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ABSTRACT: In a simple extension of the standard model (SM), a pair of vector like lepton
doublets (L; and Lg) and a SU(2), scalar doublet (1) have been introduced to help in
accommodating the discrepancy in determination of the anomalous magnetic moments of
the light leptons, namely, e and u. Moreover, to make our scenario friendly to a Dirac like
neutrino and also for a consistent dark matter phenomenology, we specifically add a singlet
scalar (S) and a singlet fermion (7)) in the set-up. However, the singlet states also induce a
meaningful contribution in other charged lepton processes. A discrete symmetry Z5 x ZJ}
has been imposed under which all the SM particles are even while the new particles may be
assumed to have odd charges. In a bottom-up approach, with a minimal particle content,
we systematically explore the available parameter space in terms of couplings and masses
of the new particles. Here a number of observables associated with the SM leptons have
been considered, e.g., masses and mixings of neutrinos, (g — 2) anomalies of e, u, charged
lepton flavor violating (cLFV) observables and the dark matter (DM) phenomenology of a
singlet-doublet dark matter. Neutrinos, promoted as the Dirac type states, acquire mass at
one loop level after the discrete Z5 symmetry gets softly broken, while the unbroken Z,
keeps the dark matter stable. The mixing between the singlet 1) and the doublet vector
lepton can be constrained to satisfy the electroweak precision observables and the spin
independent (SI) direct detection (DD) cross section of the dark matter. In this analysis,
potentially important LHC bounds have also been discussed.
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1 Introduction

The standard model (SM) of particle physics has been quite successful in explaining the

interactions of elementary particles [1].

The recent discovery of a Higgs boson with a

mass of 125 GeV at the Large Hadron Collider [2, 3] has been showing good agreements
with the SM expectations [4, 5]. However, there exists a few experimental and theoretical

issues, which cannot be explained in the SM paradigm, thus, hint towards a more complete



theory — beyond SM physics (BSM) at the TeV scale. Among these signatures, the precise
measurement of the dark matter (DM) abundance and the non-zero values of the neutrino
masses and mixings are of particular interests to us. Here, one may broadly recall the issues
at hand. (i) Assuming the origin of the dark matter is related to a new kind of particle,
the simplest and most compelling candidate has been considered as a weakly interacting
massive particle (WIMP). The experiments like PLANCK [6] and WMAP [7] have already
provided precise measurements of DM relic density. WIMPs with masses ~ 1TeV can
lead to the correct relic density through its annihilations to SM particles. Such a mass
scale can be probed at the high-energy collider experiments like the LHC and also at the
dark matter direct detection experiments. (ii) Non-zero neutrino masses and substantial
mixing among the three light neutrino states require specific extensions of the SM. In the
simplest case, one may introduce right handed neutrinos vr and assumes a Dirac mass
term mp for the neutrinos. But, then the neutrino Yukawa couplings are assumed to be
~ 107! to generate a neutrino mass ~ 0.1eV. However, being a singlet under the SM
gauge group, Vg can also accommodate a large Majorana mass parameter M which violates
the lepton number by 2 units. Such a mass term leads to an attractive possibility — called
“seesaw mechanism” where the light neutrinos vy, obtain an effective small Majorana mass
term [8-10]. The tinyness of neutrino masses can be explained naturally without requiring
a tiny Yukawa coupling. Though seesaw mechanism is more favoured, experimentally, the
searches to probe the Majorana nature of neutrinos through neutrinoless double beta decay
experiments have not yet lead to any conclusive evidence. So the simple idea of considering
neutrino as a Dirac particle has been still quite popular.

There have already been many proposals which may incorporate new particles and
appropriate mixings, thus, explains the masses for neutrinos and the dark matter abundance
in the extensions of the SM. However, it is more natural to consider that there exists
a tie-up between these two important pieces which may lead to a somewhat economical
and an attractive extension of the SM to deal with. Driven by the same pursuit, here we
will also furnish a connection between these two important issues assuming neutrino as
a Dirac particle. Interestingly and more importantly, we will observe that the precision
observables like anomalous magnetic moments of p (a, = %) and e (a. = %) can
be accommodated along with the experimental constraints related to the charged lepton
flavor violations.

The idea of neutrino as a Dirac particle has revived in the recent past when the main
theoretical objection of having a very tiny tree level Yukawa coupling has been addressed
through the radiative generation of neutrino masses [11-24] (for a review see [25]). The
main idea is simple and can be realized through an additional Z5 x Z} symmetry in the
SM set up: (1) one may assume a discrete symmetry (here Z}) to forbid a tree-level Dirac
neutrino masses. This symmetry would be finally broken softly to generate a tiny neutrino
mass through a radiative mechanism. (2) New fields may be introduced; in the simplest
case, an inert scalar doublet (n™ n°)7 and neutral singlet fermions can be considered (see
below) to radiatively induce neutrino masses in the loop. The new fields may transform odd
under the another Zs symmetry to prohibit their couplings with the other SM fermions,
thus, offers an interesting possibility where the lightest state (a new Z odd fermion or



a neutral scalar) may become the cold dark matter (CDM) of the universe. This class of
models where neutrinos acquire masses through dark matter in the loop, thereby connects
the two important BSM aspects of the particle physics has been dubbed as “scotogenic”
model [26]. In the original idea, the neutrino masses have been assumed to be of Majorana
type. However, one may employ the same idea to generate the masses for the neutrinos
radiatively considering them as the Dirac particle, if a symmetry like global or gauge U(1)
symmetry is assumed to prohibit the Majorana mass term in the Lagrangian [14].

Assuming the lepton number as a good symmetry of the Lagrangian at the backdrop of
our work we start our discussion with a simple realization.! We consider new leptons/scalars
at the electroweak (EW) scale in addition to the usual right handed neutrinos vg: singlet
Dirac fermion(s) (N), two scalars — an inert scalar doublet 1 and a real singlet scalar S in
the particle content of the SM. A perturbative value of the coupling Y;Ngtn (£ € e, u, )
may help to realize tiny nature of the neutrino Yukawa couplings radiatively, if the other
interaction terms YN Svg and p/ntHS are included in the interacting Lagrangian. Here
the last term p’ can be regarded as the soft symmetry breaking parameter. As in the case
of a “scotogenic” model, with proper charge assignments under Z; X Z symmetry, Dirac
masses for the SM neutrinos, proportional to the soft breaking scale ', would be generated
radiatively through a N —n — S loop. Similarly, observable abundance of the dark matter
N would follow naturally. However, this simple model fall short to account for the BSM
contributions in the measurement of the anomalous magnetic moment of muon a, [33],
though can help to acclimatize the measurement of a.. Primarily, the non-SM contribution,
controlled by the N — nT loop, comes out to be negative while the discrepancy in the muon
anomalous magnetic moment Aaq,, requires a positive boost, thus, disfavours this simple
set-up (for a generic discussion on the new physics contributions to a,, see [34-36]).

We next consider the vector like (VL) leptons in place of singlet Dirac like state N
in the SM set-up, without changing the basic structure of the model. For a color singlet
VL, left and right handed components transform similarly under the SM gauge symmetries,
and one may observe that Aa, can be accommodated through the mixings with the SM
leptons [37-41]. However, addressing a. along with a,, invites a further modification. We,
thus introduce a pair of SU(2) vector like leptons Ly = (LY L7)T, Ly = (LY L;)T with
same hypercharge (but charged differently under Z5 x Z} symmetry) which can be found
to be suitable when coupled to new states; e.g., an inert Higgs doublet 7, a real singlet
scalar S and a SM singlet fermion 1 in the present context. As in the previous case, S
acts to realize the soft breaking of Z} symmetry; thus to generate Dirac masses for the
neutrinos while v has its role to realize the proper dark matter abundance. In fact, L and
1 can enjoy the same transformation properties under the Z; x Z symmetry; thus the
neutral L{ and 1 can mix to provide with a suitable candidate for dark matter (o) and to
accommodate (g — 2). anomaly through neutral fermions and charged scalars running in
the loop. The charged components of the new leptons help to explain the other anomaly in
(9 —2),. Naturally, neutrino mass as well as cLF'V processes receive contributions from
the diagrams that involve both of the VL leptons in the loops. In [40], authors find that a

'For some recent works, see [19, 27-32].



vector like lepton doublet in presence of a right handed neutrino and inert Higgs doublet
may indeed be helpful in explaining (¢ — 2),, deviation while the tiny Majorana masses for
the neutrinos can also be generated in a “scotogenic” model. Here we will try to find if the
both anomalous (g —2), and (g — 2). can be accommodated with the said particle contents
while neutrinos acquire Dirac masses through dark matter yo in the loop.

In dark matter phenomenology, singlet-doublet DM yq comprised of LY and singlet
1, could just be able to produce the correct relic abundance [42-50]. Admitting only VL
doublet lepton LY, one finds a large DM-nucleon elastic cross-section through Z mediated
processes, thus has essentially been ruled out by the experiments such as XENONI1T [51]
or LUX [52]. As a natural deviation, one finds that a singlet-doublet fermion dark matter,
through its SM singlet component may escape the stringent direct detection bounds. For
practical purposes, the dark matter particle has to be essentially dominated by the singlet
component, while only a very small doublet part can be allowed. For the same reason, we
purposefully introduce 1 in the particle content.

We organise our paper as follows. In section 2, we explain the details of our model
including the new particles and their charges under the complete gauge group which would
be considered. After electroweak symmetry breaking (EWSB), our model predicts additional
neutral and charged leptons. Consequently, relevant interactions of the new particles with
the SM particles can be realized. Theoretical and experimental bounds on their couplings
and masses have been summarized in 3. These include (i) anomalous magnetic moments
and different charged lepton flavor violating decays of the SM leptons, (ii) vacuum stability
of the tree level scalar potential, (i7i) Electroweak precision observables (EWPO) and (iv)
collider physics constraints. In the results sections, we present radiative generation of the
neutrino masses and mixing angles in section 4. As discussed, one of the motivations is to
show that our model can accommodate anomalous magnetic moments of the lighter charged
leptons. We depict the parameter space of our model in section 5, where discrepancies in
a, /. can simultaneously be satisfied. Subsequently, we probe our model parameters with
different charged lepton flavor violating (cLFV) observables, namely £, — £g7, €o — 303
and flavor violating decays of Z boson. DM phenomenology including the relic density
and the direct detection of a singlet-doublet fermionic DM have been covered in section 6.
Finally, we conclude this work in section 7.

2 The model: relevant Lagrangian and scalar potential at the tree level

As stated, the proposed model is a simple extension of the Standard Model where we
augment two scalars, namely a real singlet (S) and a SU(2)z, doublet = (n* 77, two
vector like lepton doublets Ly = (L L7)T, Ly = (LY L;)7T, a singlet fermion ¢ and
the usual SM singlet right handed neutrinos vr. All the new states are charged under an
additional Zy x Z} symmetry (see table 1).

The allowed interactions of the new fields and the SM fields can be read from the
following Lagrangian:

L= LSM + Enew ) (21)



where Ly, the new physics Lagrangian is given by,

['new =

i1 DLy — My, Ly Ly +iLoP Lo — M, Lo Ly +ithdp — Myabnh—

[Y1(1¢)E1L77£R1+Y2(17;)E2L77VR¢ +Y301)li LS+ Yan) b+ Ys L1 HY+ Yo (1) S LV R +h-0-} +
+(0"9)1(8,8) + (D" ) (Dyun) =V (n, H, S). (2:2)

Here, D,, is the SU(2)y, x U(1)y covariant derivative and V'(n, H, S) is the scalar potential.
We define field ® as imo®*. We are following the convention Qgys = T3 + Y. For clarity, we
refrain from explicit showing of SU(2) contractions. Except for the right handed neutrinos,
single generation of all the other new states would suffice for our purpose (see table 1 for
details). Here we note that, L; and Lo are assumed to have different charges under Z; x Z/
symmetry. Interacting Lagrangian is realized through the new Yukawa couplings Y7 - - - Y
where in the parenthesis, number of the fermion generations that are involved, are presented.
All the Yukawa couplings are assumed to be real. The new fermion states L1, Lo, ¢ and
also the RH neutrino v have one unit of lepton number to preserve the lepton number
conservation. Moreover, in this work, VLs can only couple to the SM leptons through the
new scalar states which do not acquire any vacuum expectation values (VEV); thus the
masses and mixings of the SM charged leptons would remain unaffected. In eq. (2.2), the
interaction between L; and SM singlet v is felicitated through the SM Higgs H which
drives the DM phenomenology.

