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We perform a detailed and comprehensive study of several flavor physics observables in both
lepton and quark sectors within the framework of an extended 2HDM theory where the inverse
seesaw mechanism is implemented to generate the SM fermion mass hierarchy. In that theory,
the SM gauge symmetry is supplemented by the local U(1)x and discrete Z4 X Zz groups. In
particular, we find that the leptonic flavor observables specifically, the branching ratios of charged
lepton flavor violating decays p — ey,7 — e(u)y as well as the anomalous magnetic moments
Aac(, strongly depend on the couplings of the neutral CP even(odd) Higgses with exotic charged
lepton E;, whereas other observables involving three-body leptonic decays BR(I — 3!’), Mu-Mu
transition and coherent conversion p — e in a muonic atom are predicted to be less than several
orders of magnitude compared to the corresponding experimental limits. Regarding the quark flavor
observables, the most stringent limits arising from the flavor changing neutral currents (FCNC) are
those involving the down type quark do — dp (a = 1,2, 3) transitions and including the branching
ratios of inclusive decay BR(B — Xs7v), pure leptonic decay of Bs meson BR(Bs; — p*p™), and
meson mixing Amg,B,,B,. Considering the obtained constraints from these observables, the new
physics contributions to other processes such as BR(Bs; — 77 u~), BR(BT — K*7777), BR(B* —
KtrTu™), as well as FCCC b — c transition, specifically LFUV ratios R+ are shown to be
remarkably small. Regarding the observables in the up type quark transitions, the FCNC top quark
processes t — u(c)y and ¢ — u(c)h have branching ratios consistent with the experimental limits.
Additionally, observables related to SM-like Higgs boson decays, such as LFV decays BR(h — I'])
and modified couplings a, s are also discussed.

I. INTRODUCTION

Without a doubt, the Standard Model (SM) is not complete, regardless of its incredible theoretical and phenomeno-
logical successes as indicated by the experimental confirmation of its predictions. However, the SM falls short in
addressing unsolved puzzles in both theory and experiment. One such puzzle is the unnatural hierarchy observed in
the SM fermion masses, which is extended by five orders of magnitude from the electron mass up to the top quark
mass. This mass discrepancy widens to thirteen orders of magnitude when considering the neutrino sector. Neutrino
oscillation experiments have revealed that active neutrinos have very tiny masses many orders of magnitude smaller
than the scale of spontaneous breaking of electroweak symmetry [1-12]. Moreover, the SM fails to account for the
substantial disparity between the patterns of quark and lepton mixings. While the mixing angles are small in the
quark sector, suggesting that the quark mixing matrix is very close to the identity matrix, the lepton sector exhibits
two large mixing angles are large and one small angle, which implies that the leptonic mixing matrix significantly
deviates from the identity matrix [13]. Additionally, the SM lacks an explanation of why there are three generations
of fermions and the absence of viable Dark Matter (DM) [14, 15] and is unable to accommodate the observed baryon
asymmetry of the Universe (BAU) [13, 16]. Furthermore, recent experiments have reported tensions between measure-
ments and SM predictions in low-energy flavor processes. For instance, global fit results for flavor-changing neutral
currents (FCNCs) transitions b — slTl~ and flavor-changing charged currents (FCCCs) b — ¢ show the significances
greater than 50 [17-23] and greater than 3o [24-26], respectively.

To address the aforementioned issues, many new physics (NP) models have been proposed by extending the SM
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including enlarged symmetries, [27],[28-34], expanding particle content [35-42]. Among these NP models, the Two-
Higgs-Doublet model (2HDM) [43, 44] is one of the most motivated BSM theories. Recently, the authors in Ref. [45]
have extended the 2HDM with the inclusion of the U(1)x X Z4 X Zs symmetry and new particles including gauge
singlet scalars, charged vector-like fermions, right-handed Majorana neutrinos. In that theory, the local U(1)x and
the discrete Z, symmetries are spontaneously broken, whereas the Zs symmetry is preserved. Within this setup, the
model can explain the hierarchy of SM fermion masses via the inverse seesaw mechanism which is implemented in
both charged fermion and neutrino sectors. Specifically, the second and first families of SM charged fermions obtain
masses from an inverse seesaw mechanism at the tree level and one-loop level, respectively. On the other hand, one
of the Higgs doublets, namely ¢, generates the top quark mass, whereas the other one, i.e., ¢, contributes to the
generation of the masses of the bottom quark and tau lepton. The tiny masses of active neutrinos are caused by an
inverse seesaw mechanism at a two-loop level, whose radiative nature is ensured by the preserved Z; symmetry. To
the best of our knowledge, this model is the first one explaining the mass hierarchy of the charged fermion sector
by an inverse seesaw mechanism. Besides, the model provides stable scalar and fermionic DM candidates due to the
preserved Zs symmetry. Furthermore, BAU is discussed via the leptogenesis mechanism. The flavor observables data
such as meson oscillations Amg g, p, and electron (muon) anomalous magnetic moments Aae, Aa,, are shown to be
consistent with the model predictions.

In the model, it is important to note that both charged and neutral CP-even (odd) Higgs bosons couple with the SM
and new fermions at the tree level. Furthermore, non-universal assignments between the (first and second) and third
quark generations exist under the extended local U(1)xsymmetry. This implies the existence of tree level FCNC
interactions between the SM up (down) type quarks, mediated by the exchange of the new neutral gauge boson
7', Consequently, the model provides rich sources for numerous flavor-violating processes in both lepton and quark
sectors at both tree and loop levels. It is worth noting that in Ref. [45], the authors just considered a few flavor
phenomenological studies within simplified assumptions of the scalar spectrum and couplings.

In this work, we aim to investigate in great detail both leptonic and quark flavor observables, including comprehensive
scalar contributions. For the lepton flavor observables, we study the lepton flavor violating (LFV) decays of SM-like
(anfg)theor
the LFV decays of charged leptons [; — l;7, three body leptonic decays I; — [;ll,, as well as the transition between
the muonium (Mu :uFe™) and antimuonium (Mu : g~e™),and  — e conversion in a muonic atom in detail. We also
revisit the anomalous magnetic moments Aa,(, in general case. In the quark flavor sector, we focus on observables
related to FCNC in down-type quark transitions. This includes the branching ratios of leptonic decay (Bs — uu™),
BR(Bs — 7t pu7), inclusive decay (B — X7), semileptonic decays BR(BT — K*7+77), BR(BT — K*7tu™) and
meson oscillations Amg g, p,. In addition, the FCCC b — ¢ transitions are also interesting, namely the lepton flavor
universality violating (LFUV) ratios Rp). Additionally, we investigate up-type quark flavor observables such as
FCNC top quark decays t — u(c)h, and radiative decays ¢t — wu(c)~y are probed as well.

Higgs boson h — [;l;, (i # j) as well as the deviation factors of A with SM fermions a;, 7, = . We investigate

The paper is structured as follows: In Sec. II, we revisit the particle spectrum of the model. Next, in Sec .III, we
obtain the benchmark points that satisfy the lepton masses and mixing spectrum. Sec. IV investigates the scalar
potential spectrum in detail. We provide analytical expressions for lepton and quark flavor observables in the following
section, and then carry out the numerical studies in Sec. VI. Finally, we summarize the main results in the conclusion
section.

II. THE REVIEW OF MODEL

In this section, we briefly review the extended 2HDM model with the universal inverse seesaw mechanism. The model
is based on the SU (3), x SU (2); x U (1), x U (1) x gauge symmetry supplemented by the discrete group Z4 x Zs.
The spontaneous breaking of the SU (3), x SU (2), x U (1)y x U (1) x x Z4 symmetry allows the radiative inverse
seesaw mechanism at two-loop level, resulting in the tiny masses of active neutrinos, while the Zs symmetry remains
preserved The scalar sector of the model consists of two Higgs doublets ¢, and ¢,, with different charges under U; (X)
and Z, symmetries, along with 10 gauge singlets. The particle spectrum of the model and their transformations under
the group SU (3), x SU (2), xU (1)y xU (1) y X Z x Z are displayed in Tables IITI,II With the previously specified
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particle content and symmetries, the following quark and leptonic Yukawa interactions arise:
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We would like to note that some of Lagrangian Yukawa terms in previous work [45] are not invariant under Zj4
symmetry if the Z, charges of particles are assigned as shown in this reference. For example, the first term in Eq. (1)
and the fourth, and fifth terms in Eq . (2) are not invariant concerning Z; symmetry. Therefore, in the present work,
we redefine the charges of particle content, as given in the Tables [,II and III, so that the structure of the Yukawa
Lagrangian terms for quark and lepton is maintained. In particular, the Z, charge of the new singlet charged scalar
¢ ;—L is assigned as +1, instead of —1 as in [45], thus giving it the same quantum numbers as the Charged singlet C 3-
Consequently, one of these charged singlets can be removed; for instance, we choose to remove C 3. However, the
new neutral singlet x is proposed to ensure that the fourth and fifth terms in the first line of Eq. (2) are invariant.
Therefore, the total number of scalar fields remains unchanged, and the results of previous work remain valid.

III. THE CHARGED LEPTON SECTOR

In Ref. ([45]), a detailed numerical analysis of the quark masses and mixing was performed, and the corresponding
benchmark point that successfully reproduces the quark masses and CKM mixing parameters were provided. However,
the benchmark point that successfully accommodates the lepton masses and mixings was not provided in [45] In this
section, we perform a numerical analysis of lepton masses and mixings. From the charged lepton Yukawa interactions,
it is found in [45] that the mass matrix for SM charged leptons takes the form:

Mp = C FrGEL + A 3
E E+ XEYE E + Ag. (3)
where
Ce+Ap Fp 031 R Vs
Mg = GL 0 Xp |, (Fe),=u"—=, (G}),=2"=, (GF),=0,
V2 V2
Oixs Yg mg
00y Y\ ; ;
C — ) 72, X = —_, Ye=2x i7 2—17273 n_1727 4
E 00 ys N E Z/E\/§ E E\/5 (4)

00y
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B R B e G r 0 i W m? ,
A = E (B), () (B, (E) (), (E) H; In H; (5)
1672 4 2; Wi 2; Wa; 2; W3y mZ, — m2 m2 |-
el 0 0 0 H: E E

The first term in Eq. (3) provides the dominant contribution to the SM charged lepton mass matrix and arises
from the renormalizable Yukawa interaction involving the SU (2) scalar doublet ¢,. resulting in the tau lepton mass.
Conversely, the second and third terms of Eq. (3) stem from the inverse seesaw mechanism at the tree and one loop
levels, respectively, contributing to the masses of muon and electron. By solving the eigenvalue problem of the SM
charged lepton mass matrix, we successfully reproduce the experimental values for charged lepton masses, [13, 46]
with the following benchmark point:

vg =~ 6 TeV, v, =v, ~1TeV, mpg~1.12653 GeV, mg ~ 4.243 TeV, (6)
v~ 0.0707, ySD ~ —0.0066, g ~0.0117, ¥ B ~ 0.086, y$¥ ~ —0.05, s~ —0.0364
o) =~ 00645, 2l ~ 0113,  yp=2p~13131, r} ~-0.0961, rs) 0 —0.0331

w? =~ —0.1, wy) = 0.0538, wy) =~ —0.0915, (7)

IV. SCALAR SECTOR

The full scalar potential of the model which is invariant under the gauge and discrete symmetries can be split as
follows following summation

V= V¢ + Vneutral singlets + ‘/charged singlets + ‘/odd Z5 singlets + Vmixy (8)

where Vg, Vieutral singletss Veharged singletss Vodd Z» singletss Vmix correspond to the scalar potential of two doublets ¢1,27
6 neutral singlets o, x,n,p, k,S, 2 charge singlets CfQ, and two odd Zy singlets ¢; 5 and mixing between them,
respectively. These different contributions are given by:

2
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where s; denotes the neutral singlets o, x,n, p, S, k, respectively. It is important to note that the couplings B;,i =

1,..,5 have mass dimension, whereas f;,j = 1,,,13 are dimensionless. Expanding the even Z, Higgs multiplets around
their minimum, excepting ¢, 5 since they are charged under Z; symmetry, we have
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From the minimization conditions of the scalar potential, we obtain the following relations
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A. Charged sector

From the scalar potential and taking into account its minimization conditions, we find that the squared mass matrix
for the electrically charged scalar fields in the basis (¢7 ¢35 ¢ ¢3)7 is given by:

