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ARTICLE INFO ABSTRACT

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 — su*u~ 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), 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 C, 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 — sy 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 2.20 deviation from unitary in the first row of this
mixing matrix [1]:

[V |I? + V2 + |V, % = 0.9985 + 0.0007. )

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
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the world average value and the SM prediction' is increased to be more than 55 [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 BT — K*u*u~, B - KOu*u~, and BT — K*ete™ are reported to be 4.2¢, 3.1¢, and 2.7¢ respectively [9]. On the other
hand, the updated analysis of the LHCb Collaboration [10] showed the good agreement between the measured lepton universality
observables, Ry and Ry, 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*ete™) is even more severe than the above value [14].

Among the sensitive probes to the new physics beyond the SM, the b — sy 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 G%a 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 — Xy decay, of which the branching ratio for £, > 1.6 GeV predicted by the
SM is given by [17-21]

BR(B = X,y)gy = (3.40 £ 0.17) x 1074, 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 = X7)exp = (349 £0.19) x 107%, 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 — sy 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~! 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 5 — sy 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), 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 Cgi o 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 — s¢+#~ 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 — sy 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 C; in the effective Hamiltonian is derived. In Section 4, the
numerical analyses are carried out. The dependence of the branching ratio of » — sy 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);,

N U
b= () o= (o)

and two complex scalars, y and ¢, that are singlets under the SM gauge groups. The symmetry of this model is SUB). ® SU2); ®

U(l)y ® U(1)y that extends the SM symmetry by adding an extra Abelian gauge group. The SM particles are invariant under U(1)y

transformation, while the new particles transform nontrivially with the U(1)y charges given in Table 1 together with other properties.
The Lagrangian consists of the SM part and the part involving new physics:

L=Lgy+ Lyps (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
tension.
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Table 1
Properties of new particles introduced in the model [88].

Particles Spin SUQ3)¢ SUQ2),. U(l)y Uy

L,.Lg 1/2 1 2 1/2 1
0,.0x 1/2 3 2 1/6 2
7 0 1 1 0 1
@ 0 1 1 0 2

Lxp = Ayl BPIH P = |k PIHP = [yPr Lz + 0T Qb+ hic] = Voleb, )
—(M L Lg+MyQ 0g+hc). 6)

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

£ = vi g =" (i=1,2,3) )
L e ), L ), > &5 3)-
The mass terms of the vectorlike leptons and quarks are allowed in the Lagrangian (6) with the corresponding mass matrices:
m 0 m 0
Mp={("N Mo=("Y .
t < 0 mE) Tl < 0 ”’D) ®

In our analysis, for simplicity, we assume the mass degeneration in the two vectorlike doublets, i.e. my =mg=m, my =mp =mg.
The scalar potential V(y, ¢) is given explicitly by

Volrs§) = agl@l* +myl 1> + A, 1 x|* +m |1 1P + 4y |91 1 x> + (rdx” + hec.) . 9

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

12
(p)= Ty (10)
2y

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

m:ﬁz:mi+A¢H(H)2, (11

where (H) =174 GeV is the VEV of the SM Higgs field. Due to the nonzero VEV, (¢), the U(1)y gauge boson Z’ acquires a mass

my =2V 285 (@), 12)

with gy being the U(1)y gauge coupling.
Decomposing the complex scalar field ¢ into the real and imaginary components,

b=(¢)+ \iﬁ (0, +i,), 13)

their masses are respectively found to be

Mo, =2/15(#). (14)
=0.

m (15)

®i
In the unitary gauge, the massless Nambu-Goldstone boson ¢; is absorbed by the Z’ gauge boson. For the scalar field y, by the
similar decomposition

=4 (x+ix) (16)

V2

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

2 (9) =L (T e ) () )
e xaa; (57) =3 ’“)< i) m2-cerva )\ 7)) a7

N —

where

W2 =m 4 dy(H) + 4 (). (18)

In the case that the coupling r is real, the matrix MJZ( is diagonal, and the masses of the particles y, and y; are respectively

3
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Fig. 1. Leading new physics contributions to the b — sy transition.
mi = m'2 +2r{(¢h), (19)
mi =m?=2r($). (20)

In the lepton sector, there is no mass mixing between the SM leptons and the vectorlike ones because (y) = 0. However, in the
quark sector, the VEV of ¢ generates mass mixing terms among the SM quarks and the vectorlike ones via the new exotic Yukawa
interactions with the couplings w = (w;, w,, w;) in Eq. (6). To diagonalize the quark mass matrices, M* and M¢, four 4 X 4 unitary
matrices are necessary to transform the quark gauge eigenstates, (u',u?,u?,U) and (d',d?,d>, D), into the mass eigenstates, (u,c,t, V")
and (d,s, b, D):

