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In the model proposed by Bélanger, Delaunay, and Westhoff (BDW), a new sector consisting of
vectorlike fermions and two complex scalars is charged under an extra Abelian symmetry U(1)y. In this
paper, we generalize the BDW model by introducing the kinetic mixing between the U(1)y and the

standard model U(1), gauge fields. The new physics contributions to the muon anomalous magnetic

moment and the Wilson coefficients Cg‘)w are obtained analytically. We have explored the free parameter

space of the model, taking into account various constraints on the muon g — 2 using recent data from the
E989 experiment at Fermilab, the lepton universality violation in terms of Rx and Rg+ and the branching
ratios of the semileptonic decays, B* — K*u*u~ and B® — K*%u+tu~, the LEP and LHC searches for
sleptons and Z’ boson, as well as the perturbative requirement. The viable parameter regions of the model
are identified. In the presence of the gauge kinetic mixing term, those regions are enlarged and significantly
deformed in comparison to the case with vanishing kinetic mixing. In the near future, the E989 experiment
with the projected sensitivity will be able to test significant parts of the currently allowed parameter regions.

DOI: 10.1103/PhysRevD.104.115009

I. INTRODUCTION

Although the standard model (SM) predictions have
been verified in many experiments showing an excellent
agreement with data, new physics seems to be around the
corner due to unanswered questions. On the one hand, one
of the most important precision tests of the SM is the muon
anomalous magnetic moment (g —2) whose value was
determined accurately as [1,2]

aS® = (11659206.1 + 4.1) x 10710, (1)

This is the average value taking into account the new result
from the E989 experiment at Fermilab [2] which confirmed
the previous E821 measurement at the Brookhaven
National Laboratory. However, the SM prediction for the
muon g — 2 is presently [3]

as™M = (11659181.0 + 4.3) x 107°, (2)
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corresponding to a 4.2¢ deviation from the above-world-
average experimental value. According to the projected
sensitivity of the E989 experiment [4] as well as the future
experiment (E34) at J-PARC [5], the precision will be
improved by a factor of four that will shed light on this
deviation. If the experimental center value of the muon g — 2
remains unchanged, the above deviation will raise up to about
more than 5¢ [6], evidently indicating the existence of new
physics coupled to the lepton sector [7].

On the other hand, with the improvement of experi-
mental accuracy, rare decays of B mesons are useful as the
precision tests of the SM. The small branching ratios of
these processes make them good probes to search for new
physics beyond the SM. In fact, anomalies have been
observed in the rare semileptonic B decays related to the
quark transition process b — sZT£~. In particular, the
measured relative branching ratios for 1.1 GeV < ¢* <
6.0 GeV [8,9],

BR(BT - K putu™)

R =
K7 BR(B" > Ktete)

=0.846 0041, (3)

BR(B® — K*%u*u™)
BR(B? —» K*%¢"e™)

Ry = =0.71153. (4)

deviate from the corresponding SM predictions being close
to unity [10-12] at the levels of more than 3¢ and 2.4,
respectively [13,14]. This may be a signature of the lepton
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universality violation implying the existence of new phys-
ics beyond the SM. Recently, the updated LHCD results on
the angular analysis of the decay process B° —
K*0(892)utu~ show a 3.3¢ deviation from the SM pre-
diction [15,16] that is slightly increased in comparison to
the previous observation [17]. This is due to the higher
statistics regarding the inclusion of 2016 data for 13 TeV
collisions.

Model-independent analyses on the experimental data
using the effective field theory approach with the
Hamiltonian [18]

G
Her = —%Vzbvfsz:(cioi + Ci0) +He., (5)

where a and G are the fine structure constant and the Fermi

constant, have been performed to determine the new physics
contributions to the relevant Wilson coefficients [19]

el = ™M 4 N, (6)

corresponding to the operators

OF) =" 56, Pt b, ™)
O = [37,PLiw)b)[77"¢), (8)
0%y = 57, P bl[21"75). 9)
OF) = [Py bl[27), (10)
0} = [P bl[Zrs7]. (11)

The Wilson coefficients Cg.),, and Cg) are strictly constrained
by the leptonic decay process B, — utpu~ [20] and the
radiative B decays [21], respectively. In the case of semi-
leptonic decays of B mesons, the fitting results showed that
scenarios with new physics contributions to the Wilson
coefficients are much more favored than the pure SM,
especially for the coefficient Cy. While the new physics

contributions to muonic Wilson coefficients (C4"), C*{))
play an important role, the electronic coefficients (CS(>,

C fg ) turn out to be consistent with the SM predictions. Three
preferable one-dimensional scenarios for the new physics
contribution to muonic coefficients have been found to be:
(i) CY¥ only, (i) CYP =-CF, and (iii)) CY¥ = —CQP,
respectively [22]. However, the third scenario is disfavored
since it predicts R+ ~ 1 [23]. The two-dimensional scenar-
ios were also investigated [14]. The fitting to the exper-
imental data with complex Wilson -coefficients was
performed in Ref. [24].

Many models have been invented to address the anoma-
lies in the semileptonic decays of B mesons, for example
those including a Z' boson resulting from an extended
gauge symmetry [25-27], leptoquarks [28], new physics
contributions via loop corrections [29], or supersymmetry
[30]. In this paper, we investigate the model proposed by
Bélanger, Delaunay and Westhoff (BDW) in Ref. [31],
taking into account the gauge kinetic mixing. In this model,
new particles introduced beyond the SM ones are vectorlike
quarks and leptons, and two complex scalars. The model’s
gauge symmetry is SU(3) xSU(2), x U(1)y x U(1)y
where the additional Abelian symmetry is broken sponta-
neously, resulting in a massive gauge boson Z'. In the
presence of the gauge kinetic mixing, we calculate ana-
lytically the new physics contributions to the muon g — 2,

and the Wilson coefficients Cg,)lo which are used to
compute the B meson semileptonic decays. The most
updated data from the Heavy Flavor Averaging Group
[32] and the LHCb Collaboration [8,9] are used in our
consideration to constrain the model’s relevant parameters.
Using the projected sensitivity of the muon g — 2 experi-
ment E989, we study its ability to test the model in the near
future.

The structure of the paper is as follows. In Sec. II, we
briefly review the structure of the BDW model, then
generalize it by introducing the gauge kinetic mixing. In
Sec. III, the analytic results of the new physics contribu-
tions to the muon ¢g—2 and the Wilson coefficients
calculations are presented. In Sec. IV, the phenomenologi-
cal constraints are used to specify the allowed parameter
space. Finally, Sec. V is devoted to conclusions.

II. BDW MODEL WITH KINETIC MIXING

A. The model

The new particles introduced in the BDW model beside
the SM particles are the vectorlike lepton and quark
doublets of the gauge group SU(2),,

Npr Urr
o= (). e (U0,
' Epr Dy r

and two complex scalars, y and ¢, that are singlets under the
SM gauge groups. The symmetry of this model is an
extension of the SM symmetry by adding an extra
Abelian gauge group, namely SU(3). ® SU(2), ®
U(l)y ® U(1)y. The SM particles are invariant under
U(1)y transformation, while the new particles transform
nontrivially with the U (1) charges given in Table I together
with other properties.