_'UQ(fQUSUUJI'UlUQ(5\12_2>\l12)) Jav5vs+v1v2(A12—2005) frv2v, Bsvs
20, 2 2 V2
f21)5v5+1111)2()\12—2)\’12) _1)1(f21)51)(,+1)1112()\12—2)\/12)) _ fivive _ B3un;
M2 _ 2 2vs 2 V2 16
¢ frvavg fivivg M2 V2B2vs+f30n vy + fVo Uy ,( )
2 ) s (M )s3 2
Bsvsy B3v; 2B2vs+ f3n vy +fovo U 2
V2 T2 2 (Mc )44

where the 33 and 44 matrix elements are defined as
1 2 K
(M2)ss = g, + 5(2 ajnvl + Y Buv),
j=1 j=o

2 K
1
(M2)as = i, + 5(2 oV} + Zﬂjz%z-) (17)
j=1 j=o

This matrix contains one vanishing eigenvalue, corresponding to the SM Goldstone bosons Gy + associated with
the longitudinal components of the W bosons. The remaining eigenstates are massive and depend on the new
physics scales v,,.. g, which generally have very complicated forms. However, we can use the perturbation method to
approximately diagonalize this matrix in the limit vy 92 < vy, ., and B; ~ O(107% — 1072) TeV < v = \/v] + v3 ~
0.246 TeV, fi ~ O(1073 — 1072) < 1, assuming that all mass dimension(less) couplings B; and f; are the same for
different indices i. Additionally, we assume that the couplings between the doublet scalars ¢; 5 with charged singlets
sz satisfy aq1 ~ a2, a1 ~ g, Therefore, the original matrix can be split into two parts such as M? = M3 + M2,
where Mfo is the leading matrix obtained in the limit B,v — 0, and inversely M2 contain B,v terms. At the
first-order in O(v? /UEMH), we find that the physical masses and states of electrically charged scalars are given as
follows:

5 Jusve v2(A12 — 2X\)5)

mQGWi =0, mys~ S0 5 ) (18)
K
2 ~ 2 2 (5;1 + 532)%
Myx ~ 5 pE, g+ 5
j=o
) 2
"L (Bj1 — Bj2)v;
+ M%l —Mi +24J 2 =7 + [fox(vy +v5)]2
j=o

+02[OZ12 + o + (12 — a22) 24 4 3%820‘ (19)
1 V2

where the coupling f satisfies f < 0 to ensure that the squared masses are positive. The physical eigenstates are
related to the gauge eigenstates of charged scalars by the following relation:

(Gws H* Hif HyY)" =Ud(ey ¢3 ¢F 2)7, (20)
where the mixing matrix U, is given by
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and the mixing angles «, 6 and terms €1, €5 defined as

V2 oy (v + v5)
T T e, — g, + g:;:na(ﬁjl — Bj2)v7 /2 (22)
€12 = mziz —mi. = % “?1 4 “?2 + i: W
j=0
[ RS D g IR TN o (23)

j=o

B. CP odd sector

The squared mass matrix of the CP-odd scalar fields in the basis (63, ¢3; o1 n; X7 p; St kar)T can be written as:
2 2\T
ay = M (AT (24)
M3, M3,

where the submatrices an , are given by
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2 2
0 0
) _ favavsvs favsvs ) 0 0
_ 2 2 _
MAl - f2Uvalo _ favivsvs ’ MA2 - 0 0 )
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2
0 0
(ma ) (mi ) (mi)s 0 Lyvs Javavy
(mi )iz (mP,)2e (M3, )2 0 0 (m%,)2
w2 — | (Mas (mi)as (mh))ss 0 0 Javatn 3ty (25)
A b
3 0 0 0 (m?qg)44 (fi0 — fo)usus (m,243)46
Ly 0 0 (f10 — fo)vsvs (M3,)s5 (—f10 + fo)vsv,
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with some matrix elements of M3 defined as follows

_ fovivous + 9f40y02 + 4V2B50,0y + Uy (V2B1 + fsv, + f5vy)

2 _
(mAg,)ll - 2Ug- 9
2 o —3f4U§+UX(—\/§Bl +f8vn+f5vx)
(mA3)12 - 2 9
v ﬁB + fsv. — 2fsv
(m%,)13 = V2B50, — o(V2B: J;S L X)7
5 Vo [f1v2 + vy (V2B1 + fsvs + fsvy)]
(m%,)22 = —2V2Byv, — X 2, X2,

7v0(ﬁB1 — [svUs + 2f5vx)
2 )
(m?,)26 = —V2Byvy, — fSUTUUXv

(m%,)2s =

B \/iBlvnvg + favnUoi + \/§B5v§ + 45050y + 9f121),,@v>2<

2 —
(mA3)33 = 2 |
+ fo)vZu,
(m343)44 = _ZfllU,z — %7
Up
+ fo)vZ
(M2, )16 = 21100, + %
V1V2V,
(m3, )55 = =8f7v5 = 2(f10 + fo)vwv, — f221T52
2 V2B402 4 vp[(fio + fo)vE + 4f110x0,] + favnUov + f12vd
(mA3)66 = — = "
K

The matrix M3 will be perturbatively diagonalized by a A similar method used in the diagonalization of M2, i.e
we split this matrix into leading and perturbative parts as Mi = Mio + Mip, where Mio is obtained in the limit
B,v — 0. It should be noted that we have obtained all values of VEVs from the fermion mass and mixing spectrum
studies, namely vg = v, = 6 TeV, v, = v, =5 TeV, v, = v, = 1 TeV. Replacing all values of VEVs and at the
leading order, the CP odd squared mass matrix can be diagonalized as follows

UaoM3,U%, = (M2#)? = f x diag(0,0, —30.76, —86, —148.7, —162.5, —206, —293) [TeV?], (27)

where the mixing matrix U 4o is defined by

0.993 0.122 0. 0. 0. 0. 0. 0.
0. 0. —0.288 0.721 —0.481 —0.288 0. —0.288
0. 0. —0.11 0.354 —0.053 0.911 0. 0.174
0. 0. —0.002 0.535 0.771 -0.215 0. 0.271
UAO ~ (28)
—0.122 0.993 0. 0. 0. 0. 0. 0.
0. 0. 095 0.261 —-0.166 0.009 0. —0.03
0. 0. -0.039 0.01 -0.38 —-0.203 0. 0.901
0. 0. 0. 0. 0. 0. —1. 0.
This matrix shows the relations between physical and gauge eigenstates as follows
(Gz Gz A3 Ay As As A7 As)" = Uno(¢1y éar 01 11 X1 p1 St k1)7, (29)

It should be noted that here the squared masses for the CP odd scalars are expressed in units of TeV2. For
instance, if f ~ —1072, B ~ 1073 TeV, we obtain the range of masses for the CP odd scalars as My ~
(0,0,0.554,0.927,1.219,1.271.428,1.705) TeV. The mass spectrum of CP odd scalars shows that two massless states
correspond to two Goldstone bosons Gz and GGz associated with the longitudinal components of the SM Z and new
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heavy neutral Z’ gauge bosons, respectively. !. When considering next-to-leading order via the matrix sz,, ~ O(Bv),
the physical squared masses and states of CP odd scalars are slightly modified as follows

SM?3 ~ B[TeV] x diag(0,0, —2.027, —14.245,0, —19.027, —15.692, 0) [TeV]. (30)
For B ~ 1073 TeV, these corrections for CP odd Higgs squared masses are of the order ~ O(1073 — 1072) TeV?,
which is significantly 2 to 3 orders of magnitude lower compared with the leading order results in Eq. (27). Similarly,

the physical states are also slightly shifted when considering the first order. Thus, we can safely ignore the very
subleading second-order correction and use only the leading first-order result.

C. CP even sector

The squared mass matrix for CP even scalar fields in the basis (07 #5z 0r 1r Xr PR Sr K£r)T have the following
form:

2 2 \T
M2 = (Mgl (Ms,) ) (31)
MS2 MS3

where the submatrices M g . are given by:
1,2,3

7f2v22vs + /\10111110 7f2v21vs + )\201]21}0

A1y A2y U2y
Mng _ Ay V1Vy A2y V2Uy 7
A1pU10p A2pV20,
L2v2ve 4 N\ gvivg L29% 4 Nosvaus
A1,U10s A2k V2V
Mél = ( fzv;)fw;:;lsvg N 2/\11}1% fwTSU; j’vvleUQ()\lQ + ) > (32)
==+ v1v2(A12 + )\12) —% + 2/\21)%
(m?%)n (m253)12 (m%s)lg Ao pUoUp Ao SUaVg + fszm AowVUs Uk + fSUT’UX
(m%3>12 (m%3)22 (m%3)23 AnpUnUp ApsUnUs (mgs)%
Mgd _ (m§3)13 (mgg)% (m253)33 /\xp;’xvp )‘XS;’xUS (mzsg)% 7
AopUolp AnpUnUp  AypUxUp (m53)44 (ms3)45 (m33)46
AeSUsVs + MT”” ApsUnUs AysUxUs ApsvpUs + (fo + fi0)vsve (m3, )55 (Mm%, )s6
Aow oy 4 L2200 (m%,)26 (Mm%, )36 (m%,)as (M3, )s6 (m%, )es

1 We want to emphasize that the full matrix M% has exactly two vanishing eigenvalues corresponding to two Goldstone bosons Gz .
These two massless states will not receive masses even when we consider corrections arising from higher order terms in the perturbative
expansion.
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with some matrix elements of M§3 defined as:

_ favivaus — 3fa0yv2 + vyv, (V2B + favs + fsvy) — 4A03
2V,

3 v?f vy (V2B + fave + fsv
(m283)12:7 f; + X( 1 ;8 s X)Jr/\”nvovm

)

(mg, )11 =

Bv VU
(m?93)13 = \1/; + fSQ# +V2Bsv, + f5UnVy + Aoy Vo Uy,

VgV
(m233)26 = \[234”77 + Aprgue + fsixv
fav1v20,
(m3,)s5 = 4f70% + 2A50% — 05

(m%,)s6 = Aesvevs + (fo + fi0)vsvy,
V2Byv; + (fo + J10)vdv, + fsvguavy + frav] — AN
20,

(m%,)es = (33)

We continue to approximately diagonalize the given CP even squared mass matrix under the assumption that B <
v < Vg, 4, using a similar procedure employed in the diagonalization of M3 and M?2. However, this matrix contains
more parameters, such as A;j, A1(2);, compared to M 2, M2, thus we will made several assumptions regarding these
parameters. Our first assumption concerns the A; couplings of four new singlets i, (i = o,...,k). We consider a
benchmark scenario where v, = vg = 6 TeV, v, = v, = 1 TeV, v, = v, = 5 TeV, with the following conditions

Ao = As = A, Apzxﬂwxzfp, An:)\xw/\Z—X. (34)

o o2

Furthermore, we set the couplings )\;; between new singlets i and j relating to A as

Aij ~ A0 <”§J> : (35)

Vo

and for A 2; are coupling between two doublets ¢, 5 with new singlets i, we assume for the sake of simplicity that

Azi ~ A12O (”“) <1, (36)

v;
Due to these assumptions, the matrix M2 can be decomposed as
MZ = M3Z +MZ (37)
At the leading order, we obtain the physical masses
UsoMgoUgo ~ f x diag(0, —20.95, —44.46, —144.12, —148.73, —221.55, —228.5, —548.54) [TeV?], (38)

where the matrix Ugo is given by

0.993 0.122 0. 0. 0. 0. 0. 0.
0. 0. -0.259 —0.192 0.204 0.805 0.378 0.253
0. 0. —0.405 —0.326 0.267 —0.536 0.605 —0.075
Ugo ~ 0. 0. -0.038 0.155 0.605 —0.202 —0.303 0.689 ’ (39)
-0.122 0.993 0. 0. 0. 0. 0. 0.
0. 0. 0545 -0.739 -0.18 —-0.074 0.023 0.343
0. 0. —-0.129 035 —-0.632 —0.135 0.333 0.576
0. 0. 0.674 0405 0.297 0.01 0.537 —-0.076

and the physical states are determined by

(Hy Hy Hs Hy Hs Hg Hy Hs)" = Ugo(¢1r dor Or MR Xr PR SR KR) (40)
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We see that at the leading order, there is a physical state H; with zero mass which is composed of real components of
doublets ¢, and ¢,p. This state will be identified as an SM-like Higgs boson h discovered by the LHC. Furthermore,
there are seven heavy CP even scalars with masses that are proportional to coupling f and are on the TeV scale.
When considering the next-to-leading order, the SM-like Higgs boson gains a small mass through the perturbative
expansion

dmyy =, =~ 0.1175\; + 2.675 x 107°Xa + 1.773 x 1073(\12 + A12) [TeV?] ~ 0.1175); [TeV?] (41)

We comment that the SM-like Higgs boson mass is at the electroweak scale, and to assign its mass 125 GeV, as
measured by the ATLAS and CMS experiments [13], the coupling A\; ~ 0.133. As for the remaining seven heavy
scalars Hsy g, their masses are shifted by

sm2, ~ B[TeV] x (—3.803, —3.763, —10.21,0, —13.25, —7.55, 4.366)[TeV]. (42)

For B ~ O(1073) TeV, we obtain dm?% ~ O(1072 — 1072) TeV?, which much smaller compared with leading order
ones given in Eq. (38). Similarly, their eigenstates are also slightly changed. Consequently, we will adopt the leading
order results, as in the CP odd scalar sector.