Finally, we may express the scalar potential V'(n, H,S) in eq. (2.2) which adheres the
proposed symmetry as follows:

Vin,H,S)=
Py HTH + 20ty + 2SS + Ay (HTH)2 + A, (nTn)2 + As (STS)2 + Agar (') (H'H)

+ Ny (n'H) (H) + X’éﬂ {(nT H>2 + h.c] + Aus (HTH) (S'S) + Ays (n'n) (575) .
(2.3)

There can be a few additional terms like which are allowed by gauge and Lorentz invariance,
but due to the imposed Z5 x Z symmetry these terms transform non-trivially and hence
are forbidden (see e.g., last four terms in table 1(b)). This in turn ensures that the new
scalars S, n do not acquire any induced VEV. As usual u%{ can take negative values. As
stated, to generate the mass terms for the SM neutrinos, 25 symmetry can be broken
explicitly by introducing a soft breaking term at the scalar potential,

Lsg=pWnTHS. (2.4)

Since ' breaks the ZJ, it may be argued to be very small, thus may be helpful in fitting
neutrino masses. Similarly, L Ly can also accommodate a soft beraking term. The mass
term can also be generated at the two loops (o< i) which we assume to be small for further



consideration. If the VL states would be considered to transform identically under Zj,
then we will have a restricted class of the Yukawa terms and consequently accommodating
the anomalous magnetic momemts of u and e simultaneously cannot be realized in this
proposed model with the given particle content. However, we may consider a global U(1)
symmetry (the charge assignments could read as Ly, S, ¥, n=1 while Ly=-1 with all the
SM particles including vi assume zero charges), then our model and its phenomenology
would be completely unchanged. Infact, it will make the dark matter stable thus Z can be
assumed to be replaced.

Before discussing the phenomenology, let us briefly outline the role of different discrete
symmetries in the present analysis. We assume Z; to be an exact symmetry which always
ensures that (i) a tree level Dirac like neutrino mass term, e.g., (H1) would be absent and
(i) o0, the singlet like admixture of L) and 1, a state odd under Z» may become stable
to form the cold dark matter. On the other hand 2 forbids the usual tree level Yukawa
interaction Hvg, but it needs to be broken softly to generate neutrino masses through
radiative corrections. Additionally, there are a few other couplings among the new fields
and the SM fields which fail to qualify as the valid interactions. For a better understanding,
we list them in table 1 along with their transformations under the proposed symmetry
group. Here / and X refer to the occasions when a particular interaction term turns out to
be even or odd under a symmetry operation respectively.

Possible completion of the model at the GUT scale: here we discuss a possibility
to embed our low energy model to a larger gauge group e.g., SO(10). Specific gauge breaking
chains may include, e.g., left-right (LR) symmetric phase at the intermediate scale [53-57],

SO(10) — SU@3)e xSU((2)r x SU2)g x U(1)p—r. — SM (2.5)

Mgur Mpr

with Mgy denoting the breaking scale of SO(10) gauge group which is subsequently broken
to the SM at Mpr < Mgyr. There are a few reasons for considering the LR models: (i)
the particle content contains automatically the right-handed neutrino, (ii) a TeV scale LR
symmetric intermediate phase may be obtained within a class of renormalizable SO(10)
GUTs with a perfect gauge coupling unification [58]. Here one has to account for a few
copies of one or two types of extra fields; e.g., additioanl triplet and/or doublet scalars
under SU(2)r. However, for different possibitites, we refer the reader to ref. [58]. Of
course, the new scalars can effect the low energy phenomenology e.g., (g9 — 2), through
a gauge invariant interaction at the LR scale. The matter content of the model along
with their possible transformations at each intermediate stage is given in table 2. Here
Q, Q°, L and L¢ (we follow the notation in [56]) are the quark and lepton families with
the addition of (three) right-handed neutrino(s) vg. The SM Higgs and the inert doublet
can be included as bidoublets under SU(2); x SU(2)gr. More than a single bidoublet is
required for a correct Yukawa Lagrangian at the low scale [58]. Similarly, transformations
of the VL states L; 2 and the SM singlet states are noted. The electric charges of particles
are calculated through the eigenvalues of the left (757) and right (T5r) generators of the
SU(2)r, and SU(2)r groups, respectively, as Qg = Ts1, + T5r + (B — L)/2. The index
c refers to the equivalent SM field which transforms under SU(2)g. All the interaction



Fields Generation | SU2), x U(l)y | 25 | Z)
0= (v ep)? 3 2,-1/2 +1 | +1
lr = (eRr, LR, TR) 3 1,-1 +1 | +1
Qr = (ur, dp)” 3 2,1/6 +1 | +1
Ur = (uR, cr,tRr) 3 1,2/3 +1 | +1
Dg = (dg, sg,bg) 3 1,-1/3 +1 | +1
H=(0 H@+h)" 1 2,1/2 +1 | 41
VR 3 1,0 +1| -1
Y 1 1,0 1| +1
L=y Ly)T 1 2,-1/2 -1 +1
Ly= (LY L;)T 1 2,-1/2 -1 -1
n=(m+ " 1 2,1/2 1| +1
S 1 1,0 1] -1
(a)

Forbidden terms | SU(2); | U(l)y | 22 | Z}

(Hyp ((HyR) Vo x W) x|V

(Hvp ((Hvg) Vo[ xW) | V| x

tnvg (ijvg) v X (V)| x| X

(RSY v X V| x

LyHvp (Lo Hep) Vo[ xW) | V| x

(IS vV Vv V| X

Lonlr (LaiilR) Vo[ VX))V X

Lynvg (Lyijvr) Voo x| V| X

LLyS vV V X | 4/

Myrss(nTH)(STS) vi Vo x|V

A(nTH) v Vol x|V

Asss(ST9)S vV vV X | %

AzS Vv V X | x

—~
=3
=

Table 1. (a) Particles and their transformations under SU(2);, x U(1)y x Z5 x Z5. (b) Forbidden
interaction terms and their transformations under different gauge and discrete symmetries.



Fields | Generation | 3.212rlp_1 | SO(10)
Q 3 (3,2,1,1/3) 16
Q¢ 3 3,1,2,-1/3) 16
L 3 (1,2,1,-1) 16
Le 3 (1,1,2,1) 16
P 2 (1,2, 2,0) 10
Lo 2 (1,2,1,-1) 16
Lo 2 (1,2, 1, 1) 16
¥ 1 (1,1,2,-1) 16
¥ 1 (1,1,2,1) 16
S 1 (1,1,1,0) 1

Table 2. One of the Possible completion of the particle content under SO(10).

terms in eq. (2.2) can now be cast under the enlagred gauge symmetry. For example,
}q(li)iangRi can be cast as LT ®L¢ which, under, SO(10) goes as 16 x 10 x 16. Similarly,
Y6(14)S®¥LVRi can be cast as Sy L¢ which, under, SO(10) goes as 1 x 16 x 16. Though
the particle contents can easily be accommodated under a unified gauge group, one has
to admit a minor change, e.g., ¥ in eq. (2.2) should refer to the neutral component of
SU(2)r doublet in table 2. Alternatively, one may also consider the symmetry breaking
chain as SO(10) — SU(5) x U(1)x — SU(3)c x SU(2), x U(1)y x U(1)x which was earlier
considered in refs. [40, 59].

Mixings and couplings of the VL states with bosons and fermions: as can be
seen from eq. (2.2) that lepton phenomenology is primarily governed by the new Yukawa
couplings Y;(i = 1...6). Apparently, the first four couplings are more important for the
phenomenology in the lepton sector, while Y5 primarily controls the DM physics. The
Yukawa interactions involving the singlet states may contribute to neutrino masses and
also the dark matter relic abundance. For a generic study, we keep all the couplings with
Yi(i =1...6) in the flavor space.

Let us first start our discussion with the interactions mediated by Y5 in eq. (2.2). The
Yukawa interaction, Ys L, Hv generates a mass matrix,

Mlll Ysv
M = ( Vaw ]\f ) : (2.6)
vz

in the basis of (¢, LY). We can rotate this to the mass basis with the help of (2 x 2)
orthogonal matrix, such that Mp = Ut MU, where,

U — (c?se —sin9> ' 2.7)

sinf cosf
The two mass eigenstates can be defined as,
Xo = cosf 1) + sinf LY, (2.8)
X1 = —sinf v + cosh LY, (2.9)



with the masses are given by,
Ysv
V2

Y:
M,, = My, cos’0 + Mysin®0 — %sin%. (2.11)

M,, = Mp,sin?0 + M,cos®0 + sin26, (2.10)

The mixing angle is defined as,

V2(Y5v)
My — My,

If we assume a small mixing angle i.e., # < 1 then y; is dominantly doublet-like with a

tan26 = (2.12)

small admixture of singlet v, while yg is mostly singlet-like. Since the direct detection
experiments require DM to be mostly singlet dominated, we can propose xo as the DM
candidate with the condition that M,, < M,,, which is further ensured by the choice
My < Mp,. The Yukawa coupling Y5, now being a dependent parameter, can be expressed
in terms of M,,, M,, and 6 through the following relation,

(M, — My,) sin26
V2 '

At this point we can recast the Yukawa terms in eq. (2.2) in this new basis of (o, x1) as:

Vs = (2.13)

Lnew D Y1(14) {C059X1n+€Ri+ SiH9>Z077+fRi+Lf?70€Ri} +Y5(14) [53770—5517‘] VRi
+ Y31 [Dll-LgS+ eily S} + Y [lx_lmo (COSHXO —sin9X1> —eun- (cos@Xo —sin9x1)}

+Y6(1i) [COS@S)Z()VRZ' — SiDGS)_(ll/RZ} + h.c.

Y: _ _ . _ _
+75§h [(XOXO_Xle) sin260+ (x1x0+XoXx1) cos2«9} : (2.14)

All the Yukawa couplings appearing above need to satisfy a generic condition |Y| < 47 so
to remain perturbative at the TeV scale. Similarly, the terms appearing in the covariant
derivative can be collected to write down the couplings with the gauge bosons. Using
D, =0,—i-%— (T3 — sin? HWQ> Z, —ieQA,, one finds that,

cos Oy

Lpew D 9 {cos@;}ry“[/f +sinfxoy" Ly +E37”L;] le—l—h.c.

V2

_ ) _ 1. _ _ =
[00829 Y17 x14sin26 xov" xo+ 5511129 (1" xo0+x07"x1) +L87“Lg} Zy

2 cosOy
g 1 . _ = _ =_ L F_ _
proy <—2+sm2 0W> [Ll VLT +Lyv"L; } Z,—e [Ll VLT +L;v"L; ] A, .

(2.15)
Note that, all the other terms in eq. (2.2) will not be affected by this basis change.

3 Bounds related to different experiments and theories

Here we review different bounds related to experimental searches and theories. We will
use the limits in delineating the parameter space consistent with the anomalous magnetic
moments of leptons, charged lepton flavor violations and the dark matter abundance.



3.1 Anomalous magnetic moment and different LFV decays

Bounds on anomalous magnetic moment: from the first precision measurement of
the magnetic dipole moment of the muon a, at BNL (Brookhaven National Laboratory),
the persistent discrepancy in its determination compared to its SM prediction has been
undoubtedly one of the most promising hints towards a new physics signal at the TeV
scale. The discrepancy can be expressed through its experimental measurements (= affp)
and the SM prediction (= aﬁM ). The difference in the two values can be seen to be
driven by the BSM contributions (= Aa,). For the last many years, the experimental data
produced a roughly 3.7¢ deviation from the standard model (SM) value [60-63]. For a
better understanding of the known physics, it was imperative to resolve the tension related
to the hadronic vacuum polarization (HVP) of a;jM [64-T71] (see also [63] and references
therein). The tension lies in the fact that a recent lattice-QCD [64] estimation of the HVP
may bring the SM prediction of a, into agreement with experiments which seems to be
in contradiction with eTe™ — hadrons cross section data and global fits to electroweak
precision observables [69, 71]. The Fermilab-based Muon g-2 experiment has just reported
a new result [72, 73] which, if combined with the BNL result reads 4.20 deviation from the
SM value.?

Aa, = (25.1£5.9) x 1071, (3.1)

Thus, as stated earlier, from eq. (3.1) it is clearly visible that one needs a positive BSM
contribution to satisfy the experimental constraint on Aa,. In the context of a., the
experimental value has been updated in 2018 [90] from a precision measurement of the fine-
structure constant [91] that relies on the caesium recoil measurements. This measurement
also shows a possible disagreement between the experimental observation and theory
prediction, though with a less significance ~ 30.

Aa. = —(8.7+3.6) x 10713, (3.2)

More importantly, here the measured value is lower than the corresponding SM prediction.
Following the improved estimates, specially in the evaluation of a., attempts have been
made to link the both discrepancies with a common new physics origin [92-109]. Here
we note that a very recent determination of the fine structure constant [110], obtained
from the measurement of the recoil velocity on rubidium atoms, result into a positive
discrepancy of about 1.60. Clearly the discrepancy in the measurement of a, can only be
settled in the future. This work focuses on caesium recoil measurements, thus, eq. (3.2) in
the subsequent sections.

