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Abstract There are two sources that help to explain the RK,
RK∗ anomalies in the MF331 model. The first is non-LFUV
couplings of the new neutral gauge boson Z′ with leptons,
gZ′

(e) �= gZ′
(μ, τ), which causes the RK, RK∗ anomalies via

Z′-penguin diagrams involving newly charged gauge bosons
X±

μ , and exotic U-quarks. The second is the contribution from
the box diagram only for the first generation of leptons. We
show that the penguin diagrams can not explain RK, RK∗
anomalies, and that the box diagram is required. The experi-
mental constraints for RK and RK∗ result in new particle mass
degeneracy. The contributions of NP to the branching ratios
Br(Bs → μ+μ−), Br(b → sγ ) predict results that agree
with the experimental limits in the allowed region of the NP
scale.

1 Introduction

In recent years, the LHCb has provided observations that
show a conflict between the standard model (SM) predic-
tions and the experimental results. The results of the angu-
lar analysis of the decay B0 → K0∗μ+μ− and measure-
ments of the branching fraction of several b → sl+l− [1–
10] are in tension with those of SM. Some of these tensions
can be explained by the involvement of hadronic uncertain-
ties arising from the different long-distance effects [11–15],
while the rest are explained by NP signs [16–20]. Lepton fla-
vor universality violating (LFUV) observables, such as the
ratios of branching fractions involving both b → sμ+μ−
and b → se+e− transitions, are also intriguing to theorists.
The LHCb and Belle collaborations measured [21–24] the

ratio RK ≡ Br(B+→K+μ+μ−)
Br(B+→K+e+e−)

in the low dilepton invariant

mass-squared range
(
1.0 ≤ q2 ≤ 6.0 GeV2

)
. The LHCb has
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reported the latest value of RK [24], RLHCb
K

(
[1.1, 6] GeV2

) =
0.846+0.042+0.013

−0.039−0.012, which showed 3.1σ deviation from the
SM expectation [25,26] of � 1, giving evidence for the vio-
lation of lepton universality in these decays. Another ratio
was reported by the LHCb [27] and Belle [28], RK∗ ≡
Br(B→K∗μ+μ−)
Br(B→K∗e+e−)

, which is measured in two dilepton invari-

ant mass squared regions [27],

RLHCb
K∗ =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

0.66 + 0.11
− 0.07 (stat) for 0.045 < q2 < 1.1 GeV2/c4 ,

±0.03 (syst)

0.69 + 0.11
− 0.07 (stat) for 1.1 < q2 < 6.0 GeV2/c4 .

±0.05 (syst)

These ratios have been determined to be 2.1, 2.5 stan-
dard deviations below their SM expectations, respectively
[25,26,29]. Because the hadronic uncertainties are canceled,
the LFUV observables RK and RK∗ are theoretically clean,
contrary to observations of the angular and branching frac-
tion of the b → sll decays. As a result, we can certainly infer
the presence of NP. These novel metrics have sparked a lot of
interest, leading to a slew of model-independent global anal-
yses [30–37]. The majority of these studies revealed that the
LFUV observables RK and RK∗ may be explained by using
the combination of new contributions of Wilson coefficients
(WCs) associated with V and A operators. The NP interpre-
tations of the RK, RK∗ anomalies postulate the existence of
a new state with tree-level couplings to muons and quarks,
namely Z′ vector bosons [38–44], scalar leptoquarks [45,46].

For addressing model building, it is reasonable to con-
sider what models naturally lead to the LFUV. Extending
the symmetry of SM reveals one of the natural candidates
for violating the lepton flavor universality (LFU). In differ-
ent approaches to extending the SM symmetry, the class of
model-based upon the gauge symmetry SU(3)C × SU(3)L ×
U(1)X (3-3-1) [47–52]is known as an attractive proposal.
Because this model explains not only the existence of only
three fermions, strong CP conservation, and electric charge
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quantization, but also dark matter, neutrino masses, cosmic
inflation, and matter-antimatter asymmetry, all of which are
current SM issues. In order to cancel the [SU(3)L]3 anomaly,
the number of fermion triplets must equal that of the anti-
triplet. Traditionally, the arrangement of the particles is one
of the quark families that transforms differently from the
remaining quark families, while all lepton families transform
identically. According to this arrangement, the models pre-
dict the tree-level quark FCNCs coupled to Z′, whereas Z′-
boson interacts with a pair of the same flavors and strengths
as the three lepton families. It means that this approach pre-
dicts the lepton flavor universality (LFU) [53–56]. In contrast
with this setup , the quark and lepton arrangements flip over,
creating new versions that are called the flipped 3-3-1 (F331)
models [57,58]. The FCNCs are coupled to the Z′ swap from
quarks into leptons. Therefore, the F331 models break the
LFU at the tree level [59], but quark FCNCs induce it at the
one-loop level. It naturally provides solutions for explaining
the LFUV measuremens in rare B meson decays.

Based on the minimal flipped 3-3-1 (MF331) model [58],
a version of the F331 models in which scalar multiplets are
reduced to a minimum, we explore the RK, RK∗ anoma-
lies from LFUV including the tree-level and the radiative
structure of quark flavor-changing interactions. We are look-
ing for NP parameter space regions that sufficiently repre-
sent the experimental data on RK and RK∗ . Furthermore, the
Br
(
Bs → μ+μ−) is one of the cleanest observables [60] and

there is a minor disagreement with SM prediction [61]. This
tension suggests the same direction as the RK∗ fit’s chosen
WCs. As a result, we consider whether the parameter space
for fixing RK∗ and Br

(
Bs → μ+μ−) are compatible. Apart

from affecting the above observations, NP can also alter the
Br (b → sγ ). Using the parameter space of the above fits, we
estimate the role of NP in the Br (b → sγ ).

The structure of paper is organized as follows. In Sect.
2, we give a quick summary of the MF331 model. In Sect.
3, we examine all of the NP contributions to the WCs asso-
ciated decay processes caused by b − s transitions and pro-
vide the effective Hamiltonian for these processes. A detailed
description of the RK, RK∗ anomalies included in the global
fit is given in Sect. 4. In Sects. 5 and 6, we study the NP con-
tributions to the branching ratios of decays, Bs → μ+μ−,
b → sγ , respectively. Finally, we provide our conclusions in
Sect. 7.

