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A R T I C L E I N F O A B S T R A C T

Editor: Tommy Ohlsson The updated analysis of the LHCb Collaboration on the lepton flavor violation suggests that the 
new physics should couple to muons and electrons with comparable magnitudes, resulting in the 
anomalies in both rare decay channels, 𝑏 → 𝑠𝜇+𝜇− and 𝑏 → 𝑠𝑒+𝑒−. Meanwhile, the recent result 
of the Muon 𝑔 − 2 experiment with higher precision has increased the existing tension with the 
standard model prediction. In this paper, we consider an extension of the standard model with a 
new sector consisting of vectorlike fermions and two scalar charged under an extra 𝑈 (1)𝑋 gauge 
symmetry. The exotic Yukawa interactions in this model lead to the quark mixing responsible for 
the additional contributions to the flavor changing neutral currents in 𝐵-meson decays, and solve 
the muon 𝑔 − 2 discrepancy. We derive the analytic expression of the new physics contributions 
to the Wilson coefficient 𝐶7 in the effective Hamiltonian, and point out that the CKM unitarity 
violation can be explained within this context. By calculating the branching ratio of the inclusive 
radiative 𝐵 decay, the impact of current experimental data of the 𝑏 → 𝑠𝛾 transition on the model 
and the future prospect at the Belle II experiment are investigated. Taking into account the current 
data on the muon anomalous magnetic moment, the CKM unitarity violation, the constraints on 
the flavor observables relevant to the 𝑏 → 𝑠 transitions, the LHC searches for vectorlike quarks, and 
the perturbation limits of the couplings, the viable parameter regions of the model are identified.

1. Introduction

Although the standard model (SM) is in agreement with most of the experimental results, there are numerous evidences showing 
that it is not enough to explain them, ranging from cosmological observations to measurements at colliders. Therefore, this model is 
considered as an effective theory, and the new physics is likely somewhere around the corner. Recently, the updated determination 
of the Cabibbo-Kobayashi-Maskaw (CKM) matrix elements showed that there is a 2.2𝜎 deviation from unitary in the first row of this 
mixing matrix [1]:

|𝑉𝑢𝑑 |2 + |𝑉𝑢𝑠|2 + |𝑉𝑢𝑏|2 = 0.9985 ± 0.0007. (1)

This CKM anomaly implies a non-negligible effect of new physics [2]. Beside the violation of the CKM unitarity, other constraints 
such as those on the muon 𝑔 − 2 and the anomalies in the semileptonic B decays also indicate the existence of new physics [3,4]. 
After the 2023 result of the Muon 𝑔 − 2 experiment at Fermilab, the deviation of the muon anomalous magnetic moment between 

* Corresponding author.
Available online 7 November 2023
0550-3213/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

E-mail address: hieu.tranminh@hust.edu.vn (H.M. Tran).

https://doi.org/10.1016/j.nuclphysb.2023.116384

Received 24 August 2023; Received in revised form 3 October 2023; Accepted 26 October 2023

http://www.ScienceDirect.com/
http://www.elsevier.com/locate/nuclphysb
mailto:hieu.tranminh@hust.edu.vn
https://doi.org/10.1016/j.nuclphysb.2023.116384
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nuclphysb.2023.116384&domain=pdf
https://doi.org/10.1016/j.nuclphysb.2023.116384
http://creativecommons.org/licenses/by/4.0/


Nuclear Physics, Section B 997 (2023) 116384S.Q. Dinh and H.M. Tran

the world average value and the SM prediction1 is increased to be more than 5𝜎 [8], mostly due to the reduction of the experimental 
uncertainties. Moreover, the discrepancies between the SM predictions and the experimental values for the branching ratios of the 
processes 𝐵+ → 𝐾+𝜇+𝜇−, 𝐵0 → 𝐾0𝜇+𝜇−, and 𝐵+ → 𝐾+𝑒+𝑒− are reported to be 4.2𝜎, 3.1𝜎, and 2.7𝜎 respectively [9]. On the other 
hand, the updated analysis of the LHCb Collaboration [10] showed the good agreement between the measured lepton universality 
observables, 𝑅𝐾 and 𝑅𝐾∗ , and their SM predictions. This implies that the new physics may couple to muons and electrons with 
comparable magnitudes [11–13], suggesting that the deviation for BR(𝐵+ →𝐾+𝑒+𝑒−) is even more severe than the above value [14].

Among the sensitive probes to the new physics beyond the SM, the 𝑏 → 𝑠𝛾 transition is of particular importance. Being a flavor 
changing neutral current (FCNC) process, this transition is forbidden at the tree level and only arises due to quantum corrections at 
loop levels in the SM. Interestingly, its rate is of order 𝐺2

𝐹
𝛼 that is larger than the rates of most of other FCNC processes [15,16]. At 

the hadronic level, this transition is identified as the 𝐵→𝑋𝑠𝛾 decay, of which the branching ratio for 𝐸𝛾 > 1.6 GeV predicted by the 
SM is given by [17–21]

𝐵𝑅(𝐵→𝑋𝑠𝛾)SM = (3.40 ± 0.17) × 10−4. (2)

The measurements of this inclusive decay process have been performed by several experiments including CLEO [22], BaBar [23–25], 
and Belle [26,27]. The world average value of the branching ratio was evaluated by the Heavy Flavor Averaging Group [28] as

𝐵𝑅(𝐵→𝑋𝑠𝛾)exp = (3.49 ± 0.19) × 10−4, (3)

for the same cut on the radiated photon energy. The good agreement between the theoretical prediction and the measurement implies 
that the contributions of new physics to the 𝑏 → 𝑠𝛾 decay should not be too large. In the near future, when the relative uncertainty 
is reduced to the level of a few per cent with the luminosity of 50 ab−1 at the Belle II experiment [29,30], it is expected that the 
upcoming data will strongly constrain the new physics contribution to this process if the center value of the decay rate remains 
unchanged.

It has been shown that many new physics models are strictly constrained by the 𝑏 → 𝑠𝛾 transition, see for example Refs. [31–76]. 
Among those, models with vectorlike quarks turn out to be interesting since they can naturally address the CKM unitarity violation by 
the mixing between the SM and the vectorlike quarks [77–87]. In this paper, we are interested in the model with additional vectorlike 
fermions and a secluded scalar sector charged under an extra Abelian gauge symmetry 𝑈 (1)𝑋 proposed by Bélanger, Delaunay, and 
Westhoff in Refs. [88,89]. Due to the exotic Yukawa coupling between the muon, the vectorlike lepton and the scalar, of which 
the field value vanishes at the minimum of the scalar potential, the model can explain the measured muon anomalous magnetic 
moment. The other type of Yukawa couplings between the SM quarks, the vectorlike ones and another scalar that develops nonzero 
vacuum expectation value leads to the mixing in the quark sector among the SM and the vectorlike quarks. This is the source for the

additional contributions to the FCNC processes such as the semileptonic decays of 𝐵 mesons. The new physics contribution Wilson 
coefficients 𝐶 (′)

9,10 were calculated analytically at the leading order in Ref. [90] in the general case with a non-vanishing gauge kinetic 
mixing term, allowing the evaluation of multiple relevant flavor observables such as the decay rates of the 𝑏 → 𝑠𝓁+𝓁− processes. In 
this follow-up paper, we investigate the ability of this model to reconcile both the constraints on the CKM unitarity violation and 
the 𝑏 → 𝑠𝛾 decay, while keeping other predicted observables consistent with their experimental values. Taking into consideration the 
recent LHC searches for vectorlike quarks, the future prospect of this model at the Belle II experiment will be discussed as well.