Bounds on charged lepton flavor violating decays: charged lepton flavor violating
processes, specifically £, — £~y or £, — 3{g through photon penguins may be influenced by

the same dipole operators which provides the BSM contributions to a Non observations of

n/e:
any cLFV processes so far, can potentially constrain the new physics parameters. Currently,
the radiative decay of ¢, — {3, specifically ;1 — e, is the leading candidate among the

cLFV observables to put a stringent constraint on the parameter space. In the future

2Recent measurement at the Fermilab has drawn some interests to our community [74-89)].
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LFV Process Present Bound | Future Sensitivity
Br(u — ey) 42 x 10713 [117) | 6 x 10714 [111]
Br(t — ev) 3.3x 1078 [118] | ~ 3 x 1079 [115]
Br(t — uy) 4.4 x 1078 [118] | ~3 x 1079 [118]
Br(p — 3e) 1.0 x 10712 [114] ~ 10716 [112]
Br(t — 3e) 2.7 x 1078 [119] ~ 1079 [115]
Br(t — 3u) 3.3 x 1078 [119] ~ 1079 [115]
Br(r— — e putpT) | 2.7x 1078 [119] ~ 1079 [115]
Br(t— = p~ete”) | 1.8 x 1078 [119] ~ 1079 [115]
Br(r— —etu~p7) | 1.7x 1078 [119)] ~ 1079 [115]
Br(r— = pte7e™) | 1.5 x 1078 [119] ~ 1079 [115]

Table 3. Current Experimental bounds and future sensitivities for the LF'V processes.

upgrades, the MEG collaboration can reach a sensitivity of about 6 x 10714 after 3 years of
acquisition time [111]. Similarly, in the near future, © — 3e can be probed by the Mu3e
experiment [112, 113] with a branching ratio sensitivity of 10716, A significant improvement
is expected compared to the present limit, set by the SINDRUM experiment [114]. An
impressive improvement on most of the LF'V modes of the rare 7 decays can be expected
from searches in B factories [115, 116]. Table 3 includes the present and future sensitivities
of the important cLFV processes which would be considered in this work.

3.2 Condition of vacuum stability and the masses of scalars

The scalar potential must be bounded from below i.e., it does not acquire negative infinite
value in any of the field directions for large field values. This physical requirement puts
certain constraints on the scalar couplings. Considering the tree level scalar potential, these
conditions are listed below [120].

AHs Ay Ag >0,

>‘7IH+2\/)‘77)‘H >0,

Nar| + 2y Ahe >0,
Aus + 2V AgAs >0,

Ays + 24/ Aghs > 0. (3.3)

After the electroweak symmetry breaking only H field gets a VEV, v ~ 246 GeV. Thus,
scalar fields can be expressed as:

H:( 0 > n=< n ) S=§ (3.4)
NSOV R +inn)) ' '

Mgt + Ay —

- 11 -



Substituting H and 7 in eq. (2.3) one finds

M}E = 2\gv?,

1
2 2 2
My, =hn+ 3 (AnH + A +)‘;;H> v,

1
2 _ 2 / " 2
Mn,—ﬂn+§<>\nH+/\nH—>\nH>U ;

1
Mye = jiy + 5 dqv?,

1
M2 =3+ 5)\]{5’02 : (3.5)

We identify h as our SM like Higgs scalar with mass M}y, ~ 125 GeV. Again for simplicity
we assume that the new scalars are heavier to forbid the constraints coming from the
invisible Z and h decays. Similarly the mass splitting between the charged and the neutral
components of the doublet n are considered to be negligible, i.e., M, = My, = M,+ = M,.
This is indeed possible (see eq. (3.5)), if the couplings A ;; and A7, can be assumed to be
very small. In fact, )\;7’ 7 is absent under a global or gauge U(1) symmetry. However, such a
mass splitting may play a significant role for its discovery at the LHC (see e.g., [121]).

3.3 Electroweak precision observables (EWPO)

In the presence of two BSM scalars (7, S), two vector like lepton doublets (L;, L2) and
a singlet fermion (1), our model may introduce corrections to the gauge boson vacuum
polarization amplitudes or electroweak precision observables (EWPO). These observables
were initially discussed by Peskin and Takeuchi as S, T and U parameters in ref. [122].
Later Barbieri et al. introduced S , T, W, Y [123] as the most general parameterization of

the new physics effects. S and 7' are related to the original S and T parameters through
asS
12
sw = sin fyy. Among the generalized Peskin-Takeuchi parameters, W and Y are important

the simple relations: S = and T = oT, where « is the fine structure constant and
at LEP2 energy scale [123, 124], thus will not be considered here. Usually for any generic
model, one can find from the global analysis that the electroweak precision parameters are
much smaller (at the level of 1073) and this does not depend on the mass of the Higgs
scalar. Our calculations of the precision observables are based upon refs. [124, 125].

The current experimental constraints are [62, 123],

(0.0£1.3) x 1073, (3.6)

S =
T=(0140.9) x 1073,

Inert doublet 1 may particularly effect T" or T parameter through )\;7 g and ;7’ g [125].
But in the limit, M,, = M,, = M,+ = M,, which we assume in the subsequent analysis,
the electroweak parameters seem to be unaffected by the presence of new scalars. Hence
the correction is completely due to the effect of vector like fermions (VLF), i.e., in our
model A(S,T) = (5,T)yLr. Therefore, the correction in T’ parameter appearing due to
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the mixing between Li and 1) for ¢ — 0 limit can be expressed as [124],
2

7= 7165]”2 [TL(Mp,, My, 0) + cos* 0 TI(M,,, My, 0) + sin 0 TI(My,, My, 0)
w
+25in? 0 cos? O TI(My,, My, 0) — 2cos? 0 TI(My, , My, ,0) — 2sin® 0 TI(My, , My, 0)],

(3.8)

where M|, is the mass term for L, g is the SU(2) coupling constant, 6 is the mixing
angle between L{ and v as discussed earlier, My, stands for the mass of W boson and

2 4,4 2

. 0 Ly o, o (mg+mp) my,
Div+1 - _ M) ) (T
win <mamb>1 4 (ma—l—mb) 4(m3—mg) i m2

2 2 2
Dz’v+1n< H >+1—|—(ma+mb)ln
memmyg m

II (Mg, mp,0) = —% (mZ—Fmg)

+mgmy

is the correction to gauge boson propagators in presence of the new VLF’s. Div =
% +In(47) — v is the usual divergent piece appearing in the dimensional regularisation and g
denotes the renormalization scale. One can easily see that for m, = my, eq. (3.9) vanishes.
Hence eq. (3.8) simplifies to

g2

T= 1672002, [2811129C0829ﬁ(MXO,MX1,O)—2COS291:I(ML1,MX1,O)—ZSinzeﬁ(MLl,MXO,O)} .

(3.10)

It can be noted that the divergent part of the first term of eq. (3.10) is cancelled by the
divergences encapsulated in the last two terms. Moreover in the limit, when the mass
splitting between My, and M, vanishes, (i.e., sinf — 0) one finds T 0.

In our model, the correction in S can be parameterized as,

2

g = 12 5 [fI’(MLl,MLl,O) — cos* 01T (M,,, My, ,0) — sin* 0 I1' (M., M,,,0)
Y

— 2sin 0 cos? O T1'(My,, My, 0)] (3.11)

where the ‘7’ signifies derivative with respect to ¢2. The general expression for IT’ (mgq, mp, 0)
is given as [124, 126],

l:[’(ma,mb,()):
U pioatn [ 4 a—8mami+my | (mg+my) (mg—dmgmi+my), - (mp
3 MaMp 9 (m2—m32)? 6 (m2—m32)’ mg
2,2 2,2 2
+mambl (e +mb)2+ Tl 1y <mg>1 (3.12)
2(m2—m2)”  (mZ—m3) mg

For m, = my the above expression reduces to

- 1
' (mg, mq, 0) = 3 lDiv +In <

T‘:L )] . (3.13)

mw‘ N
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Figure 1. Constraints on AM = (M,, — My,) coming from the EWPO (a) 7' and (b) S with
respective to M, for three different values of sin¢ = 0.01, 0.1 and 0.3 when both M, and My,
are varied randomly. Here M,, = 120 GeV is assumed. (c) and (d) shows the variation of AM as a
function of M,,, when M,, = 800GeV and M, is given by eq. (3.14).

It can be directly verified that the divergent parts along with the scaling factor p get
cancelled when eq. (3.12) or eq. (3.13) is substituted in eq. (3.11).

Numerically, since the oblique parameters are sensitive to the mass splitting AM =
(My, — M, ), we depict its variation with M, in figure 1(a) and figure 1(b) for three different
values of sinf = 0.01, 0.1 and 0.3 keeping DM mass M,, = 120 GeV. Clearly, electroweak
precision constraints on S is much relaxed compared to the oblique parameter T to the new
fermions. For moderate or smaller values of y; mass, one finds that AM < O(20) GeV is
allowed by the oblique parameter T, which sets an upper bound on sinf (~ 0.1).

The bounds can be used to constrain the bare masses of the new fermions. For example,
one may always cast the bare masses My, and M,y in terms of M, , M,, and mixing
angle 6.

My, = M,, cos® 0 + M, sin” 0, (3.14)
My = My, sin® 0 + M, cos® 6. (3.15)

Notably, the change in AM is negligible to the variation with M, for a small mixing angle
(sinf < 0.1) (see figure 1(c) and (d)). In other words, the EWPOs are insensitive to the
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lightest neutral fermion mass M, as long as the mixing angle is not much high. In the
subsequent section, we consider sin § < 0.01, thus, in this regime, the mass of the charged
component of the VL, My, can easily be fixed through M, while satisfying all the bounds
coming from EWPOs.

3.4 Constraints from the collider observables

For vector like quarks, the LHC pair production cross section is determined from QCD, so
model independent bounds can be placed in the parameter space. However, for the vector
like leptons, the pair-production cross section is mediated by the s-channel electroweak
vector boson exchanges, thus depends on the respective SU(2), and U(1)y couplings of the
new states. As the cross section would reside on the lower side, much weaker bounds can
be expected. There are several searches by the LHC collaborations [127-129] at /s = 8
and 13 TeV run at the LHC. As expected, the constraint is much more stringent for a pure
SU(2);, VL pair that mixes with and decays to SM leptons. For example, heavy lepton
mass values in the range 114 — 176 GeV are excluded through decay into Z boson and
e, . In some recent analysis, the CMS collaboration has published [128, 129] the results of
dedicated searches for doublet-like VLs, based on 41.4 fb~—! and 77.4 fb—! data samples
at /s = 13TeV. The bounds can exclude a VL heavy 7’ lepton in the mass range of
130 — 690 GeV or 120 < 7/ < 790 GeV following its decays to tau leptons. The mass of the
VL is the only free parameter both in the production cross section and in the branching
fraction calculations, thus in the estimation of the bound. In a recent analysis [130], using a
CMS search based on 77.4 fb~! at 13 TeV LHC a bound on doublet-like vector leptons has
been presented (~ 800 GeV) mainly focusing on 4/ final states. Unlike most of the studies
presented above, in this model, direct couplings of Li, Ls with SM leptons are not allowed.
Similarly, a recent analysis [131], using ATLAS search based on 139 fb~! at 13 TeV LHC
presents the exclusion limits on simplified SUSY models for a direct slepton production.
Here slepton-pair production masses up to 700 GeV are excluded assuming three generations
of mass-degenerate sleptons, considering sleptons decaying into final states with two leptons
and missing transverse energy. However, such exclusion limits depend much on the masses
of the lightest neutralino and it has been observed that even a lighter smuon mass is also
allowed depending on the value of Mo (e.g. my ~ 200 GeV is allowed for mgo ~ 120 GeV).

In the framework that we considered, we shall place My, (M,,) at 800 GeV, but the
other VL Ly has to be set at a lower value (e.g.~ 200GeV) in order to satisfy (g —2),
constraints. Here we may note a few observations which would be detailed in the next
sections. First of all, we will find that, the potentially important contribution in the
evaluation of Aa, would be driven by the interaction involving coupling Y3, and in the
perturbative unitarity regime (will be discussed in section 5) Y3, can only take ~ O(1)
values. We will further observe that all other Yukawa couplings of Lo would be orders of
magnitude suppressed either from the neutrino masses and mixings or from (g — 2), and
cLFV observables. Thus, the dominant decay of Lo can be considered as Ly — uS followed
by S — xov (Mg, (My,) > Mp, > Mg > M,, would be followed throughout this analysis).
So, naturally, PP — (L;tLEE) — 24+ K through Z boson exchange can be considered as
the most useful constraint for the present analysis. Here we may borrow the limits from
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Figure 2. Radiative mass generation for the neutrinos that adheres lepton number conservation.
In the second diagram, neutral fermions are considered where ¥y, z; = —(Y4(i1), Ys(14))sin0, yo, z0 =
(Ya(i1)» Y6(14))cost) have been used.

ref. [131] as direct production of sleptons or VL states would have same cross-section. Thus,
based upon our previous discussion, we would consider My, = 190 GeV and mgo = 120 GeV
respectively for the calculation of different observables in the leptonic sector.

In our model, n couples to leptons, so can only be produced through electroweak
gauge bosons at the LHC. Also, recall that n does not acquire any VEV, thus do not
take part in electroweak symmetry breaking. In a model specific study, one would expect
dilepton +4 [121, 132] through charged 7 pair production, or mono-lepton + ¥, through
charged and neutral i productions via Z boson or W boson exchanges. An observable
signal may be expected during high luminosity run of LHC through multilepton searches
for M, <250 GeV [121]. Here, assuming all the charged and neutral components of 7 are
of similar masses, we consider M, > 100 GeV which is closely based on the exclusions at
LEP [133]. However, our result does not depend much on M,,.

