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Abstract

We investigate the flavor violation (FV) of Z decays to leptons at tree level and flavor conserving
Z decays to leptons in the frame work of the flipped SU(3)c ® SU(3)r @ U(1)x @ U(1)n,(F3311)
model. In addition, we analyze the processes [; — [;7 and the leptonic three-body decay. Using the
experimental bounds on these decays we set the constraint on sin ¢ which represents the mixing
between Z-Z’ boson. The most stringent limits arises from pu — ey decay where sin¢ ~ O(1073).
The leptonic three-body decay set lower bound on the mass of the new neural gauge boson mz >
3.2TeV. Using the LUX-ZEPLIN (LZ) experiment data we set bounds to the mass of the dark
matter candidates. Subsequently, we investigate the lepton non-universality in B decays within
the F'3311 model by calculating the generic one-loop contribution to the process u; — d;eyv,
in the unitary gauge as well as numerical evaluating the branching ratio Rp, Ry, R(X.). We
demonstrate that the F'3311 model can address the 3.30 discrepancies between Standard Model
and experimental data. To reaffirm our results, we also analyze the d — u transitions and s — u
transitions. These two transitions also give consistent result with experiment data. Combine all
experiment dat a we obtain the operating region for the mass of the model specifically mg €

[6.5,9]TeV, mq € [6,11|TeV and the dark matter candidate m¢ € [1.5,2]TeV .



I. INTRODUCTION

Although the Standard Model is a remarkable achievement, it still leaves several funda-
mental questions unanswered, including the origin of neutrino masses [I}, 2], the existence
of dark matter[3, 4], the matter-antimatter asymmetry of the universe [5], and the flavor
puzzles. These unresolved puzzles strongly imply that the SM is an effective theory and
need to be extended at higher energy scales. Many extended models of the SM have been
proposed to address experimental data and predict new physics (NP) phenomenology.

To search for new particles and interactions, current experiments are implemented via di-
rect and indirect searches. While direct searches often involve investigations at high energy
collider, indirect searches focus on detecting quantum loop effects in precise observables such
as the violation of (approximate) symmetries of the SM. These effects are highly sensitive to
NP especially in scenarios where the symmetries of the SM are not preserved. Consequently,
even if the new physics’s mass scale is quite high, these effects are still significant. Recently,
several measurements in flavor physics have shown deviations from the SM prediction, par-
ticularly the anomalies associated to the charged current processes. The discrepancies found
in charged current involving b — ¢l~v; decays have been observed at BARBAR [0, [7], Belle
[8-10] and LHCbH[ITHI3]. In particular, measurements of the ratios of branching ratios (BRs)

are
B(B — Drtv,)
= 1
Ro B(B — Dlv;)’ (1)
and
B(B — D*tv,)
Ry = 2
P"= B(B = D*ly)’ (2)
with [ = e, p.
The latest
R(D)eap = 0.339 + 0.026 + 0.014, (3)
R(D*)exp = 0.295 £ 0.010 £ 0.008, (4)

where the first and second uncertainty is the statistical and systematic error, respectively.

These measurements are at level of 3.3¢ tension with SM predictions [14]

Rsn (D) = 0.298 £ 0.004, (5)
Ren(D*) = 0.254 4 0.005, (6)



Even though these decays have imperfect cancellations of the form factor dependence since
the mass of tau is quite big. However, these measurement are supported by R(J/¢) [15]
which is observed to be larger than SM prediction. These deviations hint a violation of
the universality of interactions of leptons. In SM, the gauge bosons interact with the same
strength with all lepton flavors. The lepton flavor universality (LFU) is only broken by
the Higgs Yukawa couplings. However, these couplings are very small (1% for the 7 lepton),
hence the LFU is an approximate symmetry of the SM. Therefore, the LFU violation (LFUV)

represent sign of NP.

Among the various proposed extensions to the SM, gauge extensions offer a compelling
framework for addressing some of these shortcomings. Models based on the SU(3)¢ ®
SU3), @ U(1)x (3-3-1) gauge group are particularly intriguing. These models inherently
incorporate three generations of fermions [16-20], which naturally leads to explanations for
the number of observed families and often provides solutions for neutrino masses through
mechanisms like the seesaw [21H30]. Furthermore, the stability of dark matter in some of
these models is often interpreted via global or discrete symmetries [31H36]. Given typical

fermion contents, charge quantization is a direct consequence of the 3-3-1 model [37H4T].

The [SU(3);]* anomaly cancellation condition [42-45] requires the number of triplets
equal to the number of anti-triplets. As a consequence, there are different arrangements of
particle content of the models. Traditionally, quarks and leptons are arranged into triplets
or anti-triplets. However, in recent works [46] 47], a distinct arrangement is explored where
one generation of leptons is placed in a sextet, while the other two are arranged in triplets.
This setup is often referred to as the flipped 3-3-1 (F331) model. With this type of arrange-
ment, one lepton generation transforms differently from two others to result the different
interactions of leptons with gauge bosons. As a result, the F331 incorporates lepton-flavor-
violating interactions at tree-level. This feature directly impacts lepton number violating
decay processes of charged leptons and is expected to give rise to observable effects re-
lated to lepton flavor non-universality [48-51]. Additionally, in the F331 model, there is
a mixing between the Z and Z’ bosons. Therefore, the model not only contains neutral
currents that change lepton flavor associated with both Z and Z’, but these interactions also
directly predict lepton-flavor-violating decay processes of the Z boson, which can thus be
very stringently constrained by current experimental limits [52]. Furthermore, in the F331

model, the charge Q and the quantum number B — L charge neither close nor commute
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with the SU(3). [53]. To close the algebra, the electroweak symmetry must be extended to
SU3)L, ® U(l)x ® U(1)y where the Abelian charges X and N are related to @ and B — L
through generators of SU(3), respectively (often referred to as the F3311 model). This
specific setup naturally reveals matter parity as a residual gauge symmetry [47, 53], which
plays a vital role in stabilize symmetry various dark matter candidates within the model,
alongside its implications for other related phenomena, as thoroughly investigated in prior
studies [53H56].

This paper focuses on investigating the implications of the F3311 model for both lepton
number violating processes in the decays of the Z-boson and the observed Rp/Rp~ anoma-
lies. The Z-boson, being a fundamental electroweak mediator, provides a clean environment
to search for rare decay modes that could be sensitive to new physics scales. Furthermore,
the model’s ability to explain the Rp/Rp+ anomalies presents an additional avenue for its
experimental verification. We specifically examine the rates for various Z-boson decay chan-
nels involving different lepton flavors, and delve into the F3311 model’s contributions to
the Rp/Rp- ratios, as discussed in detail in our previous work. Our analysis leverages the
extended scalar and fermion content of the F3311 model, which introduces new interactions
mediating these exotic decays and lepton flavor non-universality. By calculating the branch-
ing ratios of these processes and evaluating the theoretical predictions for Rp/Rp+, we aim
to constrain the parameter space of the F3311 model using current experimental limits.

The remainder of this paper is organized as follows. In Section [[I, we provide a con-
cise review of the F3311 model, highlighting its particle content and relevant interaction
Lagrangian. Section [[TI] details the consideration of Z-boson decay rates involving lepton
flavor and lepton number violation. The flavor non-universality of the effective Hamiltonian
for u; — d; transitions is derived in Section M We then proceed with a numerical study
of lepton flavor non-universality processes in Section [V] Finally, Section [VI summarizes our

findings and offers concluding remarks.

II. F3311 MODEL

In this section, we present a concise overview of the F3311 model which forms the the-
oretical basis of our analysis. We begin by detailing the model’s particle content, followed

by a discussion of its relevant interaction Lagrangian [47].
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A. Gauge Group and Charge Relations

The F3311 model extends the SM gauge symmetry by incorporating an additional U(1)

factor, resulting in the full gauge group:
SUB)e@SUB)L,U1l)x®@U(l)y. (7)

This extended symmetry naturally leads to novel charge assignments and particle content.
The electric charge operator Q and the baryon minus lepton number B — L are fundamentally
related to the diagonal generators of the SU(3), group, T3 and Tg, and the U(1)x and U(1)
charges as follows:

1 2
Q=T3+—T3+X, B—-—L=—I3+N. 8
’ \/§8 \/§8 ()

These relations are crucial for understanding the embedding of SM fields and the properties

of new exotic particles within this framework.

B. Particle Content of the Model

The particle spectrum of the F3311 model is designed to ensure anomaly cancellation
and to naturally accommodate three fermion generations, along with new exotic states. The
unique "flipped” arrangement, as introduced in Ref. [47], dictates that one generation of
leptons transforms as a sextet under SU(3)r, while the remaining two transform as anti-

triplets. Specifically, the left-handed fermion content is arranged as:

52 \%52 \%VL

wlL = \%fg fi \/LielL ~ (17 67 _1/37 _2/3) ) (9)
#hiL e Eir
T
Yar = (Vor car Bar) ~(1,3,-2/3,-4/3), (10)
T
Qar = (daL —UqL UaL> ~ (37 37, 1/37 2/3) ) (11>

where o = 2, 3 denotes the generation indices for the lepton anti-triplets. The right-handed
fermion fields are given by:
Var ~ (1717()’_]-)’ €aR ™~ (1717_]—7_]—>a EaRN (1717_17_2)a (12>
Uar ~ (37172/371/3)7 dar ~ (3717—1/371/3)7 Uar ~ (37172/374/3)7 (13)



with @ = 1,2,3 as the full generation index for all right-handed fermions. This particu-
lar arrangement of fermion fields is key to the model’s unique phenomenology, especially

regarding lepton flavor violation and lepton flavor non-universality.