The Lagrangian includes the SM part and the part
involving new physics:

L= Ly + Lyps (13)
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where

Lyp D =Apu|OPIH? = Ay P HI* = [y Lry + wqr Qrep +Hec] = Vo(.x)
— (M L Ly + MQQ_LQR +H.c.), (14)

Here, the SM left-handed lepton and quark doublets are denoted as

fi:(”L), q;:(”L>, (i=1.2,3). (15)
€L/ dp /,

The explicit form of the scalar potential V(y, ¢) is given by

Volr: @) = 4g|@l* + mGld > + A lrl* + mil* + Ay, | 9P r* + (réx* + Hee)). (16)
|
Among the new scalars, we assume that only ¢ can By decomposing the complex scalar field ¢ into real and
develop a vacuum expectation value (VEV) imaginary components,
g b= 8)+ =0, + i) (20)
(@) =15 (17) V2
244
the masses of these fields are found to be
where
- 2\//7 , 21
=+ dy (), (18) "o =2/ Al0) 2!
with (H) = 174 GeV being the VEV of the SM Higgs my,, = 0, (22)

field. Due to the nonzero VEV, (¢), the gauge group U(1)y

is spontaneously broken, leading to a massive Z' boson  respectively. Note that ¢, is a massless Nambu-Goldstone

with mass boson that can be absorbed by Z’ in the unitary gauge. For
the case of y, after the decomposition

my = 2v29x($). (19)

1 .
X 75()(r+ i), (23)

where gy is the U(1)y gauge coupling.

the mass matrix for these real scalar fields is obtained:

Lo ()t (500 SN

where
TABLE 1. Properties of new particles introduced in the » ) 5 )
model [31]. my = my + )')(H <H> + ’145)( <¢> . (25)
Patticles ~ Spin ~ SU(3).  SU(2), U(l)y U(l)y In the simple case where the coupling r is real, the matrix
L;, Lg 1/2 1 2 -1/2 1 M)Z( is diagonal, and the masses of the particles y, and y; are
Or, Or 1/2 3 2 1/6 -2 respectively
P 0 1 1 0 -1
¢ 0 1 1 0 2 m, =m?+2r(¢), (26)
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m, =m} —2r(p). (27)

Since the field y does not develop a nonzero VEV, there
is no mass mixing between the SM leptons and the
vectorlike ones. However, the situation for quarks is more
involved because the VEV of ¢ generates mass mixing
terms via the new Yukawa interactions with the couplings
w = (wy,ws,w3) in Eq. (14). To diagonalize the quark
mass matrices, M* and M9, we need to use four 4 x 4
unitary matrices to transform the quark gauge eigenstates,
(u',u?,u?,U) and (d',d* d&*,D), into the mass eigen-
states, (u,c,t,U) and (d, s, b, D):

1

UrRr Upr
2
CLrR | _ v ur g
t - ( L,R)4><4 3 ’
L.R uy g
ULr ULr
1
dL,R dL,R
2
SIL.R d
s _ d L.R
= (Vi) is (28)
b 3
L.R d; g
DL,R DL,R

The diagonal mass matrices of up-type and down-type
quarks then read

M‘éiag = VZMMO/}%)T’ (29)
Mgiag = V§Md(V%>I (30)

B. The gauge kinetic mixing

In a model with two Abelian gauge symmetries, the
gauge kinetic mixing term of the form —% F}, F?# can be
introduced in the Lagrangian without violating any sym-
metry [33]. Here, F},, F#*, and k are respectively the field
strength tensors of the U(1), and U(1)y gauge fields and
the kinetic mixing coefficient. In fact, the gauge kinetic
mixing term is always generated radiatively [34], even
though it is set to zero at high energy scales [35]. In the
presence of such a term, the gauge kinetic part of the
Lagrangian relating to the Abelian groups can be written as

[gauge

1 1 k\ /F'"w
kineticD_Z<Fllw Flzw)(k 1)(}72}4»)' (31)

By an appropriate transformation in the space of the
Abelian gauge fields, the kinetic Lagrangian can be made
canonical. In the new basis, the covariant derivative is then
expressed as

D,>0,—iYgyB, —iX'gyZ,, (32)

where the new charge X’ and the new gauge coupling ¢ are
determined by the original quantities and the kinetic mixing
coefficient k as

X ="My x, (33)
9x
9x
dy = . 34
Ve 4

Here, Y(X) and gy(gx) are the charge and the gauge
coupling corresponding to the Abelian group
U(1)y(U(1)y), respectively. The nonzero kinetic mixing
coefficient k induces a shift in the U(l)y charge and
modifies the relevant gauge coupling.

After the electroweak symmetry breaking by the VEV of
the SM Higgs field, (H), the kinetic coefficient generates a
mass mixing between the Z and Z’ bosons, leading to a
nondiagonal mass matrix for these particles:

2
MZZ’

:< (B +g3) e ~Xyy 0/ + g3 (H)? )
Xy gx/ 5+ 97 (H)? 295 (X (H)* + X2 ($)?)
(35)

To diagonalize the above mass matrix, we use the following

orthogonal rotation:
—sinay\ [ Z,
)(Z) oo
cos ay Z,

Zu\ [ cosag

Z, sin a,
where Z and Z' are the mass eigenstates, and the mixing
angle ay is determined as

2(MZ2)1
tan2a, = ) = (M) (37)
zz')n zz')n

It is worth noticing that, in the limit of no kinetic mixing
(k =0), the pure BDW model is recovered, namely
X' =X, gy = gx, and azy = 0.

From the covariant derivative of the muon, we find the
interaction terms between the muon and the Z and Z’
bosons to be

L > i(gy cos az + gy sinaz )y
+ (gacosay + gk sinaz)r"y’luz,
+ fil(=gv sinaz + gy cos az)r*
+ (=gasinaz + gy cosaz)y'y’luz;,  (38)

where
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_ % by
I = Cos Ow ( 4 +sin €W>’ (39) & =4 X + X 3kgy 43)
o2 Ve
92
-2 _ 40
9a 4 cos Oy, (40) ) )
X, +X kg
k ML HR Y
gy = g, = . 44
o A e W
X;lL = YY#L :Z_Y’ (41)
9x 9x

In the limit of no kinetic mixing, muons interact only with
the Z boson just as in the SM. Similarly, the interaction

X = —kgy Yy -— kgy (42)  terms between the new charged lepton Ey and these two
HR HR ’ . .
9x 9x massive neutral gauge bosons are obtained as
|
g cosa 1 . . —
{?HWZ <— E + Sln29W> + QS(X/LR sin az:| ERy”ERZﬂ
g Sinay 1 . 5 —
{—m <—§ + sin ew> + g;(X/LR COS aZ:| ER]/”ERZ:J, (45)
where
—kgy kgy

X/LR = —gX YLR + XLR == —ng + 1 (46)

For the new scalar sector, the derivation of Z' and Z couplings with y,; from their covariant derivatives leads to

LD gy Xy sinazZ (O, i = Xr - Ouri) + gy Xy cos azZ™ (O, Xi = Xr + Oui) (47)
where X, = X, = —1.
The flavor changing neutral currents (FCNCs) in the quark sector are induced at the tree level due to the mixing between
the SM quarks and the vectorlike quarks. We parametrize the couplings between the b-quark, the s-quark, and the massive
neutral gauge bosons as follows:

