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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)L ⊗ U(1)X ⊗ U(1)N ,(F3311)

model. In addition, we analyze the processes li → ljγ and the leptonic three-body decay. Using the

experimental bounds on these decays we set the constraint on sinϕ which represents the mixing

between Z-Z’ boson. The most stringent limits arises from µ → eγ decay where sinϕ ∼ O(10−3).

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 F3311 model by calculating the generic one-loop contribution to the process ui → djebν̄a

in the unitary gauge as well as numerical evaluating the branching ratio RD, RD(∗) , R(Xc). We

demonstrate that the F3311 model can address the 3.3σ 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 mE ∈

[6.5, 9]TeV , mQ ∈ [6, 11]TeV and the dark matter candidate mξ ∈ [1.5, 2]TeV .
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I. INTRODUCTION

Although the Standard Model is a remarkable achievement, it still leaves several funda-

mental questions unanswered, including the origin of neutrino masses [1, 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→ cl−νl decays have been observed at BARBAR [6, 7], Belle

[8–10] and LHCb[11–13]. In particular, measurements of the ratios of branching ratios (BRs)

are

RD ≡ B(B → Dτντ )

B(B → Dlνl)
, (1)

and

RD∗ ≡ B(B → D∗τντ )

B(B → D∗lνl)
, (2)

with l = e, µ.

The latest

R(D)exp = 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 3.3σ tension with SM predictions [14]

RSM(D) = 0.298± 0.004, (5)

RSM(D∗) = 0.254± 0.005, (6)
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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/ψ) [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 τ 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)C ⊗
SU(3)L ⊗ 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 [21–30]. Furthermore, the stability of dark matter in some of

these models is often interpreted via global or discrete symmetries [31–36]. Given typical

fermion contents, charge quantization is a direct consequence of the 3-3-1 model [37–41].

The [SU(3)L]
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

4



with the SU(3)L [53]. To close the algebra, the electroweak symmetry must be extended to

SU(3)L ⊗ U(1)X ⊗ U(1)N where the Abelian charges X and N are related to Q and B − L

through generators of SU(3)L 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 [53–56].

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 RD/RD∗ 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 RD/RD∗ 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 RD/RD∗ 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 RD/RD∗ , 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 II, we provide a con-

cise review of the F3311 model, highlighting its particle content and relevant interaction

Lagrangian. Section III details the consideration of Z-boson decay rates involving lepton

flavor and lepton number violation. The flavor non-universality of the effective Hamiltonian

for ui − dj transitions is derived in Section IV. 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)N

factor, resulting in the full gauge group:

SU(3)C ⊗ SU(3)L ⊗ U(1)X ⊗ U(1)N . (7)

This extended symmetry naturally leads to novel charge assignments and particle content.

The electric charge operatorQ and the baryon minus lepton number B−L are fundamentally

related to the diagonal generators of the SU(3)L group, T3 and T8, and the U(1)X and U(1)N

charges as follows:

Q = T3 +
1√
3
T8 +X, B − L =

2√
3
T8 +N . (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)L, while the remaining two transform as anti-

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

ψ1L =


ξ+L

1√
2
ξ0L

1√
2
νL

1√
2
ξ0L ξ−L

1√
2
e1L

1√
2
ν1L

1√
2
e1L E1L

 ∼ (1, 6,−1/3,−2/3) , (9)

ψαL =
(
ναL eαL EαL

)T
∼ (1, 3,−2/3,−4/3) , (10)

QaL =
(
daL −uaL UaL

)T
∼ (3, 3∗, 1/3, 2/3) , (11)

where α = 2, 3 denotes the generation indices for the lepton anti-triplets. The right-handed

fermion fields are given by:

νaR ∼ (1, 1, 0,−1), eaR ∼ (1, 1,−1,−1), EaR ∼ (1, 1,−1,−2) , (12)

uaR ∼ (3, 1, 2/3, 1/3), daR ∼ (3, 1,−1/3, 1/3), UaR ∼ (3, 1, 2/3, 4/3) , (13)
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with a = 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:

η =
(
η01 η−2 η−3

)T
∼ (1, 3,−2/3,−1/3) , (14)

ρ =
(
ρ+1 ρ02 ρ03

)T
∼ (1, 3, 1/3,−1/3) , (15)

χ =
(
χ+
1 χ0

2 χ0
3

)T
∼ (1, 3, 1/3, 2/3) , (16)

S =


S++
11

1√
2
S+
12

1√
2
S+
13

1√
2
S+
12 S0

22
1√
2
S0
23

1√
2
S+
13

1√
2
S0
23 S0

33

 ∼ (1, 6, 2/3, 4/3) , (17)

Φ ∼ (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:

⟨η⟩ =


u√
2

0

0

 , ⟨ρ⟩ =


0

v√
2

0

 , ⟨χ⟩ =


0

0

ω√
2

 , ⟨S⟩ =


0 0 0

0 κ√
2

0

0 0 Λ√
2

 ,

⟨Φ⟩ =
∆√
2
. (19)

The initial breaking from SU(3)C ⊗ SU(3)L ⊗ U(1)X ⊗ U(1)N to the SU(3)C ⊗ SU(2)L ⊗
U(1)Y ⊗WP symmetry is triggered by the higher-scale VEVs, ω and ∆. Here,WP represents

a residual discrete symmetry defined as WP = (−1)3(B−L)+2s, where B − L = 2√
3
T8 + N .

Subsequently, the electroweak symmetry of the SM is further broken to U(1)EM by the

VEVs u, v, and κ.

The explicit hierarchy of these VEVs (κ ≪ u, v ≪ ω and Λ ≪ ∆) 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,

L ∋
∑

ϕ=χ,ρ,η,S,φ

(Dµ < ϕ >)† (Dµ < ϕ >) . (20)

The non-Hermitian gauge boson states and their corresponding masses are presented in the

following format:

• W±
µ = 1√

2
(A1µ ∓ iA2µ) with m

2
W ≈ g2

4
(u2 + v2)

• X±
µ = 1√

2
(A4µ ∓ iA5µ) with m

2
X = g2

4
(u2 + ω2 + 2Λ2)

• Y 0,0∗
µ = 1√

2
(A6µ ∓ iA7µ) with m

2
Y ≈ g2

4
(u2 + ω2 + 2Λ2)

Assumming that ∆ ≫ Λ, w ≫ u, v, we integrate out the boson BN , three remaining neutral

gauge bosons (A3, A8, B) mix, yielding:

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

A = sWA3 + cW

(
tW√
3
A8 +

√
1− t2W

3
B

)
(21)

where sW = sin θW =
√
3tW√
3+4t2W

, cW = cos θW , and tW = gX
g
.