C. Scalar Sector and Electroweak Symmetry Breaking

The scalar fields, along with their corresponding representations and VEVs are defined

as follows:
T
n= (00 m ny) ~(13.-2/3,-1/3), (14)
T
p=(pt 0% ) ~(1,3.1/3,-1/3), (15)
T
v=(d g ag) ~(13,1/3.2/3). (16)
Sit 55 45t
S=|Lsh 8% sk | ~(1.62/3,4/3), (17)
LSt sk S
®~(1,1,0,2), (18)

These scalar fields acquire non-zero vacuum expectation values (VEVs), which are crucial

for electroweak symmetry breaking and mass generation:

> 0 0 00 0
m =fof, =% =[0o|, ©G)=f0o% 0],
w A
0 0 NG 00 %
A
(@) =—. (19)

The initial breaking from SU(3)c ® SU(3), @ U(1)x ® U(1)n to the SU(3)c ® SU(2), ®
U(1l)y @ Wp symmetry is triggered by the higher-scale VEVs, w and A. Here, Wp represents
a residual discrete symmetry defined as Wp = (—1)3B-1+2 where B — L = %Tg + N.
Subsequently, the electroweak symmetry of the SM is further broken to U(1)gys by the
VEVs u, v, and k.

The explicit hierarchy of these VEVs (k < u,v < w and A < A) not only ensures

the correct breaking pattern but also dictates the mass scales of the new gauge bosons and

exotic fermions, directly influencing the phenomenological predictions of the model.
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D. Gauge sector

Building upon the scalar sector, the masses of the gauge bosons in the F3311 model
fundamentally arise from the kinetic terms of the scalar multiplets, which acquire non-zero
VEVs. Specifically, these masses are generated when the scalar fields are expanded around

their VEVs within the covariant derivative term,

L3> > (Du<o>)(D'<o>). (20)

d=X,01,5,p
The non-Hermitian gauge boson states and their corresponding masses are presented in the

following format:
o Wi = (A, F idy,) with md, ~ £ (u? +v?)
o XF = \/Lg(AML FiAs,) with m% = %(u2 +w? + 2A?%)

o YOO = L(Ag, Fidy,) with m} ~ © (u® + w? + 2A%)

Assumming that A > A, w > u, v, we integrate out the boson By, three remaining neutral

gauge bosons (As, Ag, B) mix, yielding:

e The massless photon, denoted as A, is defined as:

t / t2
A= SwAg + cw (%Ag + 1-— ?WB> (21)

V3tw

where sy = sin Oy = cw = cos By, and tyy = 4X.
w w m7 w W, w

g

e Orthogonal fields: Z, Z’

/ 2
Z = CwAg — Sw <%A8 + - %B) (22)

2 tw
A Py 23
3°°% 3 (23)

e 7-7Z' mixing produces mass eigenstates:

Zl = C¢Z — S¢Z’ (24)
ZQ = S¢Z + C¢Z/ (25)



with ¢4 = cos ¢, s, = sin ¢, and mixing angle ¢ is defined as

V3=t u? — view ' (26)

tan(20) = toy ~
an(2¢) =tz 2¢k, w4+ 4A?

e Mass squared:

m3 x@ m3 zg—z(w2—|—4/\2) (27)
AR as "SR

The physical and original neutral gauge bosons are related by:
(A?n A87 B)T = U(A7 Zla ZQ)T

where the mixing matrix U is given by:

Sw CwCyp CwS¢
U= | Jgsw —ggswiwey — /1= 3tlyss —swiwse + /1 — 5tcs

V31— 3t UE(ss + /3 — 4dsiycy) TE(co — /3 —Asiysy).

We identify Z; as the SM Z boson, and Z, as a new gauge boson.

E. Fermion masses

Having established the particle content and the mechanism of symmetry breaking, we now
present the full Lagrangian of the F3311 model, which governs the dynamics and interactions
of all fields. The total Lagrangian for the model can be broadly categorized into kinetic,

Yukawa, and potential terms: The total Lagrangian for the model is
L= [’kinetic + ‘CYuk:awa -V. (28>

For the purpose of this work, our primary focus lies on the Yukawa interactions. The relevant

Yukawa Lagrangian terms, separated for quarks and leptons, are given as follows:

Lewr = hQarp usr + hyQarn*dvr + hYQar X Usr (29)

Llepton = hZaEaLpeaR + hfaEaLXEaR + hlE;EILSEaR + thaiL@blLS

Y ukawa

+ hY b o er + RETC puyr® + Hoc. (30)



From the Yukawa Lagrangian of quarks in Eq. , the quark mass mixing is given as

followings
ub hdb Ub
Mylap = —2v, Mgl = ——2u, Myl = ——2w. 31
[l ap V5 [ma]as 5 [mula 5 (31)
and the exotic lepton mass mixing matrices are obtained from , which have a following
form:
hE hE
[mE]lb - _\/lgAa [mE]ab = __\/a—;wa o = 27 3a b= 17 2a 37 (32>
mg = —\/§h§EA, me = —\/ﬁhf/\, (33)
where £ and E, are mixing with [mepg,| = h\%{. However this mixing is small and can be

neglected since Kk << w, A. The SM leptons gain masses

0 0 0
[me]ab = - U’\I/}m U}\l/eim v}\l/e%a ) or [me]ab = - \}%bva (34)
vh®31 wh®32 wvh€33
V2 V2 V2
[m,,]n = —ﬂhff{, . (35)

The electron mass can be radiative induced as in original study [46].

The mass eigenstate and the gauge state are related by

U/L,R (u, u27u3)€R VLR(U17U27U3):£R VL RUL.R; (36)
/L,R = (d17 d/27 dg)L,R = VL,R (dy, dy, dS)L,R = VL,RdL,Ra (37)
Ut p = (U1, Uy, U1 p = Vilp (Un, Us Us)p g = VipUL e, (38)
€rn = (1. €5, ) . n = Vin (€1 eaea)p 5 = Vipern, (39)
V/L,R = (v1, v, VZI%)TR = VLVR (v1, v, V3)TR = VLVRULR? (40)
r= (Bl By By = Vi By, By, Es)p = VERELR. (41)

A crucial consequence of Wp parity conservation in this model is the absence of mixing mass
terms between SM fermions and new exotic fermions. This stands in contrast to the F331

model [48-51].
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F. Charged and neutral currents
1. Charged currents

The Lagrangian for the charged currents are given as [47]
— — 0%
LS = TfW,+ I X 4+ YY) + He, (42)
where the charged currents are given as
J = - (TarV"€ar, + Tar Y dar) (43)

V2

J = —% <\/§?1L’V”Em + VotV Ear, — Uary'dar, + \/%JLF’V”ML + @L7H€1L> . (44)

Jyt = ~ 9 (\/§E1L’Y“E1L + 2ar V" Eor + Uar V" uar, + V28 7 err + @LV“V1L> , (45)

V2

In these mass eigenstates,the Lagrangian describing the interaction has form

g - / — !
L D> —— [(UPMNS)ab W “.rytel + (Vorm); Wi laL’Y'udaJL:|

V2
- %[(vmﬁ) X7l (vf%vf)*) X{T 0
2 ac ¥
(V) X (Vf)laX’”Fﬂ”ef]
-2 (vivpy) veerss+ (VIR YT
be i

+ (VY &y et + (VF hJBFWu'ﬂ} +He, (46)

where Vo = VE(VAT and Upyns = VF(VE)T. Because of the conservation of Wp
parity, it forbids mixing terms between the W* bosons and new charged gauge bosons
(X*). This property ensures the absence of anomalous flavor-changing couplings associated
with charged currents (W®) at the tree level, which significantly differentiates this work

from previous studies [51].

2. Neutral Currents

This model exhibits a distinctive feature: tree-level Flavor Changing Neutral Currents

(FCNCs) exclusively in the lepton sector. This arises as a direct consequence of the unique
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transformation properties of the first lepton generation under the SU(3), gauge group, which
fundamentally differs from the behavior of the other two generations. Crucially, quark flavors
remain conserved at tree-level within this framework, providing a clear distinction from other
extended models.

The nature of these neutral currents, particularly their dependence on the Cartan charges,
is central to understanding the model’s phenomenology. The interactions are defined by the
kinetic term of the fermions, expanded around the gauge fields. Specifically, the coupling of
fermions to the neutral gauge bosons can be extracted from the covariant derivative term in

the Lagrangian:

_ _ T
LD FintD,F > —gF* {T?,Agu + TxAg, + tx (Q Ty — 7%) Bu} F, (47)

where F' denotes the various fermion multiplets within the model.

Regarding the properties of these neutral currents, it is important to emphasize that
the model inherently ensures flavor conservation for quarks and right-handed leptons at
tree-level, as previously stated. In contrast, the distinct lepton flavor-changing neutral
currents originate specifically from interactions involving the Ty generator. These FCNCs
are predominantly mediated by the mixing of the Z; (SM-like) and Z, (new exotic) neutral
gauge bosons. Building on these characteristics, the relevant Lagrangian terms that give

rise to these specific lepton flavor-changing neutral current interactions are expressed as:
LD (gfl)zj ZZLV“Z;LZ{L + (g52>lj l_;Lfy‘ul;'Lng (48)
where the coupling strengths (gfl)ij and (gf"’)ij are explicitly given by:

g * g *
(97),; = so—=—==(ViL)u(Vir)hy, (97%),; = C¢—t2(VzL)1z’(VZL)1j- (49)

Vi 3~y
The matrix V), is a 3 X 3 unitary charged lepton mixing matrix. While its individual entries
are undetermined, its product VJL V.1, is constrained by neutrino oscillation data. This matrix
plays a crucial role in characterizing the flavor-changing interactions. Analogous to the
Cabibbo-Kobayashi-Maskawa (CKM) matrix in the quark sector, Vj;, can be parameterized

using three mixing angles Hﬁj and a single CP-violating phase &' as:

—ist

C12€13 C13512 513€
_ iot iot
Vie = —C12513523€" — C23S512 C12C23 — 512513523€ C13523 ) (50)
. L 7. L _
512823 — C12€23513€ €7 (23512513 — C12523 C13C23
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where ¢;; = cos Gﬁj, sij = sin ;1. In contrast to the lepton sector, the uniform transformation
properties of the quark generations under the SU(3), gauge group ensure that flavor changes
are absent in Z’ interactions at tree-level. This leads to purely flavor-conserving neutral

current interactions involving the neutral gauge bosons, which are expressed as:

LY =~ eQ(f) 1" fA,
- ﬁ {Fv [0 (F) = g5 ()] £ 20+ T (97 (F) = 952 ()] £ 2} (51)

where e = gsyy. The couplings gil’z and 951’2 are detailed in Table . Having established the
full Lagrangian and the mass spectrum of the gauge bosons, we can now derive the effective

Lagrangian relevant for specific low-energy processes [50].