2 A Summary of the MF331 model

2.1 Paticle content and mass spectrum of particles

The F331 model was first pointed out by Fonseca and Hirsch
[57]. The model is based on the extended SU(3)C×SU(3)L×
U(1)N gauge group, in which the first lepton family is dis-

criminated against, while the remaining lepton families and
three quark families are in the same representation by the
gauge symmetry, SU(3)L. The flipped fermion content is free
of all gauge anomalies, as specified by [57] as

ψ1L =

⎛

⎜⎜
⎝

ξ+ 1√
2
ξ0 1√

2
ν1

1√
2
ξ0 ξ− 1√

2
e1

1√
2
ν1

1√
2

e1 E1

⎞

⎟⎟
⎠

L

∼
(

1, 6,−1

3

)
, (1)

ψαL =
⎛

⎝
να

eα

Eα

⎞

⎠

L

∼
(

1, 3,−2

3

)
, (2)

eaR ∼ (1, 1,−1), EaR ∼ (1, 1,−1), (3)

QaL =
⎛

⎝
da

−ua

Ua

⎞

⎠

L

∼
(

3, 3∗, 1

3

)
, (4)

uaR ∼ (3, 1, 2/3), daR

∼ (3, 1,−1/3), UaR ∼ (3, 1, 2/3), (5)

where a = 1, 2, 3 and α = 2, 3 are family indices. The Higgs
sector in the F331 model is intricate, with three triplets and
one sextet that could lead to the dangerous LFV in the Higgs
decay. As a result, the MF331 model [58] was presented, in
which the fermion content is the same as the F331 model but
the Higgs component is decreased to two scalar triplets,

ρ =
⎛

⎝
ρ+

1
ρ0

2
ρ0

3

⎞

⎠ ∼ (1, 3, 1/3), χ =
⎛

⎝
χ+

1
χ0

2
χ0

3

⎞

⎠ ∼ (1, 3, 1/3),

(6)

where their vacuum expectation values (VEVs) have a form

〈ρ〉 = 1√
2

⎛

⎝
0
v

w′

⎞

⎠ , 〈χ〉 = 1√
2

⎛

⎝
0
v′
w

⎞

⎠ . (7)

To keep consistency with the SM and small neutrino masses,
the VEVs have to be satisfied u′, w′  v  w. The scalar
potential has a simple form [58],

V = μ2
1ρ

†ρ + μ2
2χ

†χ + λ1(ρ
†ρ)2 + λ2(χ

†χ)2

+λ3(ρ
†ρ)(χ†χ) + λ4(ρ

†χ)(χ†ρ)

+ [μ̄2
3χ

†ρ + λ̄5(χ
†ρ)2 + (λ̄6ρ

†ρ + λ̄7χ
†χ)χ†ρ + H.c.

]
.

(8)

The parameters λ̄ and μ̄3 violate B − L while λ,μ1,2 are
the B − L conservation, thus λ̄  λ and μ̄3  μ1,2. After
spontaneous symmetry breaking, the MF331 model contains
the SM-like Higgs boson and two new Higgs fields H1, H′.
In the limit, u′, w′  v  w, the physical states have a mass
as follows

m2
H �

(
4λ1λ2 − λ2

3

)
v2

2λ2
, m2

H1
� 2λ2w

2,

123
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m2
H′ � λ4

2

(
v2 + w2

)
, (9)

and the Higgs triplets , ρ, χ , are presented through the phys-
ical states as follows

ρ �
⎛

⎜
⎝

G+
W

1√
2
(v + H + iGZ)

1√
2
w′ + H′

⎞

⎟
⎠ ,

χ �
⎛

⎜
⎝

G+
X

1√
2
v′ + G0

Y
1√
2
(w + H1 + iGZ′)

⎞

⎟
⎠ , (10)

where GW,X,Y,Z,Z′ are the Goldstone bosons. Because the
number of Higgs multiplets is reduced, light fermions gain
mass through non-standard interactions characterized by
dimension-six operators, whereas the masses of heavy quarks
and leptons are determined by normal four-dimensional oper-
ators. You may find the total Yukawa interactions in up to six
dimensions, as well as the fermion mass spectrum in [58].

To wrap up this part, let’s review the key points con-
cerning the gauge bosons sector. Apart from the SM gauge
bosons Z, W±, the MF331 model includes non-Hermitian
gauge bosons X±, Y0,0∗, as well as one new neutral gauge
boson Z′, all of which have matching masses

m2
W � g2v2

4
, m2

X � g2w2

4
, m2

Y � g2(v2 + w2)

4
,

m2
Z � g2v2

4c2
W

, m2
Z′ � g2[c2

2Wv2 + 4c4
Ww2]

4c2
W(3 − 4s2

W)
, (11)

where cW = cos θW, sW = sin θW, θW is the Weinberg angle

which is determined by sW =
√

3tX√
3+4t2X

with tX = gX
g .

2.2 Charged and neutral currents

The interactions of gauge bosons and fermions are derived
from the Lagrangian,

LFermion = īγ μDμ, (12)

where  runs on all over the fermion multiplets of the
model. The covariant derivative is determined as Dμ =
∂μ + igs taGa

μ + igPμ, where ta are the generators of SU(3)C

group and equal to 0 for leptons and λa
2 for quarks. Pμ con-

tains the generators of SU(3)L × U(1)N groups. The form
of Pμ depends on the representations of SU(3)L group and
U(1)X charge (X), namely

Pμ =
{(

TaAa
μ + tXXBμ

)
, for triplet of SU(3)L,

Aa
μ (Ta + Ta) + tXXBμ, for sextet of SU(3)L,

where Ta = λa
2 , while Ta vanish for the right-handed fermion

singlets. In the F331 model, the first lepton family transforms

as a sextet of SU(3)L, while the remaining two families trans-
form as a triplet, leaving the LFUV in both charged and neu-
tral lepton currents. By substituting Pμ into Eq. (12), one
can obtain the charged current interactions shown as

LC.C = J−μ
W W+

μ + J−μ
X X+

μ + J0μ
Y Y0

μ + H.c, (13)

J−μ
W = − g√

2

{
ν̄aLγ μeaL + ūaLγ μdaL

+√
2
( ¯ξ+

L γ μξ0
L + ξ̄0

Lγ μξ−
L

)}
, (14)

J−μ
X = − g√

2

{
ν̄αLγ μEαL + √

2
(
ν̄1Lγ μE1L + ¯ξ+

L γ μν1L

)

+ξ̄0
Lγ μe1L − ŪaLγ μdaL

}
, (15)

J0μ
Y = − g√

2

{
ēαLγ μEαL + √

2
(

ē1Lγ μE1L + ¯ξ−
L γ μe1L

)

+ξ̄0
Lγ μν1L + ŪaLγ μuaL

}
. (16)

In the charged currents associated with the new charged
gauge bosons, there is a violation of LFU, particularly in the
SM charged leptons when the only electron interacts with the
X± boson. This interaction should play a significant role in
understanding the RK, RK∗ anomalies.