4 Radiative Dirac neutrino mass

As discussed, here neutrinos are massless at the tree level due to the imposed Z; x Z)
symmetry while they may receive appropriate radiative corrections through the symmetry
breaking term in eq. (2.4). Thus one may develop a Dirac mass term for the SM neutrinos at
one loop order after the Higgs field acquires a VEV. Additionally, the neutrino loops contain
a stable particle xo that could be treated as the cold DM of the universe [see figure 2(b)].
This intrinsically sets up a bridge between the phenomenology of light neutrinos and the
other sectors like dark matter. The (3 x 3) neutrino mass matrix can be read as:

f
M= Y yfilez{jr{ ) In (7'1 /7"2) ~ lnn 1)
vij — . .
f=La2,x1,X0 16W2Mg‘ (r{ - 1) T{ -T2 7“{(7“2 - 1)
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Ms
with a mass dimension of 2. For each element in f € (La, x1, X0), the vertices y and z take

2 2

Similarly, r{ = (Mf) , To = (J\]\/%) and € = p/(H) is the symmetry breaking term,
(3 x 1) and (1 x 3) elements respectively which can be read as yf = (Y3, —Y}siné, Yycos#)
and z/ = (Y5, —Ygsind, Yscosf). Just as a measure of simplification, we can consider

My, ~ M,, ~ M,, = M;y, so that eq. (4.1) becomes,

My = My (YanYa1; + Yan You;)

71 {ln(rl /12) Inry
€

— . 4.2
167T2M§<7"1 — 1) T —T9 7“1(7“2 — 1) ( )

In the above, € defines the order of the neutrino masses. Thus all the new Yukawa couplings
can be assumed to take O(1) values. The diagonal mass terms diag[m;] which refer to
the masses for the physical neutrino states are related to the flavor states M,,;; by the
following equation,

M,;; = Upnns(diag[mi])Uby v s (4.3)

where the PMNS matrix can be parameterized as [1]:
C12€13 $12€13 sige” "
UpmNs = | —s12c23 — c12523513¢™  c1aco3 — s12523513€  sa3c13
12823 — C12023513€°  —C12823 — 512C23513€ Ca3¢13

x diag (1, gloa1/2 em31/2) , (4.4)

in which s;; = sin6;;, ¢;;j = cosf;;; ¢ is the Dirac CP violating phase, and as131 are
Majorana CP violating phases. Note that, using the global fit based on the current neutrino
data, one may compute |M,;;| in terms of the different mass hierarchies, namely, normal
hierarchy Am3, > 0 (NH) and inverted hierarchy Am3, < 0 (IH) as [134] (Am?j = mf—m?)
Taking my 3y = 0 for NH (IH), and zero values for the Majorana phases (ag;(31) = 0) and
the 30 uncertainties, the magnitudes of the neutrino mass matrix elements in units of eV

for NH and IH can be estimated as:

0.11 — 0.45 0.12 — 0.82 0.12 — 0.82
|Myij| ~ [012-082 24-33 20-22 | x1072,
0.12-0.82 2.0-22 22-3.1

4.8—5.0 0.41—0.650.39 — 0.62
|Myijl ~ 1041 -065 1.9-28 24-26 | x1072. (4.5)
039-062 24-26 22-31

Here, following egs. (4.5) and (4.1) we may note a few observations related to the neutrino
masses and mixings. In fact eq. (4.1) can be cast as Myi; = 31, 11 1o yﬂAlej and with
all the BSM particles ~ O(10? — 10%) GeV, one may find that Af ~ O(10~! — 1072)eV.
Thus, the involved Yukawa couplings may take O(1) values to produce the correct values of
the neutrino mass matrix as obtained in eq. (4.5). Interestingly, out of the four Yukawas,
only Y3(;1) and Yy(;) (i € 1...3) appear in most of the low energy phenomenology which
are of interest to us. This includes neutrino masses and their mixings, precision observables
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parameter

best fit £ 30 range

Am3; [107%eV?]

|Am3,| [1073eV?] (NH)
|AmZ, | [1073eV?] (IH)

sin2 012
sin2 (923 (NH)
sin2 023 (IH)

sin? 613 (NH)
sin? 013 (IH)
§/m (NH)
d/m (IH)

7.05-8.14

2.41-2.60
2.31-2.51

0.273-0.379

0.445-0.599

0.453-0.598

0.0196-0.0241

0.0199-0.0244
0.87-1.94
1.12-1.94

Table 4. Neutrino oscillation parameters summary determined from the global analysis [134].

{Y2;, Yei}

Y3e = 07 Yie =102
Yo = 2.3, Y3, = 0
Y3, = 0.01, Yi, = 0.6

0.001 < Y. <0.01, 0.018 < Y. < 0.04
0.034 <Yy, <0.048, 0.11 < Yg,, < 0.12
0.029 <Yy, £0.032, 0.12 < Yg, <0.14

Table 5. Allowed range of {Y2;, Yg;} as obtained from eq. (4.2) (for Mg = 130 GeV, My = 800 GeV
and M, = 300GeV) within which the magnitudes of the neutrino mass matrix elements for
NH [eq. (4.5)] can be satisfied.

like the anomalous magnetic moment of leptons or the cLFV processes and also the DM
phenomenology. On the other hand, the other two Yukawa couplings Y2(1;) and Y14 (six
in total) related to the singlet state vg; can control the neutrino masses and mixings. Thus,
one may always use the freedom of choosing the free parameters Y and Yg to satisfy the
observed mass square differences and mixing angles while Y3 and Y, may be tuned to satisfy
the observables related to low energy lepton phenomenology.

To clarify it further numerically, we fix Mg = 130GeV, My = 800 GeV and M, =
300 GeV and use eq. (4.2) to delineate the domain for Y2(14) and Yg(1;) that may produce
correct values for |M,;;| in eq. (4.5) in the NH scenario. For simplicity, we recast the
parameter as Ya(1) = Y2; and Yg(15) = Ye; (see also the discussion in section 5). We also
fix {Y3,Y4} at the given values (see table 5) which would be allowed by (¢ — 2); and cLFV
constraints. We would further detail it in section 5. The lower and upper limits in table 5
would refer to the minimum and maximum value of the [M, ;| in eq. (4.5).
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Figure 3. Diagrams contributing to lepton (g — 2) and ¢, — {3~y processes.

5 Lepton g — 2, cLFV processes and other constraints

In the lepton phenomenology, apart from tuning the p and e anomaly, new scalars 7, S,
charged fermions Lgc, L%E and neutral leptons x; and xg may lead to observable signatures
to lepton flavor violating processes such as ¢, — {37, or £, — 3{g through the Yukawa
couplings Y7, Y3 and Yy that tie the SM leptons to BSM particles. The free parameters can
be listed as:

M

X1 MXo: Mg, Mna ML27 }/1(11')7 Y3(i1)7 }/4(11) (Z € ealuvT)a sing . (51)

The other charged lepton mass Mj, can be expressed in terms of M,,, M,, and 0 via
eq. (3.14). Unless otherwise stated, the mixing parameter in the neutral lepton sector
sin # = 0.01 is being fixed in our analysis. For the sake of clarity, we recast the new Yukawa
couplings of eq. (2.2) (and hence eq. (5.1)) as Y;; where i assumes different types of the
couplings e.g., 1,2,3,4,6 and j takes the different flavors e, 1, 7. As an example, Y}, in
the eq. (2.2) is simply denoted as Yi.. In this set-up i.e., with the minimal contents of new
states, first we survey if the discrepancy between the theoretical and experimental values of
the magnetic moments of muon and electron can be explained. Then we will consider the
charged lepton flavor violating processes. All the radiatively induced processes could be
tested in the present and future generation of experiments; thus a domain for flavor specific
Yukawa couplings can be derived.

5.1 Lepton g — 2

In our model, we would be able to explain Aa,, /. simultaneously through the loop diagrams,

w/e
shown in figure 3. ¢, and /g are general notations for the SM leptons. The total contribution

for lepton g — 2 process can be given as (£, = {3 = {):

Aag = Ad® + AdlP + Aaly, (5.2)

)

where, the superscripts ‘n’ and ‘c’ correspond to the neutral and the charged lepton

contributions in figure 3(a) and figure 3(b) respectively. The three individual contributions
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of eq. (5.2) can be expressed as,

2
Bl = [w (1) ry (ﬁ%)ﬂmﬁ <J\WZ> Fy (J‘A%N (53)
Ad™ Ly 2 o2 [ ’ MEN o (meMy,) L (M3
ay, _167r2l |Y1¢|” cos® 6 (Mn> 5 ( M3> 2(Yye) (Y1¢) cosfsinf M% n (M%)
2 2
—Yuy?sm29<%) FQ(A]\%H (5.4)
Aag;) :Aag?) (cos® — —sinf, sinf — cos6, M,, — M,,). (5.5)

The Form factors are defined in appendix B. It is instructive to identify the positive and
negative contributions of Aay (¢ € e, 1) in eq. (5.3)—(5.5).

1 m 2 M2 m 2 M2
+ Y- l L l L
Aag ) = 16 2 [’ 3€|2 (7‘,) _Fg (;) —+ ‘YM’Q () .Fg ( 21 +

n
. (mf MXO) M)%o
Yi) (Y] 20 F . .
(Yae) (Y1e) sin a2 D\ (5.6)
2 2 2 2
_ 1 my M my M
Aaf”) = ) l|Y1£|2 <%> Fy (ﬁ) + |Yae|? (]\L,) Fy (]W)%O +
, my M. M?
(Yae) (Y1e) s1n20( i\p’“)Fl <MX21> ] (5.7)
n n

In the above, sin?f — 0 has been taken for illustration. Additionally, we consider
that all the couplings are real and positive. In eq. (5.6), the first two terms arise from
the diagram with a charged fermion and a neutral scalar in the loop. The third term
involves a neutral fermion and a charged scalar in the loop. Here the DM state yg may
provide with a positive contribution in Aa,, owing to the mixing between LY and 9. The
negative parts in Aay (see eq. (5.7)) involves only a neutral fermion and a charged scalar
in the loop which is shown in figure 3(a). Thus, considering the opposite signs of Aa,
and Aa, in mind, one can easily expect that Aa, should have a major contribution from
eq. (5.6) while eq. (5.7) may play the dominant role in determining Aa.. In terms of the
controlling parameters, Aa, (Aa.) are managed by a set of new coupling parameters Yy,
Y3p, Y1¢ (€ € e, 1) and also by the masses of new scalars and mixing of the neutral leptons.
Electroweak precision observables restrict the mixing in the neutral leptons: cosf ~ 1,
and, thus, My, ~ M,, may be used for illustration (see eq. (3.14)). For the scalar mass
parameters, Mg is kept fixed at 130 GeV, while M, = 300 and 1200 GeV are considered.
Keeping this in mind, the variation of the flavor dependent couplings Y;, or Y;. (i € 1,3,4)
with the mass of new scalars or fermions have been depicted through scattered plots where
points consistent with Aa; (i € e, ) within the 20 allowance in eq. (3.1) and eq. (3.2)
are only shown. For a better understanding of interplay of the different couplings and
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Figure 4. Allowed parameter space satisfying Aa, within 20 bound. Here sinf = 0.01 is
assumed. Here, red and green dots represent the scenarios corresponding to M, = 300 GeV and
1200 GeV respectively.

masses on the Aa, ), we recast the eq. (5.6) and eq. (5.7) in a more convenient form:

Y. Y, Yy,
Aay ey = Aa ?(”‘)(e) + Aa Yiite) + Aa M9 4 Aal;(l:)(e) 1) where,

Qpe) u(e)
A = 161%2 -|Y3u @l < M?) F; (%) ] (5.8)
ALLEZ)(E) = # :|Y1u(e)|2 (mj\;;[(:)>2 {Fs, (%) —F (2@%)}], (5.9)
Aazf(lg)(e) = 1617rQ :— ’Y4u(e)‘2 (%)2 {F2 (é@%)}], (5.10)
A azzzg;amw) _ 161%2 :Ylu(e)y%(e) sin zemﬁ? {M P (é@;) M, Fy (%1>H

(5.11)

We begin our discussion with p-specific couplings Y;, and the relevant mass parameters
Mg, M, My, to probe their limits in controlling Aa,. Here the role of Y}, is somewhat
tricky and depends on the choice of other parameters. For example, it can provide an
unhelpful contribution through eq. (5.10). Similarly, unless Y7, < Yy, eq. (5.11) dominates
over the Aa}f‘“ . However, the contribution in eq. (5.11) can take both positive and negative
values which can be controlled by the ratio M,,/M,,. Truly, a specific ratio of the neutral
fermions, i.e., M,,/M,, can boost Aa, through an overall positive contribution, driven by
Yy,. However, at the same time it becomes unfriendly to obtain a correct Aa, (since the
same bracketed term in eq. (5.11) potentially contributes to e magnetic moment). For a
practical choice, we set Yy, = 0 as we will see that Aay‘leyle term would have to be properly
tuned to fit Aac. In other words, M,,/M,, will be chosen to have a negative contribution

Y4e Yle

from Aa. to have a consistent Aae.
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Thus assuming Yy, = 0, one finds Aa, = Aa}fj“ + Aa}?“ . A prominent cancellation

between the two terms in Aa,,*

can always be observed irrespective of the value of Yy,
and, thus, one finds Aa,, ~ Aa}?’”. Thus, naturally, we may choose Y7, at any value within
its perturbative limit while satisfying the experimental bounds on Aa,. We will see that a
smaller Y7, (which will be chosen in the subsequent analysis) would be highly desired to
satisfy p — ey constraint.