R R g R
LD X9k (Apsbry"sy + Bygbry*sg) 2, + coszw Cpsbry"sgZ, + H.c.
= {(X’ngAbs sinaz )b y*s; + (X’Qgg(BbS sinay + coizé’ Cy cOS az) bRy”sR} Z,
W
+ [(X’Qgg(Abs cosay )b y's; + <X’Qg/XBbs cosay — ﬁ C), sin az) b_Ry”sR} Z,+Hec., (48)
w
where
kgy
X, =9 49

and the parameters A, By, and C,, characterize the FCNCs in the b — s transition. At the tree level, these parameters are
determined as

Aps = (V¢ - Diag(0,0,0,1) - Vi) 3y = (V§)34(VE)ss. (50)
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By, = (V% - Diag(0,0,0,1) - V?)ﬂ = (V%)34(V75)§4’ (51)

1 1 1 1 1
Cp, = (V% - Diag <§ sin’@y, 3 sin?0y,, 3 sin?0y,, — 373 sin26W> . VZT> " (52)

Assuming that the mixing between the vectorlike quarks and the first generation quarks is negligible for simplicity, the

parameter C,, can be approximated as

1 1
Cbs ~ <—§ -+ = Sin2 Hw> Bbs' (53)

At the loop level, these parameters are considered to be the effective couplings encoding the new physics relevant to

the quark sector.

III. NEW PHYSICS CONTRIBUTIONS TO MUON
g-2 AND WILSON COEFFICIENTS

A. Muon g-2

In this model, new physics contributes to the muon
anomalous magnetic moment via the gauge interaction
associated with the massive boson Z’, and the new Yukawa
interaction between the scalar y, the right-handed lepton
Eg, and the muon. The Feynman diagrams corresponding

AR 1
AP = L N\F (o) + | —— |F
K 327r2m§r g 1+6) 7

to the leading new physics contributions to the muon g — 2
are shown in Fig. 1. The diagrams (a) and (b) in this figure
are due to the Yukawa coupling y, in Eq. (14). The
contribution related to the diagram (c) is generated from
the gauge kinetic mixing effect.

From the matrix elements of these one-loop diagrams,
after performing some algebraic calculation, we obtain the
following expression for the new physics contributions to
the muon g — 2:

)]

1
+ 4L;2/) dz(1 - z){(—gA sinaz + ¢ cosaz)?(3z—1)In[p(1 — z)* + 7]
N (=gy sinay + g% cosaz)?z(1 — z) — (g4 sinay + ¢ cos ay)?z(z + 3)} (54)
Pl -z +z ’
where
2
m
T=—F, (55)
my,
Xr Xi
s - G s - G
7 \\\ 7 \\\
/ ER ER \ / ER ER \
— - - — — - - —
1139 ©r 1239 KL
y y
(a) (b)
FIG. 1. Leading new physics contributions to the muon g — 2. The vertices purely induced by the kinetic mixing effect are represented

by an empty circle surrounding a dot.

115009-6



MUON g -2 AND SEMILEPTONIC B DECAYS IN THE ...

PHYS. REV. D 104, 115009 (2021)

5= m—g —1, (56)
2
m
p=—3 (57)

VA

The first term in Eq. (54) with the squared brackets
corresponds to the new physics contributions in Figs. 1(a)
and 1(b). Here, the loop function F(x) is defined as

F,(x) = (6xInx + x> —6x> +3x+2).  (58)

6(1 —x)*

This term is in agreement with the result in Ref. [31] for the
case of no kinetic mixing. The second term in Eq. (54) with
the integral results from the effect of the gauge kinetic mixing
via the diagram in Fig. 1(c). It vanishes in the limit £k = 0.
Since the second term is suppressed by the factor /3 as well as
the kinetic mixing coefficient, the sign of Aa})" is determined
by the sign of the first term in Eq. (54) that is always positive.

|

B. Wilson coefficients

Since the scalar and pseudoscalar Wilson coefficients
(Cg p) are severely restricted by the leptonic decay B, —
uTp~ [20], in this subsection we consider the Wilson

coefficients Cg,>1o to be used for the calculation of the
semileptonic branching ratios of B mesons. The leading
new physics contributions to the Wilson coefficients Cg )
and ng are depicted by the Feynman diagrams in Fig. 2.
Here, we consider the diagrams with matrix elements that
are proportional to the second order of the gauge couplings
g2 Or gx.

In Fig. 2(a), the new physics enters this tree-level
diagram only via the coupling of the bsZ vertex resulting
from the mixing between the SM quarks and the vectorlike
quarks. The contribution according to the diagram 2(b) is
due to the gauge kinetic mixing effect. The contributions
due to the diagrams (c)—(f) stem from the gauge interactions
of the vectorlike charged lepton Ej with both Z and Z’
bosons. The cases for the diagrams (g)—(j) relevant to the
gauge interactions of the scalars y,; are more involved.
While the contributions from the diagrams (h) and
(j) always exist, those from the diagrams (g) and (i) are
due to the ZZ' mixing that only emerges when k # 0.

The new physics contributions to the Wilson coefficients Cg,)w’ according to the diagrams in Fig. 2, are expressed as

|th V?\|

12gx + kgy (gx cosaz g, sina,
NP _ A Z\ A2 A, 59
9 12(1 — k?) m2, mZ K JSMTy e s (59)
CINP {129)( + kgy <9x 0025 az A+ ) Sile az Af)
21-2) \ m =
92(_%+%sinzew) Jx sinaZA G COS “ZAZ A2 [V Vil B (60)
2cos0yV1—k2 L m3 ¢ P R
12gx + kgy (gx cosay grsinay Vi, Vi
CNP = B, + BZ A2 s A , 61
0T -\ mE T Mg TR )Ty (61)
o — {12gx + kgy <gx cosay ) g, sinay Bf)
12(1 — k%) m2, m’
92(—% + %sin2¢9w) {gx sinay, B, — g COS Ay BZ} }A2 |V, Vil B, (©)
2cos Oy V1 —k? m2, m’ k Moy v b

where the intermediate notations Ay, AZ, By, and B are defined as follows:

3kgycosa, ¢,V 1 —k’sina,

Alg®) = {

4gx gyx COS HW

|yf|2 1 kgy 92V1—k251naz 1
+W +E cosagy — ————=

1. y/|>cosa
(=g +smen )| + 45

——+ Sin2(9W>] ga, (63)

gx cos Oy 2
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b s s s
— - — - — -
A e 7 e 7Y Br sl
|
|
1 Xr
|
|
ER
s ot 62
(a) (b) (c)
b s s s
— - — - — -
7'S Eg | l; Z$ Eg | l; 72'S Eg | l;
| | |
| | |
1 Xr | Xi 1 Xi
| | |
Er N\ Er \! Er \!
o ot o
(d B () g () r
b s b s
— - — -
Z Xr , L z' Xr o ty
7 ,/
e d
A Eg 4 Eg
N Y
AN \\
Xi N Xi °~
o 4
(2 (h)
b s b s
— - — -
Zy Xi o, 5 A Xi 5
/ ,/
d d
A Eg 4 Eg
N Y
N AN
Xr N Xr N
ot o
(i) g ) g

FIG. 2. Leading new physics contributions to the Wilson coefficients Cg) and C(lg. The vertices purely induced by the kinetic mixing

effect are represented by an empty circle surrounding a dot.