The structure of the paper is as follows. In Section 2, the setup of the model is briefly reviewed. In Section 3, the analytic 
expression of the new physics contributions to the Wilson coefficient 𝐶7 in the effective Hamiltonian is derived. In Section 4, the 
numerical analyses are carried out. The dependence of the branching ratio of 𝑏 → 𝑠𝛾 decay on the input parameters is presented. 
Taking into account various constraints, we then identify the viable parameter regions of the model. Here, the impact of the expected 
result at the Belle II experiment is also considered. The last section is devoted to the conclusion.

2. The model

In the considered model, beside the SM particles, the new particles introduced are the vectorlike lepton and quark doublets of the 
gauge group 𝑆𝑈 (2)𝐿,

𝐿𝐿,𝑅 =
(
𝑁𝐿,𝑅

𝐸𝐿,𝑅

)
, 𝑄𝐿,𝑅 =

(
𝑈𝐿,𝑅

𝐷𝐿,𝑅

)
, (4)

and two complex scalars, 𝜒 and 𝜙, that are singlets under the SM gauge groups. The symmetry of this model is 𝑆𝑈 (3)𝐶 ⊗ 𝑆𝑈 (2)𝐿 ⊗

𝑈 (1)𝑌 ⊗ 𝑈 (1)𝑋 that extends the SM symmetry by adding an extra Abelian gauge group. The SM particles are invariant under 𝑈 (1)𝑋
transformation, while the new particles transform nontrivially with the 𝑈 (1)𝑋 charges given in Table 1 together with other properties.

The Lagrangian consists of the SM part and the part involving new physics:

 =SM +NP, (5)

where

1 Here, we take into account the result in the Ref. [5], although there are other approaches [6,7] showing different SM predictions of the muon 𝑔 − 2 with less 
2

tension.
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Table 1

Properties of new particles introduced in the model [88].

Particles Spin 𝑆𝑈 (3)𝐶 𝑆𝑈 (2)𝐿 𝑈 (1)𝑌 𝑈 (1)𝑋

𝐿𝐿,𝐿𝑅 1/2 1 2 -1/2 1

𝑄𝐿,𝑄𝑅 1/2 3 2 1/6 -2

𝜒 0 1 1 0 -1

𝜙 0 1 1 0 2

NP ⊃ − 𝜆𝜙𝐻 |𝜙|2|𝐻|2 − 𝜆𝜒𝐻 |𝜒|2|𝐻|2 − [
𝑦𝓁𝐿𝐿𝑅𝜒 +𝑤𝑞𝐿𝑄𝑅𝜙+ ℎ.𝑐.

]
− 𝑉0(𝜙,𝜒)

− (𝑀𝐿𝐿𝐿𝐿𝑅 +𝑀𝑄𝑄𝐿𝑄𝑅 + ℎ.𝑐.) . (6)

In this equation, the SM left-handed lepton and quark doublets are denoted as

𝓁𝑖
𝐿
=

(
𝜈𝑒
𝐿

𝑒𝐿

)
𝑖

, 𝑞𝑖
𝐿
=

(
𝑢𝐿
𝑑𝐿

)
𝑖

, (𝑖 = 1,2,3). (7)

The mass terms of the vectorlike leptons and quarks are allowed in the Lagrangian (6) with the corresponding mass matrices:

𝑀𝐿 =
(
𝑚𝑁 0
0 𝑚𝐸

)
, 𝑀𝑄 =

(
𝑚𝑈 0
0 𝑚𝐷

)
. (8)

In our analysis, for simplicity, we assume the mass degeneration in the two vectorlike doublets, i.e. 𝑚𝑁 = 𝑚𝐸 = 𝑚𝐿, 𝑚𝑈 = 𝑚𝐷 = 𝑚𝑄. 
The scalar potential 𝑉0(𝜒, 𝜙) is given explicitly by

𝑉0(𝜒,𝜙) = 𝜆𝜙|𝜙|4 +𝑚2
𝜙
|𝜙|2 + 𝜆𝜒 |𝜒|4 +𝑚2

𝜒
|𝜒|2 + 𝜆𝜙𝜒 |𝜙|2|𝜒|2 + (

𝑟𝜙𝜒2 + ℎ.𝑐.
)
. (9)

We assume that the gauge group 𝑈 (1)𝑋 is spontaneously broken by the vacuum expectation value (VEV) of the scalar 𝜙,

⟨𝜙⟩ =
√√√√−𝑚′ 2

𝜙

2𝜆𝜙
, (10)

while the other scalar 𝜒 does not develop a nonzero VEV. In the above equation, we denote

𝑚′ 2
𝜙

=𝑚2
𝜙
+ 𝜆𝜙𝐻 ⟨𝐻⟩2, (11)

where ⟨𝐻⟩ = 174 GeV is the VEV of the SM Higgs field. Due to the nonzero VEV, ⟨𝜙⟩, the 𝑈 (1)𝑋 gauge boson 𝑍′ acquires a mass

𝑚𝑍′ = 2
√
2𝑔𝑋⟨𝜙⟩, (12)

with 𝑔𝑋 being the 𝑈 (1)𝑋 gauge coupling.

Decomposing the complex scalar field 𝜙 into the real and imaginary components,

𝜙 = ⟨𝜙⟩+ 1√
2

(
𝜑𝑟 + 𝑖𝜑𝑖

)
, (13)

their masses are respectively found to be

𝑚𝜑𝑟
= 2

√
𝜆𝜙⟨𝜙⟩, (14)

𝑚𝜑𝑖
= 0 . (15)

In the unitary gauge, the massless Nambu-Goldstone boson 𝜑𝑖 is absorbed by the 𝑍′ gauge boson. For the scalar field 𝜒 , by the 
similar decomposition

𝜒 = 1√
2

(
𝜒𝑟 + 𝑖𝜒𝑖

)
, (16)

the 2 × 2 mass matrix for these real component fields is derived as

1
2

(
𝜒𝑟 𝜒𝑖

)
𝑀2

𝜒

(
𝜒𝑟
𝜒𝑖

)
= 1

2
(
𝜒𝑟 𝜒𝑖

)(
𝑚′ 2
𝜒
+ (𝑟+ 𝑟∗)⟨𝜙⟩ 𝑖(𝑟− 𝑟∗)⟨𝜙⟩

𝑖(𝑟− 𝑟∗)⟨𝜙⟩ 𝑚′ 2
𝜒
− (𝑟+ 𝑟∗)⟨𝜙⟩

)(
𝜒𝑟
𝜒𝑖

)
, (17)

where

𝑚′ 2
𝜒

=𝑚2
𝜒
+ 𝜆𝜒𝐻 ⟨𝐻⟩2 + 𝜆𝜙𝜒 ⟨𝜙⟩2. (18)
3

In the case that the coupling 𝑟 is real, the matrix 𝑀2
𝜒

is diagonal, and the masses of the particles 𝜒𝑟 and 𝜒𝑖 are respectively
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Fig. 1. Leading new physics contributions to the 𝑏→ 𝑠𝛾 transition.