Figure 4(a) shows the variation of Y3, as a function of My, when Mg = 130 GeV,
M, = 300GeV and M, = 1200 GeV. The other input parameters are M,, = 800 GeV,
My, = 120GeV, Yy, = 10~* while Yy, is fixed at zero. Clearly, the doublet scalar does
not have any influence to the result. As said earlier, only Ly — S loop can manage to
attune Aaq,, and thus, one requires somewhat larger values for Y3,. This can be further
verified through figure 4(a). Note that, here mass of the singlet Mg needs to be smaller
to make Y3, within the perturbative bound, and this can only be realized if our model
considers light dark matter (since M,, < Mg needs to be satisfied). However, a heavier xg
can also accommodate Aa, without having any difficulties. Recall that setting Y, = 0 will
automatically make vanishing contributions from eqgs. (5.10) and (5.11), which include M,,.
Thus, because of the choice of our parameters, xo can affect Aa, only through eq. (5.9),
which can only lead to insignificant contribution. A further confirmation can be made
through figure 4(b), where we show variations of Aa, as a function of M, for M, = 300 GeV
and Mg = 130 GeV. Neutral and charged vector leptons are fixed at masses M,, = 800 and
My, =190 GeV. Here we varied the couplings (Y7, : [0.0001 — 1], Y3, : [0.0001 — 2]) and
M,, randomly. The resultant Aa, can be seen to be consistent over the entire xo range. We
note here that, in figure 4(a) and figure 4(b), we refrain from considering LHC bounds based
on with two leptons and missing transverse energy (see section 3.4) on the parameter space.
This helps us to study the dependence of different parameters on the Aa, numerically
and to choose a valid parameter space which is consistent with the LHC searches. For
instance, a light Ly accompanied with a light scalar S may easily accommodate Aa,, with a
perturbative value of Y3, ~ 2. We have checked that Y3, remains perturbative upto TeV
scale even when one includes dominant radiative corrections while at and above TeV scale
beta function of Y3, may include new gauge interactions. This is in particular true if our
low energy model is embedded in a TeV scale LR model. However, as discussed earlier,
the LHC limits can be managed if one assumes a light xg as well. Thus in the following
sections, particularly, in the computation of cLF'V and DM observables, we would fix a few
parameters at values My, = 190 GeV, Mg = 130 GeV and M,, = 120 GeV.

In our next precision calculation, we will now see the role of different parameters
in obtaining a correct value for Aa.. Note that, here, for practical purposes, one finds
Aa, =~ AaZ‘“e)YI(e). The reasons are as follows. Aaéfl(e) becomes insignificant due to
cancellation between different terms. Moreover, Aazl(e) and Aa?(e) are < m2, thus, are
much suppressed and can be neglected for the parameter space, we are interested in.
Additionally, we choose Y3, = 0 to forbid the positive part in eq. (5.8). So we may re-express
Aa. as follows:

Aae ~ —

(Yie)(Yae) sin 20 m, [

M?2 M?2
T SIE M, Fy <MX21> — M, F <MX2°> ] (5.12)
n

n
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Figure 5. Allowed parameter space satisfying Aa, within 20 bound. As before sinf = 0.01 is
taken. Here, red and green dots represent the scenarios corresponding to M, = 300GeV and
1200 GeV respectively.

As before, in the numerical analysis, we fixed Mg = 130 GeV, M,, = 300 and 1200 GeV,
Mr, =190 GeV and M,, = 120 GeV. Figure 5(a) depicts the variation of Yi. as a function
of My, when Y}, is fixed at 0.2. And similarly for the figure 5(b), where Y. appears as
the variable and Yj, is fixed at 0.2. In both of these plots red and green dots represent
the scenarios corresponding to M, = 300 GeV and 1200 GeV respectively. Note that, for
the smaller values of M, , there is a difference between the allowed regions corresponding
to M, = 300 GeV and 1200 GeV, while at the higher values both the red and green dots
merge [see figure 5(a) and (b)]. In the lighter x; regime, where M,, ~ M,,, a partial
cancellation in the bracketed part of eq. (5.12) can be observed. The suppression is more

for a heavier 7, thus, a larger coupling can be helpful to tune Aa.. On the other hand, for
2

M
larger values of M, , the term M, Fy <MXZ}> may appear to have the leading contribution.
n

M2
At this large M,, region, for a fixed value of M,,, F} ( MX21> increases with the increasing
n
My,
M3

value of M,,. However, the overall term #Fl ( ) becomes somewhat insensitive to the
n
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variation in M, and hence only a slight increment in Yukawa coupling can be observed for
the lighter M, value.

Figure 5(c) shows the scaled variation of Aa. as a function of M, /M,, where we
have again relaxed the potential constraints coming from LHC. All the other masses and
couplings are fixed as before. The grey patch represents the 20 range of the Aa.. One can
easily see that, a small mass ratio (< 0.25, < 0.75) for M, = 1200, 300 GeV respectively, can
lead to the desired negative contribution. For larger M,, to compensate the suppression, a
lighter x is desired to produce the correct value for Aa.. On the other hand, with increasing
M, /M,, the positive contribution starts to increase for a fixed M, [see eq. (5.12)] and
hence a correct value of Aa, would be difficult to obtain.

As a final remark, it is now evident that the presence of the two VL states L1 and Lo
are necessary to accommodate the both Aa, and Aa.. The second doublet Ly may provide
the sole contribution to muon magnetic moment, while the other one can be used to tune
the magnitude and sign of the e magnetic moment. Moreover, we will find that, satisfying
different cLF'V processes may become much easier in this scenario.

5.2 cLFYV constraints

In this model framework, in computing the cLFV observables we closely follow refs. [135, 136].
One-loop effective vertices, relevant for the different two and three body processes £, — £~y
or £, — 30z are generated through the interactions among BSM fermions (xa, Lf), scalars
n and .S and the SM leptons.

5.2.1 Lo — Lgy

We start with the form factors for £, — {57, where the relevant diagrams have been depicted

in figure 3. The details of the calculation are presented in appendix C. Here we recast the

(n)L,R

form factors A5" and AgC)L’R related to neutral and charged fermions in terms of our

model parameters respectively.

1 2M M2, 2M M2
AL _ Y Y X1 g _ X0
5 327r2M2 1o, Sin 6 cos 0 e M2 e M%
Y Y 29 F M2 YagY, 0 Mi” 5.13
1o COS 5 M2 + YY), cos L’a W , (5.13)
2
r_ 1 i méﬂ M ! ML,
AQ 327 2M2 Y3/3Y3a F (MSQ + 327 2M2Y YIO‘F3 M2 )
R R L
APE =AY we N AT =APE (5.14)
YieY] | B ( M21 ) —Fy ( = ) !
n

Finally, the coefficients in the above can be clubbed to get the total contributions.

Aé,R _ Agn)L,RJFAg)L»R, (5.15)
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La(p)

Ls(ps) L5(p3)

Figure 6. y-penguin diagrams contributing to the ¢, — élgﬁgﬁg decay. The index a reads 0,1
for neutral and 1,2 for charged fermions and s; = °, s, = S for the charged lepton loops. The
corresponding leg-corrections (not shown) are also taken into account.

The decay width is given by [135, 136]

5
Olem My,
[ (fo = Lg7) = == (145 + 145) -

5
Qem M
Br(f — £37) = ra— = (|43 + |ALP) . (5.16)

where ., is the electromagnetic fine structure constant and 7, is the lifetime of ¢,.

5.2.2 £y — 305

Here we calculate the decay width for the processes where a heavier SM lepton decays
into three lighter leptons of the same flavor, i.e., £, — E,EEE%F' We present the relevant
~v-penguin, Z-penguin and Box diagrams contributions to get the complete decay width
and hence the branching ratio for £, — 3¢g processes. The details of the calculation can be
found in appendix C.

e Photon penguin contribution: as shown in figure 6, the monopole contributions can

be recast in terms of our model parameters,

(mL_ 1 B2 M3 (MR _ A(n)L
AV = lYALBYALa cos"0 Fy <]V[X72]0> ] o AT =4 |Y4—>Y1T,MXO—>MX1 )

n

(5.17)

(L 1 t M3, (R 4(c)L
A7 = T BT6m2 M2 [YMYM I < M2 ﬂ’ AT =4 |Y34>Y1T:ML2~>ML1,M3~>MW'
(5.18)

The dipole contributions can be read from eq. (5.13) and eq. (5.14).

e Z penguin contribution: dominant Feynman diagrams are shown in figure 7. We have
calculated the coefficients as follows:
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Cs(p1)

Ls(p2) N Ls(p2)

U5(p3) Ls(p3)

Figure 7. Leading Z penguin diagrams contributing to the ¢, — f;ﬂgﬁg decay. Leg corrections
are also considered (not shown). Indices a,b = 1,2 (for Lib), 0,1 (for xap) and s1 =1°, s = S
as before.

The expressions for the form factors are given below [137-139]:

n n 1
FiV = ——— S ViV DUl B (2024(M$,MEQ,M§,,) - ) -
167 a,b=0,1 2

L(n) 2 772 2
Eban MXaMXbCO(anMXav MXb)}

+ Yag VU2 {2Qu Coa(MZ,, M2, M)} + YagY U2 { o)) Br (M2, M2) | ] ,
(5.19)

c 1 R(c 1
Fl9 = T [Y?,ﬁ}ga{Eﬂ( ) (2024(M§, Mz, M7,) — 2) -

L(c
Eyy® My, My, Co(M2, M3, Mi)}
+ YasY3, {2Q22C24(M327 Mg, Mé)} + YasY3, {Q(LE)Bl(Mfgv Mg)}] , (5.20)

(n) _ m(n)
FR = FL ’Y4*>Y1T,U*>U/,gg)*>g%>’

FY = Fl9)| @ (5.21)

4
Y3V, My, —Mp, Ms—My,Q22-Q11,9 '

As before, F, g = F énj)% + F [(103{. The generic forms of Cyy, Cp and B; functions are

listed in appendix B.
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Figure 8. Box diagrams contributing to the ¢, — ZEEE@E decay. As before, a,b = 1,2 (for Laib),
0,1 (for xap) and s; =1, 55 = S.

e Box diagram contributions: leading contributions are shown in figure 8. The dominant
B-factors can be calculated as,

2Bt = 1617r @nﬂnanﬁnﬂw 210> + Do MXGMan5Y45nTangU5Ug2] :
' (5.22)
Bt = Z"mn& Vi YialUa P0G — 20 My, My ViV Vi ViU UL U]
- %Y Yas Y, YisUyUh U ULl + ZZOYMYJBEQLYwaUgUJ Uit ] . (5.23)
B =B e BT =B (5.24)
B = i [20 Vi, Vig] ] , (5.25)
2Bk _ # llzo YaaYi Y Vig — =0 MLGMLaY Byg,aiggyml (5.26)
BT =B, e @B =Bt (5.27)

The generic functional forms for these Dy and Dy are again available at appendix B.
Though only the dominant terms are mentioned, for numerical purposes, we calculated
all BiL A [i =1,2,3,4]. Finally, there may be Higgs penguin diagrams as well, but
the Higgs couplings to the SM leptons are much suppressed (~ O(< 1072)) compared
to that of v and Z, and hence we can ignore them.?

3In some specific models, Higgs penguin may lead to significant contributions [140-142].
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Figure 9. Variation of Br(¢, — ¢g7) (Red) and Br(¢, — 3¢3) (Blue) as a function of Y, [ = 1, 3, 4].
Input parameters are set as M,, = 300 GeV, Mg = 130GeV, M,,, = 800GeV, M, = 190 GeV and
M,, =120 GeV. In the p-sector, i.e., for plot (a) the e and p-specific couplings are fixed at those
values which are mentioned in the text. In the 7-sector, we choose for the plot (b) Yi, = Y3, =0,
(C) Yir =Y3 =0, (d) Yir =0 & Yy =0.01, (e) Yy =0.01 & Y3, =0, (f) Yi; = Y3, =0 and (g)
Y1 =0 & Yy, = 0.01. In the plots (a), (d), (e), (f) the projected future bounds corresponding
to Br(¢y — £g7y) and Br(¢, — 3{g) have been marked with the black and magenta horizontal
lines respectively.