One can also extract the neutral current pieces from Eq.
(12)

LN.C = − g

2cW
f̄ γ μ

{
gZV ( f ) − gZA( f )γ5

}
f Zμ

− g

2cW
f̄ γ μ

{
gZ

′
V ( f ) − gZ

′
A ( f )γ5

}
f Z′

μ, (17)

where the couplings gZ ,(Z ′)
V ( f ), gZ ,(Z ′)

A ( f ) are taken from
[58]. In Table 1, we outline typical couplings of neutral gauge
bosons with fermions for convenience of future study.The
LFUV can be seen clearly in the interactions of Z′ boson.

Closing this section, we would like to point out that
three generations of quarks transform uniformly under the
SU(3)L × U(1)X groups, and FCNCs processes involving
b → s transitions are loop suppressed. In the upcoming sec-
tions, these processes will be studied in further depth.

3 Effective Hamiltonian for decay processes induced by
b − s transitions

In the MF331 model, the decay processes, b → sγ , B →
ll, b → sll, are governed by the dimension six operators,
O7,8,9,10. The relevant effective Hamiltonian can be written
in the following form

He f f = −4GF√
2

VtbV∗
ts

×
∑

i=7,8,9,10

{Ci(μ)Oi(μ)} + H.c.,

(18)
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Table 1 Some couplings of
Z, Z′ with fermions f gZ

′
V ( f ) gZ

′
A ( f ) gZ

′
L ( f ) gZ

′
R ( f )

e1
1−2c2W

2
√

1+2c2W
− 1

2
√

1+2c2W

−c2W
2
√

1+2c2W

s2
W√

1+2c2W

eα
2−c2W

2
√

1+2c2W

c2W
2
√

1+2c2W

1
2
√

1+2c2W

s2
W√

1+2c2W

da −
√

1+2c2W
6 − 1

2
√

1+2c2W
− 2+c2W

6
√

1+2c2W

s2
W

3
√

1+2c2W

Ua
7c2W−1

6
√

1+2c2W

c2
W√

1+2c2W

1+5c2W
6
√

1+2c2W
− 2s2

W
3
√

1+2c2W

f gZV ( f ) gZA ( f ) gZL ( f ) gZR ( f )

ea − 1
2 + 2s2

W − 1
2 − 1

2 + s2
W s2

W

da − 1
2 + 2

3 s2
W − 1

2 − 1
2 + 1

3 s
2
W

1
3 s

2
W

Ua − 4
3 s2

W 0 − 2
3 s

2
W − 2

3 s
2
W

where

O7 = e

4π2 mb
(
s̄σμν PRb

)
Fμν,

O8 = gs
16π2 mb

(
s̄ασμν(Ta)

αβ PRbβ

)
Gaμν,

O9 = e2

16π2

(
s̄γμPLb

) (
l̄γ μl

)
,

O10 = e2

16π2

(
s̄γμPLb

) (
l̄γ μγ5l

)
. (19)

The MF331 model does not predict the existence of tree-
level FCNCs in the quark sector because all quark families are
identical transformations under the SU(3)L group, but it does
allow them at the loop level. As a result, the one-loop adjust-
ments determine the transition b → s. For convenience, the
WCs are divided into the following contributions

C7 = Ceff-SM
7 + �C7, C8 = CSM

8 + �C8,

C9 = Ceff-SM
9 + �C9, C10 = CSM

10 + �C10. (20)

where Ceff-SM
7,9 and CSM

8,10 are determined by interactions of

the SM [62,63], �CNP
7,8,9,10 are determined by the new inter-

actions. The NP contributions to �C9,10 for the first lepton
family are completely different from the two other families
because the first generation of leptons transforms differently
than the subsequent lepton generations. The first generation,
�Ce

9, gets contributions from the γ, Z, Z’-penguin and box
diagrams, whereas �Cμ,τ

9 only get contributions from the
γ, Z, Z’-penguin diagrams. To be explicit, the contributions
of NP to the above-mentioned WCs are split as follows:

�Ce
9,10 = �Ce,γ

9,10 + �Ce,Z
9,10 + �Ce,Z ′

9,10 + �Ce,box
9,10 ,

�Cμ(τ)
9,10 = �Cμ(τ),γ

9,10 + �Cμ(τ),Z
9,10 + �Cμ(τ),Z ′

9,10 ,

�C7,8 = �CX
7,8. (21)

The contribution of each style of diagram is indicted by the
superscripts. Without QCD correction, all NP contributions

Fig. 1 γ, Z, Z′-penguin diagrams induced by new charged gauge
boson X±

μ . The blob denotes the combination of boson X± and new
quark U inside the loop

are calculated in leading order.1 The Z-penguin diagrams
are presented in Fig. 1, which are induced by quark currents
coupled to the new charge gauge bosons X±

μ .
Applying the Feynman rules for diagrams given in (1),

we derive the radiative FCNC coupling b̄s Z . Combining the
finding with the neutral current of leptons coupled to the
Z-boson yields the result

�CZ
9 = c2W −2s2

W

s2
W

[
−3x2c2

W

8(x−1)2 ln x+ (x2+5x−3)c2W +3

16(x − 1)

]

,

1 It is worth noting that the NP contributions to the WCs, �Ce,μ
i , depend

on the energy scale. When the RGE running is considered, the WCs,
�Ce,μ

i , receive corrections of order ε ∼ αs
4π

ln w
mb

[64]. In the MF331
model, the NP scale w � 0(1)TeV, the αs(w) ∼ 0.1, and thus, ε is
about a few percent of the �Ce,μ

i . Running these WCs in the LFUV
observables ratios RK (∗) cancels out the effect in the numerator and the

denominator of these ratios, namely RK � |�Cμ
i (w)+ε|2

|�Ce(w)+ε|2 � |�Cμ
i (w)|2

|�Ce(w)|2 ,
Therefore, we will neglect the RGE running effects on the NP WCs in
the present work.
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�CZ
10 = − 1

s2
W

[
−3x2c2

W

8(x − 1)2 ln x + (x2 + 5x − 3)c2W + 3

16(x − 1)

]

,

(22)

where x = m2
U

m2
X

. For three generations of leptons, these con-

tributions are the same. It should be noted that the mass of the
third exotic quark generation is assumed to be mU3 � mU1,2 ,
and similarly in the SM’quarks mt � mu,c, so the diagrams
governed by U3 dominate.