V- [ 1 3kg [v/|2gx sina
AZ() = _L e v [yePgx sinaz
£(a) {cos@w ( g TSI Ow Jeosaz + 4q, 327%g, fa

. v, {\/1 — k%> cosay ( 1 N <1 +@> Jx sinaz]gA, (64)

sin az} +

i in20
3272 cos Oy p Tl 20x o
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5 kgycosay, gV1—Kksinay| |y.|>cosay
Bk(q ) = - - 3072 /B

2 k 1 —K?si 1
L el K“rﬂ) cosa, — 22V sin a, <_§+szew)]g&

3271'2 2gX gx COS HW

4gx 4gX COS HW

) = VLR o, 1+ K9 g | DePoxsina
¢ 4 cos Oy z 4g, 7z 32720,

. Iy, 2 [\/1 — k*cosay (—%—i— sin29W> N <1 +@> Jx sinaz] .

32722 cos Oy 20x 0

In these above formulas, the loop functions f4, g4, f5, and gp are given by

Inf(zz+x+y+6x)(zz+x+y+dy)]

(65)

(66)

fa= /dxdydzé(l —x—y—Z){

2 1

2

—%z(l —Z)|:

Xr

ga = /dxdydz&(l —x—y—z){—

7+ Xx+y+ox

1
+ ) 67
Tz+x+y+6y}} (67)

In[(z(x +y) +2)(z(x + y) + z + 62)]

2

22m% + xyq® + m? [ 1
+ 2
2my,

(x+y)+

Z+T(X+Y)1+z+5z”’ (68)

n[(rz+x+y+ox)(rz+x +y+oy)]

1
fp= /dxdydzé(l —x—-y—2)

S , (69)

In[(z(x +y) +2)(z(x +y) + 2+ 67)]

gp = /dxdyd25(1 —x—y—Z){

2

2,2 2 2
my; — X —m 1
¢ yq L|:

T(

2
Zm)(,_

1
x+y)+z+r(x+y)+z+6z]}’ (70)

as the results of the Feynman parametrization. In these formulas, # is one of the SM charge leptons {e, u,7}.

IV. NUMERICAL ANALYSIS

In the numerical analysis, we assume, for simplicity, that
the new vectorlike leptons have sizable coupling with
muons (y,), while the corresponding coupling with elec-
trons (y,) is negligible. Therefore, the set of relevant input
parameters are

mxﬂmz’ak’ngwa’&Abszbs' (71)

In this section, we consider the phenomenological
constraints including the muon anomalous magnetic
moments, and the rare semileptonic decays of B mesons.
The current deviation between the experimental value and
the SM prediction of muon g — 2 is [1-3]

|
Aa, =a® —a$M = (25.1£5.9) x 10710, (72)

The on-going E989 experiment will be able to reach a
precision of 140 parts-per-billion [4]. Assuming the same
center value of Aa, as the current result (72), the projected
difference between the SM prediction and the experimental
value reads

Aagrojecled _ (251 + 46) X 1()—107 (73)

corresponding to a 5.5¢ deviation.

For the B-meson semileptonic decays, we take into
account the branching ratios of the processes BT —
Ktutu~ [36,37], B® — K*(892)°%u*u~ [36,38], and the
observables, Ry [39,8] and Ry« [39,9], characterizing the
violation of lepton flavor universality. For the muon invariant
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mass in the region ¢*> = [1.1,6.0] GeV?, the 26 allowed
ranges for the following B-meson observables are:

1.050 x 1077 < BR(B* —» K*putu™)
<1322% 107, (74)

1.382 x 107 < BR(B® — K*%utu~)

< 1.970 x 1077, (75)
BR(BT - K putu™)
0.764 < Ry = 0934, (76
SYKTBRBT S Kiete) (76)
BR BO K*O +,,—
0.53 < Ry = BRB = K" pp) o5 (77)

BR(BY — K*0¢Te™)

according to the updated results from the LHCb experiment.
The branching ratios of the B meson decay processes are
calculated using the methods described in Refs. [40—42]. The
relevant form factors from Ref. [43] are employed in our
calculation.

The searches for the Z’ boson have been carried out at the
LHC run II in various channels where the resonance decays
into dilepton [44—46], diquark [47-51], and Zh [52] for a
wide range of m up to 6 TeV. These analyses set the upper
limits on the production cross section times branching
ratios of the Z’ boson that in turn impose constraints on the
7' mass and its couplings to the SM particles. In the BDW
model, to address the muon g—2 anomaly, the loop-
induced effective coupling between Z' and muons needs
to be large enough. As a consequence, the Z' boson decays
dominantly to yf and v,7, [31]. Therefore, among these
constraints, those from the dimuon searches are the most
severe for the BDW model.

The constraints on the kinetic mixing coefficient k and
my, from electroweak precision tests and other various
experimental data from channels, like the & - ZZ' and
h — Z'7Z" decays, the Drell-Yan Z' production, were
studied in Ref. [53]. According to that, for a wide range
of the Z’'-boson mass below O(1) TeV, the current limit for
the gauge kinetic mixing coefficient is k < O(1072). For
small mass region of the U(1), gauge boson below
10 GeV, the analyses by the BarBar Collaboration [54]
and the KLOE-2 Collaboration [55] indicate the most
stringent upper bound on the kinetic mixing coefficient.
Recently, the CMS Collaboration investigated the muon
pair production channel at the LHC with the center of mass
energy /s = 13 TeV in the search for a narrow resonance
[56]. Similar analysis was also studied by the LHCb
Collaboration [57]. These results show a severe constraint
on the kinetic mixing coefficient with a Z’ boson lighter
than 200 GeV. The approximated upper bound on & for the
various range of my is summarized as follows:

103, formy <10GeV, (54,55
Lo ] 15%107, for10.6GeV <my <30GeV. [57)
T )2x1073,  for30GeV <my <75GeV,  [56]

4%107%,  for 110GeV < my <200GeV. [56]

(78)

At the LEP experiment, the search for sleptons
used the channels with the same final states as those
coming from the vectorlike leptons. Therefore, they
provide a lower limit for the mass of charged vectorlike
leptons [58]:

my Z 100 GeV. (79)

Similarly, the LHC constraint on the vectorlike lepton
masses can be derived from the data of the slepton
searches at the ATLAS and CMS experiments at 13 TeV
[59]. According to that, the vectorlike leptons must
satisfy either m; 2 O(1) TeV, or

my, —m, <60 GeV. (80)

To explain the muon g — 2 while keeping the coupling y, in
the perturbative regime, the vectorlike leptons must be light
enough. Therefore, the scenario with a small gap between
my, and m, is preferable. For m, ~ O(100) GeV, the
condition (80) implies 7 ~ O(1). Assuming that the particle
¥, 1s stable, the condition (80) becomes

0 < my, —m, <60 (GeV). (81)

The parameter region with such compressed mass spectra is
subjected to a constraint from the recent analysis by the
ATLAS Collaboration [60].