III. LEPTON FCNC PHENOMENOLOGY

A. Constraints from SM Z boson decay data

The model features Z — Z’ mixing, controlled by a small mixing angle ¢. This leads
to additional contributions to the SM boson decays, including both flavor-conserving and

flavor-violating modes.

1. Flavor-Violating Decays

The model predicts the FCNCs in the lepton sector at the tree level. Experimental
limits on Z boson decays with lepton flavor violation (e.g., Z — eu, Z — er, Z — ur)
provide strong constraints on the mixing parameters and the mass of the SM Z boson. The

branching ratios for the flavor-violating Z — f, f, decays is [52]

My,
127

L(Zy = 1717) = (1Gz)il® + [(g)ial*) (52)

The experimental upper limits on lepton flavor violating decays of the SM Z boson, as

reported in [57], are:

13



Br(Z — e*u¥) <262 x 1077, (53)
Br(Z — e*7%) <5 x 107, (54)
Br(Z — %) < 6.5 x 107°. (55)

Clarification on how these Z boson decay are used to restrict the model’s parameter space
and is essential for a comprehensive analysis. The strength of the Z-Z’ mixing depends on
the mixing angle sin ¢ . In the limit where the new scale approaches the electroweak
scale (EW), the order of tan2¢ is of order 10™! hence sin¢ is of order 107!, The
branching of decay Z; — [;l; will be proportional to the mixing between Z-Z’ and the lepton
mixing parameters as in (50). In FIG.(I)) we investigate the Br(Z; — [;l;) for the F3311
model. The allowed regions for lepton mixing are restricted by combined the experimental
value ,,. We investigate for different value of mixing angle sin ¢. With maximal
value of sin ¢ = 0.1 the value of ¢, is in the range ¢ € [0, 1] while the range for the ¢;3 is

c13 € 10,0.1]. In case sin ¢ = 0.02 then ¢15 € [0,1] and ¢35 € [0, 0.4]

55 =0.1 s55=0.02
- - - - : .

10 r
0.8
06
[ Br(Z — pe) <2.62x 1077 [ Br(Z — pe) < 2.62x 1077
Br(Z — 7€) < 5.0 x 107° < _ [ Br(Z = 71e) <5.0x 107
Br(Z — p) < 6.5 x 107° Br(Z — ) <65 %107

FIG. 1: Allowed region of Br(Z — [;l;). Blue region is the combined region restricted by

experimental values.

2. Flavor-Conserving Decays

The Z — Z' mixing modifies the couplings of the SM Z boson to lepton pairs, and
lepton FCNC interactions also contribute to these couplings through one-loop diagrams, as
illustrated in FIG 2l Including both new contributions to the SM Z boson couplings, the

decay width for Z; — [I; can be approximated as:
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_ 1
P2 = 1) ~To+ 127 {(gg)ii(égfl)ii + (g%)ii((Sg]Zgl)ii} mz, (56)

1672 — 171 [, g2 [, g2 Mm%, oo
= (G [N AU | T
where T'g = 51= ((92)2 + (9%)is) mz, represents the tree level SM contribution to the decay
width; (¢9)s and (¢%);; are the SM left-handed and right-handed couplings, respectively;
(6g.)2" and (0gr)2" represent the deviations from the SM couplings due to new physics at
the tree level; my, is the mass of the SM Z boson. The experimental bounds on leptonic

Z decays are given in Table [l To satisfy the 90% Confidence Level (CL) constraint, the

following condition must hold:

L'z

< 1L.76T5", (57)

1

FIG. 2: 1-loop contribution to Z; — [;l; decay.

We will find the parameter space for more strict mode which is Z — e*e™. The bound
for sin ¢ is obtained by setting c¢;o = 1, ¢13 = 0.3. In this set up, the condition for the mixing

angle between Z-7’ is sin ¢ < 0.0015 as in FIG[3]

15
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S¢

FIG. 3: Condition for 90%C.L for Br(Z — ete™)

TABLE I: Flavor-conserving Z decay modes [57]

Decay Mode  Branching Ratio (%)

Br(Z —ete™)  (3.3632 £ 0.0042)
Br(Z — ptu)  (3.3662 + 0.0066)

(
(
Br(Z = rt77)  (3.3696 & 0.0083)
Br(Z — ce) (12.03 +0.21)

(

Br(Z — bb) (15.12 4 0.05)

B. Lepton FCNCs and the y — eyrocess

Lepton FCNCs can significantly influence the radiative decay process u — ev. In this
work, we focus specifically on the contributions to the general l; — [;7 decay arising from
FCNCs, neglecting other potential contributions. The relevant Feynman diagrams are illus-

trated in FIGH]

It is convenient to introduce

(L7725 = g7 705 + (977 (58)

in which the diagonal is the flavor conserving couplings and the non-diagonal is the flavor
violating couplings.

In the limit where % ~ 0 and m, >> m, >> m,, we obtain the following expression
1,42

for the decay width [58]:
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Z1,2> Z1,2>

FIG. 4: Loop diagrams for process l; — ;7

amy, VA Z
: (D7), (T%
9(dm)t le ‘Z «(

+ <”2;>
() (mzfg (207 Dy YL )]

k

L(l; — lyy) =

> @)

_|_

The branching ration of the process [; — [;v can be written as:

T( P ],}/) F(ZZ — l]ﬂjl/l>

X BT(ll — ljl?jl/i)

where

2.5
Grm;

F(lz — lijVi) = 19973

(59)

(60)

(61)

The most rencent bounds on the p — e is given in [57] with the branching ratio Br(u —

evev,) ~ 100%

Br(p—ey) <4.2x 107",

(62)

We investigate the allowed parameter space (sin ¢, mz,) and illustrate as in Fig.. The

mass of the new Z’ boson of the model is then mz, > 2.5TeV when sin ¢ < 0.0015 which is

consistent with the constraint sin ¢ < 0.0015 from the decay Z — ete~
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FIG. 5: Allowed region of parameter space (m,, ss) of i — ey
C. Leptonic three-body decay

Building upon the proposed model of lepton flavor violation (LFV) mediated by Z; and
Z5 bosons, this section systematically surveys various leptonic three-body decay channels.
Our analysis focuses on scenarios where these LFV interactions occur at the tree-level ap-
proximation. We will specifically examine decays of the form l; — [;i3ls, where [; represents
a heavier charged lepton decaying into lighter leptons. Intergrating out the neutral bosons,

Z, 4y, from neutral currents, we obtain an effective Lagrangian for these processes

i, AGE [ ps- , g _
Lot~ 8 { 92l PLlilgy" Prls + gg,éﬂszszzmﬂPRzg} +He o (63)

V2

where the effective couplings are defined as:

BB _ V2 (gfl)ij(gf(lfz))ﬁﬁ + (gfz)ij(gffzz))ﬁﬁ (64)
9LL(r) = 4G e m2Zl m222 )
with the lepton flavor conserving couplings (gf(lg)) 55 given by:
Z g Z 7,
(9708 = == (90 () + 95 (£9) ) (65)
cw
Z1,2 g 21,2 Z1,2
L J)BB = 1% B) —Ya B)) -
(92%) o (97 (fs) = 947 (fs) (66)
w

The effective Lagrangian presented in Eq. directly describes various charged LFV
processes, including 4 — 3e, 7 — 3u, 7 — 2eu, and 7 — 2pue. In particular, the branching

ratio for the 77 — ptut ™ decay channel is given by:
Br (7’+ — /j"/ﬁ',u_) = (|g£‘£"“ 24 lgr'p™ 2) Br(tt — et v,). (67)
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To obtain the branching ratios for other analogous decay modes, such as 7+ — eTe~"e™ and
ut — etee’, we can adapt Eq. . Specifically, for 7t — ete~e™, one replaces all i
indices with e indices. For uy* — eTe~e™, the initial lepton 7 is replaced by u, and all final
state p indices are replaced by e indices.

In previous investigations of these processes [50], we primarily focused on the impact of
lepton flavor violating (LFV) neutral currents associated with the new gauge boson, often
neglecting the contribution from those mediated by the neutral SM gauge boson. However,
our current analysis reveals that the proportional contributions from both neutral gauge
bosons are comparable, a crucial finding that necessitates their inclusion in comprehensive
evaluations. Specifically, we’ve found that the coupling strengths of the lepton flavor con-
serving (LFC) neutral currents for both the Z; and Z, gauge bosons are of the same order
of gauge magnitude. Consequently, their proportional contributions to the branching ratio

are determined as follows:

2112y 2 2
(9. D)is ™22 _ 1 )2 ™2 o 0(1), (68)

(lg721*)i; ™2, Mz,
Under the assumption of maximal mixing among charged lepton generations, the branching

ratio Br(l; — 1;l3lg) reaches its largest predicted value. Additionally, by assuming a mixing
m2

angle between the Z and Z’ bosons given by ¢ ~ qzzﬁ ~ m—fl, we derive the branching ratio

b Z2

my . . .
2, as illustrated in Flg.@).

)
mz,

Br(l; — l;llg) as a function of the mass ratio

107 g7
108f=q= === g mm-msmsssssssmsm oo ne e E
100
1070 E Br(u—3e)
10-11 ; BI’(T—)SG)
f Br(t-3u)
1072
107
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0 20 40 60 80 100
mz,
myz,

FIG. 6: The branching ratio Br(l; — l;lslg) as a function of the mass ratio

mz,
le'

Our theoretical predictions for the branching ratios of charged LFV decays, namely

Br(u — 3e), Br(t — 3e), and Br(r — 3u), are presented as a function of the mass
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ratio mz,/mz, in Fig. (6). These predictions are crucial for assessing the viability of our
proposed model against stringent experimental constraints.