Because the first generation of leptons transforms differ-
ently from the last two generations under the SU(3)L group,
the Z ′ gauge boson interacts with them in a fundamentally
different way than the other two generations. These interac-
tions, in combination with the radiative couplings induced
by Feynman diagrams (1), give the contribution to the WCs.
We receive following contributions for different generations:

�Ce,Z′
9 = −g̃Z′

V (e) f (x), �Ce,Z′
10 = g̃Z′

A (e) f (x),

�Cμ(τ),Z′
9 = −g̃Z′

V (μ(τ)) f (x),

�Cμ(τ),Z′
10 = g̃Z′

A (μ(τ)) f (x), (23)

where f (x) is determined as

f (x) = 1√
1 + 2c2Ws2

W

m2
Z

m2
Z′

[
x(3x + 2)c2

W

2(x − 1)2 ln x

+ (3x2 − x − 12)c2W + 2(x2 − 3x − 3)

8(x − 1)

]
, (24)

and g̃Z′
V,A(f) are defined in mass eigenstates as

g̃Z′
V (f) = V†

lLg
Z′
L (f)VlL + V†

lRg
Z′
R (f)VlR,

g̃Z′
A (f) = V†

lLg
Z′
L (f)VlL − V†

lLg
Z′
R (f)VlR (25)

with gZ′
L,R(f) are the flavor basis couplings of new Z′ boson

with a pair of left (right) leptons as defined in Table 1. The
left-handed lepton mixing matrix is VlL and it is assumed
that VL = VPMNS, where VPMNS denotes Pontecorvo–Maki–
Nakagawa–Sakata (PMNS) matrix. As shown in Table 1, the
right coupling of Z′ with the first lepton generation must
be equal to the right coupling of Z′ with the two remaining
lepton generations, gZ′

R (e1) = gZ′
R (eα). This is explained by

the fact that all three right- handed lepton generations trans-
form identically under SU(3)L group, eaR ∼ (1, 1,−1). As
a result, the effects of the new right-handed leptons mixing
matrix VlR will be eliminated, and we will have

g̃Z′
V (f) = V†

lLg
Z′
L (f)VlL + gZ′

R (f),

g̃Z′
A (f) = V†

lLg
Z′
L (f)VlL − gZ′

R (f). (26)

The different arrangement of the fermion generations also
leads to a distinct contribution to the WCs. Only Ce

9,10 ben-
efits from the box diagrams in Fig. 2. These additional con-

tributions are given as

�Ce,box
9 = − 1

s2
W

m2
W

m2
X

{
x2[4 + (x − 8)y]

16(y − x)(x − 1)2 ln x

− xy[(y − 4)2 − 12]
16(y − x)(y − 1)2 ln y + x(−4 + 7y)

16(y − 1)(x − 1)

}
,

�Ce,box
10 = 1

s2
W

m2
W

m2
X

{
x2[4 + (x − 8)y]

16(y − x)(x − 1)2 ln x

− xy[(y − 4)2 − 12]
16(y − x)(y − 1)2 ln y + x(−4 + 7y)

16(y − 1)(x − 1)

}
, (27)

where y = m2
ξ0

m2
X

. Because the vertexes of new gauge bosons

X±
μ with fermions in the box diagrams, such as ŪdX, ξ̄0Xe,

are proportional to the gauge coupling g, �Ce,box
9,10 does not

contain NP couplings as in Eq. (23).
The radiative coupling bsγ is produced by the photon pen-

guin diagrams caused by new charged bosons X±
μ seen in Fig.

1. The electromagnetic currents of leptons combine with this
coupling to produce additional contributions to C7,9. The
outcomes are listed as follows:

�Cγ
9 = 4

9
ln x − x2(5x2 − 2x − 6)

18(x − 1)4 ln x − −19x3 + 25x2

36(x − 1)3 ,

�CX
7 = −8x3 + 5x2 − 7x

24(x − 1)3 − x2(2 − 3x)

4(x − 1)4 ln x . (28)

4 Lepton non-universality in b → sl+l−

4.1 Lepton non-universality in B+ → K+l+l−

As previously stated, the electroweak couplings of charged
leptons are distinct in the MF331 model, and as a result,
the decay properties of each lepton flavor are expected to be
different (referred to as lepton flavor non-universality).

In a suitably specified range of the dilepton mass squared,
the branching ratios for B+(∗) → K+(∗)l+l− decays can
be expected. The differential branching fraction for B+ →
K+l+l− decays, keeping the lepton mass (ml), has been stud-
ied by [65] and given as follows

d2�
(
B+ → K+l+l−

)

dq2d(cos θ)

= a(q2) + b(q2) cos θ + c(q2) cos2 θ, (29)

where

a(q2) = �0λ
3/2βl

4

{

|G|2 + |
(

CSM
10 + �C10

)
f+(q2)|2

+|(CSM
10 + �C10)f0(q

2)|2 4m2
l

λq2

(
m2

B − m2
K

)2
}

,
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b
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e−

s
X± e+

U ξ0
b
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e−

s
φX±

e+
U ξ0

b
φX±

e−

s
X± e+

U ξ0
b

φX±
e−

s
φX±

e+
U ξ0

Fig. 2 Box diagrams induced for only the first lepton generation

b(q2) = 0,

c(q2) = −�0λ
3/2β2

l

4

{
|G|2 + |

(
CSM

10 + �C10

)
f+(q2)|2

}

(30)

with

G =
(

Ceff-SM
9 + �C9

)
f+
(

q2
)

+ 2mb

mB + mK

(
Ceff-SM

7 + �C7

)
fT(q2) + hK(q2),

�0 = G2
Fα2

em|VtbV∗
ts|2

512π5m3
B

,

βl =
√

1 − 4m2
l

q2 , (31)