V. FLAVOR PHENOMENOLOGY

With the Yukawa terms shown in Eqs. (1,2), we find that the model under consideration contains several couplings of
both charged and neutral CP even(odd) Higgs bosons with SM and new exotic fermions. Besides that, the different
U (1) x charges of the third and two first quark generations causes quark flavor-changing g;q; Z’ interactions mediated by
new neutral gauge boson Z’ at tree-level. Consequently, these couplings give rise to quark flavor-violating observables
at tree or one-loop level. In this section, we study these processes in detail.

A. Lepton flavor phenomenology

From the leptonic Yukawa interactions of Eq. (2), we get the following terms describing the lepton flavor violating
(LFV) processes

3 0 .0 3
- Uy + +1 _
—Licpton = E yz(l)liL—Q ¢i% ¢2Il3R+ E yg)wm%lw
i=1 i=1

3 0 .0 2 .
(B); V2 + Qg +idyy By Vst Sr — 1Sy
+ E Yy, lip———F=——>"Fir+ E xy ' Eip——F——Iur
=1 \/é n=1 \/§

3 3 3 2
_ZzyE;)ZiL¢5VjR+ZZZ£QN7i% Slur + H.c., (43)

i=1j=1 i=1 n=1

We work based on physical states of charged leptons e/, L(R)’ which are related to the flavor states e;r(g) via the
following transformations:

€iL(R) = (VSL(R))iGdLL(R)v (44)

where V., . are mixing matrix of the left (right)-handed lepton fields. We want to emphasize that there is barely any
mixing between mass states of active neutrinos v, and heavy neutrinos v g, Ni via the inverse seesaw mechanism. For
simplicity, we assume this mixing is suppressed and ignored, and only active neutrinos are mixed between themselves
via the 3 x 3 matrix V,,, which is defined by the relation VJL Ve, = Vpuns, and the flavor states are related with the

physical states as follows
vie = (Vo )iaVar (45)

Furthermore, we assume the flavor states of right-handed neutrino v;z,N;r are related to physical states via matrices
V., and Vi,

’

vir = Vug)iaVars Nik = (VNg)iaNag- (46)
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Besides that, using the relations between physical and gauge eigenstates of charged, CP odd and CP even scalars
shown in Egs. (20,29,40), the leptonic Yukawa interactions can be rewritten as follows:

_ﬁlepton — VaLg aleP ZH+_|_N’C HYN, le l HT +7aRg§I+17RlP l/H+

- 1,27/(1le ! 7+ O 1"[1 2N Iy
+VlaLgR PRle1,2+NaR 9r PRle12+VaRgR

1 21/Rl

PLIHT,

8 ] ] ) )
+ 3 E (g P+ g P PR H, + i 271 (g7 Py + g P PR A,
p=1 p=3

8 8
+ 3 Tagh? " PrlyH, +0 Y Tugp"™" Prlj A, + Hec., (47)
=

p=3

with the coefficients given explicitly in Appendix A. Here the index p is taken from 3 to 8 for interactions of CP odd
Higgs A since we only care about the physical fields. Let’s discuss the roles of each term in the equation provided
above. The terms in first line of Eq. (47) contribute to the radiative decays Iy, — I,y with the one loop level exchange
of charged Higgs H', H;", and active neutrinos vz, right-handed neutrinos N¢p,v,r running in the internal lines,
respectively. Furthermofe, the second and third lines contain terms describing radiative decays mediated by the
neutral CP even (odd) Higgs H(A) and new exotic lepton E; or ordinary charged leptons [,. The Feynman diagrams
for such observables are shown in subfigures (alb) in Fig . (1). Additionally, the last line provides sources for tree-level
lepton flavor violating decays of the SM like Higgs boson Hy = h if index p = 1, h — l,l5, and potentially the tree-level
three leptonic body decays I — 3I’ via the CP even (odd) Higgs bosons H(.A), demonstrates in subfigures (c¢,d) in
Fig. (1). These LFV terms also trigger other processes, namely the coherent 1 — e conversion in a muonic atom and
the transition between muonium Mu to antimuonium Mu state, see in subfigure (e) and (f) of Fig. (1).
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c d
VaLvl/aR7NaR VaL7VaR7NgR

(a) One-loop diagrams for the radiative  (b) One-loop diagrams for radiative
decays induced by charged Higgs decays induced by CP even(odd) Higgs

bosons H*, H,. H(A).
[bz lbz
Iy, —»—/ st Iy, —»—/ I,
H(A) - H(A) -
Iy, L,

(c) Tree level diagrams for three body  (d) Tree level diagrams for three body

leptonic decays l,, — Iy, Zbglb4 leptonic decays l,, — Iy, l},sl;,3
with flavor off-diagonal couplings. with flavor diagonal couplings.
po e e T u
H(A)! H(A),
q—»— » q ‘Lﬁ“ ———<— ¢t
(e) Tree level diagrams induced by (f) Tree level diagrams induced by
neutral scalar Higgs bosons H(A) for  neutral scalar Higgs bosons H(A) for
coherent y — e in a muonic atom. Mu-Mu transition.

Figure 1: Feynman diagrams for leptonic observables.

1. LFYV decays

The radiative cLFV observables I, — lp,y with I, = {p,7},l, = {e,pu} and lp, # lp, can be described via the
effective Hamiltonian contributing by new charged Higgs and neutral CP even (odd) Higgs at the one-loop levels

HP " = 84,0, [(CL)bapy Pr + (CR)bapy Prlen, FM, (48)

where the coefficients (CL r)p,b, are determined by evaluating one-loop diagrams involving charged Higgs H * H 1i,27
neutral CP even (odd) Higgs H(A) , and the SM charged gauge boson Wj[ as follows

+5 i HY ol H,NI Hy,(Ap)E1l
(CL)bats = (CF " gty + (CHE s + (CLE Voapy + (CLE ooy + (CL7
%i((j;?p(l4p)ll)bzb1a
+5 +5 Hi,vrl o (Ap)E
(CR)bel = (CIZV Ll)b2b1 + (CII;I Rl)bzbl + (CVRL2 : )b2b1 + (CII%{ ( )Ell)bzbl' (49)

Besides, these coefficients are obtained in the limit that the external mass of daughter lepton my, is very small in
compared with the mass of decaying lepton myp, , i.e mp, << my,, mp, ~ 0. Therefore, we have the following expressions
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for (CL,R)bzbl

3 2
(CW+DLI) _ —€Mp, E :( W+I7aleQ)* Wtoarly, fW my..
R babr T 3om2y2 Ir Ir T \m? ’
W+ g=1 w+
3 2
(CH+DLI) _ —€Mmy, ( H+l7ale2)* H+l—/alelf my.L
L bab1 — 327212 § : Ir Ir T\ m2 )
HfZ a=1 H+
3 _ 2
HYNI —€Mp, HTNalpy\x HTNaly my,
(CL "oy, = WE (9r *)'9r (e )
Hi, a=1 H+
3 2
CH*PRI . _emb1 HYVarloy\« H Varly, my.r
( R )b2b1 T 3972m2 (gL ) gr, f’)’ m2 )
Hftz a=1 H+
_ _ _ 2
(CH{QVLJ) B —emb1 ( Hizvablbz)* Hizvalelf my..
L baby — 3271_ m gR gR ¥ m2 9
Hi, a=1 HY,
— — 2
(CHleNl) B —emb1 ( HiQNazbz) Hi,Na zblf my,
L baby = 3972m2 9r Idr"’ v 2 s
HE, a=1 HY,
ol _ e, Hi yTanlog s His7anls, my .
( R )b2b1 - (gL )gL f'y 5 5
3272 mHi = My
1,2 = 1,2
_ 8 [ — — 2 2
(CHpEll)b - Z EMp, (ngElle)*ngEllbl f/ (mEl ) + (ngEllbg)*ngEllbl mg, h/ mg,
R 2by = 222 L L v 2 L R 2 )
mT2m m m
p=1 3 Hy L by H,

8
H,E;l €my H,E;l H,E;l
(CL"  ap = Z . (9r" 1b2)*9Rp 1b1f~/y

— 2
mE1 H Ellbz HyBily, ME, (M,
32m2m? +( )91 e\ 2 )
=1 Hpy L b1 Hy
A, E : em -AEl A Eql m3 .AEl AEl m my
Eql by pE1lpsy % pL1lpy pr E1 10bg \ 1y E1 77 E;
P _ 2 1 2 1
(CR )b2b1 - E 3272m2 (gL ) gr, f—y m2 + m h m2 ,
p=3 Ap | Ap b1 Ap
A Eql : emy _AEZ ApEql mE AEl A, Eqly, ME mQE
(Cpl)bb — 1 (gplbg)*gplblf/ 1 + p1b2 *gplbl 1h/ 1
L 201 E , 2,,2 R R vy 2 )
— 32w my, my, my,
2

2

H,ll - €My, Hl aly Hylaly 1
(s = 33 e ( )

Hp

Apll enmyp Al12 Azl1
(€ = 33 (2 )
m2m?
a=1p=3
Wtoarl
where the couplings of SM gauge boson W are given as : g, Fhe Zle(VjL)m(V;L)ibl(z). Besides, the loop

functions f,‘y/v , hiy, ff,,) are defined in Appendix B. The formulas of the branching ratio of cLFV decays are expressed
by
mi,

BR(lp, = ln,7) = ((CL)bsts I> + [(CR)bot, [P), (51)

47TFl

by

where I';, is the total decay width of decaying lepton l,. For LFV decays of SM like Higgs boson h — loly , their
branching ratio are given as follows

BR(h — loly) = (lgi="2 + g7 2), (52)

87 FSM

where F,SLM ~ 4.1 MeV is the total width of SM Higgs boson h.
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Besides, the LF'V couplings in the last line of Eq . (47) can also cause the three body leptonic decays. The expressions
for their branching ratios read

8 Hplals Hplals |2 Hylsl Hplol Hplols ; Hplol Hplsloy s Hplols |2
BR( _>3 ) B m?_ Z 2 ng2c} Rp22 +2 (gR 32) (ng22)* + ng23(ng22)* + (gRPSQ)*ngZZ’
g M) = 15361 m2 m2 m?2 m?2
T p=1 H, H, H,y Hy
Aplzlg .Aplglg .Apl_glz * .Apl_zlz * .Apl_zls Apl_2l2 * Apl_SlZ * Apl_2l2 2
+Z 2 42 ( ) 2(93 ) 4 9dr (gR ) n (QR )QQR
p=3 -A m-Ap m‘AP m-Ap
8 H 1213 H ool (gFelatzys (gHirinte Hplols , Hplila s Tsloy s Hplaly
9r ) 9r (QR ) (gR ) g
BR(7 — = 19
IR P T I A I s

. . . -
.A lols A ol A l3lz Aplyls Aplals , Aplils Aplsls Aplaly
,, p ( i ) (ng ) ng (ng )* (ng )*ng
+ +2 - + : + ;
m m m
.Ap Ap Ap Ap
- . . ) - . . - 2
5 8 Hylils Hylals Hylols Hylilo H,lsly H,lslo Hylsls H,loly
_ m; 9r" "9Rr" kYR’ (9r""" ) (9" )", (9" ") (9" )"
BR(T = eun) = {5ggar mL T m2 * 2 + m2
T p=1 Hp Hp Hp Hp
Hylsling Hplals |2 Hylslays Hplls |2
(QR ) IR (QR ) 9Rr
+ 2 + 2
my my,
— — — — 2 — — — —
5 8 Aplils Aplals Aplals Aplyils Aylsly Aplals Aplsls Aplaly
ms 9" "9Rr" 9r" 9" (gr""" ) (9" 77)" | (9" ") (gr""")"
+ 1536731 m2 + m2 + m2 + m2
T p=3 Ap Ap Ap Ap
Aplsling Aplals |2 Dlalar s Aplils |2
(.‘JR ) 9r (QR ) 9r
+ 2 + 2 )
Ma, Ma,

Similarly, we can obtain the branching ratios of the other three body leptonic decays such as u — 3e, 7 — 3e, and
T — epe by replacing appropriate indices.