The current experimental upper limits on these charged LF'V processes are highly restric-
tive. For the muon decay, Br(u — 3¢) < 1.0 x 107'% at 90% C.L. [57]. In contrast, the
limits for tau decays are comparatively less stringent, with Br(r — 3e) < 2.7 x 1078 at 90%
C.L. [57] and Br(r — 3u) < 2.1 x 107% at 90% C.L. [57].

The most constraining channel for our model proves to be p — 3e, due to its exceptionally
tight experimental limit. To ensure consistency with the current experimental bound of
1.0 x 1072 for u — 3e, our model necessitates that the mass ratio my, /my, falls within the

region where the predicted Br(u — 3e) curve drops below this limit. Visually inspecting

Fig. (@, this consistency is achieved for values of ZZ > 35 and the mass of new neural
gauge boson myz > 3.2TeV which compliment the LHC constraints [57].

In summary, the £'3311 model, by design, has the FLV at tree level in the lepton sector.
This feature will contribute to physical processes involve neural current.We have investigated
the flavor changing in neural current in some decay processes and set constraints on the
mixing angle between Z-Z bosons and the mixing in the lepton sector and the mass of the
new neural gauge boson Z’. The process u — ey gives the most strict condition on the mixing
parameters which sin ¢ < 0.0015 while three body leptonic decay set bound my > 3.2TeV .
In next section we will study the non-universality effects in the u’ — d’ transitions using

these constraints on Z-Z’ mixing parameters sin ¢ and the mixing parameters among lepton

generations.

IV. THE FLAVOR NON-UNIVERSALITY IN ‘' — d/RANSITIONS

The flavor non-universality in u — d’ transitions has been previously investigated within
the framework of the F331 model [51]. However, as highlighted, crucial distinctions of the
F3311 model compared to the F331 model include the absence of direct mixing between
SM fermions and newly introduced heavy fermions, as well as the lack of mixing between
the SM W gauge boson and new X* gauge boson. These fundamental differences imply
that the F3311 model does not induce any modifications to the Wilson coefficients of the
relevant SM operators at the tree-level approximation; instead, all new contributions to these

transitions arise exclusively at the one-loop level (or higher orders). Given these fundamental
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differences, a re-evaluation of these processes within the F3311 model is warranted, which

is the focus of the present study.

A. The effective Hamiltonian in u' — d’ransitions

In the framework of the model, the effective contributions of charged-currents, as pre-
sented in Eqgs. , , and , to lepton-flavor non-universal processes such as u; —

d;eyv, transition are described by the effective Hamiltonian:

Hepr = [Clida] (diy* Pruy) (€, Prvl). (69)

Va€p

Including one loop correction, the Wilson Coefficients (WCs), c”:;‘i’g‘, can be separated as

followings
ngeé = [Cgagb}tree + [nggg] penguin + [ng:g;} box ° (7())
where the tree level Wilson Coefficient is
o 4G
(Cuds] = —= (Upnws) by (Verar)is - (71)

V2

The penguin diagrams’ contribution can be split into two parts, SM contribution Fig.
and NP contribution Fig

uid; _ uid; SM uid; NP
[CVaeb]penguin - [ Vaeb]penguin [ Vaeb:|penguin ’ (72)
wd.1SM
The SM contribution, [C,,;eg] ~, Is written as
penguin
e SM u’L u’L Uq uz
[Coie2 ] onguin = Coer (veZ) + Cit (W Ze) + Cpits (W Zv) + Cyit (We) . (73)
The contribution of NP of penguin diagrams are given as
[Cusdi] "5 = cuidi (YOX*€0) 4 Clidi (YOX*€) + Citi (YO X )
Va€b | penguin Va Eb Va€p Vaep
+ Clli(YOX*U) + Cidi(veZ") . (74)
where the WCs are give as in Eqgs. (B12)) , (B13):
u 91 sy
Chli(fLfoaV) = =5 (VCKM),(UPMNs) [rzr (75)
TTLW i ab
9f f
Cuits(Vivef) = Lo (Vorar) (Upaiws) TV (76)
miy, ij ab
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with gF = \%.

The WCs of general box diagram Fig. are given as in [BI6l Hence The contributions

of box diagrams Fig[J] are given as

[Cu id;

Vq€p

]F3311 Cud(UXj:EYo) CuZ ( X:I:SOYO) Cuz ( XiSYO), (77)

box Vg €p Vg €p Vg €p

In summary, we have the contribution to WCs of each diagram as followings

.|.
12 - i (ew), ()
[Vaeb](la) ﬁm%‘/ CKM ij PMNS b

X T2 (gl o s Grews Goowwrs M My, Miz) (78)
Gl s (Verss), (Urans),,

x D2Y(gl 4, Grew gwwz, e, mz, my) (79)
€310 = Fomr (Verss), (Urans),,

X FWZV(QfgW? nglyZa gwwz, My, Mz, mW) ) (8())

1 = g ) o)
[Cuaeb](ld) = Va2, (VCKM y Upmns

X Fvwe(gfeyagfeW7gWW'yammOamW> ’ (81>

0
[t iy :ﬁLm%VWCKM) VOV,

x [XYE (g(fgoX7 ggLOva IxXYW, Meo, Mx, My ), (82)

) = gy, (Vo) (DDl

a

X FYX&(geLgY, ggLyXa Gy Xw, Me, My, Mx) , (83)
wid;, 1Y XE q T
[Cvaeb] (2¢) - \/i—mﬁv <VCKM>Z‘]‘ <UPMNS> "
3
X Z Y (geLECYa 91%61,)(7 Iy xw, ME,, My, Mx) , (84)
c=1
YXU q T
uid; o
[ uaeﬂ@d) = —\/Em%/v (UPMNE,-')abkz:; ViV VL (V) ) kj
X FYXUk (gﬁUk)ﬁg[%k,angYXWvmUkamYamX) ) (85)
’ T
Cud ™ = 7 (VC ) (U s>
|: a b:|(26) \/gm%/v KM ij PMN ab
X FebVaZ' (geLeZ’7 gfuZ” gfeW’ gfeW’ Megs My, mZ’) 9 (86)
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3 3
ol =D (VA (V) (VEVE), (VEVDT),,

k=1 c=1
X FECXUkY(geLbECY7 gécubxa g(%kde7 gﬁiUkih mg., Mx, My, ; mY) ) (87)
3
u;id;18°YUX U/y/d v !
[CVaeb](Sb) Z (VL (VL ) ) (VL (VL)T)kj (VL)a1(<VL)T)1b
k=1
0
x I'¢ XU’“Y(gengOX,géijyay,g[L]kde,gfiUky,mgo, mx, my,, My) (88)

[Cots] o = D (VI (VE V) (V) o (VDY)

k=1

% FgXUkY( L

L L L
Yerey s Jeva X s JUd; X » Gu; Uy » 110, TIUX, T, my). (89)

uL d

€L

€L

FIG. 8: F'3311 model contributions-penguin diagrams.

V. NUMERICAL STUDY OF FLAVOR NON-UNIVERSALITY INTERACTIONS

In this section we will numerically investigate observables connected to the flavor non-

universality interactions.

23



——— A \N\\Np—— —— A\ ——— AN \N\\Np——
A U Eiy A U oA A U Sy
—— A\ N\ NN—— —— A\ N\\N——— ——A\ N\ NN/
u Y e u Y Vi u Y e

FIG. 9: F3311 contributions-box diagrams.

A. Parameters setup

The WCs depend on the parameters of the model which are the parameters of the embed-
ded SM model and new mixing parameters (sin ¢, V;* ’d, VLZ’”, VLU’E) as well as new particles
masses (mx,my, Mz, Mg, Me, Meo, my,). The SM parameters are used as in [57]. Here,
we have used the recent results on the upper bound of neutrino masses m, < 0.8eVc 2 at
90%C'L [59]. The numerical values of the CKM matrix are taken as in [57]. The update fit
of the numerical values of the PMNS matrix are [60]. The new parameters without loss of

generality is:

o V¥ =Vl =VFE = Diag(1,1,1), V¥(VHT =Upnns, V£ = Vega . Note that in
this work we use the paramterization of V} as in hence V} = Uppyns X V}.

e Since the new exotic leptons and quarks are assigned to the same sextet and triplet
representations as SM leptons and quarks, it is reasonable to assume that they ei-
ther follow a similar mass hierarchy (normal or inverse) or exhibit degenerate masses

compared to their SM counterparts.

e The triplet fermion £° is regarded as a DM candidate [47]. At tree level, the ¢ triplet
has a degenerate mass, m¢ = —V2 hf A. However, loop correction can make the mass
of £ larger than & as mgr = mgo + 0.168 GeV. Therefore, £ is expected to be
the lightest odd particle and hence a viable DM candidate. As shown in Ref. [47], &°
with a mass in the TeV range can reproduce the observed relic abundance through
annihilation channels mediated by the new Higgs and gauge bosons. Moreover, the
mass of €% is constrained by direct detection experiments, as illustrated in Fig. In
particular, the most stringent bound comes from the LUX-ZEPLIN (LZ) experiment

[61], where the excluded parameter space is shaded, while the DM unstable region
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is shown in light red. From this figure, the allowed mass range of £° is found to be

1.53 TeV S meo S 6.59 TeV, assuming w ~ A = 12 TeV.

e The new neutral boson masses are imposed to satisfy the constrained by recent LHC

data mz > 4500GeV [57] and the model constraints e.g m? = m¥, + m%.

T10E . xENONIT (2018) ©
N I
10748F  --- LZ (2025) 2
-]
10-49 — The model (w= A =12 TeV)
2 4 6 8 10
meo [TeV]

FIG. 10: SI DM-nucleon scattering cross-section limit versus DM mass.

B. Numerical Analysis

In our work, the numerical evaluation of Veltman Passarino functions is performed using
Collier [62] which is a Fortran library to evaluate complex one-loop in Extended Regular-
1zations.

