. The Yukawa couplings Yf between
only gauge singlets Ny(p+3)e,rh™ give main one-loop contributions to both Aa, ,, leading to
nearly linear relations of these two quantities. Finally, our models predict regions of parameter
space that successfully accommodate the experimental data on both (g —2). ,, anomalies without
the requirement of small m 4 and rather light m nE ™ O(10%) GeV. Therefore, our models will be
a another solution for the (g — 2). , anomalies if a light CP odd scalar A is excluded by future
experiments.

4. Conclusion

In this work we have shown that the appearance of heavy ISS neutrinos and singly charged
Higgs bosons is a very promoting solution to explain the experimental data on both (g —2), .
anomalies in many different types of THDM, and in regions of parameter space allowing heavy
singly charged Higgs boson masses up to the TeV scale and small values of the tan 8 parame-
ter satisfying tan 8 > 0.4. In particularly, the most important terms Aa,, o given in Eq. (39) are
enough to explain successfully the experimental AMM data of both g, and a, in THDM, in-
cluding the model type I, where other loop contributions to Aa,, caused by power of factor 74 !
are suppressed. In other types of THDM needing large t4 giving sizeable loop contributions to
Aa,,, light masses of new Higgs bosons around few hundred GeV in the loop are also necessary
to successfully accommodate the recent experimental AMM data. The presence of Aa,, ¢ is an
alternative way to explain the AMM data if light mass ranges are excluded by future collider
searches. This solution will enlarge the allowed regions of parameter spaces of the THDM which
can simultaneously explain the (g — 2). , data thanks to the one loop exchange of electrically
charged Higgs bosons with masses within the LHC reach. The existence of Aa,, o also yields
the following consequences: i) the non-zero mixing s», # 0, ii) the non-unitary parameter %, 3
has a lower bound X, 3 > 4 x 1077 for fy = t,;l and x,3 > 010719 for fy = —1g, iii) and
lower bounds of new heavy neutrino masses are of the order of O (100) GeV. Tiny but non van-
ishing values of X, 3 ~ 10710 require very large tg and |s7o| — 1. Despite the large number of
parameters, the model is economical with a small amount of BSM fields, much lower than the
corresponding to several models considered in the literature. Besides that, apart from explaining
the (g — 2) anomalies, the model considered in this paper can feature interesting collider signa-
tures mainly related with electrically charged scalar and heavy neutrino production at the LHC,
that can be useful to test that theory at colliders.
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