We would like to emphasize that the model includes contributions to the anomalous magnetic moments for electron or
muon, denoted as Aa,,, respectively, as studied in previous work [45]. However, as aforementioned, the paper consid-
ered the observables within a framework of a very simplifying benchmark scenario containing few scalar contributions.
Therefore, in this work, we revisit Aa. , in a more comprehensive manner, considering all possible contributions. The
expressions for Aa, , are written as follows

4dme,
Aaey = — eﬂRe[(CR)blbl(beg)]»

+ Hi 7Rl H(A)
(CR)bibbaba) = (CH 7™ b1 0at2) + (Cr > Voonvave) + (Ch T Vorts (baba) s (54)

To close this section, we offer a concise qualitative discussion on how our model impacts the electric dipole moment of
the neutron. Following the considerations given in [47, 48], the neutron’s electric dipole moment in multi-Higgs doublet
models like the one considered in this work originates from various factors. Firstly, there’s the tree-level exchange of
CP-violating scalars, resulting in four-fermion operators involving both up- and down-type quarks. Secondly, there’s
the CP-violating three-gluon operator, known as the Weinberg operator, along with Barr-Zee type two-loop diagrams.
These contribute to the electric dipole moment and chromoelectric dipole moments of both up- and down-type quarks.
Notably, the contributions from the first and third sources are diminished due to the small masses of the light quarks
[47, 48].

Consequently, it is expected that the main contribution to the electric dipole moment of the neutron in the extended
2HDM theory considered in this work will arise from the CP violating two loop level self-gluon trilinear interaction
involving the exchange of charged scalars along with top and bottom quarks through virtual processes as in Refs.
[47, 48]. Thus, the upper limit on the electric dipole moment of the neutron |d.| < 1.1 x 107*¢ c¢m [49] can
set constraints on the ratio between CP-violating parameter combinations and squared charged scalar masses, as
discussed in detail in Ref. [47]. Some recent detailed studies of the consequences of multi Higgs doublet models

(53)
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in the electric dipole moment of the neutron are done in Refs. [48, 50, 51]. A detailed numerical analysis of the
constraints arising from the upper experimental bound on the electric dipole moment of the neutron in our model
under consideration goes beyond the scope of the present work and is deferred for future work.

2. Mu— Mu transition

The LFV couplings of CP odd(even) Higgs H(A) in the last line of Eq. (47) also cause another process, called the
muonium (Mu: p*e™) to antimuonium (Mu: p~e™) transition. This process can be induced via the following effective
Lagrangian

LMu—Mu Z (55)
1=1 2

where the coefficients and corresponding operators are defined as follows

S llgr™ )2, g )T
Q1 = [(1 = p)ellp(l = v5)e], G = +
° ° T; 4v/2m3, p;’ 4v/2m?
8 (ngfgll)Q 8 (gApigll)Q
Q = [p(1+5)elln(l +5)el, G2 = . + . (56)
> > z; 4\/§m%[p 1;3 4\@77134?
The Mu — Mu transition probability in the presence of external magnetic field B is given by [52]
P(Mu = 3T0) = 212 (e o PIME 2 + er oPIME S+ 3 fer ol 67)
' ' ' ' = 1+ (TAE)?

where 7 ~ 2.2 x 10755 is the expected lifetime of the Mu system. Additionally, |cgo|? = 0.32, |c1,0|> = 0.18 are the
population of Mu states. AFE is the energy splitting between the (1,1) and (1, —1) states caused by external magnetic
field B. The factor X = 0.631 is for a magnetic field B = 0.1 Tesla. It should be noted that the transition probability
for (1,41) states is suppressed for the case B > (O(1075) Tesla. The transition probability in this case reads

2
P(Mu — Mu) ~ 5.74 x 10~ 7|g10+72g2| (58)

The PSI experiment for Mu-Mu transition reported that P(Mu — Mu) < 8.3 x 107! [53], which implies
1G1 + Ga| < 1.2 x 1072Gp. (59)

3. — e coherent conversion

On the one hand, the LFV couplings of neutral Higgs boson H(A) can also induce the coherent y — e conversion
in a muonic atom. Specifically, 4~ is captured by atomic nuclei target and subsequently converts into e~ without
emitting a neutrino due to the influence of the nuclear field, as described in the Feynman diagram (e) of Fig. (1).
In this work, the p — e conversion arises from the non-photonic contribution and can be described via the effective
Lagrangian at the quark level as follows

LI = —Gpmumy Y [C&(ePrp) + Clp(ePru))(qq) + Hec., (60)
q=u,d,s

where the operators ¢y;q do not contribute to the coherent conversion process [54], therefore we do not include them.
my, and my are the masses of muon and nuclei N, respectively. The coefficients CZ,,Cl, are given by

8 H Iolq qq 8 A laly\ « Apdq
)*Re(gp i )" Im(g7"™)
Cép = Z 2 +Z 2 ’
: me m'AP
8 Hplilo qq Aplila Apdq
Re(g ” g Im(gz"™)
Cép = Z 2 Z = 2 ’ (61)

my, My,
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where coefficients g/7»(4»)99 (¢ = u,d, s) are defined below in the Section. (VB). To evaluate the rate of u — e
transition in a nuclei, we should transform the above Lagrangian from the quark to nucleon level

Lhy 7N == N7 [CFL(ePLp) + CER(ePrw))(¥nthy) + Hec., (62)
N=p,n

with ¢ is defined as the nucleon field, whereas the coeflicients are rewritten as

)
Cértmy = D Chrmfé,

q=u,d,s
w My, OnrN d mq OxN s mg OxN
= — 1£¢), = — 1 , = — , 63
Ty My + Mg My (1£¢) T My + Mg My 158, Js, My + Mg My 4 (63)

where the nucleon matrix elements o,y = 39.8 MeV, £ = 0.18 and y = 0.09. m,, 4 s are the quark masses evaluated
at the scale of 2 GeV [13, 55]. Then the branching ratio of ; — e conversion in a target of atomic nuclei N is given
by

2,7
4GEm,,
N
1—‘caLpt

BR(uN — eN) = [ImpCERSK + maCERSKI? + [mpCrSK + maCELSKI] (64)

where ngt is the total capture rate, S are the overlap integrals of atomic nuclei N. For instance, we consider the
@ — e transition captured by Gold (Au) nuclei, we have S% = 0.0614,S% = 0.0918 [54], 'A%, ~ 8.7 x 10718 GeV

capt —

[56]. The predicted branching ratio in Eq. (64) will be compared to the experimental limit repcfrted by SINDRUM-II
[57].

All the above-mentioned leptonic observables should be compared with the corresponding upper experimental limits
shown in Table. IV. Here we require the consistency with the 30 experimentally allowed range for the observable
Aag(yy by the following reason. The first and second charged fermion families of the model, i.e., the electron and
muon receive tree and loop-level masses, respectively, from the inverse seesaw mechanism. This makes the interactions
of the first and second generations of fermions with other particles quite suppressed, therefore we will compare the
predictions with the 30 experimentally allowed ranges of Aa,(,). For other observables related to electron or muon,
we apply this setup.

LFV Observables | Experimental limits | LEFV Observables |Experimental limits

BR(i — ey) < 4.2 x 10713 [57-59) BR(h — ep) < 6.1 x 1075 [13]

BR(T — ev) < 3.3 x 1078 [57-59] BR(h — e1) <2.2x1073[13

BR(T — wy) < 4.4 x 1078 [57-59] BR(h — p7) <1.5x1073 13
BR(p~ —ee

]

]

TeT)| <1.0x107*2[13] |BR(r~ = p etp™)| <9.8x 1077 [13]

BR(r™ — e ete”)| <14x1078[13] |BR(r™ —e pte™)| <84x1077 [13]
+

]

BR(t™ e ptpT)| <1.6x107%[13] |BR(r™ = p putp”)| <1.1x107% [13
BR(7™ — utu™) < 1.6 x 1078[13] P(Mu — Mu) < 8.3 x 1071 [53]
BR(p~Au — e Au)| < 7.0 x 107 [57] AaZ® 0.48(30) x 107*2[13]

Aap® 249(48) x 107" [60]

Table IV: Experimental constraints for leptonic flavor observables.

B. Quark flavor phenomenology

The Yukawa terms contributing to the down type quark transitions, such as b — s(d), are obtained from Eq. (1) as
follows

3 3 vs + $9p + i) - : Vo +0R+i0
d)_ a5 U2 d) 7 &)= Uo+OR I
—ﬁzﬁ;ﬁlb = E yl( )USL(ZS;diR'F E y§ )dBL—Q\}% 2L dir + E w§ )ULCTdiR-F E 905 D11 7 dir
i=1 i=1 1=1 i=1

3 B 2 _ 2 _ +¢0 +Z.¢o
- ) ds 7 uin — > alVdnrd; Ur+ > xng)dnL%Dm + H.c.. (65)
=1 n=1 n=1
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For the observables related to the up-type quark transitions such as ¢ — (u,c), we have the following Yukawa
interactions:

3 0 0 2 0 o
u u w)_ U1+ +1 B v —|—¢ +14
Lo = Yoy AL 1 3000, Oy

2

3 3 .
uU) — w) 7 Vo + -1
+ E I%D)ﬂnL(bTDlR + E wf )D1L<1 u;r + E :CE )UL$UZ'R + H.c.. (66)
n=1 =1 =1

We now rewrite the above-given quark Yukawa interactions in a physical basis taking into account that the physical
quark eigenstates u} ,d} are related with the quark interaction eigenstates by the following transformations

Uir(r) = Vupm iaar(rys  din(r) = (Vg Jiadar(r)» (67)

where V,(q), , are the mixing matrices of left(right) of up(type) quarks, respectively. Furthermore, the physical states
of scalar fields are similar as pointed out in the lepton flavor sector. The quark Yukawa terms of Eqgs. (65,66) are
then be rewritten as follows

Hi yiiady

_‘Cda—ﬂib _ a:l(gH+ﬂadbPL + H+ﬁadbPR)d/H+ + a/ ( PL + Rl 2uadb )dngZQ

+U( HY UdbP + II;I Udde/H+_|_U( 12UdbPL+ RledbP)dgH;,’-Q

P30 DA Py gl PRy, 1Y DG P P P,

p=1 p=3
8 B 8 -
+ 3 d(gr" " Pr)dyH, + 1Y di(gy " Pr)dy A, + Hoc., (68)
p=1 p=3

H 2D1ub H{ ,Diup

—Lleu = D’( "Dy BT Diw poyyt H- 4 DY (g, Pr+gp" Pr)uyHy
+ Z 0 (g7 py gV pryvl L 4 Z 0 (g7 Py + g1V pryul A,
p=3

+Zu Hotet™s pyuy H,, +z2u Artat peyuy A, + Hec., (69)

p=3

where the coefficients in Egs. (68,69) are defined in Appendix A. Here, we will clarify in detail the roles of each term in
the above given Yukawa interactions. The terms in the first and second lines of Eq. (68) contribute to flavor-changing
neutral current processes (FCNC), such as the inclusive decay branching ratio BR(B — X4v) at one-loop level. This
process involves the virtual exchange of charged Higgs H*, H fQ and up type quarks (both SM u or new exotic ones
U) in the internal lines of the loops, as illustrated in subfigure (a) in Fig. (2). The terms of the third line similarly
contribute to such processes, but through the one-loop level exchange of neutral CP even (odd) Higgs bosons H(A)
and new exotic down type quark Di, as shown in (subfigure (b) in Fig. (2)). The observables are also influenced by
the one-loop exchange of the same neutral Higgs, but with the internal quarks in the loop being the SM ones d, rather
than the new quark Dy, shown in the last line of Eq. (68). Otherwise, the terms in Eq. (69) contribute to observables
in up type quark transition w, — up, such as the branching ratios of FCNC top quark decays, i.e BR(t — u(c)y),
BR(t — h(u,c)) (see the subfigure (c) and (d) in Fig. (2).) Furthermore, we want to emphasize that the terms in the
last line of Eq. (68) and Eq. (69) trigger the meson mixing K° — K° Bg g — B ¢ and DY — DO at the tree-level via
the exchange of CP even(odd) Higgs bosons H(.A) (see the subfigure (e)). Part1cu1arly, for the index p = 1, the terms
also describe the tree-level flavor violating decays of SM-like Higgs boson h — dydp, h — T up.