• Orthogonal fields: Z,Z ′

Z = cWA3 − sW

(
tW√
3
A8 +

√
1− t2W

3
B

)
(22)

Z ′ =

√
1− t2W

3
A8 −

tW√
3
B (23)

• Z-Z ′ mixing produces mass eigenstates:

Z1 = cϕZ − sϕZ
′ (24)

Z2 = sϕZ + cϕZ
′ (25)

8



with cϕ = cosϕ, sϕ = sinϕ, and mixing angle ϕ is defined as

tan(2ϕ) = t2ϕ ≈
√

3− t2W
2c3W

u2 − v2c2W
ω2 + 4Λ2

. (26)

• Mass squared:

m2
Z1

≈ m2
W

c2W
, m2

Z2
≈ g2

(3− t2W )
(ω2 + 4Λ2) . (27)

The physical and original neutral gauge bosons are related by:

(A3, A8, B)T = U(A,Z1, Z2)
T

where the mixing matrix U is given by:

U =


sW cW cϕ cW sϕ
1√
3
sW − 1√

3
sW tW cϕ −

√
1− 1

3
t2W sϕ − 1√

3
sW tW sϕ +

√
1− 1

3
t2W cϕ√

1− 4
3
s2W

tW√
3
(sϕ +

√
3− 4s2W cϕ)

tW√
3
(cϕ −

√
3− 4s2W sϕ).


We identify Z1 as the SM Z boson, and Z2 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 = Lkinetic + LY ukawa − 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:

LQuark
Y ukawa = huabQ̄aLρ

∗ubR + hdabQ̄aLη
∗dbR + hUabQ̄aLχ

∗UbR , (29)

Llepton
Y ukawa = heαaψαLρeaR + hEαaψαLχEaR + hE1eψ1LSEaR + hEξ ψ

c

1Lψ1LS

+ hναbψαLηνbR + hRabν
c
αRνbRΦ +H.c . (30)
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From the Yukawa Lagrangian of quarks in Eq. (29), the quark mass mixing is given as

followings

[mu]ab =
huab√
2
v, [md]ab = −h

d
ab√
2
u, [mU ]ab = −h

U
ab√
2
ω . (31)

and the exotic lepton mass mixing matrices are obtained from (30), which have a following

form:

[mE]1b = −h
E
1b√
2
Λ, [mE]αb = −h

E
αb√
2
ω, α = 2, 3; b = 1, 2, 3 , (32)

m0
ξ = −

√
2hEξ Λ, mξ = −

√
2hEξ Λ, (33)

where ξ and Ea are mixing with [mξEa ] = −hE
1aκ√
2
. However this mixing is small and can be

neglected since κ << ω,Λ. The SM leptons gain masses

[me]ab = −


0 0 0

vhe
21√
2

vhe
22√
2

vhe
23√
2

vhe
31√
2

vhe
32√
2

vhe
33√
2

 , or [me]αb = −h
e
αb√
2
v , (34)

[mν ]11 = −
√
2hEξ κ . (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′1, u
′
2, u

′
3)

T
L,R = V u

L,R (u1, u2, u3)
T
L,R = V u

L,RuL,R , (36)

d′L,R = (d′1, d
′
2, d

′
3)

T
L,R = V d

L,R (d1, d2, d3)
T
L,R = V d

L,RdL,R , (37)

U ′
L,R = (U ′

1, U
′
2, U

′
3)

T
L,R = V U

L,R (U1, U2, U3)
T
L,R = V U

L,RUL,R , (38)

e′L,R = (e′1, e
′
2, e

′
3)

T
L,R = V e

L,R (e1, e2, e3)
T
L,R = V e

L,ReL,R , (39)

ν ′L,R = (ν ′1, ν
′
2, ν

′
3)

T
L,R = V ν

L,R (ν1, ν2, ν3)
T
L,R = V ν

L,RνL,R , (40)

E ′
L,R = (E ′

1, E
′
2, E

′
3)

T
L,R = V E

L,R (E1, E2, E3)
T
L,R = V E

L,REL,R . (41)

A crucial consequence ofWP 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]

LC
f = J−µ

W W+
µ + J−µ

X X+
µ + J0∗µ

Y Y 0
µ +H.c , (42)

where the charged currents are given as

J−µ
W = − g√

2
(νaLγ

µeaL + uaLγ
µdaL) , (43)

J−µ
X = − g√

2

(√
2ν1Lγ

µE1L + ναLγ
µEαL − UaLγ

µdaL +
√
2ξ

+

Lγ
µν1L + ξ0Lγ

µe1L

)
, (44)

J0∗µ
Y = − g√

2

(√
2e1Lγ

µE1L + eαLγ
µEαL + UaLγ

µuaL +
√
2ξ

−
Lγ

µe1L + ξ0Lγ
µν1L

)
, (45)

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

LCC ⊃ − g√
2

[
(UPMNS)abW

′
µν

′a
aLγ

µe
′b
aL + (VCKM)ij W

′
µu

′i
aLγ

µd
′j
aL

]
− g√

2

[(
V ν
L (V

E
L )†
)

ac

X ′
µν

′a
Lγ

µE
′c
L −

(
V U
L (V d

L )
†
)

ij

X ′
µU

′i
Lγ

µd
′j
L

+ (V ν
L )1aX

′µξ′
+

Lγ
µν

′a
L + (V e

L)1aX
′µξ0′Lγ

µe
′a
L

]
− g√

2

[(
V e
L(V

E
L )†
)

bc

Y 0′

µ e
′b
Lγ

µE
′c
L +

(
V U
L (V u

L )
†
)

ij

Y 0′

µ U
′i
Lγ

µu
′j
L

]
+ (V e

L)1aY
0′

µ ξ
′−
Lγ

µe
′a
L + (V ν

L )1aY
0′

µ ξ
0′
Lγ

µν
′a
L

]
+H.c , (46)

where VCKM = V u
L (V

d
L )

† and UPMNS = V ν
L (V

l
L)

†. 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)L 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:

L ⊃ F̄ iγµDµF ⊃ −gF̄ γµ
{
T3A3µ + T8A8µ + tX

(
Q− T3 −

T8√
3

)
Bµ

}
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 T8 generator. These FCNCs

are predominantly mediated by the mixing of the Z1 (SM-like) and Z2 (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:

L ⊃
(
gZ1
L

)
ij
l̄′iLγ

µl′jLZ
µ
1 +

(
gZ2
L

)
ij
l̄′iLγ

µl′jLZ
µ
2 , (48)

where the coupling strengths
(
gZ1
L

)
ij
and

(
gZ2
L

)
ij
are explicitly given by:(

gZ1
L

)
ij
= sϕ

g√
3− t2W

(V ∗
lL)1i(VlL)1j,

(
gZ2
L

)
ij
= cϕ

g√
3− t2W

(V ∗
lL)1i(VlL)1j. (49)

The matrix VlL is a 3×3 unitary charged lepton mixing matrix. While its individual entries

are undetermined, its product V †
νL
VeL 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, VlL can be parameterized

using three mixing angles θlij and a single CP-violating phase δl as:

VlL =


c12c13 c13s12 s13e

−iδl

−c12s13s23eiδl − c23s12 c12c23 − s12s13s23e
iδl c13s23

s12s23 − c12c23s13e
iδl −eiδlc23s12s13 − c12s23 c13c23

 , (50)
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where cij = cos θlij, sij = sin θijl
l. In contrast to the lepton sector, the uniform transformation

properties of the quark generations under the SU(3)L 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:

LN
f =− eQ(f)f̄γµfAµ

− g

2cW

{
f̄γµ

[
gZ1
V (f)− gZ1

A (f)γ5
]
fZ1µ + f̄γµ

[
gZ2
V (f)− gZ2

A (f)γ5
]
fZ2µ

}
(51)

where e = gsW . The couplings g
Z1,2

A and g
Z1,2

V are detailed in Table II. 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 ϕ. 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 → eµ, Z → eτ , Z → µτ)

provide strong constraints on the mixing parameters and the mass of the SM Z boson. The

branching ratios for the flavor-violating Z → fafb decays is [52]

Γ(Z1 → l+i l
−
j ) =

MZ1

12π

(
|(gZ1

L )ij|2 + |(gZ1
R )ij|2

)
(52)

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

reported in [57], are:
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Br(Z → e±µ∓) < 2.62× 10−7, (53)

Br(Z → e±τ∓) < 5× 10−6, (54)

Br(Z → τ±µ∓) < 6.5× 10−6. (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 sinϕ (49). In the limit where the new scale approaches the electroweak

scale (EW), the order of tan 2ϕ (26) is of order 10−1 hence sinϕ is of order 10−1. The

branching of decay Z1 → lilj will be proportional to the mixing between Z-Z’ and the lepton

mixing parameters as in (50). In FIG.(1) we investigate the Br(Z1 → lilj) for the F3311

model. The allowed regions for lepton mixing are restricted by combined the experimental

value (53),(54),(55). We investigate for different value of mixing angle sinϕ. With maximal

value of sinϕ = 0.1 the value of c12 is in the range c12 ∈ [0, 1] while the range for the c13 is

c13 ∈ [0, 0.1]. In case sinϕ = 0.02 then c12 ∈ [0, 1] and c13 ∈ [0, 0.4]

0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.2

0.4

0.6

0.8

1.0

FIG. 1: Allowed region of Br(Z → lilj). 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 2. Including both new contributions to the SM Z boson couplings, the

decay width for Z1 → l+i l
−
i can be approximated as:

14



Γ(Z1 → l+i l
−
i ) ≃ Γ0 +

1

12π

{
(g0L)ii(δg

Z1
L )ii + (g0R)ii(δg

Z1
R )ii

}
mZ1 (56)

+
16π2 − 171

1536π3

{(
g0L
)2
ii

[(
gZ1
L

)2
ij
+
m2

Z1

m2
Z2

(
gZ1
L

)2
ij

]}
mZ1

where Γ0 = 1
24π

((g0L)
2
ii + (g0R)ii)mZ1 represents the tree level SM contribution to the decay

width; (g0L)ii and (g0R)ii are the SM left-handed and right-handed couplings, respectively;

(δgL)
Z1
ii and (δgR)

Z1
ii represent the deviations from the SM couplings due to new physics at

the tree level; mZ1 is the mass of the SM Z boson. The experimental bounds on leptonic

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

following condition must hold:

δΓ(Z1 → l+i l
−
i )

ΓZ1

< 1.7 δΓExp
Z1

, (57)

li

l +
i

Z
Z, Z ′

lj

l +
j

li

l +
i

Z
Z, Z ′

li

l +
j

li

l +
i

Z

Z, Z ′

lj

l +
i

li

l +
i

Z

lj

Z, Z ′ li

l +
i

Z
lj

Z, Z ′

li

l +
i

Z

FIG. 2: 1-loop contribution to Z1 → lili decay.

We will find the parameter space for more strict mode which is Z → e+e−. The bound

for sinϕ is obtained by setting c12 = 1, c13 = 0.3. In this set up, the condition for the mixing

angle between Z-Z’ is sinϕ ≤ 0.0015 as in FIG.3.
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FIG. 3: Condition for 90%C.L for Br(Z → e+e−)

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

Decay Mode Branching Ratio (%)

Br(Z → e+e−) (3.3632± 0.0042)

Br(Z → µ+µ−) (3.3662± 0.0066)

Br(Z → τ+τ−) (3.3696± 0.0083)

Br(Z → cc̄) (12.03± 0.21)

Br(Z → bb̄) (15.12± 0.05)

B. Lepton FCNCs and the µ → eγrocess

Lepton FCNCs can significantly influence the radiative decay process µ → eγ. In this

work, we focus specifically on the contributions to the general li → ljγ decay arising from

FCNCs, neglecting other potential contributions. The relevant Feynman diagrams are illus-

trated in FIG.4.

It is convenient to introduce

(ΓZ1,Z2

L )ij = gZ1,Z2

L δij + (gZ1,Z2

L )ij (58)

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

violating couplings.

In the limit where mµ,e

mZ1,Z2
≃ 0 and mτ >> mµ >> me, we obtain the following expression

for the decay width [58]:
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FIG. 4: Loop diagrams for process li → ljγ

Γ(li → ljγ) =
αmli

9(4π)4
×
[( mli

mZ1

)4 ∣∣∣∣∣∑
k

(ΓZ1
L )ik(Γ

Z1
L )kj

∣∣∣∣∣
2

+
( mli

mZ2

)4 ∣∣∣∣∣∑
k

(ΓZ2
L )ik(Γ

Z2
L )kj

∣∣∣∣∣
2

+
( mli

mZ1

)2( mli

mZ2

)2∑
k

(ΓZ1
L )ik(Γ

Z1
L )kj

∑
k

(ΓZ2
L )il(Γ

Z1
L )lj

]
(59)

The branching ration of the process li → ljγ can be written as:

Br(li → ljγ) =
Γ(li → ljγ)

Γ(li → lj ν̄jνi)
×Br(li → lj ν̄jνi) (60)

where

Γ(li → lj ν̄jνi) =
G2

Fm
5
i

192π3
(61)

The most rencent bounds on the µ→ eγ is given in [57] with the branching ratio Br(µ→
eν̄eνµ) ∼ 100%

Br(µ→ eγ) < 4.2× 10−13. (62)

We investigate the allowed parameter space (sinϕ,mZ2) and illustrate as in Fig.(5). The

mass of the new Z’ boson of the model is then mZ2 ≥ 2.5TeV when sinϕ ≤ 0.0015 which is

consistent with the constraint sinϕ ≤ 0.0015 from the decay Z → e+e−.
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FIG. 5: Allowed region of parameter space (mZ2 , sϕ) of µ→ eγ

C. Leptonic three-body decay

Building upon the proposed model of lepton flavor violation (LFV) mediated by Z1 and

Z2 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 li → ljlβlβ, where li represents

a heavier charged lepton decaying into lighter leptons. Intergrating out the neutral bosons,

Z1, Z2, from neutral currents, we obtain an effective Lagrangian for these processes

Lli→lj lβ lβ
eff ≃ −4GF√

2

{
gijββLL l̄iγµPLlj l̄βγ

µPLlβ + gijββLR l̄iγµPLlj l̄βγ
µPRlβ

}
+H.c. (63)

where the effective couplings are defined as:

gijββLL(R) =

√
2

4GF

(
(gZ1

L )ij(g
Z1

L(R))ββ

m2
Z1

+
(gZ2

L )ij(g
Z2

L(R))ββ

m2
Z2

)
, (64)

with the lepton flavor conserving couplings (g
Z1,2

L(R))ββ given by:

(g
Z1,2

R )ββ = − g

4cW

(
g
Z1,2

V (fβ) + g
Z1,2

A (fβ)
)
, (65)

(g
Z1,2

L )ββ = − g

4cW

(
g
Z1,2

V (fβ)− g
Z1,2

A (fβ)
)
. (66)

The effective Lagrangian presented in Eq. (63) directly describes various charged LFV

processes, including µ → 3e, τ → 3µ, τ → 2eµ, and τ → 2µe. In particular, the branching

ratio for the τ+ → µ+µ+µ− decay channel is given by:

Br
(
τ+ → µ+µ+µ−) = (|gτµµµLL |2 + |gτµµµLR |2

)
Br(τ+ → ν̄τe

+νe). (67)
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To obtain the branching ratios for other analogous decay modes, such as τ+ → e+e−e+ and

µ+ → e+e−e+, we can adapt Eq. (67). Specifically, for τ+ → e+e−e+, one replaces all µ

indices with e indices. For µ+ → e+e−e+, the initial lepton τ is replaced by µ, and all final

state µ 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 Z1 and Z2 gauge bosons are of the same order

of gauge magnitude. Consequently, their proportional contributions to the branching ratio

are determined as follows:

(|gZ1
L |2)ij

(|gZ2
L |2)ij

× m2
Z2

m2
Z1

= (tanϕ)2
m2

Z2

m2
Z1

≃ O(1). (68)

Under the assumption of maximal mixing among charged lepton generations, the branching

ratio Br(li → ljlβlβ) reaches its largest predicted value. Additionally, by assuming a mixing

angle between the Z and Z ′ bosons given by ϕ ≃ u2,v2

w2,Λ2 ≃ m2
Z1

m2
Z2

, we derive the branching ratio

Br(li → ljlβlβ) as a function of the mass ratio
mZ2

mZ1
, as illustrated in Fig.(6).

0 20 40 60 80 100

10
-13

10
-12

10
-11

10
-10

10
-9

10
-8

10
-7

Br(μ→3e)

Br(τ→3e)

Br(τ→3μ)

FIG. 6: The branching ratio Br(li → ljlβlβ) as a function of the mass ratio
mZ2

mZ1
.

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

Br(µ → 3e), Br(τ → 3e), and Br(τ → 3µ), are presented as a function of the mass
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ratio mZ2/mZ1 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 LFV processes are highly restric-

tive. For the muon decay, Br(µ → 3e) < 1.0 × 10−12 at 90% C.L. [57]. In contrast, the

limits for tau decays are comparatively less stringent, with Br(τ → 3e) < 2.7×10−8 at 90%

C.L. [57] and Br(τ → 3µ) < 2.1× 10−8 at 90% C.L. [57].

The most constraining channel for our model proves to be µ→ 3e, due to its exceptionally

tight experimental limit. To ensure consistency with the current experimental bound of

1.0× 10−12 for µ→ 3e, our model necessitates that the mass ratio mZ2/mZ1 falls within the

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

Fig. (6), this consistency is achieved for values of
mZ2

mZ1
> 35 and the mass of new neural

gauge boson mZ′ ≥ 3.2TeV which compliment the LHC constraints [57].

In summary, the F3311 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 µ→ eγ gives the most strict condition on the mixing

parameters which sinϕ < 0.0015 while three body leptonic decay set bound mZ′ ≥ 3.2TeV .

In next section we will study the non-universality effects in the ui − dj transitions using

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

generations.

IV. THE FLAVOR NON-UNIVERSALITY IN ui − djRANSITIONS

The flavor non-universality in ui − dj 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 ui − djransitions

In the framework of the model, the effective contributions of charged-currents, as pre-

sented in Eqs. (43), (44), and (45), to lepton-flavor non-universal processes such as ui →
djebν̄a transition are described by the effective Hamiltonian:

Heff =
[
Cuidj
νaeb

]
(d̄′jγ

µPLu
′

i)(ē
′
bγµPLν

′
a). (69)

Including one loop correction, the Wilson Coefficients (WCs), Cuidj
νaeb , can be separated as

followings

Cuidj
νaeb

=
[
Cuidj
νaeb

]
tree

+
[
Cuidj
νaeb

]
penguin

+
[
Cuidj
νaeb

]
box

. (70)

where the tree level Wilson Coefficient is[
Cuidj
νaeb

]
tree

=
4GF√

2
(UPMNS)

†
ab(VCKM)ij . (71)

The penguin diagrams’ contribution can be split into two parts, SM contribution Fig. 7

and NP contribution Fig 8.[
Cuidj
νaeb

]
penguin

=
[
Cuidj
νaeb

]SM
penguin

+
[
Cuidj
νaeb

]NP

penguin
. (72)

The SM contribution,
[
Cuidj
νaeb

]SM
penguin

, is written as

[
Cuidj
νaeb

]SM
penguin

= Cuidj
νaeb

(νeZ) + Cuidj
νaeb

(WZe) + Cuidj
νaeb

(WZν) + Cuidj
νaeb

(Wγe) . (73)

The contribution of NP of penguin diagrams are given as[
Cuidj
νaeb

]F3311
penguin

= Cuidj
νaeb

(Y 0X±ξ0) + Cuidj
νaeb

(Y 0X±ξ) + Cuidj
νaeb

(Y 0X±E)

+ Cuidj
νaeb

(Y 0X±U) + Cuidj
νaeb

(νeZ ′) . (74)

where the WCs are give as in Eqs. (B12) , (B13):

Cuidj
eaνb

(f1f2V ) =
gL4
m2

W

(
VCKM

)
ij

(
UPMNS

)†
ab
Γfa

1 f
b
2V , (75)

Cuidj
eaνb

(V1V2f) =
gL4
m2

W

(
VCKM

)
ij

(
UPMNS

)†
ab
ΓV1V2f (76)
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with gL4 = g√
2
.

The WCs of general box diagram Fig. 16 are given as in B16. Hence The contributions

of box diagrams Fig 9 are given as

[
Cuidj
νaeb

]F3311
box

= Cuidj
νaeb

(UX±EY 0) + Cuidj
νaeb

(UX±ξ0Y 0) + Cuidj
νaeb

(UX±ξY 0) , (77)

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

[
Cuidj
νaeb

]eνZ
(1a)

=
g√
2m2

W

(
VCKM

)
ij

(
UPMNS

)†
ab

× ΓebνaZ(gLeeZ , g
L
ννZ , g

L
νeW , g

R
νeW ,mea ,mνb ,mZ) , (78)[

Cuidj
νaeb

]ZWe

(1b)
=

g√
2m2

W

(
VCKM

)
ij

(
UPMNS

)†
ab

× ΓZWe(gLeeZ , g
L
νeW , gWWZ ,me,mZ ,mW ) , (79)[

Cuidj
νaeb

]WZν

(1c)
=

g√
2m2

W

(
VCKM

)
ij

(
UPMNS

)†
ab

× ΓWZν(gLνeW , g
L
ννZ , gWWZ ,mν ,mZ ,mW ) , (80)[

Cuidj
νaeb

]γWe

(1d)
=

g√
2m2

W

(
VCKM

)
ij

(
UPMNS

)†
ab

× ΓγWe(gLeeγ, g
L
νeW , gWWγ,mν , 0,mW ) , (81)[

Cuidj
νaeb

]XY ξ0

(2a)
=

g√
2m2

W

(
VCKM

)
ij
(V ν

L )1a(V
l
L)