1 1
ur R U R drr dy r
c u? s d?
LR |_ (yu L.R LR |_(yd LR 21
ViR 3P b ViR 3| 2D
'R N ) 4x4 uL,R L.R R ) ax4 dL,R
UVLr Upr Dy r Dy g

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

Mglag - VLMMM(VK)+’ (22)
d d agd cyydyt
Mdlag - VL M (VR) . (23)

3. New physics contributions to the Wilson coefficient C,

The effective Hamiltonian describing the b — sy transitions is given by [16,91]

8
4G
Hegy = =—= ViVt 2 (GO, +ClO) + hec. 24

V2 =

Here, the operators most directly relevant to the b — sy process are:

e

= T 2mb(sL0' Ybr) Fyy» (25)
o, = #ms (5g6""b.) F,,. (26)

Due to the suppression factor :—Z < 1 emerging from the mass-insertion on the external s quark, the contribution of the operator &,
is negligible in comparison to that of ©;.

In the considered model, the Feynman diagrams in the unitary gauge corresponding to the leading new physics contributions to
the b — sy transition are depicted in Fig. 1. We see that beside the contributions of the new particles such as the vectorlike quarks
U, D, the U(1)y gauge boson Z’, and the scalar ¢,, 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 C; 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 C;‘“’ is found to be

—-X

1 1
= /dx/dy [vaf‘ + YD Py
4\/_GF(th Viomy 4 0 =W

=V ypZZ.70 f=dsbD
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+Fywy + z z FSff:| (27)

S=h,p, f=d,s,b,D

where the loop functions are given by

Qf vif
Frpp=— {A}’ff[(l =30+ +1-x-y] —x] - ﬂfv(x+y)2+l—x—y
24

(28)
BSII

29
Brsx+»+1-x—-y @9

Qs
Fspp=—X%
Mg

1 wwu wwu CWWV
Fywy = — c| In[(1 = Byrp)(x+y) + 8] - C) + BT (30)
w

In the above equations, we have defined

bfV _sfV

VIf _ bfy sfv
4 v 8y

=g, Cmy+my+m)+g (=2m; +my + my)

b b
va va(2mf my, + mg )+gAfvgf/fv( 2my —my +my), (31)

AV :gifvgifv{—4mf(x+y— 1)+ (my + m)[Brp(x + y)x +2(x + y = D(x = 1] }

+g VgV {4mf(x+y—l)+( mb+m)[ﬂfv(x+y)x+2(x+y—1)(x—l)]}

+ gf,f"gj{"{ —dm (x4 y— 1)+ (=my + m)[B (e + y)x +2(x + y = D(x = 1)] }

bfV _sfV

+¢V g {4mf(x+y— 1)+ Oy + m) [B (e + 3% +20x +y = Dx = 1] } (32)

BS/S = g0/ sfS[

gp 8&p |mpx+y)+(my+mx(x+y— 1)]

bfS sfS

+gp &g [mf(x+y)—(ms—mb)x(x+y—1)]

+ggfsgvfs [mf(x +y)+ (mg —my)x(x+y— 1)]

bfS
+g%gs

[mf(x+y)—(mb+ms)x(x+y— 1)], (33)
CHWY — gbUW g WW{(mb +my)[dx? +2x(2y = 3) + 1] }
+gszgsvw{( my +m; )[4x +2xQ2y-3)+ 1]}
+ glb/Ung‘UW { (—my + my) [4)(2 +2x2y-3)+ 1] }
+g1b/UWg;,UW{(mb +ms)[4x2 +2x2y-3)+ l] }, (34
CZWWV gbUWg;UW{—mU — (my, + ms)[x2 +x(y-2)+ 1] }
+ gfaUng/UW{mv + my = m) [+ x(y = 2) + 1] }
g g W { =+ (my = m) [+ x(r=2) +1] |
+ gIb/UWgIY/VW {mv —(my + ms)[x2 +x(y—2)+1] }’ (35)
CYWU = ghUW gsUW [3m1/(x + ) + (my, +m)(2x* +2xy + y)]
+ gszgl‘,vw [—3m1/(x + )+ (—my+ "15)(2962 +2xy+ Y)]
+ghVWgstW [3mU(x + )+ (=my +m)2x? +2xy + y)]
+ glb/VWgSVW [ 3my(x + ) + (my, + m)2x* +2xy + Y)] , (36)
and B, = % In these above equations, g, and g4 are the vector and axial-vector couplings between fermions and a gauge boson,

b
while g¢ 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 x 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 x 4 quark mass
matrices are represented as

ml 0 0w/ mi 0 0w/
0 md 0 wye) a_| 0 m) 0 wye)

M"= c , = s 37
0 0 m wye) 0 0 m wye) (87)
0 0 0 my 0 0 0 mp

Here, for simplicity, we consider the case of degenerate up-type and down-type vectorlike fermion masses, namely my = mp = mg
and my = my = m, . 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 2¢ ranges of the experimental measurements.