It is important to note that when combining the lepton flavor conserving (violating) interactions by H(.A) in Eq. (47),
the model provides the tree-level contributions to several observables, namely the branching ratio of leptonic decays
BR(Bs — [*T17), BR(Bs — 71 u~); semileptonic decays BR(B — K777), BR(BT — K*7T ™), the lepton flavor
BR(B—>K<*)M+;L7)
BR(B—K®ete™)
the first line also contribute to the observables related to flavor-changing charged currents (FCCCs) at the tree-level

(b — cTv,), such as LFUV ratios Rp) = %’ [ = e, u, shown in subfigure (g) in Fig. (2).

universality violating (LFUV) ratios Ry = (shown in subfigure (f)). Additionally, the terms in
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Besides the above-mentioned contributions, the model also provides other contributions arising from the new neutral
gauge boson Z’ with quark flavor violating couplings Z’'g;rq;1, at tree-level, due to the different U(1)x charges of
left-handed third quark g31, generation compared to the first and second ones q(; 2)z. This kind of contribution not
only yields new physics contributions to meson mass splittings Amg g, B, at tree-level as pointed out in the previous
work [45] but also give rise to other FCNC observables such as BR(B — X;v) at one-loop level (with Z’ and SM
down type quark d; are internal lines), BR(Bs; — [T17) at the tree-level (subfigure (h) in Fig. (2)). However, the
contribution of this Z’ to the inclusive decay BR(B — X,v) is negligible, in comparison with contributions of charged
Higgs bosons [61]. All of these contributions will be analyzed in detail in the section on numerical studies.

(a) One-loop diagrams for b — sy (b) One-loop diagrams for b — sy
induced by charged Higgs bosons induced by CP even(odd) Higgs bosons
H*, HY,. H(A).

(c) One-loop diagrams for t — u(c)y  (d) One-loop diagrams for t — u(c)y
induced by CP even(odd) Higgs bosons induced by CP even(odd) Higgs bosons

H(A). H(A).
@ Ga b Iy
>H(A) < >H(A)<
G W s Iy
(e) Tree level diagrams for meson (f) Tree level diagrams for b — s
mixing induce by CP even(odd) Higgs observables induced by CP even(odd)
bosons H(A), here ¢ = u,d. Higgs bosons H(A).
b - b Iy
H +7 H iZ Z !
ol
c 7 s I
(g) Tree level diagrams for b — clp (h) Tree level diagrams for b — s
induced by charged Higgs bosons observables induced by Z'.
H* H,. 1

Figure 2: Feynman diagrams for b — s, b — ¢ and t — u(c) quark transitions.



21

1. FCNC d, — dp observables

Firstly, we study the FCNC d, — d; observables which can described via the general effective Hamiltonian

He = 45fvtsvtb Yo [CAwOi(w) + Ciw O] + Y [CF (WO (1) + CM (WO ()] ¢, (70)
i=7,8,9,10 i=S,P

where Ci(,)(,u) are the Wilson coefficients (WCs) corresponding to the effective operators O(,) for b — s observables
at the scale pr = O(m)b. The indices I, J denote different lepton flavors in WCs C’é > since the model contains lepton
flavor violating coupling related to CP even(odd) Higgs bosons 2. All WCs are defined as follows

' € SoHv Js
07 = Tgmam(se" Pawpb) s O )= Loz (50 T Preiyb) Gy, (71)
Q) e? 7 e? -
Os" = 152 (37 Prmb)(y,), Ol = fﬁ 5 (57" Prryb) (17,,750), (72)
/ ¢2 i
050 = (Peemb)lily), O = 5 (5Prmb) (r75ls). (73)

1672 1671'2
The primed WCs C/,("s corresponding to the operators O}, O are obtained by ﬂipping the chirality Py <> Pg
of unprimed ones. It is important to emphasize that the quark mixing matrix V, = = Vi , Va, obtained from the
diagonalization of the low energy up and down type quark mass matrices is found to be unltary. Its magnitude |V|
is consistent with the absolute entry value constraints of the CKM matrix given in [13], as shown in Sec (VIA).
However, the matrix itself V' has the different entries (V;);; compared to corresponding CKM ones defined by the

”standard” parametrization with three mixing angles and one CP violation phase [13]. Therefore, the SM WCs in our

model are modified by C#4ly 10 — C7 8.9, 10%' We can split the WCs as combination of both SM and NP, i.e

Cg% 010 = Ci¥ 9107 V32V33 + C ", where C$Y¥g 1o have been calculated in SM [62-64], whereas C8N are absent. For

WCs of NP 07,8797107 s,ps We can write them as the summation of different NP contributions as follows

XL () = Ol >+c7 1™ ) 4 O O () 1 opti T (1 )+ P () 0P ),

ad
CHE () + O™ () o+ L O + O 0™ )+ P ) 4 O P
L + (),
C3" (1) = CF (), O () = C5(n), Clolw) =0,

8

B , 8 , _
COM ) = SCGHEEN Iy O () = 3 (C A ), i

p=1 p=3

°5
=
Il

It should be noted that the WCs depend on the energy scale. The model contains several energy scales namely masses
of the new Higgses as well as the Z’' gauge boson mass. Because the QCD running effect is negligible at high energy,
we can assume that these scales are approximately the same py ~ O(my), thus implying that the WCs only depend
on a single energy scale = uyy. For simplicity, we calculate the loop contributions at on-shell, i.e., ¢> = 0, p? = m?2,
and pg = mg. Because ms; < my, we set the s quark mass to be zero, ms = 0, and keep the mass of b quark at the

linear order, i.e. m? = 0. Thus, we have the following expression of WCs at scale u = uy for b — s transitions as

2 However, the WCs Cg 10 are only generated by new neutral gauge boson Z’ which have the same couplings with three lepton generations,
thus these are no lepton flavor universality violations (LFUV) caused by these WCs.
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follows
3
OH+ud(,LL ) — V2 Z uadz * H uad3f m't%,a + (gH+ﬁad2)*gH+ﬂad3 May, h// m’lQI/a.
H 8GRV Viem? . pt m3. L R my T\ m3. )]
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7 Hg) = SGFVf;V}bqui 2 mfﬁ 9r 9L my m%H )
ad 3 HY  ads. . HY, fads m2 HY Gigds. . HY. Gadsm m2
C 1(2) ( ) — Z (gL1(2) a )*gLuz) a f// 2u,,, +(gL1(2) a )*gRuz) a Uq h” 2ua,
¥ ¥
S —
8GFVt thm my . mp mi
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ts -1 HT ot
1(2) L 1(2) 1(2)
2
+ -2 H+Udo\+ HYTds o1t H Tdas HYOd; MW L [ MT
Cuy) = [(9 Nrgp UEf g VB —=h
L L R
8GRV Viem?, . K my Y \m2, )]’
2
"HYU -2 HTUd HYUds ¢n H Ud HYUds MU 1 [ My
O ) = e (0l Ol O (gl Oy gl O
7 1224 9dr 9dr QL )
8GRV Viemi, . 7 my Y \m3
+ 7 2
07 ) = V2 (9" ") gL”z)Udgf” MU ) 4 (gp g T (i
b
8GFVtSV;bmHi v miﬁ mp miﬁ
2 L 1(2) w2/ |
2 2
C;H1(2)Ud(,uH) - _\/> (g 1(2)Ud2) g 1(2)Ud3f my + (g 1(2)Ud2) g 1(2)Ud3 muy h// mi;
= R R R L )
8GFVtSthm v miﬁ my miﬁ
Hi | 1(2) @ /]
c led( ) V2 1 —( Hledg)* H,,Dldgf/ mp, +( H, D1d2)* H,Dyds le h’
7 Hg) = gr, gr, g, gR ,
24GF‘/{:VH, =1 m%,p I m%,p
C/Hled( ) ﬂ : 1 -( Hledz)* Hlede/ m2D1 + ( Hy DldQ)* H,D:d3 le h/ m2D1 ]
7 Hpg) = 9r 9r 9r a.”
24G ViV, = qup I ¥ qup m?qp )
CAled( ) V2 1 -( ApD 142)* A,,Dldgf mp, ( A,,Dldg)* ApDids le h/ m2D1
7  uy) = > gr 9 + (97 In :
24G ViV = mi‘p I ¥ mi‘p m%lp
O'Aled( ) \/5 i 1 _( Aledz)* -Aledsf/ m%h +( Ap D1d2)* ApDids le h/ m2Dl
7 Hg) = g g 9Rr gy,
UGV Vi gm?y, |7 R T\md, my, )|

C’Hpjd( ) = V2 Z 1 23: Hdd2 HJadgf/
T T MGV i, e

C;Ade(MH) _ V2 28: 1 2‘3: [ Apdudz ) Apd ddf (:nni )1 ’

2GRV Vi g ¥y, A

p a=

where the functions f;’ﬁ, h;” are given in Appendix B. The WCs C’é/) have similar form as C7 but replacing functions

f:,’(//), hi,(//) by f;(”), h;(”). For the WCs associated Z" boson, there are WCs Cy 19 as follows

8v2r2g% 4212 g%
9€2GFV;§V;meZ, 9€2GFVt§V;5bm2Z/

O (uy) = (Vi )s0(Vay sz, OS2 (pgy) =

(Vi )s2(Va, )ss. (76)

Here we denote gx is the coupling of Z’ gauge boson, which is given in [45]. We want to emphasize that WCs Cy 19
in our model are blinded with lepton flavor, i.e C§ 1o = C§ 1o = C§ 1, since all three lepton generations are identical
under the gauge symmetry group. Furthermore, the LFUV ratios Ry ) mostly depend on Cy 19, thus making these
observable to be nearly identity, which satisfies the current experimental results [65]. On the other hand, the CP even

(75)
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odd) Higgs cause scalar and pseudoscalar WCs C(/)I‘], which have the following expressions
S,P

8 H d3d2) Re( Hplily +gglel1)

i 1672
(Hodads\ 17 _ -
(Cs ) (k) o2 4GFVthtb ; 2mH , (77)
8 Hydyd Hyirl H,ylyl
(CalJ?ds)IJ(N ) _ 167T2 \/i Z gR 2 BR ( s + gR d I) (78)
S H ez AGFViEVy = Qm%p )
8, Apdsdayx Al Ayl
(et gy = -2 My O Rl ) (79)
P H e? 4GFVZ;VYtb =3 QmQAP )
_ 8 Apdads Al Al
' Apdad 1672 V2 Jn Re(gn +g7"7")
(Cpr ) (ug) = - > R - E__J (80)

ZmAp

¢ 4GV Vi

With the definitions of WCs, we have the following formula for the branching ratio BR(Bs — u*p™) [66],

T 4m? Am? m>2 ,
BR(B, -yt ™) = —22a?GLf3 [V Vi Pmp, g [1 — —52 {(1— 2“) - (Cé”“—Cs”“)

6473 mp. mp_ | |my+ms

} "

where 7, is the lifetime of B, meson, e, is the fine-structure constant. Furthermore, we have to take into account
the effect of Bs—B; oscillations, therefore theoretical prediction is related to the experimental value by [67]

2

+ |2m, Cro + (cp i)

b+ms

BR(B, — utp), (82)

_ 1
BR(Bs = pt i )exp =~ T

ATp,
s

where y; = which has numerical values is given Table V1.