In the following, we will investigate the parameter space according to two cases:

e Case 1: Degenerate mass hierarchy, where my, = my, = my, = my and mg, = mpg, =

mgs = Mg.

e Case 2: Normal hierarchy, with (my, < my, < my,) and (mg, < mg, < mg,).
While an inverse hierarchy could generally be considered, we focus solely on the normal

hierarchy to simplify the problem.
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FIG. 11: The ratio R(D), R(D™)) as function of exotic mass, contour lines (red, green )

are 1o, 20 of the average value blue line

C. b to ¢ transitions

The ratios R(D™), R(D) for the F'3311 model are presented in the form of WCs [63] as

R(D™) = L(B—DYro) 3 1C8P ) FZ (CE1” + 1C5 )

D(B = DWip) — 3,(IC7 2 + ICs|? > les su
x R(DW) sy, (90)

(
(B — X.to) >, |Cd’|2 PRGHE
M =T E o xm) ~ Sl [z cg ]

X R(X¢)sm (91)

where 7 is the generation index of leptons.

We recall the conditions of the lepton £ imposed by dark matter constraint [47], specify
that £ is considered as dark matter candidate and LUX-ZEPLIN (LZ) experiment data limits
the mass of £&: 1.53 < m¢ < 6.59 TeV. To ensure that £ is stable and does not decay into
SM particles, the masses of the exotic leptons (F;) and exotic quarks (U;) must be greater
than that of &.

In FIG|11(a)| we investigate R(D) as the function of the mass of (mg, m¢) with the mass
of the exotic quark fixed at the scale of the model. The experiment bounds R(D)Z,, =
0.339 £0.02952 are used to find the allowed region for the mass of the exotic leptons within
+20 of experiment average value. In the absence of a mass hierarchy, the operating region
for the masses of the exotic leptons is primarily in the ranges mp € [6.5,11]TeV and

me € [1.53,3.4]TeV .

It is noteworthy that no parameter region exists where both the mass hierarchy and the
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FIG. 12: The ratio R(X,) in F'3311 model with experiment value R(X.) = 0.22 4+ 0.022,

contour lines (red, green ) are 1o, 20 of the average value blue line.

condition m¢ < mp are simultaneously satisfied for R(D). This is because, to preserve the
mass hierarchy, the mass of one generation must be at least ten times that of another. Let
mpg represent the mass of the first generation, and assume the mass of the third generation
is mp, = 10?2 x mg. Since the lightest exotic lepton has to be heavier than m, ( for example
mp > mg), then the mass hierarchy implies mpg, > 102m5 = 10% x 1TeV. Given me is on
the order of 1 TeV, this results in mpg, > 10?TeV, which is significantly above the model
scale of 12 TeV.

Similarly, in FIG we analyze the ratio R(D™) in the model F3311 and compare it
with the experimental value R(D*).,, = 0.295 £ 0.0148661. To determine the experimental
bounds, we consider region +20 of experimental mean value. Using these values, we identify
the allowed parameter space for the model, specifically the mass of the exotic leptons mg

and me. The allowed region are approximately me € [1.53,3]TeV and mg € [6.5, 11]TeV .

Finally, to further analyze the b — ¢ transitions, we evaluate the observable R(X,.) within
the model and compare it to the experimental data. In FIG[I2] the region where the mass
mp € [6.5,11]TeV and me € [1.53,2|TeV, the predicted the value of R(X,) is consistent
with the experiment value R(X,.) = 0.22 £+ 0.022.
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D. d to u transitions

It is important to examine the flavor non-universality of the F'3311 model across different
quark transitions. In this section, we focus on the flavor non-universality in the decay process

d — wulv corresponding to m — [v. To minimize the dependence of the combination of

T'(mr—uv)
I'(r—er)

L(r—7v)

and T'(r—ep)”

GF|Vua|, we analyze the ratios

The experiment values for these two

ratios are taken from [63].

['(r — 7v)

[F(T(’ — )
[(m — ev)

T(r — eﬁ)]exp =8.133) < 10°, |

} — 7.90(5) x 107 (92)

The SM’s predictive values of these two ratios are given as [57, [63]

[F(ﬂ' — uv)

I'(r— GV)]SM [M

— 8.096(1) x 10%, }
(1) I'(m—er)lsm

=7.91(1) x 107 (93)

The two ratios, expressed in terms of Wilson coefficient are:

(r o pw) Ll [ ek (n = up)

II:(W:[;V) ) “rak g [Z ’CUMLM * [?(W:ZD)]SM (94)
(r = ) Z ‘Ci > IC (1 — 7v)

£<ﬂ: ev) e [z rcm} ’ [ﬁ}szw (5)

These two ratios are represented as in FIG|13(a)|and FIG{13(b)| The parameter range for
dark matter candidate mg is restricted to be mg € [1.53,3.0]TeV, while no mass hierarchy
is assumed, the mass of the exotic lepton is mg < 8TeV and the mass of exotic quark my,

within the scale of the model, will give values of the two ratios align with experiment data.

E. s to u transitions

We next will study the non-universality of flavor in the decays of K™ — n%l"v, K — v,

7 — Kv. For our purpose, we consider ratios

o) S [T [H ) .
CK > er) S0l ™ (S 108 g ™ ITE = er) |y,
ETIEY N A .
DK —ev) Y lcu)2” [, lcu?]y,, DK —ev) g,
CUC o rtm)  SIGE [T L )] .
DK+ — mler) Y, lCu? " [ Y, lCwl? ]y, LD(KT — m0%ev) | g
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FIG. 13: Contour plot of the ratio F((W == Z)) Figl13(a)| with experiment value
I'(mr— .
Llm=ur) | — 8.13(3) x 103 and contour plot of the ratio == Figl13(b)| with
I'(m—ep) exp I'(mr—er)

experiment value [F(T%T”,’)] = 7.90(5) x 107
exp

T'(m—ep)

The experimental values of these ratios are given as in [57]

{H] = 4.018(3) x 10%, {1;(([; : ZOZZ)) ] = 0.660(3), (99)
I'(t — Kv) B
{m} =L 107, (100)
and the SM predicted value are [63]
{Fi[fi :—M’ﬂ — 4.007(2) x 10", Hg = ”Z’fwﬂ = 0.663(2),  (101)
ev TEV) s
[%} — 1.939(4) x 107 (102)

Similar to previous analysis, we examine these ratio to obtain the constraints on the
mass of the new exotic particles Fig. [I4 Our constrains on the mass of exotic leptons are
consistent with previous allowed parameter space of the model. With m, € [1.53,3.0]TeV
and the mass of the exotic lepton mg < 7 TeV and my € [6,12]TeV the F'3311 model gives
predictions align with experiment results.

In summary, using experiment data for b — ¢,d — u, s — wu transitions, combine with the
LUX-ZEPLIN (LZ) experiment data we have identify the working region for exotic quarks
and leptons U, E of the F3311 mdoel: mg € [6.5,9]TeV and mq € [6,11]TeV, the mass of
dark matter candidate in the F3311 model is narrowed to m¢ € [1.53,2]TeV
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mpg — my plane. All contour lines are consistent with experiment data

VI. CONCLUSION

By extending the F331 model with an additional U(1)y gauge group, the F3311 model,
after symmetry breaking, retains a residual symmetry characterized by a charge Wp. The
new fermions carry odd Wp charge, which enforces pairwise couplings in order to conserve
Wp. The lightest of these new fermions are stabilized by this symmetry and thus can be
considered as Dark Matter (DM) candidates. Since one generation of leptons transforms as
a sextet, the F3311 model exhibits flavor-lepton violating (FLV) interactions at tree level,
and because the lepton generations couple differently to the gauge bosons, the model has
the potential to accommodate lepton universality violation.

In this work, we have studied FLV within the F3311 framework. We analyze FLV decays
of the Z boson at tree level and the flavor-conserving Z decays at one loop. Additionally, we
investigate the decays [; — [;v and leptonic three-body decays. Using the most stringent
experimental limits on these decays, we derive bounds on the Z-Z’ mixing angle, finding
sin ¢ < 0.0015 and mz > 3.2TeV.

Incorporating dark matter constraints, we have re-evaluated the constraints on the mass
of DM candidate of the model using the LUX-ZEPLIN (LZ) experiment data. We then
examine the charged current anomaly within the F3311 model. We compute the generic
one-loop contribution to the decay process u; — dje;v, and perform a detailed numerical
analysis of observables in the transitions b — ¢,s — u, d — u. We show that the model
can address the 3.30 tension between the SM predictions and experimental observables and

identify the allowed region for the masses of exotic quarks and leptons. In the absence of a
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mass hierarchy, the DM candidate mass range is narrowed down to 1.53 < m¢ < 2.0 TeV,
while the mass of the exotic leptons and quarks are of several TeVs: mg € [6.5,9]TeV and

mq € [6,11]TeV.
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Appendix A: Notations for Passarino-Veltman functions
1. General notation

Package-X [64], [65] calculates dimensionally regulated (d = 4 — 2¢) one loop tensor rank-P

up to 4-points integrals in the form

M1 P . —
TN (plv"'apN7mOam17“'>mN) -

o [ d ki ke
(2m)4 [k2 — m§ + i€][(k + p1)? — mi +ie]...[(k + pn)? — m3, + i€]

The scalar PV-functions are defined consistent with [66] where the evaluation and de-

composition are :
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2 MQ
Ao(mo) = mo |:A + ln (E%)]
B = pTBl
B" = pi'pyB11 + ¢" By

2
cr =Y "phC;,

i1=1

2
o = Z PZP%OW‘Q + 9" Coo

i1=1,ip=1

2
D" =Y "phD;

i1=1
2

DH = Z Ph P Divis + 9" Doo

i1=1,i9=1
Here A is the one loop divergence

A — g + In (47) (A3)

T A4

where d is space-time dimensionality and ~g is the Euler’s constant. Frampton:1992wt
For the purpose of the work we only use the decomposition of up to rank 2 tensor and up to
4 point integrals. All the PV functions then can be numerically evaluate using Collier [62]

or LoopTools [67].