†
1b

× ΓXY ξ0(gLeξ0X , g
L
ξ0νY , gXYW ,mξ0 ,mX ,mY ) , (82)[

Cuidj
νaeb

]Y Xξ

(2b)
=

g√
2m2

W

(
VCKM

)
ij
(V ν

L )1a(V
l
L)

†
1b

× ΓY Xξ(gLeξY , g
L
ξνX , gY XW ,mξ,mY ,mX) , (83)[

Cuidj
νaeb

]Y XE

(2c)
=

g√
2m2

W

(
VCKM

)
ij

(
UPMNS

)†
ab

×
3∑

c=1

ΓY XEc(gLeEcY , g
L
EcνX , gY XW ,mEc ,mY ,mX) , (84)

[
Cuidj
νaeb

]Y XU

(2d)
=

g√
2m2

W

(
UPMNS

)†
ab

3∑
k=1

(
V u
L (V

U
L )†
)
ik

(
V U
L (V d

L )
†)

kj

× ΓY XUk(gLuUkY
, gLUkdX

, gY XW ,mUk
,mY ,mX) , (85)[

Cuidj
νaeb

]eνZ′

(2e)
=

g√
2m2

W

(
VCKM

)
ij

(
UPMNS

)†
ab

× ΓebνaZ
′
(gLeeZ′ , gLννZ′ , gLνeW , g

R
νeW ,mea ,mνb ,mZ′) , (86)
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[
Cuidj
νaeb

]EXUY

(3a)
=

3∑
k=1

3∑
c=1

(
V u
L (V

U
L )†
)
ik

(
V U
L (V d

L )
†)

kj

(
V l
L(V

E
L )†
)
bc

(
V E
L (V ν

L )
†)

ca

× ΓEcXUkY (gLebEcY , g
L
EcνbX

, gLUkdjX
, gLuiUkY

,mEc ,mX ,mUk
,mY ) , (87)[

Cuidj
νaeb

]ξ0Y UX

(3b)
=

3∑
k=1

(
V u
L (V

U
L )†
)
ik

(
V U
L (V d

L )
†)

kj

(
V ν
L

)
a1

(
(V l

L)
†)

1b

× Γξ0XUkY (gLebξ0X , g
L
ξ0νaY

, gLUkdjX
, gLuiUkY

,mξ0 ,mX ,mUk
,mY ) , (88)[

Cuidj
νaeb

]ξXUY

(3c)
=

3∑
k=1

(
V u
L (V

U
L )†
)
ik

(
V U
L (V d

L )
†)

kj

(
V ν
L

)
a1

(
(V l

L)
†)

1b

× ΓξXUkY (gLebξY , g
L
ξνaX , g

L
UkdjX

, gLuiUkY
,mξ,mX ,mUk

,mY ) . (89)
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FIG. 7: SM contributions-penguin diagrams.
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FIG. 8: F3311 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.
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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 (sinϕ, V u,d
L , V l,ν

L , V U,E
L ) as well as new particles

masses (mX ,mY ,mZ′ ,mEi
,mξ,mξ0 ,mUi

). The SM parameters are used as in [57]. Here,

we have used the recent results on the upper bound of neutrino masses mν ≤ 0.8eV c−2 at

90%CL [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:

• V u
L ≡ V U

L ≡ V E
L ≡ Diag(1, 1, 1), V ν

L (V
l
L)

† ≡ UPMNS, V d
L ≡ VCKM . Note that in

this work we use the paramterization of V l
L as in (50) hence V ν

L = UPMNS × V l
L.

• 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.

• The triplet fermion ξ0 is regarded as a DM candidate [47]. At tree level, the ξ triplet

has a degenerate mass, mξ = −
√
2hEξ Λ. However, loop correction can make the mass

of ξ± larger than ξ0 as mξ± = mξ0 + 0.168 GeV. Therefore, ξ0 is expected to be

the lightest odd particle and hence a viable DM candidate. As shown in Ref. [47], ξ0

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 ξ0 is constrained by direct detection experiments, as illustrated in Fig. 10. 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 ξ0 is found to be

1.53 TeV ≲ mξ0 ≲ 6.59 TeV, assuming ω ≃ Λ = 12 TeV.

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

data mZ′ ≥ 4500GeV [57] and the model constraints e.g m2
Y = m2

W +m2
X .

U
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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-

izations.

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

• Case 1: Degenerate mass hierarchy, wheremU1 = mU2 = mU3 = mU andmE1 = mE2 =

mE3 = mE.

• Case 2: Normal hierarchy, with (mU1 ≪ mU2 ≪ mU3) and (mE1 ≪ mE2 ≪ mE3).

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 1σ, 2σ of the average value blue line

C. b to c transitions

The ratios R(D(∗)), R(D) for the F3311 model are presented in the form of WCs [63] as

R(D(∗)) =
Γ(B → D(∗)τ ν̄)

Γ(B → D(∗)lν̄)
=

∑
i |Ccb

3i |2∑
i(|Ccb

1i |2 + |Ccb
2i |2)

×
[∑

i(|Ccb
1i |2 + |Ccb

2i |2)∑
i |Ccb

3i |2
]
SM

×R(D(∗))SM , (90)

R(Xc) =
Γ(B → Xcτ ν̄)

Γ(B → Xclν̄)
=

∑
i |Ccb

3i |2∑
i |Ccb

1i |2
×
[∑

i |Ccb
1i |2∑

i |Ccb
3i |2
]
SM

×R(Xc)SM , (91)

where i is the generation index of leptons.

We recall the conditions of the lepton ξ imposed by dark matter constraint [47], specify

that ξ is considered as dark matter candidate and LUX-ZEPLIN (LZ) experiment data limits

the mass of ξ: 1.53 ≤ mξ ≤ 6.59 TeV. To ensure that ξ is stable and does not decay into

SM particles, the masses of the exotic leptons (Ei) and exotic quarks (Ui) must be greater

than that of ξ.

In FIG.11(a) we investigate R(D) as the function of the mass of (mE,mξ) with the mass

of the exotic quark fixed at the scale of the model. The experiment bounds R(D)±exp =

0.339± 0.02952 are used to find the allowed region for the mass of the exotic leptons within

±2σ 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 mE ∈ [6.5, 11]TeV and

mξ ∈ [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(Xc) in F3311 model with experiment value R(Xc) = 0.22± 0.022,

contour lines (red, green ) are 1σ, 2σ of the average value blue line.

condition mξ ≤ mE 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

mE represent the mass of the first generation, and assume the mass of the third generation

is mE3 = 102×mE. Since the lightest exotic lepton has to be heavier than mξ ( for example

mE ≥ mξ), then the mass hierarchy implies mE3 ≥ 102mξ = 102 × 1TeV . Given mξ is on

the order of 1 TeV, this results in mE3 ≥ 102TeV , which is significantly above the model

scale of 12 TeV.