𝑚2
𝜒𝑟

=𝑚′ 2
𝜒
+ 2𝑟⟨𝜙⟩, (19)

𝑚2
𝜒𝑖
=𝑚′ 2

𝜒
− 2𝑟⟨𝜙⟩. (20)

In the lepton sector, there is no mass mixing between the SM leptons and the vectorlike ones because ⟨𝜒⟩ = 0. However, in the 
quark sector, the VEV of 𝜙 generates mass mixing terms among the SM quarks and the vectorlike ones via the new exotic Yukawa 
interactions with the couplings 𝑤 = (𝑤1, 𝑤2, 𝑤3) in Eq. (6). To diagonalize the quark mass matrices, 𝑀𝑢 and 𝑀𝑑 , four 4 × 4 unitary 
matrices are necessary to transform the quark gauge eigenstates, (𝑢1, 𝑢2, 𝑢3, 𝑈 ) and (𝑑1, 𝑑2, 𝑑3, 𝐷), into the mass eigenstates, (𝑢, 𝑐, 𝑡,  )
and (𝑑, 𝑠, 𝑏, ):

⎛⎜⎜⎜⎜⎝
𝑢𝐿,𝑅
𝑐𝐿,𝑅
𝑡𝐿,𝑅𝐿,𝑅

⎞⎟⎟⎟⎟⎠
=

(
𝑉 𝑢
𝐿,𝑅

)
4×4

⎛⎜⎜⎜⎜⎝
𝑢1
𝐿,𝑅

𝑢2
𝐿,𝑅

𝑢3
𝐿,𝑅

𝑈𝐿,𝑅

⎞⎟⎟⎟⎟⎠
,

⎛⎜⎜⎜⎜⎝
𝑑𝐿,𝑅
𝑠𝐿,𝑅
𝑏𝐿,𝑅𝐿,𝑅

⎞⎟⎟⎟⎟⎠
=

(
𝑉 𝑑
𝐿,𝑅

)
4×4

⎛⎜⎜⎜⎜⎝
𝑑1
𝐿,𝑅

𝑑2
𝐿,𝑅

𝑑3
𝐿,𝑅

𝐷𝐿,𝑅

⎞⎟⎟⎟⎟⎠
. (21)

As a consequence, the diagonal mass matrices of the up-type and down-type quarks are then given by

𝑀𝑢

diag
= 𝑉 𝑢

𝐿
𝑀𝑢(𝑉 𝑢

𝑅
)†, (22)

𝑀𝑑
diag

= 𝑉 𝑑
𝐿
𝑀𝑑 (𝑉 𝑑

𝑅
)†. (23)

3. New physics contributions to the Wilson coefficient 𝑪𝟕

The effective Hamiltonian describing the 𝑏 → 𝑠𝛾 transitions is given by [16,91]

eff = −
4𝐺𝐹√

2
𝑉𝑡𝑏𝑉

∗
𝑡𝑠

8∑
𝑖=1

(𝐶𝑖𝑖 +𝐶 ′
𝑖
′
𝑖
) + ℎ.𝑐. (24)

Here, the operators most directly relevant to the 𝑏 → 𝑠𝛾 process are:

7 =
𝑒

16𝜋2 𝑚𝑏

(
𝑠𝐿𝜎

𝜇𝜈𝑏𝑅
)
𝐹𝜇𝜈, (25)

′
7 =

𝑒

16𝜋2 𝑚𝑠

(
𝑠𝑅𝜎

𝜇𝜈𝑏𝐿
)
𝐹𝜇𝜈. (26)

Due to the suppression factor 𝑚𝑠

𝑚𝑏
≪ 1 emerging from the mass-insertion on the external 𝑠 quark, the contribution of the operator ′

7
is negligible in comparison to that of 7.

In the considered model, the Feynman diagrams in the unitary gauge corresponding to the leading new physics contributions to 
the 𝑏 → 𝑠𝛾 transition are depicted in Fig. 1. We see that beside the contributions of the new particles such as the vectorlike quarks 
 , , the 𝑈 (1)𝑋 gauge boson 𝑍′, and the scalar 𝜑𝑟, there are also contributions due to the new coupling among the SM particles as 
shown in Figs. 1b and 1d. These new couplings are induced from the mixings between the SM and the vectorlike quarks [92].

Utilizing the package FeynCalc [93–95] for the analytic manipulation of Dirac matrices with some further algebraic calculations, 
the leading new physics contributions to the Wilson coefficient 𝐶7 have been derived. The results are then cross-checked numerically 
with the program Package-X version 2.1.1 [96,97]. The analytic expression of 𝐶NP

7 is found to be

𝐶NP = 1√ 1

𝑑𝑥

1−𝑥

𝑑𝑦

[
𝐹𝑓𝑓

|| +
∑ ∑

𝐹𝑓𝑓
4

7
4 2𝐺𝐹 (𝑉𝑡𝑏𝑉 ∗

𝑡𝑠
)𝑚𝑏

∫
0

∫
0

||=𝑊 ,𝑓= =𝑍,𝑍′ 𝑓=𝑑,𝑠,𝑏,
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+𝐹𝑊𝑊 +
∑

=ℎ,𝜑𝑟

∑
𝑓=𝑑,𝑠,𝑏,

𝐹𝑓𝑓
]

(27)

where the loop functions are given by

𝐹𝑓𝑓 =
𝑄𝑓

𝑚2

{
𝐴
𝑓𝑓
1

[
(1 − 3𝑥) ln

[
𝛽𝑓 (𝑥+ 𝑦) + 1 − 𝑥− 𝑦

]
− 𝑥

]
−

𝐴
𝑓𝑓
2

𝛽𝑓 (𝑥+ 𝑦) + 1 − 𝑥− 𝑦

}
(28)

𝐹𝑓𝑓 =
𝑄𝑓

𝑚2
× 𝐵𝑓𝑓
𝛽𝑓 (𝑥+ 𝑦) + 1 − 𝑥− 𝑦

(29)

𝐹𝑊𝑊 = 1
𝑚2
𝑊

{
𝐶𝑊𝑊
1 ln

[
(1 − 𝛽𝑊 )(𝑥+ 𝑦) + 𝛽

]
−𝐶𝑊𝑊

2 +
𝐶𝑊𝑊
3

(1 − 𝛽𝑊 )(𝑥+ 𝑦) + 𝛽𝑊

}
(30)

In the above equations, we have defined

𝐴
𝑓𝑓
1 = 𝑔

𝑏𝑓
𝐴

𝑔
𝑠𝑓
𝐴

(2𝑚𝑓 +𝑚𝑏 +𝑚𝑠) + 𝑔
𝑏𝑓
𝑉

𝑔
𝑠𝑓
𝑉

(−2𝑚𝑓 +𝑚𝑏 +𝑚𝑠)

+ 𝑔
𝑏𝑓
𝑉

𝑔
𝑠𝑓
𝐴

(2𝑚𝑓 −𝑚𝑏 +𝑚𝑠) + 𝑔
𝑏𝑓
𝐴

𝑔
𝑠𝑓
𝑉

(−2𝑚𝑓 −𝑚𝑏 +𝑚𝑠), (31)

𝐴
𝑓𝑓
2 = 𝑔

𝑏𝑓
𝐴

𝑔
𝑠𝑓
𝐴

{
−4𝑚𝑓 (𝑥+ 𝑦− 1) + (𝑚𝑏 +𝑚𝑠)

[
𝛽𝑓 (𝑥+ 𝑦)𝑥+ 2(𝑥+ 𝑦− 1)(𝑥− 1)

]}
+ 𝑔

𝑏𝑓
𝐴

𝑔
𝑠𝑓
𝑉

{
4𝑚𝑓 (𝑥+ 𝑦− 1) + (−𝑚𝑏 +𝑚𝑠)

[
𝛽𝑓 (𝑥+ 𝑦)𝑥+ 2(𝑥+ 𝑦− 1)(𝑥− 1)

]}
+ 𝑔

𝑏𝑓
𝑉

𝑔
𝑠𝑓
𝐴

{
−4𝑚𝑓 (𝑥+ 𝑦− 1) + (−𝑚𝑏 +𝑚𝑠)

[
𝛽𝑓 (𝑥+ 𝑦)𝑥+ 2(𝑥+ 𝑦− 1)(𝑥− 1)

]}
+ 𝑔

𝑏𝑓
𝑉

𝑔
𝑠𝑓
𝑉

{
4𝑚𝑓 (𝑥+ 𝑦− 1) + (𝑚𝑏 +𝑚𝑠)

[
𝛽𝑓 (𝑥+ 𝑦)𝑥+ 2(𝑥+ 𝑦− 1)(𝑥− 1)

]}
, (32)