Appendix B: PV Calculation
1. Penguin diagrams

The penguin diagrams in Fig[7] Fig[§|can be classified into 3 generic diagrams as in Fig[15]
In the zero external momenta, internal momentum of vector boson V; is independent of the
loop momentum. The propagator of the W boson can be approximated as 1/m, The

numerator of the amplitude of the diagrams can be written as:
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[évum = (VCKM)ij X [J/jgﬂupLU/i}

v kok
VD mVE o Ve VI A VE YV, (gaﬁ - m—ﬁ)
\%4

7709t Pr + g Pr)(k + mpe)v* (95 P+ g5 Pr) (F + m o)y (95 Pr + 95 Pr)vi’]
(B1)

. , ko ko, kgk
I,fvum = (VCKM)U( PMNS)ab X [d”gw#PLu”} (gaal T2 1) (9551 - R ﬂl)

p)
Vi my,

[TVYV (1, B, 01, 0, =k, k) X @07 (gt Pr + g Pr) (K +my)vs(9s Pr + 95 Pr)v)]  (B2)

_ a kaka gk
IéV“m _ (VCKM)U( PMNS)ab % [elbg47HPLy/ } <gaa1 - m—z‘/ll) (96,81 - :1—2‘21>

[TVYY (1, Br, a1, 0, =k, k) x diva (gt Pr + g Pr)(F +my)vs(g5 P + g5 Pr)u}]  (B3)

where the vetex of 3 gauge coupling is

FVVV(H? a, 57 kla k27 k3) = _Z\/ii [(kl - kZ),Bgau + (kz - kS)ugaﬁ + (k3 o kl)agﬁu] :

The amplitude is then be written as:

d'k 1 I
M .= la B4
! / @2m)tm, (k2 —mi) (k2 —m2, ) (k2 —m2,) (B4)

The ffV* vertex interaction with left right coupling constants (Table is given as

L= fy"(g.Pr + grPr) fV" (B5)

If V#is Z,Z' boson we have (V' — A) current then

g

91 = —5,— (97 + ) (B6)
Cw
g

gr =5 — (97 — g}) (B7)
Cw

In case of charged current V*# is the charged boson we have

9grL = 9R; gL = (B8)

Sl
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FIG. 15: Generic penguin diagrams

The amplitude for penguin diagrams can be written as:

b
<UPMNS> Ny Pru] x (gL Py

v

4 g(a),(b) 94 (
iM = = VCKM>
% w2,

c b _
’LM%/) = mg_%[/(VCKM)ij (UPMNS> ab[d;’yHPLu;] X [e;%PLVéL]

The effective Hamiltonian can be written as

H = Clts [dy Puu) ey Puv)

eqlp

The Wilson coefficients for each class of diagram are given as:

T
(UPMNS> INERERS
iJ ab

C;‘affg (fifaV) = i (VCKM>

m%,v
g4L (V > (U )T FV1V2f
——\Vexm ) (Upmns

mW b

1J a

Cs (AVaf) =

eaqlp

(B11)

(B12)

(B13)

where the vertex functions T/ /2 IV12/ are defined as in Appendix (C1)) and (C2),(C3)

respectively.
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FIG. 16: Generic box diagram

2. Box diagrams

e = (VO a (V) (VI em (VL % (VDsa(VID L (VD e (VL

box
k, ke k,k
(VCKM)Z-j( PMNS)ab <gua - M—Q) (guﬁ - 26)

mvl mv2

x [}, (g8 Pr + g Pr)(F + mp )y (95 P + g5 Pr)uf]

X [e7va (97 Pr + 91 Pr)(F + my,)vs(95 P + 9§PR)V}?} (B14)

In the limit where external momenta small and set to zero the box diagram Fig.

amplitude can be evaluated as:

1Moz = (VCKM>ij (Upmns), D112Y [E;%PLU}][é;VuPLVZ/;] (B15)

The Wilson coefficient can be evaluated as:

L L

wids Vi fa Vs
[C Zd]]fl 1t = (VCKM)Z] (UPMNS)abFf1V1f2V2 (g{lagQ » J3 7g£7mf17mV17mf27mV2) (B16)

€alp l box

where the vertex function T'/1V1/2V2 are given as in Appendix (C4)
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Appendix C: Vertex function

The vertex function defined above can be calculated using packageX [64, [65] and are give

as followings:

L L
FflfQV(gL gL gL gR M. m mv)z L 9793
1292593593 5 110f1 5 1T fo 1672 m%/

<ngmf1mf2m%/Co(mv, my,,my,) — 2(g8mpymy, + 295m3)Coo(my, my, ,my,)
+ 208 (Aglmy) + Aolmg,) + Ao(my) — i, ol m, )

— m3,my Co(my,, my, myg,) —mi mi,Co(my, my,, my,)

+ 4(mfcl + mch)C'oo(mf1 LMy, My )

+4(m3, +mi)Coo(mp,, my, my, ) +4(mj, + mi)c‘)“(mv’mfl’mh))) (C1)

1
glL? gzL, g3, My, My, mf) = @9%9593

1
< — 48Coo(my, my,, my,) + m_2(A0(mf) + Ao(my; + Ao(myy))
\%1

FV1V2f(

2. 2
—mfmvlCO(mf,mvl,mVQ)
o 2 2 C ( )_ 2, 2 C ( )
mvlmVQ 0 mvl,mvz,mf mme2 0 mVQ,mf,mvl

+ 4(7’77? + m%/l)C’oo(mf, my,, mVQ)
+ 4(m3, +mi,)Coo(myy, iy, mys) + 4(m3 + m3, ) Coo(mu,, my, my,))

1
+ —=(Ao(my) + Ao(mv; + Ao(maz)) — migmy, Co(my, m;, )
Va

2 2 2. 2
— My, My, Co(myy, my,, my) — mmeQCO(mVQ? my,my;)

+ 4(m§ + m%,l)C'oo(mf, my;, mv2)

+4(my, +mi,)Coo(mvy, mv,, my) + 4(m5 +mi, ) Coo(mys,, my, va)) (€2)
1 gl9¥gs
VNf( L L _ 152
rr (glvg2ag3am‘/707mf)_647r2 m%/

<A0(O) + Ag(my) + Ag(my) — mfcm%/Co(mf, my,0) + 4mfc6’00(0, mys, my)

+ 4(mfc — 11m)Coo(my, my, 0) + 4mi.Coo(my, 0, mf)> (C3)
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1
1"f1V1fZV2(gf7 gé’) gé’, Gy, My, My, My, sz) 2567 QQfgggégf

4
<256D00(mf1’ vy, Mgy, sz) + m_z(BO(mfp mV1) + Bo(mfza sz)
Vi

+ Bo(my,, my,) + Bo(my,, my,) — m?clm%ﬁDO(mfl,mvl, my,, my,)

— mim%,QDo(me, Myy, Mgy, My, ) — m?Qm%/lDo(mvl,me,mVZ, my,)

— mfclm%/QDo(mVQ,mfl,mvl,me)
(mf1 + mV )Doo(mg,, myy, my,, my,)
(mf2 + WVQ)Doo(mfl, My, , Mgy, My, ) + 4(m?«2 + m%/I)Doo(mvl,mb, My,, My,)
+4(

m?ﬁ + m%/Q)DOO(mV27mf17mV1’ me))

+ Bo(myg,, my,) — m?lm%,lDo(mfl, myy, My, My, )

— mchm%/QDo(me, My, Mgy, My, ) — mchm%/lDo(mvl,me, my,, My, )

— m}lm%@Do(memfl,mvl, my,) + 4(mfc1 + m%/l)Doo(mfl,mvl, my,, my,)

+ 4(mfc2 + m%,Q)DOO(mfl, My, , My, My, ) + 4(mf«2 + m%/I)DOO(mVI,mb, My, My, )
+ 4(m?c1 + m%/Q)DOO(mVQ,mfI,mVI, me))

1

+ ) (A()(mfl) + Ao(mf2) + AO(mVi) + AO(mV2) + m?ﬁBO(mfl’mh)

T,
+ mleo(mfl, my, ) + mfclBo(mfl,mVQ) + mchBo(mfl,me)

+ me o(my,, my,) + m?2B0(mf2,mV2) + m%lBo(mvl,mfl)

+ mv1 o(myy, my,) + m%/—lBo(mvl, my,) + m%,QBO(memfl)

+ mV2BO(mV2, my,) + m%/QBO(mV27 my,) — meflmchm%/lDo(mfl,mvl,mfZ, my,)
— melmbm%/QDg(me,mVQ,mfl,mvl) — 2m§2m%/1m%/2Do(mV1, My, Myy, My, )
— 2mfc1 m%,l m%/b Do(my,, myg,, my,, my,)

2 2 2
myg, My, + myg, (mfz + m \%1 )Doo(mfumVnmfzang
2

T gy T, Tf, T

[\

2 2 2
My, My, + my,

+ 4(

2 2 2
+ 4(mf2mV2 + mg, (mf2 +m
+ 4( my, + my,
+ 4(

) )
2)) Do )
(mj] ) Doo(mv,, myg,, my,, my, )
m,mi, +m3, (mi, +m3,)) Doo(my,, v, g, ) ) (C4)
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Appendix D: Coupling constants

TABLE II: The couplings of Z with fermions (f # vg), the coupling for Z’" are obtained by

replacement: ¢, — s, and s, — —c,.

Z Z
f 9v(f) 94(f)
U SpCow +CpV/ 1+2cow SpCow +CpV/ 1+2cow
1 2/ 1+2com 2/ 1+2com
U _ Sp—CpV1+2cow _ Sp—CeV1+2cow
« 24/ l+2CQW 24/ 1+2cow
e (sp(2caw —1)—cp/1+2cow ) (2caw —1) So—Cp/14+2cow
1 2V I+ 2o 2v/ I+ 2
e S¢—0¢\/1+262w(262‘/v—1) _S¢02w+c¢\/1+202w
@ 2\/1+202W 2\/1+262W
u Sp(d—cow )+cpv/1+2cow (deaw —1) spCow +epv/1+2cow
a 64/ 1+2cow 2/ 1+2cow
d (sp—CoVI+2cow )VI+2cow So—CpV/14+2cow
a 6 2/ T+ 2¢aw
g0 o SWC%V . swc%‘,
vV 1+262W vV 1+262W
2 25,2
19 2¢,C — =
W V14+2cow
E 25, Cow +Cpy/ 1+2ng(1—02w) QSLpC%/V
1 \/l-I-QCQW V1+2cow
E So(3cow —1)—2c,v/1+2cow (cow —1) SoC2,
@ 2/1+2cow V142cow
U so(1=Teaw ) +4co v/ TH2cow (cow —1) _ seCly
a 6\/1+202W VvV 1+262W

T. Kajita, Rev. Mod. Phys. 88, 030501 (2016).

A. B. McDonald, Rev. Mod. Phys. 88, 030502 (2016).
G. Bertone, D. Hooper, and J. Silk, Phys. Rept. 405, 279 (2005), larXiv:hep-ph/0404175.
G. Arcadi, M. Dutra, P. Ghosh, M. Lindner, Y. Mambrini, M. Pierre, S. Profumo, and F. S.