For the incluswe decay B — X7, we have its branching ratio given by [68, 69]

6tem

7C

Vts‘/tb

BR(B — X,y) = Vo

1Co () + 1C3(1m) 2 + N (B,)| BR(B = Xeep), (83)

where N(E,) is a non-perturbative contribution which amounts around 4% of the branching ratio. We compute
the leading order contribution to N(E.,,) followed the Eq. (3.8) in Ref. [63] and then obtain N(E,) ~ 3.3 x 1073.
Additionally, C' is the semileptonic phase-space factor, C' = |V,;/Vep|*T'(B — X.ev.)/T(B — X ez/e) and BR(B —
X.ev) is the branching ratio for semileptonic decay. It is necessary to consider the QCD corrections to complete the

calculation for such decay. The WCs Cg)(,ub) are evaluated at the matching scale y, = 2 GeV by running down from
the higher scale pj; via the renormalization group equations. Its expression can be split as follows

Cr(iy) = CM (1) + CNP (1), Crlpy) = CNP (1), (84)

where C$™(p,) is the SM WC and have been calculated up to next-to-next-leading order of QCD corrections at the
scale p, = 2.0 GeV [62, 63]. Furthermore, for the NP contributions at the matching scale y,, WCs C7 s, we have [69]

’ + ’ + ’ +
O™ () = wr O™ () + s OO (), (85)
where k7 g are so called ”"magic numbers” and given in [69].

Besides, we also are interested in other observables which are affected by short-distance effects, such as the branching
ratios of decays B* — KTrTr~, BT — KT7Tu~, B, — 77~ . These branching ratios are given by [70]

0° x BR(B* — Ktrt77) = 2.2|Co|? + 6|Cho|* + 8.3|CET — CJ|> + 8.9|CE — CZT|?

+4.8Re[(CLT — CJT)Cs] + 5.9Re[(CFT — CET)CHl, (86)
10° x BR(BY — Ktrtu™) = 13.58|CH — CT*? + 14.54|CH — C "2, (87)

5 2 2
_ TB, Mmp m
BR Bs — + — s 2G2 2 *V 2 s 1— T
( T H ) 647'('304 FJBs tb| (mb+ms)2 mZB

x(|CL" = CF"2 + [CF — CEMP), (88)

s
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We would like to note that the meson mass splittings such as Amyg, Amp, and Amp, were investigated in [45].
However, the authors have just considered these observables in simplified scenarios in which there were only a few
Higgs contributions and assumptions real down quark Yukawa couplings. Therefore, in this work, we reconsider the
meson mixing in more detail with all Higgs contributions and general Yukawa couplings. The new physics contributions
to meson masses differences involve neutral gauge Z’ and CP even (odd) Higgs H(.A) bosons as given by

2 g%

A’ITLK ~ —
27 mQZ,

Re {[(Va, )51 (Vay )32]?} mxc [

5 ° Hpdyds\ 2 Hydodi \*12] 1 & Apdida\2 Aydodi \ 2] 1 mg ?
e ) [l ) T o [l ) T e b (s, ) s

p=1 p=3
1 > Hydod: \* [ H,d:\d 1 s Apdodi \* [ Apdid 1 1 m2
—ZRe ( p21) p12)7+ ( p21) ( p12) 74_71( m 2’ ]9
1 {pz_:l 9r <9R m%[p pz::?) 9r 9r milp 6 (ms + md)2 K[k (89)
2 9§< * 2 2
Amp, =~ >-Re {[(Va,)32(Vay)ssl” } ms, f5,
27 m7,
8 2
5 Hydzds\ 2 Hydsds\¥1%] 1 Apdads 2 A,dsdo\ 2] 1 mp,
+48Re{2 (o) Lo ) T | e+ 0 (o) + (™) T | o () e
p=1 P p=3 P
3 ~ B 8 _ 2
1 Hydods\* [ H,dsd 1 Apdad Apdsd 1 1 mp 2
_7Re ( PZS)( pa3a2 + ( p23>( p33> 7+ s m ; 90
1 {I; IR 9r ) m%[p 1;3 9r R 3 6 (ms n mb)2 Bsz’S ( )
A 2 g% Re {1(V V% (V 2 2
mp, — 2777712 e{[( dL)31( dL)33} }dede
Z/
5R ZS:{ H,dds 2 H,dsdy \* 1 28: A,dyds Apdsdy\* 1 mp, ? 12
ragRed o (o) (o) T s+ 3 (™) + [ ™) ]| 5o () o
18 p=1 m%fp p=3 f f mi‘ mp + Mg ¢7 B
: H,dsd H,d:d 1 : Apdsd Apdyd 1 1 m3
—_R pa3ai p@1a3 pad3al pa10a3 - Ba 91
e{pz—;( ) ( ) mi, +pz::3 (gR ) ( " ) my } (6 (mb+md)2> mBaf5, oy
2. FCCC b — c observables
The effective Hamiltonian that induces the b — ¢ transition reads
c 4GF ~e,l Ac ~c AC, "’c, ~ ¢
Mg = 7 Ve [CH' OV (1) + C& (1) OF (1) + C™ (1) O™ (1), (92)
where the operators are given as follows
Oy = (&1, PLb)(y"Prin), O = (ePy(m)b)(IPLw). (93)

Here the operator Oy is generated via the exchange of the SM charged gauge boson W:E In the SM, the WC of this
operator is C"S/M =1 for all lepton flavor I. However, as pointed out in the b — s observables sector, the WCs Cy will
be shifted as (f‘c/l = (‘(3)23 (V*)22(33) for I = por | = 7. Here V; is the leptonic mixing matrix defined by V; = VJL Vo

cb

(shown below). Furthermore, the new charged Higgs bosons H*, H fQ cause the operators @g) Their corresponding
WCs are given as follows

~Ne ~("YH @ ~(YHT, w2d
P = COMT () 4 O (), (94)
with
HT tipd ol Hi yiads , Hi .0l
GO s, o V2 Su0m ) somte o V2 9w 9™ (95)
S H 4GF‘/Cb m%{i ) S H 4GF‘/cb 2 .

mayo4
H1,2
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Regarding the observables related to the b — ¢ transition, we consider LFUV ratios which are defined by

f(rmse—mij*’)2 dr(B—D™7p.) 2

m2 dg?
RD(*) - o — ) (96)
(mp—mp’)2 dU'(B—D®1p;)
il G d 2
m? dq? q

with g2 is the squared transfer momentum, and ! denotes either to e or . The differential decay widths of B — DI,
and B — D*[p; are given as follows

dF(B%DlDl) _ U%WG%“/;(JF?%B\/X _Wﬁ ? L ﬁ 2112 % _m72D ? 2112 2
dg? B 19273 ! ¢ my 1+2q2 (@) + q ! my Uolg™))| ICv]

3¢ m2D ’ 21121 A1 12
+W Tz (fo(a))"ICs + Cg|

B
2 2
Ry (Crs +05)] (1- 1) <fo<q2>>2}, (o7)
my — Me mp

2,2
64mEmi.

(Ar(g?))? + 2B (A (¢2))?

dU(B = D*lpy)  nhwG%|Va|2mpVA® L m ? L 1 5¢°(ms + mp-)*

dg? 19273 5q? 20"

M @OV P + L (Ag(q?)?ICs — P + T Re[C (G — O ](Ao(a?)? K98)
202 olq 1% 2(my + mo)? olq S s \/q—2 vilg S olq

where ngw =~ 1.0066 is the QED correction [71]. f4 0(¢?) are the vector and scalar form factors (FFs) of B — D
transition, whereas A12(q?), Ao(¢?), A1(¢?) are FFs for B — D* transition. All FFs are depend on the squared

momentum transfer > = (mp —mp)?, and defined explicitly in Refs. [72, 73]. Otherwise, A**) is the Kallen function

A =mp+mh., +¢* —2(mEm3,., + mBe® +m3 . q%), my is the mass of daughter lepton [. Taking integral, we

obtain the following expressions for R ratios as functions of WCs C’VL , C'g)

a1 |[CT. 2 + LAGRe[CY, (Cg™ + C&7)] + 0.98|C4 + CF)?

P08 2 + 0.14Re(CL (Cg" + C3') +0.95[C 4 + Clj2’

Rpe ~ RSN |C‘~;L 2 + 0.127Re[C~’ET,L (C":Sff —~ C‘;T)] + 0.035|§;T - ~ég|2
|CY. 12 4 0.037Re(CY, (Cg" — CF*) +0.05|C¢" — Cg?

RDZR

(99)

)

3.t — ulc) transitions

In terms of the observables related to the up type quark transitions ¢ — u(c), we consider the branching ratios for
the FCNC top quark decays t — u(c)h, t — u(c)y. The branching ratios for the ¢ — u(c)h decay are given by:

ha u hugu %
(lgr " P +1(gg """ ) (mf —m3)?
167I; mg’ ’

BR(t = u(c)h) = (100)

where I'; = 1.42%012 GeV is the total decay width of top quark [13]. On the other hand, the branching ratios for the

radiative decays t — u(c)yi have the following expressions

Lt = ulcyy) _ m(CL P +|CE"
Fgotal - 167TF§Otal

?)

;o 1=1,2 (101)

BR(t = u;y) =
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with Ci r are the coefficients combining by different contributions
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p=3a=1 AP Ap

where the loop functions are shown in Appendix B. Similarly to the mentioned decays b — sv, we should consider
the QCD corrections in ¢ — u(c)y decays. However, the QCD effects at next-to-leading order (NLO) to ¢t — u(c)y
are negligible and modify the branching ratios of such decays around 0.2% compared to the LO contribution [74].
Moreover, both the measurements and theoretical predictions for such decays are currently not precisely known, as
compared to the b — s7v decay 3. Thus the role of QCD corrections is insignificant, and we can ignore the QCD effects
in such observables.

Hptuguiyx Hplgu;
R—

4. Constraints on quark flavor processes

All the predicted observables should be compared with the corresponding experimental values shown in the last column
in Table V. It is worth mentioning that the central values of SM prediction and the measurement results of some ” clean”
observables are quite close, including BR(Bs — ptp™), BR(B — X4v), LFUV ratios Ry and BR(B; — 17,).
However, we should take into account the effect of both SM and experimental uncertainties. Therefore, it is better to
consider the ratios between SM and respective experimental values on each clean observable since the uncertainties
can be reduced via the numerator and denominator of these ratios. Moreover, considering ratios like that also causes
the overall factors to be canceled. For instance, with the branching ratios BR(Bs — p*u~) and BR(B — Xv), we
have the following constraints at 3o range as follows

2 2
BR(By; = i ey 1 ( ) S| + |P|
BR(B, — it i )su 1—y, ICHSQAI2

= 0.9426(1 % 0.2772) (103)

3 These decays currently just have the experimental upper limits for branching ratios, which are indicated in Table V
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2

P=Cy+ B,
- 2my, (mp + my)

BR(B + Xt _ |,

(Cp— C/P)v S=

2
mBS

2my, (my + my)

|CY P + 1P 2 + 203V Re[ O]

BR(B - XS'Y)SM

SN2 4 N(E)

= 1.0265(1 £ 0.2217).

For constraint of LF'V ratios Ry, we also obtain

Rgcp Eexp
= 1.106(1+0.109), 2 =
RSV RV

In addition, we obtain constraints for Bg deg 4 meson systems as

(Ade )
(Amp,)exp

A
SMC 1 0791(1 4 0.1605), (SMB:JsM
(Amp,)

1.48(1 + 0.203),

M — 1.0566(1 + 0.1374).

exp

(CS - Cé’)a
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(104)

(105)

(106)

(107)

However, in K°-K° meson system, the lattice QCD calculations for long-distance effect are not well-controlled.
Therefore, we assume the present theory contributes about 30% to Amyg, it reads

A
(Amrlsm _ (14 3),
(AmK)exp
and then translates to the following constraint
A
(AmiNe o 1_o30.3),
(AmK)exp

in agreement with [75].