5.2.3 Numerical results

Here, we will particularly identify the allowed regions of parameter space associated with
free parameters and masses as introduced in eq. (5.1), in regard to different cLFV decays.
Some of the free parameters, as already tuned by Aa; (i € e, ), collider or the electroweak
precision searches would be set within their allowed domains. In figures 9 and 10, the
variation of branching ratios for the different cLF'V processes with respect to the relevant
couplings have been shown for M, = 300 GeV and 1200 GeV respectively. We have followed
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Figure 10. Variation of Br(¢, — £37) (Red) and Br(¢, — 3{3) (Blue) as a function of Y, [ = 1, 3, 4].
Input parameters are set as M, = 1200 GeV, Mg = 130 GeV, M,, = 800 GeV, M, = 190 GeV and
M,, =120 GeV. In the p-sector, i.e., for plot (a) the e and p-specific couplings are fixed at those
values which are mentioned in the text. In the 7-sector, we chose for the plot (b) Yy, = Y3, =0,
(C) Yir =Y3 =0, (d) Yir =0 & Yy =0.01, (e) Yy =0.01 & Y3, =0, (f) Yi; = Y3, =0 and (g)
Y1 =0 & Yy, = 0.01. In the plots (a), (d), (e), (f) the projected future bounds corresponding
to Br(¢y — £g7y) and Br(¢, — 3{g) have been marked with the black and magenta horizontal
lines respectively.

a particular color code for all these plots, i.e., the red signifies Br(¢, — ¢37) while blue
stands for Br(¢, — 3¢g). The horizontal lines specify the present experimental bounds [see
table 3] on the respective cLFV processes as indicated by the color code. Moreover, to
have an idea of the future prospects of our results, in the plots (a), (d), (e), (f) [of figures 9
and 10], the projected future bounds corresponding to Br(¢, — ¢37v) and Br(¢, — 3(3)
have been marked with the black and magenta horizontal lines respectively.

For the numerical set-up we have fixed,

o Scalar masses: M, = 300 GeV and 1200 GeV, Mg = 130 GeV. Here, figure 9 considers
M,, = 300 GeV and figure 10 assumes M,;, = 1200 GeV.
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« Vector lepton masses and mixings: M,, = 800 GeV, My, = 190 GeV, M, = 120 GeV,
and sinf = 0.01.

 p-specific flavor dependent couplings: Yy, = 0.0 and Y3, = 2.3.
e e-specific flavor dependent couplings: Yi. = 0.2, Y4 = 0.2 and Y3, = 0.0.

So, at this point, we are left with only four flavor specific free parameters, i.e., Y1, Y1,
Y3 and Yy,. Our aim would be to constrain these free couplings using the present and
future limits of the cLF'V branching ratios for ¢, — ¢gy and ¢, — 3{g processes (where
a,B = e, u, 7). Thus, we have varied the free couplings randomly, and calculated the
corresponding values for Br(¢, — ¢3y) and Br(¢, — 3{3). Focusing on a particular flavor
at a time, in the following, we present the possible 2-body and 3-body decays.

o Br(p — evy) and Br(u — 3e): the first rows of the figures 9 and 10 depict the
variation of u — e branching fractions. Here the relevant couplings can be read as
Y(1,3,4)i ~ (i = e, p). However, only Y7, can be regarded as the free parameter since
all the other couplings have already been fixed by the precision measurements of
and e anomalous magnetic moments. As can be evident from the plot, for Y7, < 1074
both the Br(x — ey) and Br(u — 3e) can be made satisfied. This explains our choice
for Y1, in the earlier (g — 2), analysis. Thus, to have a simultaneous validation of the
(9 —2), and cLFV constraints (i.e. Br(s — ey) and Br(u — 3e)) one certainly needs
a much smaller value of Y7, (~ 107%).

e Br(7 — pv) and Br(7 — 3u): the second rows of figures 9 and 10 correspond to these
processes. All the u specific couplings are already fixed: Y3, and Y, have been set
to their earlier values and Y;, = 107% is considered (in accordance with figures 9(a)
and 10(a)). Thus we have varied the 7 specific free parameters Yj, (j = 1,4,3)
and calculated the branching ratios. The allowed ranges of these couplings where
Br(r — w7v) and Br(r — 3u) are satisfied, can be seen from figures 9 (b), (c),
(d) and 10 (b), (c), (d) respectively. Clearly, only meaningful constraint can be derived
for Y3, which reads as Y3, < 0.04. The bound can be placed using Br(7 — 3pu)
which seems to be much stringent compared to Br(7 — py). This is a result of the
Z-penguin dominance in that region of the parameter space.

To illustrate it further, we focus on the dominant parts of v penguin contributions. In
case of photon initiated 2-body Br(¢, — £g7v), or 3-body Br(¢, — 3¢3) decays, dipole
terms become more important, and specially the most significant parts read as:

2 2
) _ . Pt | 2M, M5, 2M,, M5,
A7 D &nGcosH[YLBYM{ mgal F (M%l - ya M%O

@

2M M? oM M?
Y, Yoc X1 F X1 o XOF X0 ) 5.9
+Yaghs {m (M) me, (M)H (529

The other terms related to dipole or monopole terms are proportional to the products
of the other flavor specific couplings Y13Y14, Y45Y4a, Y33Y3,. However, generically,
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considering the couplings for any «, 8 are of the same size, these terms are few
orders of magnitude smaller compared to Agn). For 7 — u cLFV processes, Agn) x
sin 6 cos 6(Y1,Yar + Y17 Y4,), thus extremely suppressed, unless Yy, is reasonably large.
This suppression can be attributed to the tinyness of sin # and our choice of Yukawa
couplings. In fact Ag") may become large if Yy, is reasonably large or moderate. This
can be verified from figures 9 (c) and 10 (c) where due to the choice of Y1, = Y3, =0,
the 2-body process dominates over the entire range of Yy,. Similarly, based on
the relative choice of Yukawa couplings the Z-penguin diagrams may become more
important or comparable to the v initiated ones in some cases. For illustration,
we choose a particular set of 7-specific couplings as mentioned in the captions of
figures 9 and 10. For example, in figures 9 (b), (d) and 10 (b), (d), Yz = 0,0.01
have been chosen respectively, thus, v penguin is always suppressed which results
in the dominance of Br(7 — 3u) over Br(r — py). We may note here that, in the
(v — e processes, the choice of parameters (particularly Yy, = Y3, = 0 and Y7, = 107%)
makes the 3-body BR always suppressed in comparison to that of 2-body (see the

first row of the figures 9 and 10).

e Br(7 — ey) and Br(7 — 3e): third rows of figures 9 and 10 show the plots for these
two processes. Here the only free parameters are Yj, (j = 1,4, 3), as the electronic
couplings are fixed by the (g — 2), results. Indeed, the 7 specific parameters are
same as in the 7 — p analysis. The ranges of Y}, couplings where Br(r — e) and
Br(7 — 3e) can be simultaneously satisfied, have been shown in figures 9 (e), (f) and
(g) and 10 (e), (f) and (g) respectively. We may observe that Z-penguin diagrams
become dominant over photon penguins in figures 9, 10 (f) since Yj,Yj. can now
contributes significantly. From these plots (figures 9 (e), (f) and 10 (e), (f)), we are
able to constrain the two 7-specific couplings as: Y7, < 0.5 and Yy, < 0.7. Note that,
the variation of BRs with respect to Y3, has been appearing as two horizontal lines,
implying that the BRs are apparently independent of this coupling. This result is
a sole outcome of the choice Y3, = 0. Since in both Br(7 — ev) and Br(r — 3e),
the coupling structure appears as Y3.Y3,, putting Y3, = 0 automatically ensures the
invariance of the BRs with respect to Y3,.

So finally, collecting all the constraints, i.e., from the anomalous magnetic moment data
and non observation of the cLFV processes, we find that all the flavor specific couplings
Y1 3.4 may assume ~ O(1 — 10~%) values, some of which may be tested in the near future.

5.3 Z and h observables

1) Invisible decays Z, h — xoXxo: in this model, a light DM is natural and the parameter
space associated with it can be observed to be consistent with the all low energy
data. It is well known that for a light DM, invisible decays of Z and h which lead to
Z,h — xoxo can be substantial to constrain the parameter space. The corresponding
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Figure 11. (a) The allowed values of sin 8 for different DM masses (< Mz /2 ~ 45 GeV) from the
invisible Z decay constraints and (b) from the invisible h (< M}, /2 ~ 62 GeV) decay constraints.

decay widths are given by,

. 1/2
1 ¢*sin* 0 2M?2 4M?
IN#A = — Mz, |Z—2|(1 X0 )11 - —X0 2
(Z = xox0) = oMz <cos2 0W> ( LV M2 (529
. 3/2
(Y5 sin 26)2 AM?Z,
r'(h = 2"""7 ) {0}
(h = x0Xo0) Tom M w2 ,
(My, —

where, Y5 = —Uig’“’) sin 20, with M, fixed at 800 GeV. We also plot the valid
regions in sin # — M, plane. For depicting our results, we use (i) the observed invisible
partial width of Z boson, I'#? = 499 + 1.5 MeV which is below the SM prediction

W = 501.44 &+ 0.04 MeV at 1.50 C.L. [62] and (ii) the experimental bound on
invisible & decay reads as Br'™ < 0.26 [143]. Note also that, T$™ = 4.07 MeV, has

been taken [62].

Clearly, a more stringent bound on the model parameters comes from the invisible
h decay, compared to that of the Z decay, but for sinf ~ 0.01 the entire parameter
space is allowed.

Z — E?E;F,E;tff: The new fermions f = xo, x1, L1, Lo and the scalars s =, S can
lead to Z — ¢;{; decays. Rare charged lepton flavour violating (cLFV) Z decays
also inherit a possible complementarity test with low-energy cLFV searches. The
current LHC limits put stringent bounds compared to the old limits obtained by the
LEP experiments on the three flavor violating decay modes of Z boson. Similarly,
future sensitivity can be estimated from [144] which considers the future ete™ colliders
CEPC/FCC-ee [145, 146] experiments assuming 3 x 10'2 visible Z decays. The present

limits and the future bounds can be read as,

a) Br(Z — etu®) < 7.5 x 1077 [147]; 1078 — 10710 [144]
b) Br(Z — e*7F) <5 x 1076 [148, 149]; 107° [144]
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Figure 12. Representative diagram for Z — ¢;¢; processes. Here f = xo0, x1, L1, L2 and s €, S.
The indices stand for 4,j = e, p, 7 and o, 8 = 1,3,4 (see eq. (2.14)).

Yle YSe Y4@ Ylu Y3u Y4u le’r YE’)T Y’4’T
02]100]02]107%*23]001]00]0.01]|06

Table 6. Values of the Yukawa couplings for the evaluation of Z — £;¢;.

¢) Br(Z — p*7rF) < 6.5 x 1076 [148, 149]; 1079 [144]
The branching ratio can be expressed as [150, 151],

Br(Z — (F(F) = m (J‘KZZ) (1FL? + [FrP?), (5.30)
where, sin260y = 2sinfy cosfyy, Fr, and Fr are defined via egs. (5.19)—(5.21)
and (C.10). Here, considering the on-shell decay of Z, My dependence has been
incorporated in the definitions of F, and Fr. The form factors F}, and Fg control
the loop induced couplings for ZE:EE;E; its numerical values (|F| = |Fg| ~ 107°) can
be found to be orders of magnitudes suppressed compared to the tree level couplings,
specially in the parameter space where cLFV contraints are satisfied. The total
width I'z includes the contributions from all the new BSM modes in addition to
the contributions from SM. For numerical evaluations of the branching fractions,
we consider the parts of the parameter space where all (g — 2),, cLFV, and DM
abundance are simultaneously satisfied. Thus we fix M, = 300 GeV, Mg = 130 GeV,
M,, = 800GeV, M,, = 120GeV and M, = 190GeV, as chosen in the previous
sections. All the Yukawa couplings are fixed at values, as given in following table 6
which will subsequently be helpful to obtain a correct relic density for the DM.

Substituting these values in eq. (5.30), we get the following branching ratios:
o Br(Z — e*uT) =4.16 x 10716

e Br(Z — et7T) =748 x 10719

e Br(Z — p*rF) =5.67 x 10711

The first branching fraction is much supressed due to the choice of the Yukawa
couplings. Thus, the chances of observing the LFV decays of Z bosons even in
the future are not quite attractive. Similarly, we have observed that BSM loop
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Figure 13. Representative diagram for h — ¢ processes. Here a,b = 0,1 and «, 8 stand for the
flavor specific new couplings = 1,4 (see eq. (2.14)). Leg corrections are also considered (not shown).

contributions to Br(Z — (*(T) (£ € e, u,7), arising in our framework are lying below
the present limits [62].

3) h — (T{F: The radiative corrections to Yukawa couplings of SM leptons () can also
be generated through the new neutral fermions xg, x1 in the loop (see figure 13). The
new physics contributions at one loop can be calculated as,

- Y:
h_ _15 b 2 2 2 2 a2 2 2 2
P=rem Y [Yavh Mo (0,0.m3, M, M7 M, ) 4 Bo (i, M3, M3, )
a,b=0,
2

+ My, My, Co (0,0,m3, M2, M2, M2, ) } = ()" Bo (0,M2,, MZ) |,
(5.31)
where, in terms of our definitions of Yukawa couplings, we define Yo? = Yy and

Yo}ﬂ =Yy for £ € e, u, 7. Similarly, Y5 has been recast via eq. (2.13) with sinf = 0.01.
The corresponding decay width is [62],

1
2
Tmj,

3/2
D(h — £0) = ¥}y (md — 4m?) ” (5.32)
where, Ye’é = YESM +§7Zh. Now, for the same masses and Yukawa couplings as discussed
for the flavor violating Z decays (also see table 6), I'(h — ee/uu) has been found to
be practically unchanged to the corresponding SM value.