In this model, the SM CKM matrix is a 3 x 3 block of a 4 x 4 matrix determined by (VL“ VLdT>4X4. 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 < |V, |2 + Vs |2 + |V, |* <0.9999  (20). (38)

In our numerical analysis, we consider the current 26 range of the branching ratio of radiative B-meson decay [28]:

3.11x10™* <BR(B - X,y) <3.87x 107%. (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~! at the Belle II experiment [29,30]. The impact of the future results is investigated by taking into account the
following expected 2¢ range:

3.35%10™* < BR(B = X,7)pellez < 363 X 1074, (40)

The constraints from semileptonic B-meson decays are also considered. They are the branching ratios of the processes Bt —
K*utu~ [98-1001, BY - K*(892)°u*pu~ [98,101], Bt — K*ete™ [10], and B° — K*(892)%*e~ [10]. The theoretical predictions
of these branching fractions are calculated using the Wilson coefficients C;Cio, to which the new physics contributions are given in
Appendix A. The current 2¢ allowed ranges corresponding to these quantities for the lepton invariant mass in the region ¢* =[1.1,6.0]

GeV? are given as follows

1.050x 1077 <BR(BY - K*putpu™) <1.322%x 1077, (41)
1.382x 1077 < BR(B® = K*(892)°u* 1™) < 1.970x 1077, (42)
1.090x 1077 < BR(B* - K*ete™) < 1.416 X 1077, (43)

1.290 x 1077 < BR(B® — K*(892)%e*e™) < 1.965 x 107", (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 m; > O(1) TeV, or

myp —m, $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]

Aa,=a;® —aM =(249+4.8)x 10717, (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
are imposed, the viable parameter space of the model also satisfies the current constraints from the single-production searches by the



S.Q. Dinh and H.M. Tran Nuclear Physics, Section B 997 (2023) 116384
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Fig. 2. The branching ratio of the b — sy transition as a function of gy when m, =700 GeV, m, =2500 GeV, w, =2.45, w; =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 O(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]

mg 2 1.59 TeV. 47)

The set of free inputs of the model includes

mi ’"121,,
i
yl,m,gx,w1,2’3,mzr,ﬁ¢,mQ,mh,r =— 6= — - 1. (48)
m m
Xr xr
P . . . . m2
Noticing that the new physics contribution to the muon anomalous magnetic moment? depends on the parameters y,, m o T= "1
m
Xr

2
and 6 = :TL, to reconcile the two constraints in Eqgs. (45) and (46), we choose these parameters to be y, =3.3, m 4, =120 GeV, =178,

and 6 = lh[90]. To explain the large deviations between the SM prediction and the experimental value of BR(B* — K*u*u™), the
large exotic Yukawa coupling y, is essential. Meanwhile, the sizable y, 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 y, = 3. In our analysis, the parameter y; 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 w,. Since the effects of 4, on
the considered observables are negligible, we take A, =3 in our numerical analysis as an example without lost of generality. The
remaining set of inputs are gy, w,, w;, mz, and mg. For the U(1)y gauge couplings and the exotic Yukawa couplings, we further
impose the perturbation limits as

gx» Wy3 < V. (49)

The branching ratio of the b — sy 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 gy in the benchmark case with m,, =700 GeV, mgy = 2500 GeV, w, = 2.45, w; = 0.25. For this parameter
setting, the most dominant contribution to this process comes from the loop involving the U(1)y gauge boson Z’ in Fig. 1c. Note
that the coupling of Z’ and the down-type quark current proportional to the product of gy and the mixing matrices that, in turn,
is roughly proportional to gy (¢). Therefore, according to Eq. (12), once my, is fixed, this coupling does not depend on gy. 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 gy upto the perturbation limit (the vertical black dashed line). In the near future, if the center value
of the branching ratio remains unchanged, the 25 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 gy between 0.05 and 0.79 in this case.

In Fig. 3, BR(b — sy) is shown as a function of the vectorlike quark mass m, for the case of gy = 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 mgp. As mg 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 my. The current 26 bounds (39) of this branching ratio (the green
region) set the lower limit on m,, that is approximately 1050 GeV. After getting the results from the Belle II experiment, the expected
20 bounds in Eq. (40) (the yellow region) will raise the lower limit of mg, up to about 2360 GeV.