𝐵𝑓𝑓 = 𝑔
𝑏𝑓
𝑃

𝑔
𝑠𝑓
𝑃

[
𝑚𝑓 (𝑥+ 𝑦) + (𝑚𝑏 +𝑚𝑠)𝑥(𝑥+ 𝑦− 1)

]
+ 𝑔

𝑏𝑓
𝑃

𝑔
𝑠𝑓
𝑆

[
𝑚𝑓 (𝑥+ 𝑦) − (𝑚𝑠 −𝑚𝑏)𝑥(𝑥+ 𝑦− 1)

]
+ 𝑔

𝑏𝑓
𝑆

𝑔
𝑠𝑓
𝑃

[
𝑚𝑓 (𝑥+ 𝑦) + (𝑚𝑠 −𝑚𝑏)𝑥(𝑥+ 𝑦− 1)

]
+ 𝑔

𝑏𝑓
𝑆

𝑔
𝑠𝑓
𝑆

[
𝑚𝑓 (𝑥+ 𝑦) − (𝑚𝑏 +𝑚𝑠)𝑥(𝑥+ 𝑦− 1)

]
, (33)

𝐶𝑊𝑊
1 = 𝑔𝑏𝑊

𝐴
𝑔𝑠𝑊
𝐴

{
(𝑚𝑏 +𝑚𝑠)

[
4𝑥2 + 2𝑥(2𝑦− 3) + 1

]}
+ 𝑔𝑏𝑊

𝐴
𝑔𝑠𝑊
𝑉

{
(−𝑚𝑏 +𝑚𝑠)

[
4𝑥2 + 2𝑥(2𝑦− 3) + 1

]}
+ 𝑔𝑏𝑊

𝑉
𝑔𝑠𝑊
𝐴

{
(−𝑚𝑏 +𝑚𝑠)

[
4𝑥2 + 2𝑥(2𝑦− 3) + 1

]}
+ 𝑔𝑏𝑊

𝑉
𝑔𝑠𝑊
𝑉

{
(𝑚𝑏 +𝑚𝑠)

[
4𝑥2 + 2𝑥(2𝑦− 3) + 1

]}
, (34)

𝐶𝑊𝑊
2 = 𝑔𝑏𝑊

𝐴
𝑔𝑠𝑊
𝐴

{
−𝑚 − (𝑚𝑏 +𝑚𝑠)

[
𝑥2 + 𝑥(𝑦− 2) + 1

]}
+ 𝑔𝑏𝑊

𝐴
𝑔𝑠𝑊
𝑉

{
𝑚 + (𝑚𝑏 −𝑚𝑠)

[
𝑥2 + 𝑥(𝑦− 2) + 1

]}
+ 𝑔𝑏𝑊

𝑉
𝑔𝑠𝑊
𝐴

{
−𝑚 + (𝑚𝑏 −𝑚𝑠)

[
𝑥2 + 𝑥(𝑦− 2) + 1

]}
+ 𝑔𝑏𝑊

𝑉
𝑔𝑠𝑊
𝑉

{
𝑚 − (𝑚𝑏 +𝑚𝑠)

[
𝑥2 + 𝑥(𝑦− 2) + 1

]}
, (35)

𝐶𝑊𝑊
3 = 𝑔𝑏𝑊

𝐴
𝑔𝑠𝑊
𝐴

[
3𝑚 (𝑥+ 𝑦) + (𝑚𝑏 +𝑚𝑠)(2𝑥2 + 2𝑥𝑦+ 𝑦)

]
+ 𝑔𝑏𝑊

𝐴
𝑔𝑠𝑊
𝑉

[
−3𝑚 (𝑥+ 𝑦) + (−𝑚𝑏 +𝑚𝑠)(2𝑥2 + 2𝑥𝑦+ 𝑦)

]
+ 𝑔𝑏𝑊

𝑉
𝑔𝑠𝑊
𝐴

[
3𝑚 (𝑥+ 𝑦) + (−𝑚𝑏 +𝑚𝑠)(2𝑥2 + 2𝑥𝑦+ 𝑦)

]
+ 𝑔𝑏𝑊

𝑉
𝑔𝑠𝑊
𝑉

[
−3𝑚 (𝑥+ 𝑦) + (𝑚𝑏 +𝑚𝑠)(2𝑥2 + 2𝑥𝑦+ 𝑦)

]
, (36)

and 𝛽𝑎𝑏 =
𝑚2
𝑎

𝑚2
𝑏

. In these above equations, 𝑔𝑉 and 𝑔𝐴 are the vector and axial-vector couplings between fermions and a gauge boson, 
5

while 𝑔𝑆 and 𝑔𝑃 are the scalar and pseudo-scalar couplings between fermions and a scalar field.
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4. Numerical analysis

In the numerical analysis, we start with a quark basis where the 3 × 3 blocks of the up-type and down-type quark mass matrices 
are diagonal with the values being the center experimental values of the SM quark masses. In this basis, the full 4 × 4 quark mass 
matrices are represented as

𝑀𝑢 =

⎛⎜⎜⎜⎜⎝
𝑚0
𝑢

0 0 𝑤1⟨𝜙⟩
0 𝑚0

𝑐
0 𝑤2⟨𝜙⟩

0 0 𝑚0
𝑡

𝑤3⟨𝜙⟩
0 0 0 𝑚𝑈

⎞⎟⎟⎟⎟⎠
, 𝑀𝑑 =

⎛⎜⎜⎜⎜⎝
𝑚0
𝑑

0 0 𝑤1⟨𝜙⟩
0 𝑚0

𝑠
0 𝑤2⟨𝜙⟩

0 0 𝑚0
𝑏

𝑤3⟨𝜙⟩
0 0 0 𝑚𝐷

⎞⎟⎟⎟⎟⎠
. (37)

Here, for simplicity, we consider the case of degenerate up-type and down-type vectorlike fermion masses, namely 𝑚𝑈 = 𝑚𝐷 = 𝑚𝑄

and 𝑚𝑁 = 𝑚𝐸 = 𝑚𝐿. After the diagonalization of these mass matrices, the masses of the SM quarks are deflected from their center 
values due to the mixing. They are required to stay within the 2𝜎 ranges of the experimental measurements.

In this model, the SM CKM matrix is a 3 × 3 block of a 4 × 4 matrix determined by 
(
𝑉 𝑢
𝐿
𝑉
𝑑†
𝐿

)
4×4

. Due to the mixing between 
the SM and the vectorlike quarks, the observed unitarity violation of the SM CKM matrix can be explained. Here, we consider the 
experimental constraint on the sum of the squared modules of the first-row elements of the SM CKM matrix [1]:

0.9971 ≤ |𝑉𝑢𝑑 |2 + |𝑉𝑢𝑠|2 + |𝑉𝑢𝑏|2 ≤ 0.9999 (2𝜎). (38)

In our numerical analysis, we consider the current 2𝜎 range of the branching ratio of radiative 𝐵-meson decay [28]:

3.11 × 10−4 < BR(𝐵→𝑋𝑠𝛾) < 3.87 × 10−4. (39)

Assuming the center value of this branching ratio remains unchanged, we can expect that the relative precision can reach 2% with 
the luminosity 50 ab−1 at the Belle II experiment [29,30]. The impact of the future results is investigated by taking into account the 
following expected 2𝜎 range:

3.35 × 10−4 < BR(𝐵→𝑋𝑠𝛾)Belle2 < 3.63 × 10−4. (40)

The constraints from semileptonic 𝐵-meson decays are also considered. They are the branching ratios of the processes 𝐵+ →

𝐾+𝜇+𝜇− [98–100], 𝐵0 → 𝐾∗(892)0𝜇+𝜇− [98,101], 𝐵+ → 𝐾+𝑒+𝑒− [10], and 𝐵0 → 𝐾∗(892)0𝑒+𝑒− [10]. The theoretical predictions 
of these branching fractions are calculated using the Wilson coefficients 𝐶 (′)