Constraints on my,

Since the mass of the scalar field y, only appears as an
independent parameter in Eq. (54), the bounds (72) induce
a constraint on the parameter m, to explain the observed
muon g — 2. In Fig. 3, we show the dependence of Aa}" on
m, for fixed values of other inputs, 7 =1.78, 6 =1,
Y, =3, and k= 0. In this case, the current bounds on
the muon g — 2 yield the 2¢ allowed range for the y, mass
to be 94 GeV <m, <157 GeV.' In the near future, when
the measurement at the E989 experiment is completed, we
expect that this range will be improved. The projected
bounds in Eq. (73) imply more severe 20 limits for this
parameter that are 98 GeV <m, <143 GeV. In the

'Note that when m,, is larger than this upper limit, although
the contribution of new physics to the muon g — 2 is not large
enough to explain the measured value at the level of 26, the model
is not ruled out completely since its predictions are still in
agreement with the SM ones.
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100} | [T current 20 bounds Projected 20 bounds

80 100 120 140 160
my, (GeV)

FIG. 3. The new physics contributions to the muon anomalous
magnetic moment as a function of m, for the case of 7 = 1.78,
6=1,y,=3,and k=0.

subsequent analysis regarding the muon g — 2, we choose
m, = 120 GeV as a representative value.

Constraints on the (A, By,) plane:

For the parameters A, and B, they are constrained by
the measurements of the branching fractions of the semi-
leptonic decays Bt — K*u*u~, and B° — K*utu~-
[Egs. (74) and (75)], as well as the ratios measuring the
lepton universality violation Ry and Ry [Egs. (76) and
(77)]. In Fig. 4, these constraints (represented by the red,
yellow, blue, and green colors, respectively) at the level of
20 are depicted on the (A, B;,) plane for fixed values of
other parameters my =300 GeV, y,=3, gx =3,
=178, and § =1, in the case of vanishing kinetic
mixing. The strips corresponding to each of these con-
straints appear approximately in the elliptical forms. It is due
to the fact that the relevant observables are quadratic

W~
1 . Ryeo

Bl BRB->K*p )
1 || BRB"->Kupr)

0 5 10 15 20 2
Aps(107%)
FIG. 4. Phenomenological constraints on the (A, By,) plane

for the case of my = 300 GeV,y, =3,9x =3,7=178,6 =1,
and k = 0.

-11.0
N
9 -11.5¢
2
Q
-12.01
23.7 23.8 23.9 240 241 242 243 244
Aps(107°)
FIG. 5. The left parameter region on the (A, B,,) plane

for the case of my =300 GeV, y, =3, gx =3, 7=178,
6=1,and k=0.

functions of the Wilson coefficients, Cg NP and C%NP, that
in turn are proportional to the first order of the parameters A,
and B,,. Here, we see that there are two overlap regions on
the left and on the right of the figure that satisfy all of these
constraints. They are extracted and shown separately in
Figs. 5 and 6. We observe that the allowed ranges for A, and
B, in the left viable region are 23.77 x 107 <A,, <
24.36 x 107 and —12.38 x 107> < B, < —10.74 x 107,
respectively. For the right viable region, the correspond-
ing limits are 208.5 x 107 <A,, <213.7x 107 and

—4F

-12f

268 269 21‘0 21‘1 21‘2 21‘3 21‘4
Aps(107°)
FIG. 6. The right parameter region on the (A,,, B,,) plane for

the case of my =300 GeV, y, =3, gy =3, 7=178, 6§ =1,
and k = 0.
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-10.5¢
-11.0f
R
S _115}
2
m
100l [ k=0.002
=] k=0.001
] k=0
-12.5¢ k=-0.001
23.6 23.8 24.0 24.2 24.4
Aps(107°)
FIG.7. The left parameter region on the (A, B,,) plane for the

case of mz = 300 GeV, Yu=3,9x=3,7=178,56=1, and
k = -0.001,0,0.001,0.002.

—12.55x 107 < B, < —4.46 x 107, From the magni-
tudes of these two parameters, it is clear that all the relevant
FCNC processes are very much suppressed.

In Fig. 7, the left regions satisfying all the considered
constraints from the B meson decays are depicted for
different scenarios with the kinetic mixing coefficient of
k = —0.001, 0, 0.001, and 0.002. They are shown as the
yellow, red slashed, purple back-slashed, and cyan regions
in the plot. We observe that the viable region shifts to the

—4t|[] k=0.002
] k=0.001
] k=0
“611[] k=-0.001
o _gl (2
5 "%
Z 7
\ :o /
_10} %20, /
10 \""‘z"": /
00 9639,
<
58 /
-12} //
206 208 210 212 214
Aps(107°)
FIG. 8. The right parameter region on the (A,,, By,) plane for

the case of my =300 GeV, y, =3, gy =3, 7=178,6=1,
and k = —0.001,0,0.001,0.002.

left toward smaller values of A,,, and increases its area
when the kinetic mixing coefficient becomes larger. As a
consequence, the windows for the parameters A, and B,
become more relaxed for larger values of k. In Fig. 8, the
situation for the right regions is shown when changing
the value of the kinetic mixing coefficient, namely
k = —0.001,0,0.001, and 0.002. We observe that the lower
bound of By, in the right region (~12.55 x 107>) remains
almost unchanged for various values of k, while its upper
bound slightly increases for larger k. Regarding the
parameter A, a larger value of k shifts its allowed range
toward the left. Meanwhile, the width of this range becomes
slightly larger when increasing k. Since A, in the right
region is about O(10) times larger than that in the left
region, it enhances the cross section o(pp — Z' — uji) via
the b5/sb annihilations roughly by a factor of O(10).
Taking into account the constraint in Ref. [45], we find that
the right region is excluded while the left one is allowed.

Constraints on (z,8) plane:

The parameters 7 and & involve in all the considered
observables. Since § is defined by the Eq. (56), it must satisfy
the theoretical condition § > —1. In Fig. 9, we show how the
constraints on AaX?, Ry, Rg+, BR(BT = K*u*u~), and
BR(B® - K*%u* ™) at the level of 20 affect the (z, 5) plane
in the case with a vanishing kinetic mixing coefficient and
fixed values of other inputs: m, =120 GeV, my =
300 GeV, y, =3, gx = 3, Ap; =242 x 107°, and B, =
—11.5x 107, We observe that most of the interested
parameter region satisfies the constraint on BR(B? —
K*%u*u™). The region with —0.5 < 8 < 0.5 results in a more
frequent decay of B” mesons into K*° and a pair of muons
that is above the upper limit. Therefore, this region is
excluded. The bounds on new physics contributions to the
muon g—2 require 0.3 <7<3.2 when 62 3.7. It is
because, for such large values of 8, the second term in the

10F

| l:‘ Aa)P
] Ry
I Reeo
N BR(B*->K*p1r)
| BR(BY->K*Ou*r)

FIG. 9. Phenomenological constraints on the (z,8) plane
for the case of m, =120 GeV, myz =300 GeV, Yy = 3,

gx =3, Ay, =242 x 1075, B, = —11.5 x 1075, and k = 0.
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T
D Current :

0.5

0.0

-0.5

FIG. 10. Viable parameter region on the (z,5) plane for the
case of m, =120 GeV, my =300 GeV, y, =3, gx =3,
Ay, =242 %107, B,, = —11.5 x 1073, and k = 0. The hatched
region corresponds to the projected result after the E989 experi-
ment. The region between the two vertical red dashed lines

satisfies the constraint in Eq. (81).

squared bracket in Eq. (54) is negligible, and Aa}* depends
mostly on the first term. As a consequence, the bounds on
Aa}}“’ specify the allowed range for 7 that is almost indepen-
dent of 6. However, this region with large 6 is roughly
excluded by the experimental data on R g+0. For 6 smaller than
about 3.7, the dependence of the allowed range of 7z on &
becomes clearer. From this figure, beside the constraint on the
muon g — 2, we see that those on the semileptonic branching
ratios of the B and B mesons play an important role in
determining the 20 allowed parameter region.