λ is a function that depends on the mass of B-meson, Kaon,
and dilepton. It has the following form as

λ ≡ λ(m2
B, m2

K, q2)

= m4
B + m4

K + q4 − 2(m2
Bm2

K + m2
Bq2 + m2

Kq2). (32)

The angle θ is known as the angle between the negative lepton
direction and the B direction in the l+l− rest frame. The
effective WCs Ceff-SM

7,9 (q2) are obtained via the WCs of SM
and have the form given in [62]:

Ceff-SM
7 (q2) = C7 − 1

3

(
C3 + 4

3
C4 + 20C5 + 80

3
C6

)

− αs

4π

{
(C1 − 6C2) F(7)

1,c(q
2) + C8F(7)

8 (q2)
}

Ceff-SM
9 (q2) = C9 + 4

3

(
C3 + 16

3
C5 + 16

9
C6

)

−h(0, q2)

(
1

2
C3 + 2

3
C4 + 8C5 + 32

3
C6

)

−h(mpole
b , q2)

(
7

2
C3 + 2

3
C4 + 38C5 + 32

3
C6

)

+h(mpole
c , q2)

(
4

3
C1 + C2 + 6C3 + 60C5

)

− αs

4π

(
C1F(9)

1,c(q
2) + C2F(9)

2,c(q
2) + C8F(9)

8 (q2)
)

, (33)

where the WCs of SM, Ci, are listed in the Table 2. The
functions h(mpole

c,b , q2), F(7),(9)
1,2,c , and F(7),(9)

8 are determined
in [62].

For B → K processes, the QCD form factors, f+,T(q2),
and f0(q2) can be expressed in the form of a simplified z-

series expansion as given by [66]

fB→K+,T (q2) = f+,T
B→K(0)

1 − q2

m2
B

{

1 +
N−1∑

k=1

b+,T
k,K

{
z(q2, t0)

k

−z(0, q2)k − (−1)N-k k

N

(
z(q2, t0)

N − z(0, t0)
N
)}
}

,

fB→K
0 (q2) = f0

B→K(0)
{

1 +
N∑

k=1

b0
k,K

(
z(q2, t0)

k − z(0, t0)
k
)}

, (34)

where z(q2, t0) =
√

t+−q2−√
t+−t0√

t+−q2+√
t+−t0

with t+ = (mB +
mK)2, t0 = (

√
mB −√

mK)2(mB + mK). In this case, N = 2
for the vector and tensor form factors f+,T(q2), and N=1
for the scalar form factor f0(q2). The parameters b0,(+,T)

k,K
in these form factors have numerical values taken from [67].
hK presents the non-factorizable contributions from the weak
effective Hamiltonian and has a parameterized form as deter-
mined by [65]

hK = Ceff-SM
9 (q2)f+(q2)

×
{

aKeiφa + bKeiφb(
q2

6 GeV2) for q2 < 6 GeV2

cKeiφc for q2 > 6 GeV2,

(35)

where the strong phases are in the range φa,b,c ∈ (−π, π ].
The coefficients a, b, c satisfy the following conditions: a ∈
[0, 0.02], b ∈ [0, 0.05], and c ∈ [0, 0.05]. After subtracting
θ from Eq. (29), we get

d�(B+ → K+l+l−)

dq2

= �0λ
3/2β3

l

3

{
|G|2 +

∣
∣∣
(

CSM
10 + �C10

)
f+(q2)

∣
∣∣
2
}

+�0λ
3/2βl

(
1 − β2

l

)

2

{

|G|2 + (m2
B − m2

K)2

λ

×
∣∣∣
(

CSM
10 + �C10

)
f0(q

2)

∣∣∣
2
}

. (36)

The LHCb experiment measures the ratio [24] RLHCb
K(

[1.1, 6] GeV2
) = 0.846+0.042+0.013

−0.039−0.012, which exhibits 3.1σ

tension with the SM prediction, as described in the intro-
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Table 2 Several SM input
parameters are being used for
numerical study. The WCs of
SM, C1−10 at the scale μ = 5
GeV, up to NNLO accuracy
[63,70]

Parameters Values Ci(μ = 5 GeV) Values

GF 1.166379 ×10−5 GeV2 [68] C1 −0.25

s2
W 0.23126(5) MeV [68] C2 1.01

mZ 91.1876(21)GeV [68] C3 −0.005

αs(mZ) 0.1181(10) [68] C4 −0.077

αem(mZ) 1/127.955(10) [68] C5 0.0003

|VtbV∗
ts| 0.0397+0.0008

−0.0006 [68] C6 0.0009

mB+ 5279.34(12) MeV [68] C7 −0.324

mK+ 493.677(16) MeV [68] C8 −0.176

mpole
b 4.91(12) GeV [69] C9 4.344

mpole
c 1.77(14)GeV [69] C10 −4.198

mB0 5279.65(12) MeV [68]

mK0∗ 895.55(20) MeV [68]

mBs 5366.88(14) MeV [68]

τBs 1.516(6) × 10−12 s [68]

fBs 230.3(1.3) MeV [68]

me 0.510998461(31) MeV [68]

mμ 105.6583745(24) MeV [68]

duction. The LFUV interactions are included in the MF331
model, which may provide a better fit for this data. When
it comes to fitting, we use the RK measurement directly, as
seen below

RK =
∫ q2

max

q2
min

d�(B+→K+μ+μ−)

dq2 dq2

∫ q2
max

q2
min

d�(B+→K+e+e−)

dq2 dq2
. (37)

Table 2 lists the input known parameters as well as the WCs of
SM calculated at the next-to-next-to-leading order (NNLO).

In the MF331 model, the RK also depends on the unknown
parameters such as the mass of new particles mUa , mξ0 and
mZ′ . In this paper, we consider two scenarios in which the
masses of new fermions mU, mξ0 are either degenerate or
non-degenerate

• Case 1: Degenerate masses

�m = mU,Z′ − mξ0 = δ, δ  1. (38)

• Case 2: Non-degenerate masse

mU = a1mξ0 , mZ′ = a2mξ0 , a1,2 ∼ O(1). (39)

In the first scenario, we randomly seed the mξ0 and δ to
obtain values that satisfy the RK constraint. Figure 3 depicts
the acquired results. The blue and brown points correspond to
fixing mU = mξ0 +δ, mZ′ = mξ0 , and mU = mξ0 +δ, mZ′ =
mξ0 + δ, respectively. The findings indicate that the mass
degeneracy between the gauge boson Z ′ and the new lepton

ξ0 has little effect on the ratio RK, but the point distribution
is affected by mass degeneracy of the new quarks and new
leptons.