Similarly, in FIG.11(b) we analyze the ratio R(D(∗)) in the model F3311 and compare it

with the experimental value R(D∗)exp = 0.295± 0.0148661. To determine the experimental

bounds, we consider region ±2σ of experimental mean value. Using these values, we identify

the allowed parameter space for the model, specifically the mass of the exotic leptons mE

and mξ. The allowed region are approximately mξ ∈ [1.53, 3]TeV and mE ∈ [6.5, 11]TeV .

Finally, to further analyze the b→ c transitions, we evaluate the observable R(Xc) within

the model and compare it to the experimental data. In FIG.12, the region where the mass

mE ∈ [6.5, 11]TeV and mξ ∈ [1.53, 2]TeV , the predicted the value of R(Xc) is consistent

with the experiment value R(Xc) = 0.22± 0.022.
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D. d to u transitions

It is important to examine the flavor non-universality of the F3311 model across different

quark transitions. In this section, we focus on the flavor non-universality in the decay process

d → ulν̄ corresponding to π → lν̄. To minimize the dependence of the combination of

GF |Vud|, we analyze the ratios Γ(π→µν̄)
Γ(π→eν̄)

and Γ(τ→πν)
Γ(π→eν̄)

. The experiment values for these two

ratios are taken from [63].[Γ(π → µν̄)

Γ(π → eν̄)

]
exp

= 8.13(3)× 103,
[Γ(τ → πν)

Γ(π → eν̄)

]
exp

= 7.90(5)× 107 (92)

The SM’s predictive values of these two ratios are given as [57, 63][Γ(π → µν̄)

Γ(π → eν̄)

]
SM

= 8.096(1)× 103,
[Γ(τ → πν)

Γ(π → eν̄)

]
SM

= 7.91(1)× 107 (93)

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

Γ(π → µν̄)

Γ(π → eν̄)
=

∑
i |Cud

2i |2∑
i |Cud

1i |2
×
[∑

i |Cud
1i |2∑

i |Cud
2i |2

]
SM

×
[Γ(π → µν̄)

Γ(π → eν̄)

]
SM

(94)

Γ(τ → πν)

Γ(π → eν̄)
=

∑
i |Cud

3i |2∑
i |Cud

1i |2
×
[∑

i |Cud
1i |2∑

i |Cud
3i |2

]
SM

×
[Γ(τ → πν)

Γ(π → eν̄)

]
SM

(95)

These two ratios are represented as in FIG.13(a) and FIG.13(b). The parameter range for

dark matter candidate mξ is restricted to be mξ ∈ [1.53, 3.0]TeV, while no mass hierarchy

is assumed, the mass of the exotic lepton is mE ≤ 8TeV and the mass of exotic quark mU ,

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+ → π0l+ν,K → lν,

τ → Kν. For our purpose, we consider ratios

Γ(K → µν̄)

Γ(K → eν̄)
=

∑
k |Cus

2k |2∑
k |Cus

1k |2
×
[∑

k |Cus
1k |2∑

k |Cus
2k |2

]
SM

×
[
Γ(K → µν̄)

Γ(K → eν̄)

]
SM

, (96)

Γ(τ → Kν)

Γ(K → eν̄)
=

∑
k |Cus

3k |2∑
k |Cus

1k |2
×
[∑

k |Cus
1k |2∑

k |Cus
3k |2

]
SM

×
[
Γ(τ → Kν)

Γ(K → eν̄)

]
SM

, (97)

Γ(K+ → π0µ̄ν)

Γ(K+ → π0ēν)
=

∑
k |Cus

2k |2∑
k |Cus

1k |2
×
[∑

k |Cus
1k |2∑

k |Cus
2k |2

]
SM

×
[
Γ(K+ → π0µ̄ν)

Γ(K+ → π0ēν)

]
SM

. (98)
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FIG. 13: Contour plot of the ratio Γ(π→µν̄)
Γ(π→eν̄)

Fig13(a) with experiment value[
Γ(π→µν̄)
Γ(π→eν̄)

]
exp

= 8.13(3)× 103 and contour plot of the ratio Γ(τ→πν)
Γ(π→eν̄)

Fig13(b) with

experiment value
[
Γ(τ→πν)
Γ(π→eν̄)

]
exp

= 7.90(5)× 107

The experimental values of these ratios are given as in [57][
Γ(K → µν̄)

Γ(K → eν̄)

]
exp

= 4.018(3)× 104,

[
Γ(K+ → π0µ̄ν)

Γ(K+ → π0ēν)

]
exp

= 0.660(3), (99)[
Γ(τ → Kν)

Γ(K → eν̄)

]
exp

= 1.89(3)× 107 , (100)

and the SM predicted value are [63][
Γ(K → µν̄)

Γ(K → eν̄)

]
SM

= 4.0037(2)× 104,

[
Γ(K+ → π0µ̄ν)

Γ(K+ → π0ēν)

]
SM

= 0.663(2), (101)[
Γ(τ → Kν)

Γ(K → eν̄)

]
SM

= 1.939(4)× 107 . (102)

Similar to previous analysis, we examine these ratio to obtain the constraints on the

mass of the new exotic particles Fig. 14. Our constrains on the mass of exotic leptons are

consistent with previous allowed parameter space of the model. With mξ ∈ [1.53, 3.0]TeV

and the mass of the exotic lepton mE ≤ 7 TeV and mU ∈ [6, 12]TeV the F3311 model gives

predictions align with experiment results.

In summary, using experiment data for b→ c, d→ u, s→ u 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: mE ∈ [6.5, 9]TeV and mQ ∈ [6, 11]TeV , the mass of

dark matter candidate in the F3311 model is narrowed to mξ ∈ [1.53, 2]TeV
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VI. CONCLUSION

By extending the F331 model with an additional U(1)N 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 li → ljγ and leptonic three-body decays. Using the most stringent

experimental limits on these decays, we derive bounds on the Z-Z’ mixing angle, finding

sinϕ ≤ 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 ui → djebν̄a and perform a detailed numerical

analysis of observables in the transitions b → c,s → u, d → u. We show that the model

can address the 3.3σ 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 ≤ mξ ≤ 2.0 TeV,

while the mass of the exotic leptons and quarks are of several TeVs: mE ∈ [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 = 4−2ϵ) one loop tensor rank-P

up to 4-points integrals in the form

T µ1...µP

N (p1, ..., pN ;m0,m1, ...,mN) =

µ2ϵ

∫
ddk

(2π)d
kµ1 ...kµP

[k2 −m2
0 + iϵ][(k + p1)2 −m2

1 + iϵ]...[(k + pN)2 −m2
N + iϵ]

(A1)

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

composition are :
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A0(m0) = m2
0

[
∆+ ln

(
µ2

m2
0

)]
Bµ = pµ1B1

Bµν = pµ1p
ν
1B11 + gµνB00

Cµ =
2∑

i1=1

pµi1Ci1

Cµν =
2∑

i1=1,i2=1

pµi1p
µ
i2
Ci1i2 + gµνC00

Dµ =
2∑

i1=1

pµi1Di1

Dµν =
2∑

i1=1,i2=1

pµi1p
µ
i2
Di1i2 + gµνD00

(A2)

Here ∆ is the one loop divergence

∆ =
2

4− d
− γE + ln (4π) (A3)

where d is space-time dimensionality and γE 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.8 can be classified into 3 generic diagrams as in Fig.15.