InFig. 10, the regions satisfying all these current bounds is
shown in the cyan color. When taking into account the
projected result from the E989 experiment, the viable
parameter regions significantly reduce. These regions are
depicted by the hatched areas in Fig. 10. For m, =
120 GeV, the LEP constraint in Eq. (79) is automatically
satisfied when we assume the LHC constraint in Eq. (81).
The latter leads to the constraint on 7 that is shown as the
parameter region between the two vertical red dashed lines in
Fig. 10. These bounds for 7 from Eq. (81) are actually more
severe than those expected at the E989 experiment in the near
future. We see that there are two separated viable regions
corresponding to positive and negative values of §. For the
chosen set of other inputs, the allowed ranges for the two
parameters in the former region are 1.00 < 7 < 2.25 and
0.73 £6 < 1.72, while those ranges in the latter one are
1.82 <7 <2.25 and —0.62 < 6 < —0.53. The search for the
electroweak production of supersymmetric particles with
compressed mass spectra at the LHC 13 TeV [60] excludes
the following range for the ¢ parameter given that
m, = 120 GeV:

2.5[|[7] k=0.002 :
k=0.001 I
2.0( |4 k=0

k=-0.001

%%
9
BRI

S
2
a9

0.5¢

0.01

-0.57

FIG. 11. Viable parameter regions on the (z,5) plane for the
case of m, =120 GeV, my =300 GeV, y,=3, gx =3,
Ap, =242 %107, B, = —11.5 x 1073, and various values of
the kinetic mixing coefficient k = —0.001, 0, 0.001, 0.002. The
region between the two vertical red dashed lines satisfies the
constraint in Eq. (81).

1.02 <7 < 1.43. (82)

Therefore, while the above negative-6 region remains intact,
Eq. (82) leads to two distinct positive-6 regions for the 7
parameter: (i) 1.00 < 7 < 1.02 and (if) 1.43 <7 < 2.25.

For nonzero kinetic mixing coefficients, the allowed
parameter space gradually changes. In Fig. 11, the allowed
regions on the (7, §) plane are plotted for various values of the
kinetic mixing coefficient, namely k = —0.001, 0, 0.001,
and 0.002. Similar to Fig. 10, the region between the two
vertical red dashed lines satisfies the constraint in Eq. (81).
Here, we see that when increasing k, the viable range for |§|
moves toward smaller values, leading to a narrower gap
between the positive-6 and the negative-6 regions. It is
noteworthy that the area of the positive-§ region is much
larger than the negative-6 one, implying that the scenario with
lighter y, is more favorable than the one with lighter y;.
Relevant to the parameter 7, when the value of k increases, the
range of 7 in the positive-6 region remains unchanged due to
the constraint (81), while the range of 7 in the negative-o
region expands to the left.

Constraints on the (gx,y,) plane:

InFig. 12, the phenomenological constraints are plotted on
the (gy.y,) plane in the case of no kinetic mixing and

fixed values of other inputs, namely m, = 120 GeV,

my =300 GeV, Ay, =242 x 107>, B, = —11.5 x 1073,
7= 1.78, and 6 = 1. Since the muon g — 2 does not depend
on the coupling gy, the corresponding allowed region has the
form of a horizontal band with 2.27 < |y,| < 3.84. The
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FIG. 12. Phenomenological constraints on the (gy,y,) plane for
the case of m, = 120 GeV, my = 300 GeV,A;, = 24.2 X 1079,
By, =—11.5x107,7=1.78,6=1,and k = 0.

parameter regions satisfying the constraints for other observ-
ables (R, Ry, and the branching ratios of B* and B°
decays) have the hyperbolic forms. This is due to the Wilson
coefficients C (?IZI)P that define the correlation between gy and
y,, for given values of the branching ratios. The viable region
determined by all of the five phenomenological constraints is
shown separately as the cyan region in Fig. 13. We see that
the overlapping region is a thin strip in the hyperbolic
form. Here, the viable range for the parameter gy is
2.35 < gx < 3.97. In the near future, the E989 experiment
will impose a more severe constraint on the (gy.y,) plane
which is shown in the hatched region. To explain the
anomalies on the B meson decays, the new Yukawa coupling,
yu» and the U(1)y gauge coupling, gy, are required to have
large values of O(1). Taking into account the perturbation
limits for these two parameters, shown as the horizontal dot-
dashed and the vertical dashed lines in this figure, we observe
that this theoretical condition excludes a large portion of the
allowed parameter region. Moreover, the perturbation con-
dition on gy indirectly determines the lower bound for y,,, and
the perturbation condition on y, indirectly determines the
lower bound for gy. When combining with the B meson
decay constraints, these two theoretical conditions lead to
even more severe bounds for gy and y, than those expected at
the E989 experiment. As aresult, we have 2.53 < gy < V4,
and 2.53 < |y,| < V4x.

For the case of nonzero kinetic mixing, since the effect of
the kinetic mixing on the muon g — 2 is small, the allowed
range determined from the Aa}" constraint remains almost
intact. Although the constrained regions by the B meson
decay processes (the green, the yellow, the blue hatched,
and the red hatched regions) still have the hyperbolic shape
as before, they slightly shift downward to the region with

Perturbation limit

3.5

1Yl 3.0

Perturbation limit
U s |

o5 D Current
Projected

25 3.0 3.
gx

1
1
i
I

5

4.0

FIG. 13. Viable parameter region on the (gyx.y,) plane for the
case of m, = 120 GeV, my =300 GeV, A,, =24.2 x 1079,
By, =—-11.5x1073, 7=178, =1, and k=0. The
hatched region corresponds to the projected result after the
E989 experiment.

smaller values of |y,| (while the values of gy are fixed) in
comparison to the case of vanishing kinetic mixing. This is
due to the additional contributions of the diagrams with the
Z'-boson exchange at the tree level to the Wilson coefficients
when k # 0. As a result, the above thin strip of allowed
parameter region in Fig. 13 slightly changes with respect to
the change of the kinetic mixing coefficient. To magnify this
behavior, in Fig. 14 we plot the viable parameter regions in
the (gyx.y,9x) plane with four benchmark values of the
kinetic mixing coefficient k = —0.001, 0, 0.001, and 0.002.
It is observed that, when increasing k, the viable parameter
region shifts downward indicating that smaller values of the
product |y,|gy are preferable for larger values of k. In other
words, for a given U(1) gauge coupling, gy, smaller values
of |y,| are more favored for larger values of . In this figure,
the perturbation conditions on y, and gy are represented by
the dot-dashed and dashed lines, respectively. The parameter
region satisfying these conditions stays in between these two
straight lines.