4) Contribution to W*¢Fy, vertex: The one-loop correction to W — fv; process as
shown in figure 14, results in,

- Y1Y:
w_ Y1Yag 2 M2, M?  M?
T 16vzee [Mfzco (0.0, 0y, M2, M7, M) +
(Mpy +Mp) g (0o 2o 2, M2, M3, M?
W{ (MS - MfQ) CO (0707MW7MS’Mf1’Mf2>

+ Bo (Mfy, M}, M3, ) — Bo (0, M}, M3) }] , (5.33)
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Figure 14. Representative diagram for one-loop correction to the W — fv, vertex.

where, Cy, By are the standard PV integrals. My, and My, correspond to the masses
of VL leptons f; and fs respectively, while m, stands for the mass of SM lepton. We
are assuming the neutrinos to be massless.

Clearly, V" will include the desired corrections at one loop to W*¢Fu, vertex due
to presence of the BSM states. However, we find the total contribution to be much
suppressed. For having an estimate about the most significant part in it, we consider
fi=LF, fo=1L19, ¢ =pand s = S. In this case, the general couplings in eq. (5.33)
can be read as, Y7 = Y3 = Y3,. We set the masses and couplings in accordance with
our previous discussion i.e., M, = 190 GeV, Mg = 130 GeV and Y3, = 2.3. With
these choice of parameters, one can directly get, V" ~ 1079, thus smaller than its
tree level values.

As evident from the discussion, in our model, gauge boson-leptonic vertex does not
receive any meaningful contribution at all. In fact, both Z¢*¢¥ and W*¢(¥y, can
be considered at their SM values, thus, processes involving leptonic or semileptonic
decays of mesons, e.g., K; — up, K — mvv, or By — up, or precisely measured
CKM elements can be completely determined by the SM physics.

6 Dark matter phenomenology

This model may offer a singlet-doublet dark matter; phenomenology of such scenarios have
been studied in detail [42-50]. Here we would simply check that if all the couplings which
are already constrained by the different precision and collider bounds, can provide us with
an acceptable DM relic density, consistent with SI DM-nucleon elastic cross section bounds.
After EWSB, xo — a dominantly singlet-like state, odd under Zs x Z/ symmetry can
be considered to be the lightest particle — thus a valid DM candidate while the other
neutral state x; carries a strong doublet-like nature for a small mixing angle 6. In general,
the singlet-doublet mixing parameter 6 is completely controlled by the SI direct detection
bounds (much stronger than the EWPO constraints); usually, only a very tiny 6 is allowed.
We have fixed all other BSM particles (L{E, L;t ’0, n, S) at a heavier mass scale, discussed
as in our previous exercises. Since a small M,, is preferred from cLFV and Aa,, we may
focus on the parameter space with a light DM.
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Figure 15. The most dominant annihilation channels contributing to the relic density. This is
particularly true when the other input parameters are fixed at the values shown in table 6.

The relic abundance of DM in the universe as obtained from the PLANCK data is
Qparh? = 0.1198 4 0.0012 [152]. The singlet-like fermionic DM xg, being the lightest odd
particle and stable under the imposed Zs x Zj symmetry, was in thermal equilibrium in
the early universe through its interaction with the SM particles. But at a point of time (or
temperature: T' < T'tpeezeout) it gets decoupled from the thermal bath when the interaction
rate fell shorter than the expansion rate of the universe. The relic density of the DM can
be obtained by solving the Boltzmann equation, given by,

CC%L +3Hn = —(oeg v) (n2 - ngq) (6.1)
where H is the Hubble constant, (oeg v) is the thermal averaged cross section of the DM
annihilating to the SM particles and n signifies the number of interacting particles, with
the subscript ‘eq’ designating its equilibrium value. Though, for doing the numerical
analysis we have used micrOMEGAs [153, 154]. After implementing the model parameters
in LanHEP [155], the output files have been used as the input for micrOMEGAS, to
solve the Boltzmann equation numerically and for calculating the relic density. Here, the
mass parameters have been fixed at the same values as was done in section 5, with M,
assuming the lower value, i.e. 300 GeV. For the flavor dependent Yukawa couplings, which
are restricted by the cLFV and (g — 2), bounds, we choose them at the representative
values, shown in table 6. We also note here that though the choices for Y4, or Y3, are
somewhat different than the values in figure 9 and in figure 10, we have checked that the
cLFV constraints are completely unaffected.

The other meaningful coupling for DM phenomenology is Ys; (=Y5(15), as in eq. (2.14)))—
the interaction between DM, singlet scalar S and the right handed neutrinos vgr;. The same
coupling controls the calculation of neutrino masses [see section 4]. Here we set Y without
affecting the neutrino masses and mixings, e.g., Ys, = 0.13 is taken.

In this model, there may be a number of annihilation channels which can contribute to
the relic density calculation. The order of dominance of these channels changes with the
choice of the other input parameters. Here, figure 15 shows the most dominant annihilation
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Parameters M,, =120 GeV
My, =800GeV | xoxo — 77 (49%)
M, =300GeV | xoxo — vrVr (49%)
Mg =130GeV | xoXo — vrVr (2%)
My, =190 GeV

sinf = 0.01

Qoh? = 0.103

Table 7. Dominant (> 1%) annihilation channels relevant in determining the relic density at
M,, = 120 GeV.

Mg = 130 GeV ; M, =800 GeV ; My, = 190 GeV ; sin = 0.01 . siné = 0.01
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Figure 16. (a) Variation of Relic density as a function of DM mass M,,, when M, = 300GeV. (b)
Allowed paramter space projected over the relic density plane.

channel for the chosen parameter space. We have listed the annihilation channels at
M,, =120 GeV in table 7.

Figure 16 (a) depicts the variation of relic density with respect to M, for siné = 0.01.
The horizontal straight line at Qh? ~ 0.12 is the central value for the acceptable DM relic
abundance, while the red line signifies the calculated relic density in this model as one
varies M,, in the range of [1 — 125] GeV. Figure 16 (b) represents the allowed parameter
space projected over the relic density plane. Here, the blue dotted region corresponds to
the comeplete parameter space which has been obtained by varying all the parameters
randomly, while the red patch stands for the region which is simultaneously allowed from
the (g — 2)y, cLFV, EWPO and neutrino mass constraints. The parameters have been
varied within the range of M, — [1: 125], M,,, — [700 : 2000], Y1, — [1075: 1071], Y1, —
(1073 : 2], Yy — [1073 : 2], Y — [0.01 : 1], Y7, — [0.01 : 5], Yy — [0.01 : 5], Yy — [0 1].

In our model xg —nucleon SI scattering processes, mediated by the Higgs and Z bosons
are shown in figure 17. The SI scattering cross sections per nucleon corresponding to the
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Figure 17. Feynman diagrams contributing to the SI direct detection cross section.

Z-mediated diagram of figure 17 is given by [156-158],

G2 . 2
o3l = 275142 [(1 — 4sin? Hw) Z—-(A- Z)} sin’ 0, (6.2)

where, ‘A’ and ‘Z’ represent the mass number and atomic number of the target nucleus
MXOmN
Myo+mpy
mpy being the mass of nucleon (proton or neutron). The second contribution in direct

respectively, Gp is the Fermi’s constant, u, = ( ) ~ mpy defines the reduced mass,

detection comes from the h-mediated diagram and the corresponding SI cross section per
nucleon is given as,

2
ol =2 [z (A= 2)5] (63)

where the DM-nucleon effective interaction strength can be parameterized as,

= 3 #a M3 mN. (6.4)

q=u,d,s q=c,t,b

My, — MXO)sm 20
2vmh ( )

Where N = n,p and a4 = %?1:;29 (51 =

matrix element as determined in the chiral perturbation theory from the pion-nucleon

qu is the nuclear

scattering sigma term, and the gluonic part fq(%) is given by,

fre=1-% ). (6.5)

q=u,d,s

Thus for a fixed My, the above equation becomes only a function of M,, (DM mass) and
the mixing angle . Here we note that, Higgs contribution to SI scattering can be completely
evaded if one considers the light-quark Yukawa couplings to assume non-Standard Model
(non-SM)-like values [159].* For generating the numerical results we have used the code
“micrOMEGAS”, as was done for studying the relic density, and analysed the variation
of SI scattering cross section as a function of DM mass for sinf = 0.01. In figure 18 the

4See ref. [160] for radiative generation of such non-SM-like Yukawa couplings.
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Figure 18. Variation of SI scattering cross section as a function of DM mass M,, when M, =
300 GeV.

variation of SI cross section with respect to M, is shown by the red line. All the other
mass and coupling parameters are fixed at the same values as was done for the relic density
analysis [see table 6]. Mostly, for the entire parameter space, the og; becomes effectively
independent of the DM mass, since the Z-mediated scattering process (shown in figure 17)
appears as the dominant contributor to the total SI cross section over this mass regime.
From the observational side we have mainly considered the LUX [52], PandaX-II [161]
and XENON 1T [51] limits, which show that the calculated SI cross section, proportional
to sin? @, lies much below the present bounds for the entire mass range. However, the
future projected limit coming from LZ collaboration [162] may probe only a parts of the
parameter space [see figure 18]. Further, due to Z-mediation there is a small amount of
SD cross section as well, but it is observed to be far below the existing limits. Moreover,
note that, the direct detection cross section has no dependence on the Yi;, Y3; and Yy,
couplings, which directly govern the (g — 2); and cLFV phenomenology. Therefore, under
the variation of different Yukawa couplings (as was done in figure 16 (b)), the og; remains
mostly unchanged.

7 Conclusion

In this paper, we have studied a simple extension where SM is augmented with a pair of
vector like lepton doublets L; and Lo, a SU(2) doublet scalar 7 in particular. Similarly,
singlet-like states including a scalar .S and a singlet fermion 1 are also considered for specific
purposes. An additional Z5 x Z/ symmetry has been imposed under which all the SM
fields are even while the new fields may be odd under the transformation. Adopting a
bottom-up approach, in this paper, we systematically scrutinize the parameter space in
terms of the allowed couplings and masses to obtain: (i) the Dirac masses for the SM
neutrinos and mixings through a radiative mechanism, (ii) electron and muon (g — 2)
discrepancy simultaneously while considering the cLFV and EWPO constraints and finally
(7i7) a viable DM candidate, consistent with direct detection observations so far.
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We start with our proposed model where the new interactions have been introduced.
Subsequently we discuss about the relevant constraints on the new parameters by reviewing
the different experimental constraints related to the lepton (¢—2) observations, cLF'V bounds,
vacuum stability conditions, electroweak precision constraints and collider observables. In
our model, L1 and © may mix to produce the physical states, and the lightest state xo can
be regarded as the dark matter. Electroweak precision parameters and, more importantly,
the null results from the dark matter direct detection experiments require a small mixing
between L1 and v; thus we choose sinf = 0.01.

We have shown that in the absence of a tree-level neutrino mass (being forbidden due
to the imposed symmetry), one can generate the correct neutrino mass matrix at one-loop
level if the Z} is allowed to break softly. The masses and mixings may be controlled by two
free parameters Yy (15 and Yg(1;) which do not have any effect on the charged lepton flavor
u/e or different cLE'V processes like £, — €3y and £, — 3(5. We
have performed a comprehensive study to show the interplay between different charged and

processes, e.g., (g — 2)

neutral vector like leptons for satisfying (g — 2). and (g — 2),, bounds simultaneously. A
moderately large coupling Y3, is required to tune (g —2), while Aa. can easily be controlled
with other O(1) couplings. Further, the same diagrams are able to generate ¢, — g7y
processes when a # 3. For the 3-body processes like £, — 3(3, we have considered all the
Z and photon penguin diagrams along with the box contributions. Numerically, we have
calculated Br(¢, — £gv) and Br(¢, — 3/g) for different lepton generations and shown their
variations as functions of the relevant couplings for two sets of doublet scalar masses (M, ~
300 GeV and 1200 GeV), along with their respective experimental bounds. These cLFV
constraints, in addition to the lepton (g — 2) results set an important exclusion limit or
upper bound for the different Yukawa couplings present in this model. Here, we note that,
larger mass value of 7 is not at all disfavoured in the context of tuning the charged lepton
flavor conserving or violating processes. However, the vector like leptons, especially Lo
has to be light (< 200 GeV), otherwise, the relevant coupling Y3, may have to be raised to
accommodate (g — 2),,. Moreover, in the parts of the parameter space, Z-dominance over
the v-penguin in the computation of the 3-body charged lepton processes may be observed.
Finally, the dark matter phenomenology of the singlet-doublet xyo DM has been presented.
As shown, a light DM can comply with (g — 2),, bound, though in general TeV scale values
of DM are allowed in our model. This minimal model can be tested at the LHC. Presently
a stringent bound can be realized on the mass of vector like leptons L1 and Lo, though the
mass difference between the VLs and the inert doublet 1 can be tuned to evade the strong
bounds on them. The mass splitting does not have any role on the lepton phenomenology
which we have exhaustively studied here.
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A Feynman rules for the leptons and scalars

In this appendix we list all the Feynman rules required for our calculation. These rules have
been expressed in physical eigen basis for particles: neutral scalar sy = (7%, 5), charged
scalar n, neutral VL fermions x, (a = 1,0) and charged VL fermions L; (a = 1,2).