It is worth noting that LHC searches for heavy Z ′ boson
in fermionic final states have been resulted in a constraint on
the Z′ mass, mZ′ > 4000 GeV [68]. There is generally no
restriction on the upper bound ofmξ0 . The special case mξ0 =
mZ′ , is considered in the Fig. 3. So it entails constraints of
mξ0 > 4000 GeV. For simplicity, we chose the following
ranges: mξ0 ∈ [4000, 8000] GeV, δ ∈ [10−9, 10−5] GeV. We
see that there is almost no difference between the two kinds
of dots, and the allowed range of δ are from 10−8 ÷ 10−7

GeV.
In the second scenario, for non-degenerate masses, we plot

RK as a function of new fermion mass. The predicted result
given in Fig. 4 is similar to that of the SM. This means that in
this circumstance, the ratio RK can not reach the experimental
value.

The numerical results given in Figs. 3 and 4 are inter-
preted as follows: The contribution from the penguin dia-
grams depends only on the parameter x , while the contri-
bution from the box diagrams depends on both parameters
y and x , especially the contribution that contains the term

1
x−y . As previously state, y = m2

ξ0

m2
X

= 4c2
W

3−4s2
W

m2
ξ0

m2
Z′

� 1.5
m2

ξ0

m2
Z′

as well as x = m2
U

m2
X

� 1.5

(
m

ξ0 +δ
)2

m2
Z′

. We can obtain x �

y

(
1 + 2δ

m
ξ0

)
in the degenerate mass, which leads to the fac-

tor: 1
y−x � −m

ξ0

2yδ � 1 � m2
W

m2
X

∼ 10−4. As a result, the con-
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Fig. 3 The frame shows viable parameter space obtained from the most recent measurement [24], RLHCb
K

(
[1.1, 6] GeV2

) = 0.846+0.042+0.013
−0.039−0.012.

Here mU = mξ0 + δ

Fig. 4 Ratio RK as a function
of new fermion mass in the case
of non-degenerate masses

tribution from the box diagrams, �Cbox−e
9,10 � 1, is significant

in the ratio RK. In the case of non-degenerate mass, the factor
1

y−x � 1, so all diagrams whose contributions to the WCs

are suppressed by the coefficients
m2

W
m2

X
,

m2
Z

m
′2
Z

. The RK anomaly

can only be explained by degenerated mass case, and the box
diagram will be the primary source of this anomaly.

To clarify this, we numerically study the contribution of
each type of diagram to the RK ratio. We look at the pen-
guin diagrams’ contribution to the RK anomaly caused by
non-LFUV couplings of new neutral gauge bosons, gZ′

(e) �=

gZ′
(μ, τ). As a result, the RK is determined by the mass of

new Z′ gauge bosons and new quarks. Figure 5 simulates
the relationship between the RK and the new quark mass
mU via fixing the Z′ mass. If the mass of the new gauge
boson mZ′ = 500 GeV, the RK ratio can reach the experi-
mental value, and if mZ′ = 4000 GeV, the ratio approaches
1. According to the LHC constraints, the lower limit of Z

′

mass is a few TeV, which is close to the value of SM pre-
diction RSM

K � 1. This means that the penguin diagrams’
contribution is not a relevant source to explain RK anomaly.
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Fig. 5 The ratio RK as a
function of exotic quark mass
when the box diagram
contributions �Cbox−e

9,10 are
excluded

As a result,we conclude that the RK puzzle can only be solved
if there is both mass degeneration of new leptons and new
quarks, as well as box diagram contributions from only first
generation leptons.

4.2 Lepton non-universality in B0 → K0∗l+l−

Studying the B0 → K0∗l+l− decay is more complicated than
studying the last process, B+ → K+l+l−, due to the polar-
ization of the daughter particle K0∗ meson. The differential
decay rate of B0 → K0∗l+l− can be expressed as the sum
of longitudinal and transverse polarization components [70]
using the notation employed in Eq. (29) and keeping the lep-
ton mass ml

d�(B0 → K0∗l+l−)

dq2 = d�L(B0 → K0∗l+l−)

dq2

+d�T(B0 → K0∗l+l−)

dq2 ,

d�L(B0 → K0∗l+l−)

dq2 = �0q2
√

λ∗βl

3

×
[

3(1 − β2
l )

2
(|H2

t |2 + |H1
0|2) + β2

l (|H1
0|2 + |H2

0|2)
]

,

d�T(B0 → K0∗l+l−)

dq2 = �0q2
√

λ∗βl

3

∑

i=±

×
[

3(1 − β2
l )

2
|H1

i |2 + β2
l (|H1

i |2 + |H2
i |2)
]

, (40)

where helicity amplitudes H1,2
i , i = 0,±, t have the follow-

ing forms

H2
t = −i[CSM

10 + �C10]
√

λ∗
q2 A0(q

2),

H1± = [Ceff-SM
9 (q2) + �C9]

×
[
±i

√
λ∗ V(q2)

mB0 + mK0∗
− i(mB0 + mK0∗)A1(q

2)

]

+2mb

q2 [Ceff-SM
7 (q2) + �C7]

×
[
±i

√
λ∗T1(q

2) − i(m2
B0 − m2

K0∗)T2(q
2)
]
,

H2± = (CSM
10 + �C10)

×
[
±i

√
λ∗ V(q2)

mB0 + mK0∗
− i(mB0 + mK0∗)A1(q

2)

]
,

H1
0 = −i

8mB0 mK0∗
√
q2

×
[
(Ceff-SM

9 (q2) + �C9)A12(q
2)

+ mb

mB0 + mK0∗
(Ceff-SM

7 (q2) + �C7)T23(q
2)

]
,

H2
0 = −i

8mB0 mK0∗
√

q2
[CSM

10 + �C10]A12(q
2), (41)

with λ∗ is the function of mB0 , mK0∗ , and q2

λ∗(q2) = m4
B0 + m4

K0∗ + q4

−2(m2
B0 m2

K0∗ + q2m2
B0 + q2m2

K0∗). (42)
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Fig. 6 The viable regimes
(blue, orange) obtained from the
most recent measurement [27],
RLHCb