Constraints on the (gx, my) plane:

The phenomenological constraints on the (gy, m,) plane
are presented in Fig. 15 for the case of vanishing kinetic
mixing and fixed values of other parameters as y, = 3,
Ay, =242 %107, By, =—-115%x107>, 7=1.78, and
0 =1. For given values of the branching ratios, the
parameters gy and my are linearly dependent. This is
because these two parameters always come in the term of
rix in the expression of the Wilson coefficients when k = 0.

7!

For each constraint on Ry, Rg+, BR(Bt — KT pu™), and
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FIG. 14.  Viable parameter regions on the (gy, ¥, gx) plane for the
case of m, = 120 GeV, my =300 GeV, A, =24.2 x 1079,
B, = —11.5x 1073, 7 = 1.78, § = 1, and various values of the
kinetic mixing coefficient k = —0.001,0,0.001, 0.002. The dot-
dashed and dashed lines correspond to the perturbation limits on y,,
and gy, respectively.

BR(B? — K*u* ™), there are two separated ranges of the

ratio r;i’; However, there is only one overlapping region
Z/

satisfying all of these four constraints. Furthermore, this

allowed region is much more severe than the overlapping

region determined by only two constraints from Ry and

Ry~ (the blue hatched and the green regions). Therefore,

Ryt
. R0
BR(B'>K'ur)
| | BR(B" K™t r)

FIG. 15. Phenomenological constraints on the (gy,m ) plane
for the case of y, = 3, A, =242 x 107>, B,y = —11.5 x 107,
t=178,6=1,and k= 0.
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FIG. 16. Viable parameter region on the (gx,my) plane for
the case of y, =3, Ay, =242x 1075, By, =—11.5x 107,
t=178,6=1, and k =0.

additional consideration of the branching ratios of the
decay processes BY — K™y~ and B - K*Ou*pu~ (the
red hatched and the yellow regions) is crucial. The viable
parameter region from all of these four constraints is plotted
separately in Fig. 16. From this, we can determine the
allowed range for the ratio % to be 98.2-100.8 GeV.

Taking into account the perturbation limit for gy, we find
the upper bound for m  to be approximately 354 GeV in
this case.

When the gauge kinetic mixing is switched on, the linear
correlation between gy and m, is deformed due to nonzero
values of k in the Wilson coefficients. In Fig. 17, we
demonstrate the phenomenological constraints on the
(g9x,myz) plane for k = 0.002. Here, the deformation

400F"

3001

ey
J Ry
M Reo
BR(B*->K*u* i)

100} BR(BY->K*0u* )

FIG. 17. Phenomenological constraints on the (gy, m,) plane
for the case of m, = 120 GeV, Y= 3, Ay, =242 x 1079,
By, =—11.5x107,7=1.78, 5§ = 1, and k = 0.002.
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FIG. 18. Viable parameter regions on the (g, ';—") plane

for the case of m, =120 GeV, y, =3, A, = 242 x 1073,
By, = —11.5x 1073, 7 = 1.78, § = 1, and various values of the
kinetic mixing coefficient k = —0.001, 0, 0.001, 0.002.

appears when mz ~ 85 GeV is due to the sign flipping of
the ZZ' mixing angle, az, in Eq. (37). In the case with
nonzero gauge kinetic mixing, the constraint from the
muon g — 2 measurement need to be considered since Aa}fp
depends on m via the f§ term in Eq. (54). For k = 0.002,
we find the lower bound for the Z’-boson mass from this
constraint to be mz = 0.68 GeV. In Fig. 18, we plot the
viable parameter regions for various values of the kinetic
mixing coefficients (k = —0.001, 0, 0.001, and 0.002) in
the (g, %) plane. Comparing these areas, we see that, for

larger values of k, the allowed region in this plane shifts
upward implying that larger values of m are more favored
for a given value of gy. Similar to Fig. 16, the perturbation
limit for gy is important in ruling out the region with a large
Z'-boson mass. It sets the upper limit for m, for fixed
values of other parameters. It is seen that larger values of
the kinetic mixing coefficient k lead to slightly larger upper
bounds on the Z'-boson mass.

Constraints on the (y,,mz) plane:

The phenomenological constraints on the (y,, m ) plane
are plotted in Fig. 19 where the values of other fixed
inputs are m, =120 GeV, gy =3, Ay, =24.2x 1075,
By, =—-115x107,7=1.78, § = 1, and k = 0, respec-
tively. Since my is not involved in the new physics
contribution at the one-loop level to the muon g — 2 when
k =0, the constraint on Aa)" is a vertical band in this
figure. This constraint leads to the same limits for y, as
those in Fig. 12. Similar to Fig. 15, the B meson decay
width leads to an approximately linear dependence between
these two parameters (y, and my) on the plane due to the

factor lny—‘“ in the Wilson coefficients when there is no kinetic
Zl

W ey
= Re
. Ry»0
BR(B* >K* ")
| BR(B®>K )

[yl

FIG. 19. Phenomenological constraints on the (y,,mz) plane
for the case of m, =120 GeV, gx =3, A, =242 x 107,
By, =—-11.5%x 107, 7=1.78, 6 =1, and k = 0.

mixing. In particular, each of the constraints on Ry, Rg-,
BR(B* —» K*putu™), and BR(B® — K*%u*u~) determines
two allowed ranges for the values of the ratio % However,
VA
there is only one overlapping region that satisfies all of the
considered 26 bounds. This region is shown separately in
Fig. 20 with the cyan color. Since the allowed region is a
thin strip, we find that the correlation among the two

considered parameters is % ~ 100 GeV for the given set of

other inputs. From this, we can extract the limits for the Z'-
boson mass at 95% C.L. as 226 GeV < m, <381 GeV.In
the near future, when the E989 experiment get the full data,
assuming the center value of the muon g — 2 remains the
same, we can expect the new limits for the Z’-boson mass to
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FIG. 20. Viable parameter region on the (y,,mz) plane
for the case of m, =120 GeV, gx =3, A, =242 x 1073,
By, =—11.5x1075, 7 =178, 5§ =1, and k = 0.
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FIG. 21. Phenomenological constraints on the (y,,n) plane
for the case of m, =120 GeV, gx =3, A;;, =242 1073,
By, = —115x107,7=1.78, 8 =1, and k = 0.002.

narrow down to 248 GeV < my < 370 GeV as illustrated
by the hatched region. Taking into account the perturbation
condition for y,, the upper bound for my is even more
severe than the one imposed by the projected E989 result,
namely, mz < 355 GeV.