9,10, to which the new physics contributions are given in 
Appendix A. The current 2𝜎 allowed ranges corresponding to these quantities for the lepton invariant mass in the region 𝑞2 = [1.1, 6.0]
GeV2 are given as follows

1.050 × 10−7 < BR(𝐵+ →𝐾+𝜇+𝜇−) < 1.322 × 10−7, (41)

1.382 × 10−7 < BR(𝐵0 →𝐾∗(892)0𝜇+𝜇−) < 1.970 × 10−7, (42)

1.090 × 10−7 < BR(𝐵+ →𝐾+𝑒+𝑒−) < 1.416 × 10−7, (43)

1.290 × 10−7 < BR(𝐵0 →𝐾∗(892)0𝑒+𝑒−) < 1.965 × 10−7. (44)

The slepton searches at the ATLAS and CMS experiments at 13 GeV impose the constraints on the charged vectorlike lepton 
masses [102] that satisfy either 𝑚𝐿 ≳(1) TeV, or

𝑚𝐿 −𝑚𝜒𝑟
≲ 60 GeV. (45)

On the other hand, in order to explain the deviation between the current experimental value [8] and the SM prediction of the muon 
anomalous magnetic moment [5,103–105]

Δ𝑎𝜇 ≡ 𝑎
exp
𝜇 − 𝑎SM

𝜇
= (24.9 ± 4.8) × 10−10 , (46)

the vectorlike leptons must be light enough.

In our considered model, the 𝑍′ boson does not couple to the SM leptons and the SM Higgs boson, while the gauge kinetic mixing 
is zero. The couplings between this gauge boson and the SM quarks are generated by the mixing between the SM quarks and the 
vectorlike quarks that are severely restricted by the FCNC constraints. We have estimated that the cross sections in the searches for 
the 𝑍′ boson are indeed negligible compared to the corresponding SM backgrounds. Therefore, the parameter regions compatible 
with the FCNC constraints satisfy the current collider bounds imposed by the 𝑍′-boson searches [106–114].

At the LHC, the vectorlike quarks can be produced either singly or in pairs. In the single-production searches [115–117], the con-

straints are set on the parameter space of the vectorlike quark mass and the universal coupling strengths of the electroweak/Yukawa 
interactions between the vectorlike quarks, the SM quarks and the SM massive gauge/Higgs bosons. Since these couplings strengths 
are determined by the mixing matrices between the vectorlike quarks and the SM ones, they are strongly suppressed due to the 
stringent requirements on the FCNCs and the CKM unitarity. As a result, once the constraints on the FCNCs and the CKM unitarity 
6

are imposed, the viable parameter space of the model also satisfies the current constraints from the single-production searches by the 
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Fig. 2. The branching ratio of the 𝑏 → 𝑠𝛾 transition as a function of 𝑔𝑋 when 𝑚𝑍′ = 700 GeV, 𝑚𝑄 = 2500 GeV, 𝑤2 = 2.45, 𝑤3 = 0.25. The green and yellow regions 
indicate the current bounds and expected ones at the Belle II experiment in the near future. The vertical black dashed line indicates the perturbation limit (49).

ATLAS and the CMS experiments at the LHC. For the pair-production searches [118–122], the vectorlike quarks are created mainly 
via the strong interactions with the cross section depends only on the vectorlike quark mass. This mode is dominant for the range of 
the vectorlike quark masses up to about (1) TeV. Hence, the vectorlike quark mass in our model is subjected to the constraint from 
the pair-production searches at the LHC, for which the current most severe lower bound is [120]

𝑚𝑄 ≳ 1.59 TeV. (47)

The set of free inputs of the model includes

𝑦1,2,3, 𝑔𝑋,𝑤1,2,3,𝑚𝑍′ , 𝜆𝜙,𝑚𝑄,𝑚𝜒𝑟
, 𝜏 =

𝑚2
𝐿

𝑚2
𝜒𝑟

, 𝛿 =
𝑚2
𝜒𝑖

𝑚2
𝜒𝑟

− 1. (48)

Noticing that the new physics contribution to the muon anomalous magnetic moment2 depends on the parameters 𝑦2, 𝑚𝜒𝑟
, 𝜏 = 𝑚2

𝐿

𝑚2
𝜒𝑟

, 

and 𝛿 = 𝑚2
𝐿

𝑚2
𝜒𝑟

, to reconcile the two constraints in Eqs. (45) and (46), we choose these parameters to be 𝑦2 = 3.3, 𝑚𝜒𝑟
= 120 GeV, 𝜏 = 1.78, 

and 𝛿 = 1 [90]. To explain the large deviations between the SM prediction and the experimental value of BR(𝐵+ → 𝐾+𝜇+𝜇−), the 
large exotic Yukawa coupling 𝑦2 is essential. Meanwhile, the sizable 𝑦1 plays an important role in explaining the enhancement in 
the electron channels of the semileptonic B-meson decay announced recently by the LHCb Collaboration [10]. Here, we consider 
the benchmark case with 𝑦1 = 3. In our analysis, the parameter 𝑦3 is set to zero for simplicity. In order to suppress the new physics 
contributions to the FCNCs related to the first two generations, we consider the case of vanishing 𝑤1. Since the effects of 𝜆𝜙 on 
the considered observables are negligible, we take 𝜆𝜙 = 3 in our numerical analysis as an example without lost of generality. The 
remaining set of inputs are 𝑔𝑋 , 𝑤2, 𝑤3, 𝑚𝑍′ , and 𝑚𝑄. For the 𝑈 (1)𝑋 gauge couplings and the exotic Yukawa couplings, we further 
impose the perturbation limits as

𝑔𝑋, 𝑤2,3 ⩽
√
4𝜋. (49)

The branching ratio of the 𝑏 → 𝑠𝛾 process is calculated according to the method in Refs. [20,21,28,123]. In Fig. 2, this branching 
ratio is plotted as a function of 𝑔𝑋 in the benchmark case with 𝑚𝑍′ = 700 GeV, 𝑚𝑄 = 2500 GeV, 𝑤2 = 2.45, 𝑤3 = 0.25. For this parameter 
setting, the most dominant contribution to this process comes from the loop involving the 𝑈 (1)𝑋 gauge boson 𝑍′ in Fig. 1c. Note 
that the coupling of 𝑍′ and the down-type quark current proportional to the product of 𝑔𝑋 and the mixing matrices that, in turn, 
is roughly proportional to 𝑔𝑋⟨𝜙⟩. Therefore, according to Eq. (12), once 𝑚𝑍′ is fixed, this coupling does not depend on 𝑔𝑋 . This 
explains the behavior of the branching ratio in Fig. 2. This benchmark satisfies the current bounds (39) depicted by the green region 
for the whole plotted range of 𝑔𝑋 upto the perturbation limit (the vertical black dashed line). In the near future, if the center value 
of the branching ratio remains unchanged, the 2𝜎 allowed region (40) expected at the Belle II experiment is depicted in this figure 
as the yellow band. The expected lower bound will be able to exclude a certain range of 𝑔𝑋 between 0.05 and 0.79 in this case.

In Fig. 3, BR(𝑏 → 𝑠𝛾) is shown as a function of the vectorlike quark mass 𝑚𝑄 for the case of 𝑔𝑋 = 1.4, while other parameters are 
the same as those in Fig. 2. We observe that the branching ratio can be significantly enhanced by larger values of the vectorlike quark 
mass 𝑚𝑄. As 𝑚𝑄 increases, the vector-like quarks gradually decouple from the SM sector at low energies. Therefore, the branching 
ratio in this model approaches the SM limit for large values of 𝑚𝑄 . The current 2𝜎 bounds (39) of this branching ratio (the green 
region) set the lower limit on 𝑚𝑄 that is approximately 1050 GeV. After getting the results from the Belle II experiment, the expected 
2𝜎 bounds in Eq. (40) (the yellow region) will raise the lower limit of 𝑚𝑄 up to about 2360 GeV.
7

2 The formula of the new physics contribution to the muon 𝑔 − 2 is given in Appendix B.
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Fig. 3. The branching ratio of the 𝑏 → 𝑠𝛾 transition as a function of 𝑚𝑄 when 𝑚𝑍′ = 700 GeV, 𝑔𝑋 = 1.4 GeV, 𝑤2 = 2.45, 𝑤3 = 0.25. The color codes are the same as those 
in Fig. 2.