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 » — sy transition as a function of m, when m,, =700 GeV, gy = 1.4 GeV, w, =2.45, w; = 0.25. The color codes are the same as those
in Fig. 2.
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Fig. 4. The branching ratio of the b — sy transition as a function of m,, when mg =2500 GeV, gy = 1.4, w, =2.45, w; = 0.25. The color codes are the same as those in
Fig. 2.
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Fig. 5. The branching ratio of the b — sy transition as a function of w, when mg = 2500 GeV, m,, =700 GeV, gy = 1.4, w; = 0.25. The color codes are the same as those
in Fig. 2.

The dependence of BR(b — sy) on m, is depicted in Fig. 4 for the case with gy = 1.4 and other parameters are the same as those
in Fig. 2. We observe that the transition rate is slightly reduced when m, is increased. Since the main contribution comes from the
diagram in Fig. 1lc, this dependence is not strong for a fixed value of gy. The branching ratio satisfies the current 2¢ bounds (39)
(the green region) for the whole considered range of m,,. 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 — sy) on the parameter w, in the case with my = 2500 GeV, mz =700 GeV, gx = 1.4,
wy =0.25. It is observed that the branching ratio is slightly reduced when |w,| increases. For this benchmark, the branching ratio
stays in the green region allowed by the current constraint (39) on the b — sy transition for the whole range of w, 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 w, that
is below the perturbation limit (49). The branching ratio of the process b — sy is plotted as a function of the parameter wj; in Fig. 6.
Similar to Fig. 5, here we observe that the branching ratio is also inversely proportional to ws;. The current constraint (39) requires
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Fig. 6. The branching ratio of the b — sy transition as a function of w; when m, = 2500 GeV, m,, =700 GeV, gy = 1.4, w, = 2.45. The color codes are the same as those
in Fig. 2.
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Fig. 7. Semileptonic decay constraints (Egs. (41)-(44)) at the level of 2¢ on the (m,,m) plane when gy = 1.4, w, =2.45, w; =0.25.

that w; must be smaller than 1.5. Due to the strong dependence of BR(b — sy) on wjs, 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 (m/,mg) plane for the case with gy = 1.4,
w, =2.45, and w; = 0.25. The 2¢ allowed regions corresponding to the constraints on BR(B* — K*u*u~) (41), BR(B® - K% u* ™)
(42), BR(B* = K*ete™) (43), and BR(B? — K%ete™) (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 m and mg, 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 Bt — K*tu*u~ and Bt — K*ete™, 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 — sy 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 :—; to be
[2.5, 13.8]. For a given value of m, the region with too large m,, 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 m,, 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 m, set by the current constraints on the b — sy 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 — s£¢*#~ (the yellow
band), we obtain even more severe allowed range for m,, and me. The current allowed ranges for m,, and mg 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
are expected to be reduced to [152, 816] GeV and [2124, 2615] GeV.
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Fig. 8. Constraints on the (m,,m,) plane when gy = 1.4, w, =2.45, w; = 0.25. The light and the dark green colors indicate the current 2¢ 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 my,.
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Fig. 9. Constraints on the (my,gy) plane when m,, =700 GeV, w, =2.45, w; =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 my,.

In Fig. 9, we show the 26 constraints on the plane of (mg.gx) with fixed values of other parameters: m, =700 GeV, w, =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 m, and gy 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 m, (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 — sy
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 m, < 1100 GeV and
gx 2 O(1) simultaneously, the expected result from Belle II experiment will be able to set a more stringent lower limit on m, to be
about 2460 GeV. The yellow band in this figure indicates the combined constraint from the b — s£+#~ transitions ((41)-(44)). The
overlap between this band and the constraint on the CKM unitarity violation severely restrict the allowed range for mg, 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 (mg,w,) plane are shown in Fig. 10. Here, the benchmarks for other parameters are chosen to be m, =700
GeV, gy = 1.4, w; =0.25. The region with small w, corresponding to very little mixing between the SM and vectorlike quarks does
not satisfy the constraint (38) on the CKM unitarity violation. Therefore, this constraint represented by the blue back-hatched region

10
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Fig. 10. Constraints on the (g, w,) plane when m,, =700 GeV, gy = 1.4, w; = 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 my,.
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Fig. 11. Constraints on the (mg,w;) plane when m,, =700 GeV, gy = 1.4, w, = 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 my,.

requires w, to have sizable values, when m, is fixed. Due to the interplay between w, and mg in terms of their effects on the
BR(b — sy) and the quark masses, a large value of w, 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 m, must be larger than about 560
GeV. The allowed regions on the (mg,w,) 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 w,. Taking into account LHC lower bound (47) on the
vectorlike quark mass (the vertical dash-dotted line), the lower limit on w, is improved to be about 0.9. In the near future, the Belle
II experiment is expected to push the lower bound of m, up to about 2090 GeV, and the lower bound of w, to about 1.6 for this
benchmark when superimposing the dark green area and the yellow one. The upper bound on m, in this case, is about 3060 GeV
that is determined by the perturbation limit (49) on the Yukawa coupling w, (the horizontal black dashed line).