Queiroz, Eur. Phys. J. C 78, 203 (2018), arXiv:1703.07364 |[hep-ph].

[5] L. Canetti, M. Drewes,

arXiv:1204.4186 |[hep-ph|.

and M. Shaposhnikov, New J. Phys. 14, 095012 (2012),

[6] J. P. Lees et al. (BaBar), Phys. Rev. Lett. 109, 101802 (2012), [arXiv:1205.5442 [hep-ex].

[7] J. P. Lees et al. (BaBar), Phys. Rev. D 88, 072012 (2013), arXiv:1303.0571 |[hep-ex]|.

[8] S. Hirose et al. (Belle), Phys. Rev. Lett. 118, 211801 (2017), [arXiv:1612.00529 [hep-ex].

[9] M. Huschle et al. (Belle), Phys. Rev. D 92, 072014 (2015), arXiv:1507.03233 [hep-ex].

38


http://dx.doi.org/10.1103/RevModPhys.88.030501
http://dx.doi.org/10.1103/RevModPhys.88.030502
http://dx.doi.org/10.1016/j.physrep.2004.08.031
http://arxiv.org/abs/hep-ph/0404175
http://dx.doi.org/10.1140/epjc/s10052-018-5662-y
http://arxiv.org/abs/1703.07364
http://dx.doi.org/10.1088/1367-2630/14/9/095012
http://arxiv.org/abs/1204.4186
http://dx.doi.org/10.1103/PhysRevLett.109.101802
http://arxiv.org/abs/1205.5442
http://dx.doi.org/10.1103/PhysRevD.88.072012
http://arxiv.org/abs/1303.0571
http://dx.doi.org/10.1103/PhysRevLett.118.211801
http://arxiv.org/abs/1612.00529
http://dx.doi.org/10.1103/PhysRevD.92.072014
http://arxiv.org/abs/1507.03233

TABLE III: Gauge and fermion couplings

Couplings
L g L g
W boson Jvner W = _Ev Juid;w = _ﬁ
L L g
B X = 9 GuaEX T ﬁ’
g
X-boson gﬁadax = *ﬁa 9515)( =—9;
oL cox =~
180X — _E
L L g
JerBrY = =9 YGeaEBY T _\/Q’
g
Y-boson g(L]auay = *Ea gégy =9,
9L oy =~
1180y — _ﬁ
Z/7’ boson gfuZ’Z, = —ﬁ QEZI(V) +gZ,Z'(V)
Z/Z’ boson gfuz’zx = —QCgW QZZ/(V) - gé,Z’(”)
Z/Z’ boson geLeZZ/ = —ﬁ {922/(6) + ggz/(e)-‘
Z/7’ boson QS;Z,Z’ = —2ng [ggzl(e) - 922/(@}

[10] G. Caria et al. (Belle), Phys. Rev. Lett. 124, 161803 (2020), arXiv:1910.05864 |[hep-ex|.

[11] R. Aaij et al. (LHCD), Phys. Rev. Lett. 115, 111803 (2015), [Erratum: Phys.Rev.Lett. 115,
159901 (2015)], arXiv:1506.08614 [hep-ex].

[12] R. Aaij et al. (LHCb), Phys. Rev. Lett. 120, 171802 (2018), [arXiv:1708.08856 [Lep-ex].

[13] R. Aaij et al. (LHCDb), Phys. Rev. D 97, 072013 (2018), arXiv:1711.02505 [hep-ex]|.

[14] Y. S. Amhis et al. (HFLAV), Phys. Rev. D 107, 052008 (2023), [arXiv:2206.07501 [Lep-ex].

[15] R. Aaij et al. (LHCD), Phys. Rev. Lett. 120, 121801 (2018), arXiv:1711.05623 [hep-ex].

[16] M. Singer, J. W. F. Valle, and J. Schechter, Phys. Rev. D 22, 738 (1980).

[17] J. W. F. Valle and M. Singer, Phys. Rev. D 28, 540 (1983).

[18] F. Pisano and V. Pleitez, Phys. Rev. D 46, 410 (1992), arXiv:hep-ph/9206242.

[19] P. H. Frampton, Phys. Rev. Lett. 69, 2889 (1992).

[20] R. Foot, H. N. Long, and T. A. Tran, Phys. Rev. D 50, R34 (1994).

[21] M. B. Tully and G. C. Joshi, Phys. Rev. D 64, 011301 (2001), arXiv:hep-ph/0011172.

[22] D. Chang and H. N. Long, Phys. Rev. D 73, 053006 (2006), arXiv:hep-ph/0603098.

39


http://dx.doi.org/10.1103/PhysRevLett.124.161803
http://arxiv.org/abs/1910.05864
http://dx.doi.org/10.1103/PhysRevLett.115.111803
http://arxiv.org/abs/1506.08614
http://dx.doi.org/10.1103/PhysRevLett.120.171802
http://arxiv.org/abs/1708.08856
http://dx.doi.org/10.1103/PhysRevD.97.072013
http://arxiv.org/abs/1711.02505
http://dx.doi.org/10.1103/PhysRevD.107.052008
http://arxiv.org/abs/2206.07501
http://dx.doi.org/10.1103/PhysRevLett.120.121801
http://arxiv.org/abs/1711.05623
http://dx.doi.org/10.1103/PhysRevD.22.738
http://dx.doi.org/10.1103/PhysRevD.28.540
http://dx.doi.org/10.1103/PhysRevD.46.410
http://arxiv.org/abs/hep-ph/9206242
http://dx.doi.org/10.1103/PhysRevLett.69.2889
http://dx.doi.org/10.1103/PhysRevD.50.R34
http://dx.doi.org/10.1103/PhysRevD.64.011301
http://arxiv.org/abs/hep-ph/0011172
http://dx.doi.org/10.1103/PhysRevD.73.053006
http://arxiv.org/abs/hep-ph/0603098

[23]

[24]
[25]

[26]

[27]

[40]
[41]
[42]

P. V. Dong, H. N. Long, and D. V. Soa, Phys. Rev. D 75, 073006 (2007), arXiv:hep-
ph/0610381.

P. V. Dong and H. N. Long, Phys. Rev. D 77, 057302 (2008), arXiv:0801.4196 [hep-ph].

P. V. Dong, L. T. Hue, H. N. Long, and D. V. Soa, Phys. Rev. D 81, 053004 (2010),
arXiv:1001.4625 [hep-ph].

P. V. Dong, H. N. Long, D. V. Soa, and V. V. Vien, Eur. Phys. J. C 71, 1544 (2011),
arXiv:1009.2328 [hep-ph].

P. V. Dong, H. N. Long, C. H. Nam, and V. V. Vien, Phys. Rev. D 85, 053001 (2012),
arXiv:1111.6360 [hep-ph].

S. M. Boucenna, S. Morisi, and J. W. F. Valle, Phys. Rev. D 90, 013005 (2014),
arXiv:1405.2332 [hep-ph].

S. M. Boucenna, R. M. Fonseca, F. Gonzalez-Canales, and J. W. F. Valle, Phys. Rev. D 91,
031702 (2015), arXiv:1411.0566 [hep-ph].

A. G. Dias, C. A. de S. Pires, and P. S. Rodrigues da Silva, Phys. Lett. B 628, 85 (2005),
arXiv:hep-ph/0508186.

H. N. Long and N. Q. Lan, EPL 64, 571 (2003), arXiv:hep-ph/0309038.

S. Filippi, W. A. Ponce, and L. A. Sanchez, EPL 73, 142 (2006), arXiv:hep-ph/0509173.

J. K. Mizukoshi, C. A. de S. Pires, F. S. Queiroz, and P. S. Rodrigues da Silva, [Phys. Rev.
D 83, 065024 (2011), [arXiv:1010.4097 [hep-ph].

J. D. Ruiz-Alvarez, C. A. de S. Pires, F. S. Queiroz, D. Restrepo, and P. S. Rodrigues da
Silva, Phys. Rev. D 86, 075011 (2012), larXiv:1206.5779 [hep-ph].

P. V. Dong, T. P. Nguyen, and D. V. Soa, Phys. Rev. D 88, 095014 (2013), larXiv:1308.4097
[hep-ph].

S. Profumo and F. S. Queiroz, Eur. Phys. J. C 74, 2960 (2014 ), arXiv:1307.7802 [hep-ph].
F. Pisano, Mod. Phys. Lett. A 11, 2639 (1996), larXiv:hep-ph/9609358.

A. Doff and F. Pisano, Mod. Phys. Lett. A 14, 1133 (1999), arXiv:hep-ph/9812303.

C. A. de Sousa Pires and O. P. Ravinez, Phys. Rev. D 58, 035008 (1998), arXiv:hep-
ph/9803409.

C. A. de Sousa Pires, Phys. Rev. D 60, 075013 (1999), arXiv:hep-ph/9902406.

P. V. Dong and H. N. Long, Int. J. Mod. Phys. A 21, 6677 (2006), arXiv:hep-ph/0507155.
D. J. Gross and R. Jackiw, Phys. Rev. D 6, 477 (1972).