(108)

(109)

For other observables such as branching ratios of FCNC top quark decays ¢t — hu(c),t — u(c)y, Bs — 77p~, BT —
K*rtu~ and BY — KVt777~, we will compare their theory predictions with corresponding upper experimental

limits.
Observables SM predictions Experimental values
Amp 0.467 x 1072 ps™* [13] ]0.5293(9) x 1072 ps™* [13]
Amp, 18.77(86) ps~! [76] 17.765(6) ps~* [77]
Amg, 0.543(29) ps~* [76] 0.5065(19) ps~* [77]

BR(Bs — utp™) [(3.664+0.14) x 1079 [64]
BR(B — Xsv)  [(3.4040.17) x 107* [63]

Rp 0.298 4 0.004 [79-81]
Rp-~ 0.254 + 0.005 [83, 84]
BR(t — hu) 2 x 10717 [85, 86)
BR(t — hc) 3 x 1071 [85, 86]
BR(t — uy) 4 x 1071 [85, 86]
BR(t — ¢) 5 x 107 [85, 86]
BR(Bs — 77u") 0 [13]
BR(BT — KTrtu™) 0 [13]

BR(BY - KT7T77)| (1.4+0.2) x 1077 [90]

(3.45 4+ 0.29) x 107? [78]
(3.49 £ 0.19) x 10~* [77]
0.441 + 0.060 + 0.066 [82]
0.281 + 0.018 + 0.024 [82]

<1.9x 107 [13]

< 7.3 x107* [13]

< 0.85 x 1077 [87]

< 4.2 x 107° [87]

< 4.2 x 107° [88]

< 3.3 x 1075 [89]

< 2.25 x 1073 [13]

Table V: The SM predictions and experimental values for flavor-changing observables related to quark sectors.
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VI. NUMERICAL RESULTS

A. Set up input parameters

In this section, we perform a numerical analysis of all observables above mentioned in the lepton and quark sectors.
We first provide some comments about the input parameters. In the quark sector, we use the benchmark points
satisfying the observed quark spectrum, given in the Ref. [45] and then we obtain the numerical forms of the mixing
matrices V(,, q), , for the left- and right-handed SM up (type) quarks, respectively, as follows

—0.691643 —0.72224 —3.4606 x 1075
Vur —0.03477 — 0.7214i 0.03331 + 0.690841 5.4627 x 1075 4+ 2.987 x 1075 |,
2.4033 x 1075 +2.99143 x 107%; —5.9984 x 107° + 1.835 x 10~° 0.77155 — 0.63617i
0.59424 —0.80365 —0.03216
Vi, ~ 0.33464 + 0.73129;  0.24752 + 0.539647 —0.001978 + 0.02746¢ | , (110)

—0.00852 — 0.0063947 0.01665 — 0.03739¢ —0.57436 + 0.817511¢

0.062774 + 0.07892657 —0.772558 4-0.217704¢  0.45357 — 0.3739821
—0.324679 — 0.404588: 0.444546 — 0.124976¢  0.555116 — 0.45771% )
—0.531888 — 0.661678: —0.363214 + 0.102927¢ —0.285327 + 0.235261:

—0.615248 — 0.345117¢  0.152051 4 0.37215: —0.33544 + 0.477733i
Var = | 0.0635554 — 0.064921i —0.158241 — 0.795923; —0.332068 + 0.472177 |, (111)
—0.56473 — 0.418558; —0.00509284 — 0.424059¢ 0.328169 — 0.467272;

Vg

1

We would like to note that the obtained quark mixing matrix is defined as follows

—0.950192 + 0.215979:¢ 0.157931 + 0.159795¢  0.00248254 — 0.00234475¢
Vg = VJL Var = 0.0871643 — 0.206829: 0.961472 — 0.153024:  0.0421355 + 0.002232713% (112)
—0.00248469 — 0.0103215¢ 0.0366984 — 0.0182365: —0.96322 + 0.265361

is unitary and its magnitude |V is in agreement with the constraints of absolute values of the CKM matrix given in
[13]. However, the entries themselves V;; are different than the corresponding CKM ones.

Additionally, the exotic up (down) type quarks U, T (D1, B) are nearly degenerate with masses at the TeV scale, i.e
my ~ mr ~ O(1) TeV, mp, ~ mp ~ O(1) TeV. Moreover, they barely mix with ordinary quarks u(d), as stated in
[45]. Therefore, we ignore their mixing with the SM quarks and consider these new quarks as physical fields.
Similarly, in the lepton sector, we have found the numerical forms for the charged leptonic mixing matrices Ve, .,
obtained from the benchmark points in Eq. (7). These mixing matrices are given by

0.120049 0.0789769 —0.989622 —0.472389  0.871878 —0.129139
Ve, = | —0.35756 0.933372 0.0311129 |, Ve, =~ —0.88139  —0.467177 0.0699824 | . (113)
—0.926142 —0.350114 —0.140289 —0.000685472 —0.14688 —0.989154

The mixing matrix of active neutrinos V,,, is given by:

—0.331797 — 0.06668087  0.64392 — 0.0408052¢ —0.684818 4 0.01378223
Vi, = | —0.598615 + 0.0635722¢  0.420741 4 0.0389029; 0.676312 — 0.0410494: |, (114)
—0.722483 — 0.0331869¢ —0.636202 — 0.02030877 —0.24586 — 0.106325¢

such the leptonic mixing matrix V; = VJL V., is unitary and agrees with the constraints imposed by the allowed ranges
of the absolute values of the PMNS mixing matrix entries, given in [13, 91].

On the one hand, the masses and eigenstates of exotic charged leptons E; 5 are supposed to be the same exotic quarks,
i.e they do not mix with SM charged leptons and are nearly degenerate in mass (mg, ~ mg, ~ O(1) TeV). On the



29

other hand, the mixing matrices of right-handed neutrinos vz and neutral leptons N are assumed to be diagonal,
ie V,, =1,Vn, = I, for simplicity. The active neutrino masses are chosen in the normal hierarchy as follows

My, =05eV, m =m +Am3, mi =m +Amj, (115)

V2L V3L

where Am3,, Am3, are given in [91]. Besides, the masses of heavy neutral lepton Ng and right-handed neutrinos vz
are obtained from the inverse seesaw mechanism as mpy,, ~ m,, , = ~& [45]. With the remaining SM parameters

T V2
used in our numerical study, we list them in Table VI VI.

Table VI: The numerical values of input parameters.

Input parameters Values Input parameters Values
I8, 230.3(1.3) MeV [92] mp, 5366.88(11) MeV [13]
M, 1.24(22) MeV [13, 46] ma 2.69(19) MeV [13, 46]
me 0.63(2) GeV [13, 46] ms 53.5(4.6) MeV [13, 46]
my 172.9(4) GeV [46] me 2.86(3) GeV [93]
N(E,) 3.3 x 1073 [63] C8M(p, = 2.0 GeV)| —0.3636[62, 63, 94]
C8™M (1, = 5.0 GeV) 4.344 [95] CM (i, = 5.0 GeV) —4.198 [95]
Ys 0.0645(3) [77] K 0.408 [69)]
K7 0.408 [69] K8 0.129
mw 80.385 GeV [96] mz 91.1876 GeV [96]
Gr 1.166379 x 1075 GeV 2 [13] st 0.2312 [13]
A 0.22519(83) [97] A 0.828(11) [97]
I 0.1609(95) [97] 7 0.347(10) [97]

With all specified setup of input parameters, the free parameters used in the analysis of the observables are only the
couplings f, B appearing in the scalar potential, the masses of charged exotic fermions mg,, mp,, my, the charged
Higgs boson masses my+,m HE the mixing angle 6 between m HE, For our numerical analysis, we will randomly

vary these unknown parameters in the following ranges

~f€[107%,107, fe0,7/2], Be[107°,107°] TeV, mp, € [1,4] TeV, my. 4= €[0.5,1.5] TeV (116)

Below, we provide a justification for the choice of these ranges. The ranges of f and B are chosen based on the
assumptions used in the diagonalization of the scalar mass matrices, whereas the mass ranges of exotic fermions
and charged Higgs bosons are obtained from the experimental exclusion limits arising from collider searches [98, 99].
Additionally, the mass range of charged Higgs bosons also satisfies the experimental constraints resulting from the
experimentally allowed ranges of the anomalous magnetic moments of the electron and muon Aac ,, as shown in [45].

B. SM-like Higgs boson decays h — ff and h — ff’

Firstly, we are interesting in the deviations factors a; 7, from the couplings of SM like Higgs boson h with fermions
f as follows

an _ (ghTT)theory N _ (ghuu)theory (ghbb)theory _ (ghft)theory
” (ghrr)sm o (Gnun)sm » (9np)sm (Gnie)sm

y Qpgt = (117)

where (gj, 71 )theory are the couplings predicted by the model and are obtained from the last lines of Eq. (A2) and
Eq. (A3. The (g,7r)sm = my/v are the SM predictions. With the help of input parameters given in Sec. (VIA),
we find the predicted values of the model for these factors and are shown them in the Table (VII). We see that
factors aj,+,—, a5, and apz are in agreement with the 1o experimentally allowed range reported by ALTAS and
CMS [87, 100], whereas the model estimates aj,,+,- is in the 30 experimentally allowed range of the ATLAS result.
This can be understood because the second and first SM fermion families receive tree and one loop level masses from
the inverse seesaw mechanism, whereas the masses for the third generation of SM fermions are generated at tree level
by Yukawa interactions involving the Higgs doublets ¢, 5 (¢; for the top and ¢, for the bottom and tau lepton).
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Therefore, the couplings of the SM-like Higgs boson h with the first and second SM fermion generations are smaller
than the coupling of the 126 GeV SM-like Higgs boson h with the third family of the SM fermions.

Table VII: The comparison between predicted values and experimental limits of deviation factors a7,

Observables anfs| Qhup | Ghrr | Ghbb QAptt

~ (0.143|~ 0.86|~ 1.01|~ 0.997

Predicted values

Besides, the model also predicts the LFV decays of SM like Higgs boson h, namely BR(h — [y, [,), which are
demonstrated in the below Table (VIII)

Table VIIT: The comparison between predicted values and experimental limits of BR(h — Iy, 1),

Branching ratios

Predicted values

Experimental upper limits

h —eu
h —er
h — ur

~2.7x 10710
~3.0x1078

~1.2x 1073

4.4 x 107° [101]
2.0 x 1073 [102]
1.8 x 1073[102]

We see that all predicted branching ratios of LFV decays of SM like Higgs boson h — eu,er, ur satisfy the cur-
rent upper experimental bounds [101, 102]. Specifically, the decays h — ep,er are significantly lower by several
orders of magnitudes compared with corresponding experiment results, whereas h — u7 channel is quite close to its
measurement limit.

C. Leptonic flavor observables

In what follows we perform a numerical study of the constraints imposed by the upper limits of the branching ratios
of cLFV decays BR(ly, — lp,y) as well as by the allowed experimental ranges of the anomalous magnetic moments
Aag(yy via the Figs (3, 4).

10 .- R 4.0 — = . .
g - 35 - . '\ e
—~ . ; 30 - )
> 6 ) 1 :
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€ 20
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L ) L 1.0
0.02 0.04 0.06 0.08 0.02 0.04 0.06 0.08
-f -f

Figure 3: The left and right panels respectively show the correlations of couplings B — f and mg, — f satisfying the experimental
limits of cLF'V and anomalous magnetic moments Adac(,).
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Figure 4: The left and right panels respectively show the correlations of couplings —f vs m,+ and mg, vsm+ satisfying the
1 1
experimental limits of cLFV and anomalous magnetic moments Aa.(,)-

The left panel in Fig. (3) illustrates the correlation between couplings of the scalar potential, denoted as — f and B.
There is almost no dependence between these parameters; in other words, the change of B does not affect f, especially
for —f > 0.04. This indicates that the values of the B coupling are insignificant to the leptonic observables. From the
left panel, the values of —f mainly range from —f > 0.04. On the other hand, the right panel demonstrates stronger
correlations between the —f parameter and the mass of exotic charged lepton E;. We notice that the behavior of
mp, and —f is reversed; in other words, an increase of the charged exotic lepton mass mpg, leads to a decrease of the
—f parameter and vice versa. From the right panel, we find the limit mg, > 2.2 TeV.

Turning to Fig. (4), we illustrate the correlations between —f or mpg, and mass of charged Higgs m HE in the left

and right panel, respectively. We observe that both panels indicate the irrelevance of mIi_I to leptonic observables.
Moreover, this behavior is similar if we consider other charged Higgs bosons HfQ. Additionally, the Figs. (3,4)
demonstrate the remarkable impacts of the loop diagrams involving the exotic charged lepton E; and neutral Higgs
bosons H(A) on cLFV and anomalous magnetic moments Aa(y).