In Fig. 11, we show the allowed regions with respect to the considered constraints on the plane (mgy,ws) for the case with
mz =700 GeV, gy = 1.4, and w, = 2.45. In this case, the lower bound for m, is determined by the constraint on the CKM unitarity
violation (38) (the blue back-hatched region) to be about 1760 GeV for w; $0.9. It is due to the fact that smaller mg will lead to
too much mixing between the SM and the vectorlike quark. For w5 > 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 mg. This constraint is even more
severe than the current constraint (39) on the b — sy 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 mg
(the vertical dash-dotted line). The constraints (41)-(44) on the semileptonic decay b — s#*#~ play an important role in excluding

11
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Fig. 12. Constraints on the (m,gy) plane when m, = 2500 GeV, w, = 2.45, w; = 0.25. The color codes are the same as those in Fig. 8. The horizontal black dashed
line indicates the perturbation limit (49).
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Fig. 13. Constraints on the (m,, w,) plane when m, = 1700 GeV, gy = 1.4, w; = 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 — sy), 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 (m,,gy) are plotted in Fig. 12 in the case with my = 2500 GeV, w, =2.45, and w; = 0.25. With
this choice of benchmark, the considered parameter space in the figure satisfies the current constraint (39) on the b — sy 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 my 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 %. The regions with the ratio outside
this range are excluded because they generate either too small mixing or too large mixing betwé(en 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 — s£#+#~ (the yellow region) are also fulfilled once the ratio 'Z—i' stays in the above range.

In Fig. 13, the constraints on the plane (m,s,w,) are shown in the case with mg = 2500 GeV, gy = 1.4, w; =0.25. In this plot,
we can see that for larger m,,, the constraint on the CKM unitarity violation prefers smaller values of w,, while the constraints
on the semileptonic decays of B meson prefer larger values of w,. The points in the region with small w, and m,, 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 — sy 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
parameter space. As we can see in this figure, the dark green region corresponding to Eq. (40) becomes smaller than the red hatched

12
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Fig. 14. Constraints on the (m,, w;) plane when m, =2500 GeV, gy = 1.4, w, =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 — s¢*¢~ transitions (the yellow region), the constraint (38) from the CKM unitarity violation (the blue back-hatched region), and
the perturbation limit on w,. With the given choice of other parameters as above, the Yukawa coupling w, is restricted to stay within
a narrow range [2.24, \/E], while the allowed range for m, 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 (my/,w;). The free inputs are chosen to be mgy = 2500 GeV,
gx = 1.4, and w, = 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 — s£*£~ (the yellow strip)
restrict the values of w5 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 — sy decay (the dark green region). According to that the allowed range of m,, 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(l)y
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 C; in the effective Hamiltonian. Based on that, the dependence of the b — sy 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 — sy transition at the same time, while predicting other flavor observables relating to the
b — s¢*¢~ 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 — sy 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;’;O

!
The new physics contributions to the Wilson coefficients C'?  in the absence of the gauge kinetic mixing are given as [90]

9,10
2 *
g8xA VioVis|
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Co = ——Agm % VS* bs» (50)
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[ 2( 1, 12 z .
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where the intermediate notations A,,, B,,, A, A, B, and B are defined as follows
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In these above formulas, the loop functions f,, g4, f5, and gy are given by
1 6 8
fA=/dxdyd26(1—x—y—z){ nf(rz+x+y+ >;)(12+x+y+ ]
m2
- —Lz1-2) ! + 1 . (60)
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as the results of the Feynman parameterization. In these formulas, y, is the exotic Yukawa coupling of one of the SM charge leptons
{e.u, 7}
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Appendix B. New physics contributions to g, — 2

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

AP _ AR [F(r)+( 1 )F( r )}
4 2x2m2 L8 1+6/ ¢$\1+6

where

2
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5
m)(r

2
m

X
L 1.

2
m
Xr

6=

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

F,(x)= m (6xlnx+)c3 —6x2+3x+2).
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