Fig. 4. The branching ratio of the 𝑏 → 𝑠𝛾 transition as a function of 𝑚𝑍′ when 𝑚𝑄 = 2500 GeV, 𝑔𝑋 = 1.4, 𝑤2 = 2.45, 𝑤3 = 0.25. The color codes are the same as those in 
Fig. 2.

Fig. 5. The branching ratio of the 𝑏 → 𝑠𝛾 transition as a function of 𝑤2 when 𝑚𝑄 = 2500 GeV, 𝑚𝑍′ = 700 GeV, 𝑔𝑋 = 1.4, 𝑤3 = 0.25. The color codes are the same as those 
in Fig. 2.

The dependence of BR(𝑏 → 𝑠𝛾) on 𝑚𝑍′ is depicted in Fig. 4 for the case with 𝑔𝑋 = 1.4 and other parameters are the same as those 
in Fig. 2. We observe that the transition rate is slightly reduced when 𝑚𝑍′ is increased. Since the main contribution comes from the 
diagram in Fig. 1c, this dependence is not strong for a fixed value of 𝑔𝑋 . The branching ratio satisfies the current 2𝜎 bounds (39)

(the green region) for the whole considered range of 𝑚𝑍′ . However, it is expected that the constraint (40) from the future Belle II 
result (the yellow region) will set a severe upper limit on the 𝑍′ boson mass to be about 750 GeV for this benchmark case.

Fig. 5 shows the dependence of BR(𝑏 → 𝑠𝛾) on the parameter 𝑤2 in the case with 𝑚𝑄 = 2500 GeV, 𝑚𝑍′ = 700 GeV, 𝑔𝑋 = 1.4, 
𝑤3 = 0.25. It is observed that the branching ratio is slightly reduced when |𝑤2| increases. For this benchmark, the branching ratio 
stays in the green region allowed by the current constraint (39) on the 𝑏 → 𝑠𝛾 transition for the whole range of 𝑤2 upto the 
perturbation limit. In the near future, the Belle II result (40) is expected to set the upper limit of about 2.57 on the parameter 𝑤2 that 
is below the perturbation limit (49). The branching ratio of the process 𝑏 → 𝑠𝛾 is plotted as a function of the parameter 𝑤3 in Fig. 6. 
8

Similar to Fig. 5, here we observe that the branching ratio is also inversely proportional to 𝑤3. The current constraint (39) requires 
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Fig. 6. The branching ratio of the 𝑏 → 𝑠𝛾 transition as a function of 𝑤3 when 𝑚𝑄 = 2500 GeV, 𝑚𝑍′ = 700 GeV, 𝑔𝑋 = 1.4, 𝑤2 = 2.45. The color codes are the same as those 
in Fig. 2.

Fig. 7. Semileptonic decay constraints (Eqs. (41)-(44)) at the level of 2𝜎 on the (𝑚𝑍′ ,𝑚𝑄) plane when 𝑔𝑋 = 1.4, 𝑤2 = 2.45, 𝑤3 = 0.25.

that 𝑤3 must be smaller than 1.5. Due to the strong dependence of BR(𝑏 → 𝑠𝛾) on 𝑤3, this upper bound is expected to be reduced to 
about 0.27 by the foreseen constraint (40) after the Belle II experiment accumulates enough data.

In Fig. 7, the constraints on the semileptonic decays of 𝐵 mesons are plotted on the (𝑚𝑍′ , 𝑚𝑄) plane for the case with 𝑔𝑋 = 1.4, 
𝑤2 = 2.45, and 𝑤3 = 0.25. The 2𝜎 allowed regions corresponding to the constraints on BR(𝐵+ → 𝐾+𝜇+𝜇−) (41), BR(𝐵0 → 𝐾0∗𝜇+𝜇−) 
(42), BR(𝐵+ → 𝐾+𝑒+𝑒−) (43), and BR(𝐵0 → 𝐾0∗𝑒+𝑒−) (44) are shown as the red back-hatched, the yellow, the blue hatched and 
the green areas. Each constraint has two allowed regions, the narrow one corresponding to small values of both 𝑚𝑍′ and 𝑚𝑄, and 
the wider region including points with larger values of these two parameters. From this figure, we see that only the latter has an 
overlapping region satisfying all the above four constraints. The boundaries of this allowed region are formed by the constraints 
on the branching fractions of the decay processes 𝐵+ → 𝐾+𝜇+𝜇− and 𝐵+ → 𝐾+𝑒+𝑒−, of which the large deviations from the SM 
predictions are observed.

The above overlapping region is extracted and plotted in Fig. 8 as a yellow band. In addition, we consider other constraints on the 
𝑏 → 𝑠𝛾 transition (39), the SM quark masses, the violation of the CKM unitarity in the first row (38), and the vectorlike quark mass 
(47). In this figure, the CKM unitarity violation (the blue back-hatched region) imposes the allowed range on the mass ratio 𝑚𝑄

𝑚𝑍′
to be 

[2.5, 13.8]. For a given value of 𝑚𝑄, the region with too large 𝑚𝑍′ generates large mixing between the vectorlike and the SM quarks 
causing the CKM to be too far away from unitarity. Hence, it is excluded. On the other hand, the region with too small 𝑚𝑍′ does not 
generate enough violation of the CKM unitarity according to the experimental result in Eq. (38). Thus, this region is also not favored. 
The lower bound on 𝑚𝑄 set by the current constraints on the 𝑏 → 𝑠𝛾 decay (the light green region) and the CKM unitarity is 860 GeV. 
This bound is expected to rise up to nearly 2130 GeV after the Belle II experiment imposes a more restrictive constraint (40) (the 
dark green region). Taking into account the constraints (41)-(44) from the data of the semileptonic decays 𝑏 → 𝑠𝓁+𝓁− (the yellow 
band), we obtain even more severe allowed range for 𝑚𝑍′ and 𝑚𝑄. The current allowed ranges for 𝑚𝑍′ and 𝑚𝑄 are [150, 1000] GeV 
and [2000, 2615] GeV, respectively. We observe that this viable region already satisfies the current LHC lower limit (47) on the 
vectorlike quark mass (the horizontal dash-dotted line). The allowed ranges for these two parameters after the Belle II experiment 
9

are expected to be reduced to [152, 816] GeV and [2124, 2615] GeV.
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Fig. 8. Constraints on the (𝑚𝑍′ , 𝑚𝑄) plane when 𝑔𝑋 = 1.4, 𝑤2 = 2.45, 𝑤3 = 0.25. The light and the dark green colors indicate the current 2𝜎 allowed region (39) and the 
expected one after the Belle II experiment (40). The constraints on the SM quark masses are shown by the red hatched region. The blue back-hatched region satisfies 
the constraint (38) on the CKM unitarity violation of the first row. The horizontal dash-dotted line indicates the lower bound (47) on 𝑚𝑄 .

Fig. 9. Constraints on the (𝑚𝑄, 𝑔𝑋 ) plane when 𝑚𝑍′ = 700 GeV, 𝑤2 = 2.45, 𝑤3 = 0.25. The color codes are the same as those in Fig. 8. The horizontal black dashed line 
indicates the perturbation limit (49). The vertical dash-dotted line corresponds to the lower bound (47) on 𝑚𝑄 .