In the zero external momenta, internal momentum of vector boson V1 is independent of the

loop momentum. The propagator of the W boson can be approximated as 1/m2
W The

numerator of the amplitude of the diagrams can be written as:
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INum
a =

(
VCKM

)
ij
×
[
d̄′jg4γµPLu

′i]
(V l

L)bm(V
f1
L )†mc(V

f1
L )cn(V

f2
L )†nd(V

f2
L )dl(V

ν
L )

†
la

(
gαβ −

kαkβ
m2

V

)
[
ē′bLγα(g

L
1 PL + gR1 PR)(/k +mfc

1
)γµ(gL3 PL + gR3 PR)(/k +mfd

2
)γα(gL2 PL + gR2 PR)ν

′a
L

]
(B1)

INum
b =

(
VCKM

)
ij

(
UPMNS

)
ab
×
[
d̄′jg4γµPLu

′i](gαα1 −
kαkα1

m2
V1

)(
gββ1 −

kβkβ1

m2
V2

)
[
ΓV V V (µ, β1, α1, 0,−k, k)× ē′bLγα(g

L
1 PL + gR1 PR)(/k +mf )γβ(g

L
2 PL + gR2 PR)ν

′a
L

]
(B2)

INum
c =

(
VCKM

)
ij

(
UPMNS

)
ab
×
[
ē′bg4γµPLν

′a](gαα1 −
kαkα1

m2
V1

)(
gββ1 −

kβkβ1

m2
V2

)
[
ΓV V V (µ, β1, α1, 0,−k, k)× d̄′jLγα(g

L
1 PL + gR1 PR)(/k +mf )γβ(g

L
2 PL + gR2 PR)u

′i
L

]
(B3)

where the vetex of 3 gauge coupling is

ΓV V V (µ, α, β, k1, k2, k3) = −i g√
2

[
(k1 − k2)βgαµ + (k2 − k3)µgαβ + (k3 − k1)αgβµ

]
.

The amplitude is then be written as:

Mfi =

∫
d4k

(2π)4
1

m2
W

INum
1a

(k2 −m2
V )(k

2 −m2
f1a

)(k2 −m2
f2b

)
(B4)

The f̄fV µ vertex interaction with left right coupling constants (Table III) is given as

L = f̄γµ(gLPL + gRPR)fV
µ (B5)

If V µ is Z,Z ′ boson we have (V − A) current then

gL = − g

2cW
(gfV + gfA) (B6)

gR = − g

2cW
(gfV − gfA) (B7)

In case of charged current V µ is the charged boson we have

gL = gR, gL =
g√
2

(B8)
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FIG. 15: Generic penguin diagrams

The amplitude for penguin diagrams can be written as:

iM(a),(b)
V =

g4
m2

W

(
VCKM

)
ij

(
UPMNS

)†
ab
[d̄′jγ

µPLu
′
i]× [ē′bΓµPLν

′
a] (B9)

iM(c)
V =

g4
m2

W

(
VCKM

)
ij

(
UPMNS

)†
ab
[d̄′jγ

µPLu
′
i]× [ē′bγµPLν

′
a] (B10)

The effective Hamiltonian can be written as

H = Cuidj
eaνb

[d
′
iγµPLu

′
j][ē

′
bγµPLν

′
a] (B11)

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

Cuidj
eaνb

(f1f2V ) =
gL4
m2

W

(
VCKM

)
ij

(
UPMNS

)†
ab
Γfa

1 f
b
2V (B12)

Cuidj
eaνb

(V1V2f) =
gL4
m2

W

(
VCKM

)
ij

(
UPMNS

)†
ab
ΓV1V2f (B13)

where the vertex functions Γfa
1 f

b
2V ,ΓV1V2f are defined as in Appendix (C1) and (C2),(C3)

respectively.
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2. Box diagrams

INum
box =(V d

L )il(V
f2
L )†lk(V

f2
L )km(V

u
L )

†
mj × (V l

L)bd(V
f1
L )†dc(V

f1
L )ce(V

ν
L )

†
ea(

VCKM

)
ij

(
UPMNS

)
ab

(
gµα − kµkα

m2
V1

)(
gνβ −

kνkβ
m2

V2

)
×
[
d̄′jLγµ(g

L
4 PL + gR4 PR)(/k +mf1)γν(g

L
3 PL + gR3 PR)u

′i
L

]
×
[
ē′aLγα(g

L
1 PL + gR1 PR)(/k +mf2)γβ(g

L
2 PL + gR2 PR)ν

′b
L

]
(B14)

In the limit where external momenta small and set to zero the box diagram Fig. 16

amplitude can be evaluated as:

iMbox =
(
VCKM

)
ij

(
UPMNS

)
ab
Γf1V1f2V2 [d

′
iγµPLu

′
j][ē

′
aγµPLν

′
b] (B15)

The Wilson coefficient can be evaluated as:

[
Cuidj
eaνb

]f1V1f2V2

box
=
(
VCKM

)
ij

(
UPMNS

)
ab
Γf1V1f2V2(gL1 , g

L
2 , g

L
3 , g

L
4 ,mf1 ,mV1 ,mf2 ,mV2) (B16)

where the vertex function Γf1V1f2V2 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:

Γf1f2V (gL1 , g
L
2 , g

L
3 , g

R
3 ,mf1 ,mf2 ,mV ) =

1

16π2

gL1 g
L
2

m2
V(

2gR3 mf1mf2m
2
VC0(mV ,mf1 ,mf2)− 2(gR3 mf1mf2 + 2gL3m

2
V )C00(mV ,mf1 ,mf2)

+
1

3
gL3
(
A0(mf1) + A0(mf2) + A0(mV )−m2

f1
m2

f1
C0(mf1 ,mf2 ,mV )

−m2
f2
m2

VC0(mf2 ,mV ,mf1)−m2
f1
m2

VC0(mV ,mf1 ,mf2)

+ 4(m2
f1
+m2

f2
)C00(mf1 ,mf2 ,mV )

+ 4(m2
f2
+m2

V )C00(mf2 ,mV ,mf1) + 4(m2
f1
+m2

V )C00(mV ,mf1 ,mf2)
))

(C1)

ΓV1V2f (gL1 , g
L
2 , g3,mV1 ,mV2 ,mf ) =

1

64π2
gL1 g

L
2 g3(

− 48C00(mf ,mV1 ,mV2) +
1

m2
V1

(
A0(mf ) + A0(mV1 + A0(mV2))

−m2
fm

2
V1
C0(mf ,mV1 ,mV2)

−m2
V1
m2

V2
C0(mV1 ,mV2 ,mf )−m2

fm
2
V2
C0(mV2 ,mf ,mV1)

+ 4(m2
f +m2

V1
)C00(mf ,mV1 ,mV2)