Scalar interactions. The Feynman rules for scalar interactions are given by,

4 ¢
e .- = i(NEPy + N Pp) e i(NLPL+ NEPr)
n* nt
X(l X(l
l; b
_——— e — = i(ClxPL + Clx Pr) _——— = = i(ClxPr+ CliyPr)
sX Sx
L, L,
R _ , : T _ . NL — vy ; I
Where, N,; = YyU,, with Uy = sinf, Uy = —cost; N;; = Y,U;, with U} =

cosf, Uy =sinf and Ck, = Y], CR =0, Ck, =0, CE, = V3.

1

Z boson interactions. The Feynman rules governing the Z boson interactions are

given by,
4 sx(p)
’
’
Z, Z, ,
u(91PL + 95 Pr) AVAVAVAVAVAV S i(p+ @)uQxy
\
\
¢ sy(q)
Xa L,
le Z;L
(B PL+ Egy" Pr) (g Py + Egy Pr)
Xb Lb

— 41 —



. g(Le) = —Cosgew (—% + sin? Oy ), gg) = —3 Osgew sin? Oy are the left and right chiral

couplings among two SM leptons and Z boson respectively, g being the SU(2),

coupling constant.

cos 260
o Qu = Qo = —ggngs & Qi = =507, Q22 = Qss =0 and Q12 = Qa1 =0
are the Z-scalar-scalar couplings.

. L L .
o For neutral VL fermions: Ell’R(n) = —m cos? 0, EOO’R(n) = _ZCogGW sin? 6,
E{“O’R(n) = EOLI’R(H) = —5—4d gy sinf cosf and for charged VL fermions: ElLl’R(C) =
E2L2’R(C) = — o (—% + sin? QW), ElLéR(C) = EQLI’R(C) = 0 are the Z-fermion-fermion
couplings.
Photon interactions. The Feynman rules for - interactions are given by,
¢ L; - (p)
’
/
N ) , 7
Vi T Vi ’
i, iendn ANV ie(p+q)y
\
A
\
_ \
¢ Ly 7(q)

B The Loop functions

In this appendix, we have listed the explicit forms of all the mass functions. The two point

and three functions are defined as,

2 9 21 (M3
By (m2.m2) = — %+ Lz = md +2miIn (33) B.1
1\my,my ) = 2+2nm2 9 on 2 ) ( )
4 (mf —m3)
1 m3Anm? —milnm3  mllnm? — m3lnm3
2 2 2 1 1 2 2 1 1 3 3
Co (m17m27m3) = T2 —m2 [ m2 — m2 - m2 — m2 ) (B.2)
2 3 1 2 1 3
~ 1
4C94 (m%,m%,m%) =Cpy (m%,m%,mg) + B
3 1 milnm? —milnm3  milnm? — milnm3 (B.3)
2 mi—m} m? —m3 m? —m3 S
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The functional forms for the four point functions relevant in case of Box diagrams are

given by,
m?2lnm? m2lnm?2
Dy <m2 m2,m2 m2) —_ 1 1 4 5 Inmj
b)) ot =) () ) ) (o)
B m3lnm3 L m3Inm3
(mf—m3) (m3—m3) (m§—mj) ~ (mi-m3) (m3—m3) (m3—mj)’
(B.4)
- nm? malnm?2
D (m2 m2,m2 m2) =— mi L + 2 2
O T T (mf—m3) (mf—m3) (mi-mj) = (mi-m3) (m3—m3) (m3—mj)
_ m3Inm? n mjilnm?
(mf—m3) (m3—m3) (mg—m3)  (mi-m3) (m3—mj) (m5—m3)’

(B.5)

The other functions appearing in the expressions of the dipole and monopole terms of the
~v-penguin are defined as:

1—7r242rlnr

R (r) =——3—,
2(1—r)

1 —6r+3r2+2r3 —6rilnr

FQ(T): 1 s
6(1—r)

24+ 3r—6r2+r3+6rlnr
F3(7”): 6(1—7’)4 )

2 —9r + 1872 — 1173 + 6r3In 7
F4(’l”): (1—7")4 )

16 — 457 + 3672 — 7r3 4+ 6(2 — 3r)Inr
F5(r) = A=) . (B.6)

C Expressions for the charged leptons decays

In this section, we present the general and explicit results for the on-shell and off-shell
decays of the charged leptons.

C.1 £, — £57

The on-shell amplitude, mediated by the dipole operators, can be expressed as,

Loy D etug [imgaa‘“’qy (A%PL + A2RPR)} uq Ay + h.c. (C.1)

Here e is the electric charge, ¢ is the photon momentum, P r = %(1 F 75) are the usual
chirality projectors and the lepton spinors are denoted by u,, g, where «, 3 stand for the flavor

indices. The coefficients in eq. (C.1) can be written as, Ay = Ag’”‘)L’R + AéC)L’R

and ‘¢’ indicate the dipole contributions from neutral and charged fermion loops [shown in

, where ‘n’
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figure 3] respectively. The general forms for Agn)L’R and AgC)L’R are given below:

7‘12 7\[2
(’I’L)L _ 1 L R 2 Xa Lx
AP = s %lNﬁaNa; (mf 2 i) 2 + Nk NE R ;

my M?
NR NR* ( 6) F Xa C.2
+ Ba*VYaa me, 2 M?? ( )
AT = AP Lo, (C.3)
2 2
L _ 1 my Mj 1 My
Ay 3272012 CihaCl ; F; ( M§2 + ELIVE ChnCHFs Fgl : (C.4)
¢)R 1 my Mlz/ 1 MIQJ
Ag) = 327T2M2 Cﬁllcozll ZB F3 < M21> + 3971 2M2 05220 22F3 (]\45 . (05)

C.2 £, — 343

The amplitude for such a process like £ (p) = €5 (p1){5 (pg)ﬁzg (p3) can be decomposed into
three major contributions given by,

M (€5 = 650565) = My + My + Mapox. (C.6)

In general there should be a contribution from Higgs penguin diagrams (i.e. M) as well,
but one can neglect it in most cases, in comparison to the other three contributions of
eq. (C.6). Different contributions can be expressed as follows:

e Photon penguin contribution: the monopole and dipole contributions can be calcu-

lated from,
M, = g () |y (ALPL + AT PR) + im0 q, (A PL+ AF Pr) | ua (p)
2
e” _
< 2 (p2) Yuvg (p3) — (p1 <> p2) - (C.7)

The explicit form of the Wilson coefficients A% and AL are already described in
egs. (C.2)—(C.5). The coefficients associated with the monopole operator can be
calculated as,

n % ]\42 n n),
A" MlNﬁaNg F4<Mz )] AP = AT g, (C.8)
o)L M 2 )R 1 M 1
Ag) - 5762]\42[05220@2 ( - >1a Ag ) = T 576m2 02 [anc ( L )]

(C.9)

e Z penguin contribution: Feynman diagrams are shown in figure 7. We have calculated
the coefficients as follows:

L (pl)[v"(FLPLJrFRPR)}ua(p)ﬁzs(pz)[w (gg{)PLJrg%)PRﬂvﬁ(ps)—(pl < p2),

MZ :Wuﬁ
Z
(C.10)
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where, as before, Fr p = F énj)% + F écz{. The expressions for these form factors are
given below:

)1 R ArRx | pR(n) 9 a2 a2\ 1
== 1672 [NBbNaa {Eba <2C24 (Mn’an’MXb) 9
L
— B M, M, Co (Mg, M2 Mib) }
+ NE NG {200 Con (M2, M2, 02) b4 NENE{ g By (M2, M2) }} :
(C.11)
F(C)_ 1 ok R+ ER(C) 20, ( M2 . M?  M? 1
L __@ BaX“aaX aa 24( XL, La)_§
— L My, My, Co (M3, M, M3,) }
OB LR L90xxCou (M2 M2 M2\V+CE B {098 (M2 M2
+ BaX“YaaX QXX 24 Lo X, x + BaXVaax 191 D1 Lot X )
(C.12)
FM=F"or, FO=F0n (C.13)

e Box diagram contribution: leading contributions are shown in figure 8.

Meox = ¢ BY [ug (p1) (v Pr)ua (p)][@s(p2) (vu Pr)vs (p3)]
+ & Bi'[as(p1) (v Pr)ua(p)][us (p2) (1. Pr)vs (p3)]
+e2By {[ap(p1) (V" Pr)ua(p)][as (p2) (1. Pr)vs(p3)] — (p1 ¢+ p2)}
+ 2By {[as(p1) (0" Pr)ua(p)]lig (p2) (vuPr)vs(ps)] — (01 < p2)}
+¢* By {[up(p1) (Pr)ua(p)][@s(p2) (Pr)vs(ps)] — (p1 < p2)}
+¢* B {[ws(p1) (Pr)ua(p)][@s(p2) (Pr)vs(p3)] — (b1 ¢ p2)}
+ 2By {[ap(p1) (0" Pr)ua(p)][@s(p2) (9,0 PL)vs(ps)] — (1 < p2)}

+¢* Bit {[ug(p1) (0" Pr)ua(p))[ts(p2) (0 Pr)vs(ps)] — (p1 ¢ p2)},
(C.14)

where, BiL’R — pWLE | Bi(c)L’R [i = 1,2,3,4]. The B-factors for the neutral

(2
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fermions (x1, xo) can be calculated as,

2BML _ 167T2l NENENENE: + Do My, My, NENSNE NRCL}, (C.15)
L L 1 Do Rx « Do R
2Bt = o2 l ; NENENE NE: 7MXaJ\4sz\fﬁaz\fa*NB,,N
Dy . . Do .
1 —ENENENENE: + 1 = NENLNE: NL;], (C.16)
2 p(n)L 1 L NRsNL VR Dy R n7 R
(& B3 = W DO MXaMXbNﬁaNaa NﬂbNﬁb MXaMXbN,BbNﬁbNaaN a |
(C.17)
2pmt _ 1 DOM M, NENE*NE NE C.18
€ Dy T 1672| 8 BbiVAED | (C.18)
B = B g, (C.19)
where,
Do = Dy (M2 M2, M2, M2) Do = Dy (M2 M2, M2, M2) (C.20)
And for the charged fermions (LT, L¥),
L 1 Do
623@ = 1622 C,BaXCaaXC,BaXCBaX] (C.21)
L 1 Do Dy
62B§C) = 1671'2 CﬂaXCaaXCﬂaXCBaX 2 M MLaCB(zXCaaXCBszCBaX]
(C.22)
2 ple)L 1] L
€ B3 = @ DO MLaMLaCBGXCaaXCBaXCBaX (C23)
2B =, (C.24)
BOF _ gOL, (C.25)
where,
Dy =Dy (M}, M}, ,M¥, M%),  Do=Do (M}, M}, M}, M%), (C.26)

with My = M;, and My = Mg. The generic functional forms for these Dy and Dy are
again available in appendix B.

The decay width for ¢, — Egﬁgé; can be obtained by considering all the possible
contributions coming from photon and Z penguins in addition to the box diagrams
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and can be expressed as [135, 136],
D(ly = (5l505) =

645

51273

16 me,, 22 1 R2 1 L2 R2
{31n<%>—3} S (BER +1BER) + L (1852 + B5P)

+ = (|B +[BF?) +6 (IBEP + | BEP) - % (BEBE" + BB + hoc.)

[y PP 4 |Af2 — 2 (AFAF" + AF AT + hoe) + (452 + |AFP) x

24
1 * *
+§(AfB1 + APBY + ALBY" + AFB” + hc.)
2 * * *
g(AfBL + AFBIY 4 AFB + APBY + hec.)
} 2(|F 2 2 2 2
co|” + |Frel”) + |FLr|” + |FRL]

T3
+ (BEFfL + Bt Fj + B Fin + Bf Fiy, + hoc.)
+2

(AFFL + Al FRp + hee) + (AFFEp + AR Fiy + he.)
-4

AFFip + Af Fp+ he) =2 (AFFhy + AR Fip + hee.) H : (C.27)
where,
)
FLQ(L
Fpp=——LJL Frp=F
LL = 5 5in? Gy DD rR = FLL|LoR,
FLQ%)
Frp=——75"—=5 Frr=F . C.28
N TS VER rL = FLR|LoR (C.28)

The corresponding branching ratio can be directly calculated as Br(¢;, — lyly €+)
Tl (lg — L5y Eﬁ ), Ta being the lifetime of /,,.
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