40


http://dx.doi.org/10.1103/PhysRevD.75.073006
http://arxiv.org/abs/hep-ph/0610381
http://arxiv.org/abs/hep-ph/0610381
http://dx.doi.org/10.1103/PhysRevD.77.057302
http://arxiv.org/abs/0801.4196
http://dx.doi.org/10.1103/PhysRevD.81.053004
http://arxiv.org/abs/1001.4625
http://dx.doi.org/10.1140/epjc/s10052-011-1544-2
http://arxiv.org/abs/1009.2328
http://dx.doi.org/10.1103/PhysRevD.85.053001
http://arxiv.org/abs/1111.6360
http://dx.doi.org/10.1103/PhysRevD.90.013005
http://arxiv.org/abs/1405.2332
http://dx.doi.org/10.1103/PhysRevD.91.031702
http://dx.doi.org/10.1103/PhysRevD.91.031702
http://arxiv.org/abs/1411.0566
http://dx.doi.org/10.1016/j.physletb.2005.09.028
http://arxiv.org/abs/hep-ph/0508186
http://dx.doi.org/10.1209/epl/i2003-00267-5
http://arxiv.org/abs/hep-ph/0309038
http://dx.doi.org/10.1209/epl/i2005-10349-x
http://arxiv.org/abs/hep-ph/0509173
http://dx.doi.org/10.1103/PhysRevD.83.065024
http://dx.doi.org/10.1103/PhysRevD.83.065024
http://arxiv.org/abs/1010.4097
http://dx.doi.org/10.1103/PhysRevD.86.075011
http://arxiv.org/abs/1206.5779
http://dx.doi.org/10.1103/PhysRevD.88.095014
http://arxiv.org/abs/1308.4097
http://arxiv.org/abs/1308.4097
http://dx.doi.org/10.1140/epjc/s10052-014-2960-x
http://arxiv.org/abs/1307.7802
http://dx.doi.org/10.1142/S0217732396002630
http://arxiv.org/abs/hep-ph/9609358
http://dx.doi.org/10.1142/S0217732399001218
http://arxiv.org/abs/hep-ph/9812303
http://dx.doi.org/10.1103/PhysRevD.58.035008
http://arxiv.org/abs/hep-ph/9803409
http://arxiv.org/abs/hep-ph/9803409
http://dx.doi.org/10.1103/PhysRevD.60.075013
http://arxiv.org/abs/hep-ph/9902406
http://dx.doi.org/10.1142/S0217751X06035191
http://arxiv.org/abs/hep-ph/0507155
http://dx.doi.org/10.1103/PhysRevD.6.477

[43]
[44]
[45]
[46]
[47]

[48]

[59]
[60]

[61]
[62]

H. Georgi and S. L. Glashow, Phys. Rev. D 6, 429 (1972).

J. Banks and H. Georgi, Phys. Rev. D 14, 1159 (1976).

S. Okubo, Phys. Rev. D 16, 3528 (1977).

R. M. Fonseca and M. Hirsch, JHEP 08, 003 (2016), arXiv:1606.01109 [hep-ph].

D. Van Loi, C. H. Nam, and P. Van Dong, Eur. Phys. J. C 81, 591 (2021), arXiv:2012.10979
[hep-ph].

N. T. Duy, P. N. Thu, and D. T. Huong, Eur. Phys. J. C 82, 966 (2022), larXiv:2205.02995
[hep-ph].

D. T. Huong, D. N. Dinh, L. D. Thien, and P. Van Dong, JHEP 08, 051 (2019),
arXiv:1906.05240 [hep-ph].

D. N. Dinh, D. T. Huong, N. T. Duy, N. T. Nhuan, L. D. Thien, and P. Van Dong, Phys.
Rev. D 99, 055005 (2019), arXiv:1901.07969 |[hep-ph].

P. N. Thu, N. T. Duy, A. E. Carcamo Hernandez, and D. T. Huong, PTEP 2023, 123B01
(2023), arXiv:2304.03003 [hep-ph].

F. Abu-Ajamieh, A. Ahriche, and N. Okada, (2025), arXiv:2503.07236 |[hep-ph].

P. V. Dong, H. T. Hung, and T. D. Tham, Phys. Rev. D 87, 115003 (2013), arXiv:1305.0369
[hep-ph].

P. V. Dong, Phys. Rev. D 92, 055026 (2015), arXiv:1505.06469 [hep-ph].

P. V. Dong, D. T. Huong, F. S. Queiroz, and N. T. Thuy, Phys. Rev. D 90, 075021 (2014),
arXiv:1405.2591 [hep-ph].

A. Alves, G. Arcadi, P. V. Dong, L. Duarte, F. S. Queiroz, and J. W. F. Valle, Phys. Lett. B
772, 825 (2017), larXiv:1612.04383 [hep-ph|.

R. L. Workman et al. (Particle Data Group), PTEP 2022, 083C01 (2022).

C. S. Kim, X.-B. Yuan, and Y.-J. Zheng, Phys. Rev. D 93, 095009 (2016), arXiv:1602.08107
[hep-ph].

M. Aker et al. (KATRIN), Nature Phys. 18, 160 (2022), arXiv:2105.08533 [hep-ex]|.

I. Esteban, M. C. Gonzalez-Garcia, M. Maltoni, T. Schwetz, and A. Zhou, JHEP 09, 178
(2020), arXiv:2007.14792 [hep-ph].

J. Aalbers et al. (LZ), Phys. Rev. Lett. 135, 011802 (2025), arXiv:2410.17036 |[hep-ex].

A. Denner, S. Dittmaier, and L. Hofer, Comput. Phys. Commun. 212, 220 (2017),
arXiv:1604.06792 [hep-ph].

41


http://dx.doi.org/10.1103/PhysRevD.6.429
http://dx.doi.org/10.1103/PhysRevD.14.1159
http://dx.doi.org/10.1103/PhysRevD.16.3528
http://dx.doi.org/10.1007/JHEP08(2016)003
http://arxiv.org/abs/1606.01109
http://dx.doi.org/10.1140/epjc/s10052-021-09374-4
http://arxiv.org/abs/2012.10979
http://arxiv.org/abs/2012.10979
http://dx.doi.org/10.1140/epjc/s10052-022-10916-7
http://arxiv.org/abs/2205.02995
http://arxiv.org/abs/2205.02995
http://dx.doi.org/10.1007/JHEP08(2019)051
http://arxiv.org/abs/1906.05240
http://dx.doi.org/10.1103/PhysRevD.99.055005
http://dx.doi.org/10.1103/PhysRevD.99.055005
http://arxiv.org/abs/1901.07969
http://dx.doi.org/10.1093/ptep/ptad135
http://dx.doi.org/10.1093/ptep/ptad135
http://arxiv.org/abs/2304.03003
http://arxiv.org/abs/2503.07236
http://dx.doi.org/10.1103/PhysRevD.87.115003
http://arxiv.org/abs/1305.0369
http://arxiv.org/abs/1305.0369
http://dx.doi.org/10.1103/PhysRevD.92.055026
http://arxiv.org/abs/1505.06469
http://dx.doi.org/10.1103/PhysRevD.90.075021
http://arxiv.org/abs/1405.2591
http://dx.doi.org/10.1016/j.physletb.2017.07.056
http://dx.doi.org/10.1016/j.physletb.2017.07.056
http://arxiv.org/abs/1612.04383
http://dx.doi.org/10.1093/ptep/ptac097
http://dx.doi.org/10.1103/PhysRevD.93.095009
http://arxiv.org/abs/1602.08107
http://arxiv.org/abs/1602.08107
http://dx.doi.org/10.1038/s41567-021-01463-1
http://arxiv.org/abs/2105.08533
http://dx.doi.org/10.1007/JHEP09(2020)178
http://dx.doi.org/10.1007/JHEP09(2020)178
http://arxiv.org/abs/2007.14792
http://dx.doi.org/10.1103/4dyc-z8zf
http://arxiv.org/abs/2410.17036
http://dx.doi.org/10.1016/j.cpc.2016.10.013
http://arxiv.org/abs/1604.06792

[63] S. M. Boucenna, A. Celis, J. Fuentes-Martin, A. Vicente, and J. Virto, JHEP 12, 059 (2016),
arXiv:1608.01349 [hep-ph].

[64] H. H. Patel, Comput. Phys. Commun. 197, 276 (2015), arXiv:1503.01469 |[hep-ph]|.

[65] H. H. Patel, Computer Physics Communications 218, 66 (2017).

[66] A. Denner and S. Dittmaier, Nucl. Phys. B 734, 62 (2006), [arXiv:hep-ph/0509141.

[67] T. Hahn and M. Pérez-Victoria, Computer Physics Communications 118, 153 (1999).

42


http://dx.doi.org/10.1007/JHEP12(2016)059
http://arxiv.org/abs/1608.01349
http://dx.doi.org/10.1016/j.cpc.2015.08.017
http://arxiv.org/abs/1503.01469
http://dx.doi.org/https://doi.org/10.1016/j.cpc.2017.04.015
http://dx.doi.org/10.1016/j.nuclphysb.2005.11.007
http://arxiv.org/abs/hep-ph/0509141
http://dx.doi.org/https://doi.org/10.1016/S0010-4655(98)00173-8

	 Lepton Flavor Physics in the flipped 3-3-1-1 Model: Non-Universality and Violation 
	Abstract
	Introduction
	F3311 model 
	Gauge Group and Charge Relations
	Particle Content of the Model
	Scalar Sector and Electroweak Symmetry Breaking
	Gauge sector
	Fermion masses
	Charged and neutral currents
	Charged currents
	Neutral Currents 


	Lepton FCNC Phenomenology 
	Constraints from SM Z boson decay data
	Flavor-Violating Decays
	Flavor-Conserving Decays

	Lepton FCNCs and the Process
	 Leptonic three-body decay

	The flavor non-universality in transitions 
	The effective Hamiltonian in transitions

	Numerical study of flavor non-universality interactions 
	Parameters setup
	Numerical Analysis
	 b to c transitions
	d to u transitions
	s to u transitions

	Conclusion 
	Acknowledgments
	Notations for Passarino-Veltman functions
	General notation

	PV Calculation
	Penguin diagrams
	Box diagrams

	Vertex function
	Coupling constants
	References