+ 4(m2
V1

+m2
V2
)C00(mV1 ,mV2 ,mf ) + 4(m2

f +m2
V2
)C00(mV2 ,mf ,mV1)

)
+

1

m2
V2

(
A0(mf ) + A0(mV1 + A0(mV2))−m2

fm
2
V1
C0(mf ,mV1 ,mV2)

−m2
V1
m2

V2
C0(mV1 ,mV2 ,mf )−m2

fm
2
V2
C0(mV2 ,mf ,mV1)

+ 4(m2
f +m2

V1
)C00(mf ,mV1 ,mV2)

+ 4(m2
V1

+m2
V2
)C00(mV1 ,mV2 ,mf ) + 4(m2

f +m2
V2
)C00(mV2 ,mf ,mV1)

))
(C2)

ΓV γf (gL1 , g
L
2 , g3,mV , 0,mf ) =

1

64π2

gL1 g
L
2 g3

m2
V(

A0(0) + A0(mf ) + A0(mV )−m2
fm

2
VC0(mf ,mV , 0) + 4m2

fC00(0,mf ,mV )

+ 4(m2
f − 11m2

V )C00(mf ,mV , 0) + 4m2
VC00(mV , 0,mf )

)
(C3)
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Γf1V1f2V2(gL1 , g
L
2 , g

L
3 , g

L
4 ,mf1 ,mV1 ,mf2 ,mV2) =

1

256π2
gL1 g

L
2 g

L
3 g

L
4(

256D00(mf1 ,mV1 ,mf2 ,mV2) +
4

m2
V1

(
B0(mf1 ,mV1) +B0(mf2 ,mV2)

+B0(mf1 ,mV2) +B0(mf2 ,mV1)−m2
f1
m2

V1
D0(mf1 ,mV1 ,mf2 ,mV2)

−m2
f2
m2

V2
D0(mf2 ,mV2 ,mf1 ,mV1)−m2

f2
m2

V1
D0(mV1 ,mf2 ,mV2 ,mf1)

−m2
f1
m2

V2
D0(mV2 ,mf1 ,mV1 ,mf2)

+ 4(m2
f1
+m2

V1
)D00(mf1 ,mV1 ,mf2 ,mV2)

+ 4(m2
f2
+m2

V2
)D00(mf1 ,mV1 ,mf2 ,mV2) + 4(m2

f2
+m2

V1
)D00(mV1 ,mf2 ,mV2 ,mf1)

+ 4(m2
f1
+m2

V2
)D00(mV2 ,mf1 ,mV1 ,mf2)

)
+

4

m2
V2

(
B0(mf1 ,mV1) +B0(mf2 ,mV2) +B0(mf1 ,mV2)

+B0(mf2 ,mV1)−m2
f1
m2

V1
D0(mf1 ,mV1 ,mf2 ,mV2)

−m2
f2
m2

V2
D0(mf2 ,mV2 ,mf1 ,mV1)−m2

f2
m2

V1
D0(mV1 ,mf2 ,mV2 ,mf1)

−m2
f1
m2

V2
D0(mV2 ,mf1 ,mV1 ,mf2) + 4(m2

f1
+m2

V1
)D00(mf1 ,mV1 ,mf2 ,mV2)

+ 4(m2
f2
+m2

V2
)D00(mf1 ,mV1 ,mf2 ,mV2) + 4(m2

f2
+m2

V1
)D00(mV1 ,mf2 ,mV2 ,mf1)

+ 4(m2
f1
+m2

V2
)D00(mV2 ,mf1 ,mV1 ,mf2)

)
+

1

m2
V1
m2

V2

(
A0(mf1) + A0(mf2) + A0(mV1) + A0(mV2) +m2

f1
B0(mf1 ,mf2)

+m2
f1
B0(mf1 ,mV1) +m2

f1
B0(mf1 ,mV2) +m2

f2
B0(mf1 ,mf2)

+m2
f2
B0(mf2 ,mV1) +m2

f2
B0(mf2 ,mV2) +m2

V1
B0(mV1 ,mf1)

+m2
V1
B0(mV1 ,mf2) +m2

V1
B0(mV1 ,mV2) +m2

V2
B0(mV2 ,mf1)

+m2
V2
B0(mV2 ,mf2) +m2

V2
B0(mV2 ,mV1)− 2m2

f1
m2

f2
m2

V1
D0(mf1 ,mV1 ,mf2 ,mV2)

− 2m2
f1
m2

f2
m2

V2
D0(mf2 ,mV2 ,mf1 ,mV1)− 2m2

f2
m2

V1
m2

V2
D0(mV1 ,mf2 ,mV2 ,mf1)

− 2m2
f1
m2

V1
m2

V2
D0(mV2 ,mf1 ,mV1 ,mf2)

+ 4(m2
f2
m2

V1
+m2

f1
(m2

f2
+m2

V1
))D00(mf1 ,mV1 ,mf2 ,mV2)

+ 4(m2
f2
m2

V2
+m2

f1
(m2

f2
+m2

V2
))D00(mf2 ,mV2 ,mf1 ,mV1)

+ 4(m2
f1
m2

V2
+m2

f2
(m2

V1
+m2

V2
))D00(mV1 ,mf2 ,mV2 ,mf1)

+ 4(m2
f1
m2

V2
+m2

f1
(m2

V1
+m2

V2
))D00(mf1 ,mV1 ,mf2 ,mV2)

))
(C4)
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Appendix D: Coupling constants

TABLE II: The couplings of Z with fermions (f ̸= νR), the coupling for Z ′ are obtained by

replacement: cφ → sφ and sφ → −cφ.

f gZV (f) gZA(f)

ν1
sφc2W+cφ

√
1+2c2W

2
√
1+2c2W

sφc2W+cφ
√
1+2c2W

2
√
1+2c2W

να − sφ−cφ
√
1+2c2W

2
√
1+2c2W

− sφ−cφ
√
1+2c2W

2
√
1+2c2W

e1
(sφ(2c2W−1)−cφ

√
1+2c2W )(2c2W−1)

2
√
1+2c2W

sφ−cφ
√
1+2c2W

2
√
1+2c2W

eα
sφ−cφ

√
1+2c2W (2c2W−1)

2
√
1+2c2W

− sφc2W+cφ
√
1+2c2W

2
√
1+2c2W

ua
sφ(4−c2W )+cφ

√
1+2c2W (4c2W−1)

6
√
1+2c2W

sφc2W+cφ
√
1+2c2W

2
√
1+2c2W

da
(sφ−cφ

√
1+2c2W )

√
1+2c2W

6
sφ−cφ

√
1+2c2W

2
√
1+2c2W

ξ0 − sφc2W√
1+2c2W

− sφc2W√
1+2c2W

ξ 2cφc
2
W − 2sφc2W√

1+2c2W

E1
2sφc2W+cφ

√
1+2c2W (1−c2W )√

1+2c2W

2sφc2W√
1+2c2W

Eα
sφ(3c2W−1)−2cφ

√
1+2c2W (c2W−1)

2
√
1+2c2W

sφc2W√
1+2c2W

Ua
sφ(1−7c2W )+4cφ

√
1+2c2W (c2W−1)

6
√
1+2c2W

− sφc2W√
1+2c2W
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