Moreover, we consider the branching ratios of three body leptonic decays BR(I — 3I’), Mu-Mu transition, and
coherent conversion y — e in a muonic atom, which only depends on the coupling f, as shown in Fig . (5) and Fig
(6). We observe that the model predicts these observables to be much lower by several orders of magnitude than their
corresponding upper experimental bounds, as given in Table (IV). Therefore, the new physics contributions in the
considering model for these observables are negligible and can be ignored.
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Figure 5: The figure shows the dependence of branching ratios of three body leptonic decays as the function of coupling — f.
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Figure 6: The left and right panels respectively show the dependence of Mu-Mu transition in Eq. (59) and branching ratio
BR(ptAu — eAu) in Eq. (64) as the function of coupling —f.

D. Quark flavor observables

Let’s now focus on the phenomenology of flavor quark observables. First, we will consider the FCNC observables in
down type quark transitions d, — dp. It is important to note that only meson mass splittings, such as Amg g, B,,
BR(Bs; — ptu~) and BR(BT — KT7777) do depend on the new neutral gauge boson mass mz and the coupling gx
of U(1)x symmetry. Other quark flavor observables, however, are independent of these parameters. Thus, our initial
focus is to analyze the constraints on mz  and gx that satisfy the experimental limits of Amg p_ 5,, BR(Bs = ptp™)
and BR(BT — K*7%77) by the Fig. 7

1.0
0.5
S 00
05 0.02
~103 4 6 8 10 2 4 6 8
mz [TeV] mz [TeV]

Figure 7: The left and right panels respectively show the correlations of mz — gx and mz — f satisfying the constraints given
in Eq. (103) for BR(Bs — p"u™) , Egs. (109, VB4) for Amg, s, 5,,and [13] for BR(BT — Ktrt77)

In the left panel, we observe that the range of mys varies with the values of gx. For instance, with |gx| ~ 0.2, the
mass of Z' boson is about ~ [1,1.4] TeV. However, if |gx| > 0.2, mz increase and can reach up to 6.5 TeV for
lgx| ~ 1. However, it should be noted that the LHC searches of the Z’' gauge boson set a lower mass limit of mz > 4
TeV [13], implying the coupling gx should satisfy |gx| > 0.65. These constraints for gx and myz/ are stronger than
those obtained from studying meson oscillation in [45]. On the one hand, both observables are also affected by the
f coupling and we depict the right panel to demonstrate the correlations between f and myz/. We observe that the

correlation here is weaker compared to the left panel. This suggests that the (pseudo)scalar WCs C’g() Py which involve

CP-even or CP-odd Higgs bosons provide very small and subleading contributions to these observables. This can be
understood because when we impose the limit, —f > 0.04 obtained from the analysis of leptonic flavor observables,

such WCs become C,(Sl()g’; ~ O(1072 — 107%), which are extremely small compared to WCs Cy 19 ~ O(1). It is worth

10
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noting that the lower bound —f > 0.045 obtained in the right panel is relatively higher than that obtained in Fig.
(3).

On the other hand, for the branching ratios of (semi)leptonic decays BR(BT — K7+ u~), BR(Bs — 71~ ) influenced
by (pseudo)scalar WCs Cé();’)‘ depending on the parameter f, we plot the Fig .8 and realize that the model evaluates
BR(BT = K771 )theory ~ 10719 BR(Bs; = 71117 )theory ~ 1072 — 1078, Compared with relative experimental
bounds given in Table V, the predicted values are much lower by several orders of magnitude.

-10
6x10 15%x10°8
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0.00 0.02 0.04 0.06 0.08 0.00 0.02 0.04 0.06 0.08
-f -f

Figure 8: The left and right panels respectively show the dependence of BR(B* — K7ty ~) and BR(Bs; — 77 u") as the
function of coupling —f.

For remaining observables related to the FCNC d, — d; transitions, namely BR(B — X,)7, which are contributed
by WCs induced by charged Higgs H*, H 1i,27 and neutral Higgs bosons H(.A), we plot the Fig. 9 to demonstrate the

relationship between parameters fulfilling the constraints given in Eq. (105).
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Figure 9: The first three panels (from left to right) and last panel respectively show the correlations between mass of exotic up
type quark my with masses of charged Higgs bosons Hi, Hlij and coupling — f satisfying the constraints of BR(B — Xsv) in
Eq. (105).

In the first three panels (from left to right) of Fig. 9, we illustrate the correlation between the mass of new up quark
my and the masses of three charged Higgs bosons MU, Mg satisfying the constraint of BR(B — X,v) in Eq.

(103). We observe that the entire ranges of mpy+,m HE, in all panels meet the constraint, whereas the range of my
is more stringent, ranging up to approximately ~ 2.5 TeV but dominantly distribute with the ranges my € [1,2]
TeV. It is worth noting that this observable also depends on f through the WCs induced by the neutral CP even

(odd) Higgs bosons such as C’él)H(A)Dld. We plot the correlation between —f and mass of down type quark mp,
in the fourth panel of Fig. (9). We observe that this correlation is not as strong compared to the others. This can
be understood because with —f > 0.04 and mp, ~ O(1) TeV, we numerically estimate the magnitude of WCs as

|Cf§A)D1d| ~ O(107% —107%) < 1, which is much lower by 3 to 5 orders of magnitude than the corresponding SM

predictions |[CEM| ~ O(107!). Consequently, this implies that WCs induced by new quark U and charged Higgs
bosons H*, H fQ dominantly contribute compared to those containing D; and H,,, and therefore we can ignore these
latter contributions in such observables.

Turning to up quark transition observables ¢ — u(c), we first study branching ratios of tree-level top quark decays
BR(t — u(c)h), as the couplings of these observables are fixed and do not depend on free parameters. The comparison
between the predictions of the model and the upper experimental bounds for such decays is shown in Table IX

Table IX: The comparison between predicted values and experimental limits of BR(t — u(c)h)

Predicted values

4.0

Branching ratios

Experimental limits [103]

t — uh
t — ch

~3.97 x 10710
~9.71 x 10710

<3.8x%x1074
<43x1074
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We observe that the obtained branching ratios BR(t — wu(c)h) in the model are on the order of 107% — 10710,
significantly larger by several orders of magnitude than the corresponding SM values. Besides that, these results for
the decays satisfy the upper experimental bounds, notably as they are lower than 5 to 6 orders of magnitude than
the measurement ones. Thus, the NP contributions of NP in these decays are small and safe under the experimental
constraints.

On the one hand, with branching ratios of radiative decays BR(t — u(c)y) are induced by loop diagrams containing
charged Higgs bosons H i,HfQ and exotic down-type quark Dy, as well as by neutral CP even(odd) Higgs bosons

H(A) with up-type quark U or SM quarks u,c,t. The Figs. (10) are plotted using parameters obtained from b — s
studies, enhancing the understanding of these transitions.
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Figure 10: The first three panels (from left to right) and last panel respectively show the correlations between mass of exotic down

type quark mp, with masses of charged Higgs bosons H*E, Hf2 and coupling — f satisfying the constraints of BR(t — u(c)~y)
[87].

Comparing the two panels, we observe that almost the entire range of the first three panels satisfies the constraint,
whereas the last panel demonstrates a tighter correlation. This indicates that, for this kind of observable, the
contribution of WCs associated with charged Higgs bosons is not as strong as those associated with neutral CP even
(odd) Higgs bosons. This behavior is opposite to the governing BR(B — X7).

Finally, we examine the LFUV ratios R+, which are generated at the tree level via the exchange of the SM charged
gauge boson W+ and the charged Higgs bosons H*, Hffz. In Fig. (11), we plot the correlation between the mass of the
charged Higgs bosons that satisfy the measurement of Rp.) [82] with input parameters enhanced by the above studies.
The figure shows that many points satisfy the constraint in Eq . (106), but they are dominantly linearly distributed.
This behavior can be interpreted for the following reasons. Firstly, the ratios are depend on WCs C'é) induced by

H{,t2d
charged Higgs H fQ which are proportional gL)llgfuz °. In addition, these couplings respectively relate to elements of

mixing charged scalar matrix (UJ)13(14) and (U] )23(24) ~ 6112) ~ ——L—— given in Eq. (23). Therefore, the WCs
Hfz HE
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induced by Hli,2 will be enhanced significantly if there is slight degeneration in charged Higgs masses m HE, U
This results in almost all points being distributed linearly in Fig . (11). For My, = My + O(10Y) YGeV7 and
with obtained parameter in above studies, we can estimate the magnitude of these scalar WCs which can attain
the maximum value |C’g )\ ~ O(10~*), which is much smaller than WC of SM C,,. This suggests that the charged
Higgs boson contributes insignificantly compared to the SM contributions. Finally to close this section it is worth
mentioning that this scenario of nearly degenerate charged scalar masses is favored by the constraints arising from

electroweak precision observables, which is a generic feature of multi-Higgs doublet models [104], like the one analyzed
in this work.
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Figure 11: The figure shows the correlations between mass of charged Higgs bosons HT, Hli satisfying the constraints of R )
in Eq. (106).

VII. CONCLUSIONS

In this paper, we have investigated several flavor observables in both the lepton and quark sectors in the context of
an extended 2HDM with the inverse seesaw mechanism. We have performed a detailed analysis of the scalar mass
spectrum using the perturbation method, based on certain assumptions for the Higgs potential couplings. Additionally,
we have obtained the benchmark points fulfilling the SM lepton masses and mixing.

We found that the contributions to cLFV decays and anomalous magnetic moments observables, resulting from
loop diagrams involving the virtual exchange of CP even (odd) Higgs bosons H(A) and charged exotic leptons,
are significantly larger than those arising from the exchange of charged Higgs boson. In addition, the constraints
for coupling f and mpg, are derived as —f > 0.04 and mpg, > 2.2 TeV. With the obtained bound on f, the new
physics contributions to the branching ratios of three-body leptonic decays BR(I — 31’), Mu-Mu transition, as well
as BR(uAu — eAu) conversion, are shown to be remarkably smaller than upper experimental limits. On the other
hand, the study of quark flavor observables is more complicated. Specifically, for the FCNC d, — d; observables, the
WCs induced by charged Higgs bosons H*, H fz and exotic quark U exchange contribute the most to BR(Bs — X7v),
whereas the remaining WCs of H(A) are insignificant. The range of my > [1,2] TeV is obtained. Furthermore, the
meson oscillations are revisited with all contributions and comprehensive quark couplings, combining with studies for
BR(Bs — ptp~) and BR(BT — K71 pu7), we obtain tighter constraints on the U(1)x coupling gx and on the Z’
gauge boson which read |gx| > 0.65 and mz > 4 TeV, respectively. The obtained lower bound of myz. is consistent
with LHC searches of the Z’ gauge boson [13].

The numerical values for the up-type quark flavor observables corresponding to FCNC decays t — wu(c)h are found
to be much lower than their corresponding upper experimental limits [103], but several orders of magnitude larger
than SM predictions [85, 86]. Concerning radiative decays t — u(c)y, their obtained branching ratios are primarily
influenced by WCs induced by CP even (odd) Higgs bosons interacting with exotic up-type quark U compared to
W(Cs containing charged Higgs bosons. This behavior is opposite to that governing BR(B — X,7v). The FCCC b — s
LFUV ratios Ry« are calculated to agree with their experimental constraints, with the new physics contributions
arising from charged Higgs bosons at the tree-level shown to be negligible.

The properties of the SM-like Higgs boson h are also discussed. Particularly, the model predicts the deviation
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factors ajprr,an; and apgs of the SM Higgs couplings to 77, bb and t{ pairs, which are found to agree with their
lo experimentally allowed ranges [100, 105]. Furthermore, the factor as,; of the SM Higgs coupling to up pair is
estimated to agree with its corresponding 30 bound. This is because the first and second fermion generations acquire
masses via the tree and one-loop inverse seesaw mechanisms, respectively. Additionally, the obtained values for the
branching ratios for the LFV decays of h such as h — eu,h — er,h — pr, are shown to be consistent with their
corresponding experimental upper limits [13, 102].
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Appendix A: Coefficients in Lagrangian for lepton and quark flavor violating processes

The coefficients mentioned in Eq. (47) are given as follows
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Otherwise, the coefficients used in Eq. (68) and Eq. (69) read
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Appendix B: Loop functions
The loop functions used in Eq .(76) are given as follow
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