In Fig. 9, we show the 2𝜎 constraints on the plane of (𝑚𝑄, 𝑔𝑋 ) with fixed values of other parameters: 𝑚𝑍′ = 700 GeV, 𝑤2 = 2.45, 
and 𝑤3 = 0.25. Using the same color codes as those in Fig. 8, the red hatched region satisfies the constraints on the SM quark masses, 
while the blue back-hatched region indicates the constraint (38) from the measurements of the first-row elements of the CKM. We 
observe that these two constraints are compatible, with the one on the CKM unitarity violation being more severe. It excludes a 
significant part of the parameter space with small values of 𝑚𝑄 and 𝑔𝑋 that corresponds to the region with too large mixing between 
the SM and the vectorlike quarks. The region with too small mixing, corresponding to too large 𝑔𝑋 and 𝑚𝑄 (the upper right corner of 
the plot), is also excluded since it could not generate enough unitarity violation according to Eq. (38). The constraints on the 𝑏 → 𝑠𝛾

decay derived from the current experimental data (39) and the expected Belle II data (40) are depicted in this plot by the light and 
dark green regions, respectively. While the current bounds (39) exclude the white region on the left with both 𝑚𝑄 ≲ 1100 GeV and 
𝑔𝑋 ≳ (1) simultaneously, the expected result from Belle II experiment will be able to set a more stringent lower limit on 𝑚𝑄 to be 
about 2460 GeV. The yellow band in this figure indicates the combined constraint from the 𝑏 → 𝑠𝓁+𝓁− transitions ((41)-(44)). The 
overlap between this band and the constraint on the CKM unitarity violation severely restrict the allowed range for 𝑚𝑄 , which is 
[2090, 2610] GeV for this benchmark point. As shown in the figure, this range obviously fulfills the current LHC requirement (47)

on the vectorlike quark mass (the vertical dash-dotted line). Since the dark green area only marginally overlaps the yellow band, the 
Belle II experiment will be able to test the allowed region in the near future.

The constraints on the (𝑚𝑄, 𝑤2) plane are shown in Fig. 10. Here, the benchmarks for other parameters are chosen to be 𝑚𝑍′ = 700
GeV, 𝑔𝑋 = 1.4, 𝑤3 = 0.25. The region with small 𝑤2 corresponding to very little mixing between the SM and vectorlike quarks does 
10

not satisfy the constraint (38) on the CKM unitarity violation. Therefore, this constraint represented by the blue back-hatched region 
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Fig. 10. Constraints on the (𝑚𝑄, 𝑤2) plane when 𝑚𝑍′ = 700 GeV, 𝑔𝑋 = 1.4, 𝑤3 = 0.25. The color codes are the same as those in Fig. 8. The horizontal black dashed line 
indicates the perturbation limit (49). The vertical dash-dotted line corresponds to the lower bound (47) on 𝑚𝑄 .

Fig. 11. Constraints on the (𝑚𝑄, 𝑤3) plane when 𝑚𝑍′ = 700 GeV, 𝑔𝑋 = 1.4, 𝑤2 = 2.45. The color codes are the same as those in Fig. 8. The vertical dash-dotted line 
corresponds to the lower bound (47) on 𝑚𝑄 .

requires 𝑤2 to have sizable values, when 𝑚𝑄 is fixed. Due to the interplay between 𝑤2 and 𝑚𝑄 in terms of their effects on the 
BR(𝑏 → 𝑠𝛾) and the quark masses, a large value of 𝑤2 is not enough if the vectorlike quarks are relatively light. It is observed that 
the combination of these two constraints (the red hatched and the green areas) implies that 𝑚𝑄 must be larger than about 560 
GeV. The allowed regions on the (𝑚𝑄, 𝑤2) plane are further restricted when we take into account the constraints (41)-(44) on the 
semileptonic rare decays of 𝐵 mesons (the yellow region). The combination of the CKM unitarity violation constraint (38) and this 
set of constraints imposes a lower limit of about 0.16 on the parameter 𝑤2. Taking into account LHC lower bound (47) on the 
vectorlike quark mass (the vertical dash-dotted line), the lower limit on 𝑤2 is improved to be about 0.9. In the near future, the Belle 
II experiment is expected to push the lower bound of 𝑚𝑄 up to about 2090 GeV, and the lower bound of 𝑤2 to about 1.6 for this 
benchmark when superimposing the dark green area and the yellow one. The upper bound on 𝑚𝑄, in this case, is about 3060 GeV 
that is determined by the perturbation limit (49) on the Yukawa coupling 𝑤2 (the horizontal black dashed line).

In Fig. 11, we show the allowed regions with respect to the considered constraints on the plane (𝑚𝑄, 𝑤3) for the case with 
𝑚𝑍′ = 700 GeV, 𝑔𝑋 = 1.4, and 𝑤2 = 2.45. In this case, the lower bound for 𝑚𝑄 is determined by the constraint on the CKM unitarity 
violation (38) (the blue back-hatched region) to be about 1760 GeV for 𝑤3 ≲ 0.9. It is due to the fact that smaller 𝑚𝑄 will lead to 
too much mixing between the SM and the vectorlike quark. For 𝑤3 ≳ 0.9, the constraint on the SM quark masses becomes severe and 
rules out most of the parameter space because of the same reason as the above case with small 𝑚𝑄. This constraint is even more 
severe than the current constraint (39) on the 𝑏 → 𝑠𝛾 decay (the light green region). In this figure, we see that once the constraints on 
the CKM unitarity and the SM quark masses are imposed, the allowed parameter region also satisfies the LHC lower limit (47) on 𝑚𝑄
11

(the vertical dash-dotted line). The constraints (41)-(44) on the semileptonic decay 𝑏 → 𝑠𝓁+𝓁− play an important role in excluding 
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Fig. 12. Constraints on the (𝑚𝑍′ , 𝑔𝑋 ) plane when 𝑚𝑄 = 2500 GeV, 𝑤2 = 2.45, 𝑤3 = 0.25. The color codes are the same as those in Fig. 8. The horizontal black dashed 
line indicates the perturbation limit (49).

Fig. 13. Constraints on the (𝑚𝑍′ ,𝑤2) plane when 𝑚𝑄 = 1700 GeV, 𝑔𝑋 = 1.4, 𝑤3 = 0.25. The color codes are the same as those in Fig. 8.

the parameter space such that only a thin yellow band survives on this plot. Although this yellow band satisfies the current constraint 
on BR(𝑏 → 𝑠𝛾), the expected result at the Belle II experiment (the dark green region) will be able to rule out a significant part of this 
band.

The allowed regions on the plane (𝑚𝑍′ , 𝑔𝑋 ) are plotted in Fig. 12 in the case with 𝑚𝑄 = 2500 GeV, 𝑤2 = 2.45, and 𝑤3 = 0.25. With 
this choice of benchmark, the considered parameter space in the figure satisfies the current constraint (39) on the 𝑏 → 𝑠𝛾 decay. 
However, the upcoming result (40) at the Belle II experiment (the dark green region) will be expected to set a severe upper bound 
on 𝑚𝑍′ to be about 750 GeV. On the one hand, the constraint (38) on the CKM unitarity violation (the blue back-hatched region) 
imposes a lower bound of about 128 GeV and the upper bound of about 714 GeV on the ratio 𝑚𝑍′

𝑔𝑋
. The regions with the ratio outside 

this range are excluded because they generate either too small mixing or too large mixing between the SM and the vectorlike quarks. 
For this benchmark, the constraint on the SM quark masses (the red hatched region) and the combination of constraints (41)-(44) on 
the semileptonic decays 𝑏 → 𝑠𝓁+𝓁− (the yellow region) are also fulfilled once the ratio 𝑚𝑍′

𝑔𝑋
stays in the above range.