K∗
(
[1.1, 6] GeV2

) =
0.685+0.113

−0.069 ± 0.047. Here
mU = mξ0 + δ

The non-factorizable contributions in the region q2 ∈
[0, 6] GeV2 can be included in the calculation by modify-
ing the Ceff-SM

7 (q2) [71] as follows

Ceff-SM
7 (q2) → Ceff-SM

7 (q2)

×
[

1 + aie
iφai + bie

iφbi

(
q2

6 GeV2

)]
, (43)

where the ranges of the parameters ai , bi are as follows: a± ∈
[0, 0.05], b± ∈ [0, 0.2], a0 ∈ [0, 0.2], b0 ∈ [0, 0.05]. The
strong phases φai,bi are the same as in the B+ → K+l+l−
decay. The seven form factors Fi = V, T1,2,23, A0,12 are given
in [71]

Fi(q
2) = 1

1 − q2/m2
R,i

∑

k=0,1,2

αi
k[z′(q2) − z′(0)]k,

z′(q2) =
√

t′+ − q2 −
√

t′+ − t′0
√

t′+ − q2 +
√

t′+ − t′0
, (44)

with t′+ = (mB0 + mK0*)2,t′0 = (mB0 + mK0∗)(
√

mB0 −√
mK0∗)2. The masses of resonances mR,i and coefficients αi

k
can be found respectively in Table 3 and Table 15 of [71].
The ratio RK∗ in the dilepton invariant mass-squared range
q2 ∈ [q2

min, q2
max] is determined by

RK* =
∫ q2

max

q2
min

d�(B0→K0∗μ+μ−)

dq2 dq2

∫ q2
max

q2
min

d�(B0→K0∗e+e−)

dq2 dq2
. (45)

As mentioned previously, LHCb has confirmed the ratio
RK∗ in the dilepton invariant mass-squared range q2 ∈
[1.1, 6] GeV2: RLHCb

K∗ = 0.685+0.113
−0.069 ± 0.047 [27] which

yields approximately 2.5 σ deviation from the SM predic-
tions. We will now investigate numerically for the ratio RK∗
predicted by the MF331 model using input parameters listed
in Table 2.

Figure 6 shows the parameter region satisfying the exper-
imental constraints, RLHCb

K∗
(
[1.1, 6] GeV2

) = 0.685+0.113
−0.069 ±

0.047 by seeding parameters like mξ0 , δ at random in the
range mξ0 ∈ [4000, 8000] GeV, δ ∈ [10−8, 10−5]. The
obtained parameters shown in the Fig. 6 overlaps with the
parameter domain obtained by the constraint of the RK mea-
surement. Figure 7 shows the image for a more accurate
assessment.

5 The decay Bs → μ+μ−

Among the non-LFUV observables, the Br
(
Bs → μ+μ−) is

one of the clean observables and sensitive to physics beyond
the SM. This kind of decay gives a good handle on the muon
sector without involving the electron sector. The theoretical
prediction for branching ratio, Brth

(
Bs → μ+μ−), of this

process remains as follows [72]

Br
(
Bs → μ+μ−)th = τBs

α2G2
FmBs

16π3

×
√√√√1 − 4m2

l

m2
Bs

|VtbV∗
ts|2f2

Bs
m2

l |CSM
10

+�C10|2. (46)

If including the effects of Bs − B̄s oscillations, the
Br
(
Bs → μ+μ−)th relates to the available experimental
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Fig. 7 The left and right panel show regions for both experimental values RLHCb
K ([1.1, 6] GeV2) [24] and RLHCb

K∗ ([1.1, 6] GeV2) [27], with
mZ′ = mξ0 and mZ′ = mξ0 + δ, respectively

value as [73]

Br
(
Bs → μ+μ−)exp � 1

1 − ys
Br
(
Bs → μ+μ−)th , (47)

where

ys = ��Bs

2�Bs

= 0.0645(3),

Br(Bs → μ+μ−)exp = (3.09+0.46 +0.15
−0.43 −0.11) × 10−9, (48)

experimentally established by the LHCb Collaboration [60].
This experimental upper bound is close to the SM expec-

tation for the Br
(
Bs → μ+μ−) [61] (including the effect of

Bs − B̄s oscillations)

Br
(
Bs → μ+μ−)SM = (3.65 ± 0.23) × 10−9. (49)

These results impose considerable limits on the NP scale. We
use numerical analysis further to investigate this constraint
on the parameters in MF331. The NP regimes that satisfy
the limits (48) are shown by the green regions in Fig. 8. The
blue lines are contours for the experimental center value. At
least one of the exotic quarks and new gauge bosons must
have a mass of a few TeV to reach the experimental center
value. Despite the fact that the NP scale is only a few TeV,
the contribution of NP does not exceed the boundaries (48).

6 The decay b → sγ

The b → sγ decay is also very interesting. The calculation
of the branching ratio at NNLO level in the SM is shown in
[74], Br (b → sγ )SM = (3.36 ± 0.23) × 10−4 for the pho-
ton energy Eγ > 1.6GeV in the decay meson rest, whereas
the inclusive measurements of B → Xsγ decay can be com-
pared with high confidence to theoretical predictions [60],
Br (B → Xsγ )exp = (3.32 ± 0.15) × 10−4. These findings
have the potential to place strong limitations on the NP scale.

Fig. 8 The viable NP regimes (green) as determined by the most recent
measurement [60], Br(Bs → μ+μ−)exp = (3.09+0.46 +0.15

−0.43 −0.11) × 10−9.
The blue lines present the contour for the central value of the measure-
ment

New contributions to the b → sγ decay are induced at
the one-loop level in most of NP scenarios by charged cur-
rents connected to new charged particles (new gauge boson,
charged Higgs) [75], and FCNCs associated to new neutral
gauge bosons [76,77]. As stated in Sect. 2, the MF331 does
not exist charged Higgs and FCNCs, the new effects in the
b → sγ decay are induced by the charged currents connected
to gauge boson X±. Compared with the contribution of the
SM, the new contribution is strongly suppressed by a factor
m2

W
m2

X
. Because scalar charged currents are not present, the new

123



  966 Page 12 of 15 Eur. Phys. J. C           (2022) 82:966 

Fig. 9 The Br (b → sγ ) as a
function of the mX for fixing mU

mX

effects in b → sγ decay in the MF331 model are expected
to be minor.