In Fig. 13, the constraints on the plane (𝑚𝑍′ , 𝑤2) are shown in the case with 𝑚𝑄 = 2500 GeV, 𝑔𝑋 = 1.4, 𝑤3 = 0.25. In this plot, 
we can see that for larger 𝑚𝑍′ , the constraint on the CKM unitarity violation prefers smaller values of 𝑤2, while the constraints 
on the semileptonic decays of 𝐵 meson prefer larger values of 𝑤2. The points in the region with small 𝑤2 and 𝑚𝑍′ correspond to 
too small mixing between the SM and the vectorlike quarks. Therefore, they can not explain the CKM unitarity violation in the 
first row. This results in the excluded region below the blue back-hatched area. Although the current 𝑏 → 𝑠𝛾 constraint (39) is not 
severe for this benchmark, the Belle II experiment is expected to make a significant contribution in excluding a large portion of the 
12

parameter space. As we can see in this figure, the dark green region corresponding to Eq. (40) becomes smaller than the red hatched 
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Fig. 14. Constraints on the (𝑚𝑍′ ,𝑤3) plane when 𝑚𝑄 = 2500 GeV, 𝑔𝑋 = 1.4, 𝑤2 = 2.45. The color codes are the same as those in Fig. 8.

region allowed by the quark mass constraint. The presently allowed regions on this plane are set by the constraints (41)-(44) on the 
𝑏 → 𝑠𝓁+𝓁− transitions (the yellow region), the constraint (38) from the CKM unitarity violation (the blue back-hatched region), and 
the perturbation limit on 𝑤2. With the given choice of other parameters as above, the Yukawa coupling 𝑤2 is restricted to stay within 
a narrow range [2.24, 

√
4𝜋], while the allowed range for 𝑚𝑍′ is [125, 1000] GeV. After the Belle II experiment finishes, this allowed 

region will be reduced by a factor of about one half.

In Fig. 14, the considered constraints are depicted on the plane (𝑚𝑍′ , 𝑤3). The free inputs are chosen to be 𝑚𝑄 = 2500 GeV, 
𝑔𝑋 = 1.4, and 𝑤2 = 2.45. For this benchmark, the CKM unitarity violation constraint (the blue back-hatched region) requires the 
𝑍′-boson mass to be within the range [180, 1000] GeV. The constraints on the semileptonic decays 𝑏 → 𝑠𝓁+𝓁− (the yellow strip) 
restrict the values of 𝑤3 to be about 0.22 − 0.40 in this case. The expected result at the Belle II experiment will provide us with a 
stringent constraint on the 𝑏 → 𝑠𝛾 decay (the dark green region). According to that the allowed range of 𝑚𝑍′ will be reduced to [180, 
820] GeV for this benchmark point.

5. Conclusion

In the considered model with a new sector consisting of vectorlike fermions and two scalars charged under an extra 𝑈 (1)𝑋
symmetry, the exotic Yukawa interactions between this sector and the SM fermions are essential to address various experimental 
anomalies such as the muon 𝑔 − 2 and the semileptonic decays of 𝐵 mesons. Within this context, we have analytically calculated the 
new physics contributions to the Wilson coefficient 𝐶7 in the effective Hamiltonian. Based on that, the dependence of the 𝑏 → 𝑠𝛾 decay 
rate on the free parameters is obtained. We have shown that this model is possible to explain the measured CKM unitarity violation 
and the current data relevant to the 𝑏 → 𝑠𝛾 transition at the same time, while predicting other flavor observables relating to the 
𝑏 → 𝑠𝓁+𝓁− processes and the SM quark masses compatible with their updated measurements. In our analysis, the muon anomalous 
magnetic moment is ensured to be consistent with the recent data measured by the Muon 𝑔−2 experiment. By investigating the space 
of input parameters, the allowed region satisfying various constraints has been identified. Together with the combined constraint on 
the semileptonic decays of 𝐵 mesons, the constraint on the violation of the CKM unitarity plays an important role in pinpointing the 
viable parameter space. Taking into account the recent LHC searches for the vectorlike quarks, the impact of the expected outcome 
at the Belle II experiment on the 𝑏 → 𝑠𝛾 decay has been analyzed in detail. The result has showed that this foreseen constraint will 
be able to exclude a significant portion of the currently allowed parameter regions in the near future.
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Appendix A. New physics contributions to 𝑪 (′)
𝟗,𝟏𝟎

The new physics contributions to the Wilson coefficients 𝐶 (′)
9,10 in the absence of the gauge kinetic mixing are given as [90]

𝐶NP
9 =

𝑔2
𝑋
𝐴

𝑚2
𝑍′

Λ2
SM

|𝑉𝑡𝑏𝑉 ∗
𝑡𝑠
|

𝑉𝑡𝑏𝑉
∗
𝑡𝑠

𝐴𝑏𝑠, (50)

𝐶 ′NP
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𝑔2
𝑋
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3 sin
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𝐵𝑏𝑠, (51)

𝐶NP
10 =

𝑔2
𝑋
𝐵

𝑚2
𝑍′

Λ2
SM

|𝑉𝑡𝑏𝑉 ∗
𝑡𝑠
|

𝑉𝑡𝑏𝑉
∗
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𝐴𝑏𝑠, (52)

𝐶 ′NP
10 =
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𝑔2
𝑋
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−1
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1
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where the intermediate notations 𝐴𝑏𝑠, 𝐵𝑏𝑠, 𝐴, 𝐴𝑍 , 𝐵, and 𝐵𝑍 are defined as follows

𝐴𝑏𝑠 =
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𝑉 𝑑
𝐿
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34
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𝑅
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24 . (55)

𝐴(𝑞2) =
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32𝜋2 (𝑓𝐴 + 𝑔𝐴), (56)
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, (57)
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32𝜋2 (−𝑓𝐵 + 𝑔𝐵), (58)
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In these above formulas, the loop functions 𝑓𝐴, 𝑔𝐴, 𝑓𝐵 , and 𝑔𝐵 are given by

𝑓𝐴 = ∫ 𝑑𝑥𝑑𝑦𝑑𝑧𝛿(1 − 𝑥− 𝑦− 𝑧)
{

ln [(𝜏𝑧+ 𝑥+ 𝑦+ 𝛿𝑥)(𝜏𝑧+ 𝑥+ 𝑦+ 𝛿𝑦)]
2
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𝓁
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]}
, (60)

𝑔𝐴 = ∫ 𝑑𝑥𝑑𝑦𝑑𝑧𝛿(1 − 𝑥− 𝑦− 𝑧)
{
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2
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, (61)
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2

, (62)

𝑔𝐵 = ∫ 𝑑𝑥𝑑𝑦𝑑𝑧𝛿(1 − 𝑥− 𝑦− 𝑧)
{
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2
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]}
, (63)

as the results of the Feynman parameterization. In these formulas, 𝑦𝓁 is the exotic Yukawa coupling of one of the SM charge leptons 
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{𝑒, 𝜇, 𝜏}.
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Appendix B. New physics contributions to 𝒈𝓵 − 𝟐

The new physics contributions to the anomalous magnetic moment of charged leptons are given as [88,90]

Δ𝑎NP
𝓁 =

|𝑦𝓁|2𝑚2
𝓁

32𝜋2𝑚2
𝜒𝑟

[
𝐹𝑔(𝜏) +

( 1
1 + 𝛿

)
𝐹𝑔

(
𝜏

1 + 𝛿

)]
(64)

where

𝜏 =
𝑚2
𝐿

𝑚2
𝜒𝑟

, (65)

𝛿 =
𝑚2
𝜒𝑖

𝑚2
𝜒𝑟

− 1. (66)

Here, the loop function 𝐹𝑔(𝑥) is defined as

𝐹𝑔(𝑥) =
1

6(1 − 𝑥)4
(
6𝑥 ln𝑥+ 𝑥3 − 6𝑥2 + 3𝑥+ 2

)
. (67)
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