Figure 9 plays the Br (b → sγ )MF331 including the NLO
QCD corrections. The NP has a minor influence on the
Br (b → sγ )MF331, because the contributions of NP to the
Br (b → sγ )MF331 are suppressed by factor mU

mX
compared to

these of the SM. The Br (b → sγ )MF331 slight enhancements
to the value of SM. It means that the new contribution still
ensures the Br (b → sγ )MF331 to be in agreement with the
present limit of the experiment [60].

7 Conclusions

The MF331 model naturally breaks the LFU at the tree-
level because the first lepton family transforms differently
than the remaining lepton families. The FCNC in the quark
sector does not exist at the tree-level but is allowed at the
loop level due to three quark families transforming identi-
cally under the gauge symmetries. Thus, the coupling of new
neutral gauge boson Z ′ with a pair of e+e− differs from that
of μ+μ− and τ+τ−, whereas three quark families couples
with the same strength to the Z′-boson. Based on this fea-
ture, we investigate contributions from the γ, Z, Z’-penguin
diagrams to the b-s transitions and, combining them with
the tree-level interactions of γ, Z, Z′ with a pair of leptons,
we induce the NP contributions to the WCs �Ce,μ,τ

7,8,9,10. The
γ, Z-penguin diagrams give the same contributions to the
WCs for three generations of leptons, but the Z′-penguin
diagrams give different contributions between the first lepton
generation and the other two generations. Another interesting
feature of the model is that first family of left-handed leptons

are classified as hexagons of the SU (3)L group, resulting in
the appearance of new leptons, ξ0, ξ±. The newly charged
lepton current, ξ̄0γ μe, couples to the newly charged gauge
boson X+

μ , resulting in a box diagram that only shows the
contribution of first lepton family to the WCs. That why the
MF331 model provides two possible sources of contribu-
tions to non-LFU effective interactions, which allow us to
explain the RK, RK∗ anomalies. The Z’-penguin diagrams
give a negligible contribution by comparing to the SM con-
tributions, because the contribution of Z′ is suppressed by

a factor
m2

Z
m2

Z′
. We show that the RK, RK∗ anomalies can be

explained by contributing from the box diagrams in the situ-
ation of a mass degeneracy of the new particle. In the allowed
region of the NP scale, we investigate the NP contributions
to the Br(Bs → μ+μ−), Br(b → sγ ). These contributions
are consistent with the experimental measurements.
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Kamiński, G. Ossola, M. Poradziński, A. Rehman, T. Schutzmeier,
M. Steinhauser, J. Virto, Updated next-to-next-to-leading-order
qcd predictions for the weak radiative b-meson decays. Phys. Rev.
Lett. 114(5), 221801 (2015). https://doi.org/10.1103/PhysRevLett.
114.221801. arXiv:1503.01789 [hep-ph]

75. K.Y. Zhiyi Fan, Cp-violating 2hdms emerging from 3-3-1 models.
JHEP 06, 10.1007 (2022). arXiv:2201.11277 [hep-ph]

76. M. Blanke, A.J. Buras, K. Gemmler, T. Heidsieck, �F = 2 observ-
ables and B → Xqγ decays in the left-right model: Higgs particles
striking back. JHEP 2012(3), 024 (2012). https://doi.org/10.1007/
JHEP03(2012)024. arXiv:1111.5014 [hep-ph]

77. N.T. Duy, D.T. Huong, T. Inami, Physical constraints derived
from FCNC in the 3–3-1-1 model. Eur. Phys. J. C 81,
813 (2021). https://doi.org/10.1140/epjc/s10052-021-09583-x.
arXiv:2009.09698 [hep-ph]

123

https://doi.org/10.1103/PhysRevLett.112.101801
https://doi.org/10.1103/PhysRevLett.112.101801
http://arxiv.org/abs/1311.0903
https://doi.org/10.1103/PhysRevD.93.034005
https://doi.org/10.1103/PhysRevD.93.034005
http://arxiv.org/abs/1510.02349
https://doi.org/10.1103/PhysRevLett.120.011801
https://doi.org/10.1103/PhysRevLett.120.011801
http://arxiv.org/abs/1708.09152
https://doi.org/10.1140/epjc/s10052-017-5118-9
http://arxiv.org/abs/1706.01868
https://doi.org/10.1140/epjc/s10052-015-3602-7
https://doi.org/10.1140/epjc/s10052-015-3602-7
http://arxiv.org/abs/1411.3161
https://doi.org/10.1103/PhysRevD.82.099902
https://doi.org/10.1103/PhysRevD.82.099902
http://arxiv.org/abs/0807.2722
https://doi.org/10.1007/JHEP01(2019)024
http://arxiv.org/abs/1810.00819
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1103/PhysRevD.89.094021
https://doi.org/10.1103/PhysRevD.89.094021
http://arxiv.org/abs/1312.2523
http://arxiv.org/abs/2009.03588
https://doi.org/10.1007/JHEP08(2016)098
http://arxiv.org/abs/1503.05534
http://arxiv.org/abs/hep-ph/0503225
https://doi.org/10.1103/PhysRevD.86.014027
https://doi.org/10.1103/PhysRevD.86.014027
http://arxiv.org/abs/1204.1735
https://doi.org/10.1103/PhysRevLett.114.221801
https://doi.org/10.1103/PhysRevLett.114.221801
http://arxiv.org/abs/1503.01789
http://arxiv.org/abs/2201.11277
https://doi.org/10.1007/JHEP03(2012)024
https://doi.org/10.1007/JHEP03(2012)024
http://arxiv.org/abs/1111.5014
https://doi.org/10.1140/epjc/s10052-021-09583-x
http://arxiv.org/abs/2009.09698

	New physics in b rightarrows transitions in the MF331 model
	Abstract 
	1 Introduction
	2 A Summary of the MF331 model
	2.1 Paticle content and mass spectrum of particles
	2.2 Charged and neutral currents

	3 Effective Hamiltonian for decay processes induced by b- s transitions
	4 Lepton non-universality in b rightarrows l+ l-
	4.1 Lepton non-universality in B+ rightarrowK+ l+ l-
	4.2 Lepton non-universality in B0 rightarrowK0* l+ l-

	5 The decay Bs rightarrowµ+ µ-
	6 The decay b rightarrows γ 
	7 Conclusions
	Acknowledgements
	References