When the gauge kinetic mixing is introduced, the con-
strained regions are strongly distorted as depicted in Fig. 21
for the case of k = 0.002. On the one hand, regarding the
constraint on Aay® (the pink region) we see that the new
Yukawa coupling, y,, can be small in the presence of the
Kkinetic mixing term as the Z’ boson is light enough with its
mass of less than O(1) GeV. On the other hand, the
constraint on the branching ratio of the decay process B —
K™y~ implies that m, must be larger than about 8 GeV.
Therefore, small values of |y,| are forbidden in the case
k = 0.002. The blue hatched regions (the green regions, the
yellow regions) determined by the bounds on Ry [Rg-,
BR(B? — K*°u* )] which contain two separated ranges of
the ratio L);—;‘, asin Fig. 19, become connected in this case. The
red hatched regions determined by the bounds on BR(B™ —
K*utu™) also experience strong deformations particularly
when 8 GeV <my <90 GeV. Especially, all the con-
strained regions are deformed when the Z’-boson mass is
close to about 85 GeV where the mixing angle @, changes its

sign. The viable parameter regions on the plane (y,. ";Z')
"

satisfying all the considered constraints are presented in
Fig. 22 for different values of the gauge kinetic mixing
coefficient k = —0.001, 0, 0.001, and 0.002. We observe that
the viable region shifts up when increasing the coefficient k.
This indicates that larger values of m, are more favored for
larger values of k as Vu is fixed. Meanwhile, the allowed
range for y, is almost independent on the gauge Kinetic
mixing coefficient k.

102.0 T
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FIG. 22. Viable parameter regions on the (y,.mz) plane
for the case of m, =120 GeV, gx =3, A, =242x 107,
By, =—-11.5x% 1075, 7 =1.78, §=1, and various values of
the kinetic mixing coefficient k = —0.001, 0, 0.001, 0.002.

Constraints on k:

The phenomenological constraints on the gauge kinetic
mixing coefficient k are plotted in Fig. 23 when other
parameters are fixed as m, = 120 GeV, my = 300 GeV
gx =3, ¥y =3, Apy =242 x107°, By, = —11.5x 107,
7=1.78, and § = 1. We observe that the constraint on
Aa}fP only excludes large values of k being close to £1.
The Ry and Rg+ constraints are quite severe since they rule
out large portions of the possible range of k. The most
stringent limits on k are given by the constraints on the
branching ratios of the decay processes Bt — Ky~ and
B® — K*%u*u~. There are two narrow ranges of k satisfy-
ing each of these two constraints. This observation once

NP
Aau H

BR(B*->K* i)t

k x 103
-2-t0 123 |
-1.0 -0.5 0.0 0.5 1.0
k

FIG. 23. Phenomenological constraints on the gauge kinetic
mixing coefficient for the case of m, =120 GeV, my =
300 GeV gx =3,y, =3,A,,=24.2x107, B); = —11.5 x 1073,
1=178,6=1.
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TABLE II.

The considered observables for the case of m, = 120 GeV, my =300 GeV gx =3, y, =3,

Ay, =242 %107, B,, = —11.5x 107>, 7 = 1.78, § = 1, and four benchmark values of the gauge kinetic mixing

coefficient k.

k Aall? BR(Bt - Ktutu™) Ry BR(B? —» K*%utyu™) Ry

—0.002 2.2698174 x 10~° 1.05535 x 1077 0.76795 1.96886 x 1077 0.55552
0 2.2698173 x 107° 1.05332 x 1077 0.76772 1.96171 x 1077 0.55505
0.002 2.2698174 x 10~° 1.05129 x 1077 0.76749 1.95459 x 1077 0.55458
0.003 2.2698176 x 107° 1.05028 x 1077 0.76737 1.95104 x 1077 0.55434

again reveals how important these branching ratios are
beside Rx and Rg-. By overlapping all the ranges of k
allowed by the considered constraints, we find the viable
range of the kinetic mixing coefficient to be —0.002 < k <
0.003 when other parameters are fixed. This range is
magnified in the figure by its inset. This result shows that
the upper bound for the kinetic mixing coefficient in the
case mz = 300 GeV is comparable with that derived from
other experimental data in the case my <200 GeV as in
Eq. (78). Therefore, the B meson decays are important
channels to constrain the parameter space. At the one-loop
level, the kinetic mixing coefficient is estimated [61] to be
at the magnitude of about O(107') —O(1072) that is
already larger than the current upper bound. Therefore,
in this case, k must be nonzero at the tree level with a
similar order of magnitude and an opposite sign so that the
total effective value of this parameter is consistent with the
experimental bounds.

In Table II, as a demonstration, the relevant observables
are calculated for four benchmark values of the gauge
kinetic mixing, k = —0.002,0,0.002, and 0.003, while
other parameters are chosen the same as those in
Fig. 23. All of them satisfy the corresponding experimental
bounds at the 2o level. We notice that, in this table, while
the values of Aah” only show the differences from the
eighth significant digits when changing k, differences for
the values of other observables can be seen from the third or
the forth significant digits. It implies that the gauge kinetic
mixing coefficient has a much smaller effect on the muon
g —?2 than those on the semileptonic B decays and the
violation of lepton universality. The FCNC parameters in
the model, A,, and B,,, induce the tree-level contributions
to the BY — BY mixing. Due to the constraints on the rare B
meson decays, these parameters are required to be very
small, about O(10~*). Therefore, such contributions to the
mixing observables, Amg; and AT, are negligible in
comparison to the SM contributions” that are consistent
with the experimental values [63]. Beside the mixing of

*Note that the theoretical uncertainties of the SM predictions
for Am, and ATy are respectively about 5% and 23%, which are
relatively large [62,63].

vectorlike and SM quarks, the gauge kinetic mixing
induces additional tree-level contributions to the couplings
between the Z’' boson and all SM flavors that are approx-
imately proportional to k < O(1073). Therefore, the Z’
production cross sections at hadron colliders, as well as its
decay widths, are slightly modified by small amounts
roughly proportional to k> < O(107%) in comparison to
the case of vanishing kinetic mixing. Assuming the
existence of the kinetic mixing, we have calculated the
7' production cross section times branching ratio to dimuon
of pp collisions at /s = 13 TeV. It is found to be about
O(1) fb, that is of the same order as the experimental limit
in Ref. [45]. Thus, the benchmark point is marginally
acceptable. In the near future, more precise analyses at the
LHC will be able to test the model.

The particle y, in this model is stable and neutral under
the SM gauge groups. It can be a candidate for dark matter.
In the original BDW model, the leading contribution to the
spin-independent cross section between y, and the nucleon
was estimated to be o ~O(107%) cm? [31]. In our
analysis, the nonzero kinetic mixing slightly enhances
the chance of the spin-independent scattering by allowing
additional one-loop contributions. However, since the
kinetic mixing is limited to be k ~O(1073), such new
one-loop contributions to the spin-independent cross sec-
tion is suppressed. As a result, the total cross section is still
smaller than the coherent neutrino-nucleus scattering back-
ground [64]. With the chosen parameter sets, the pair
annihilation process of y, into a pair of leptons (u or v,) is
effective due to the large y, coupling. In addition, the
coannihilation between the vectorlike lepton and y, also
reduces its relic density since their masses are relatively
close. Therefore, the relic density of y, is smaller than the
observed dark matter abundance as obtained in Ref. [31].
Once the kinetic mixing is switched on, the above pair
annihilation and coannihilation processes happen more
frequently in the early universe, leading to a smaller value
of erhz than that in the case of vanishing kinetic mixing.
In order to account for the dark matter relic density
measured by the Planck Collaboration [65], an additional
dark matter candidate is necessary.
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V. CONCLUSION

The BDW model with additional vectorlike lepton and
quark doublets and two complex scalars charged under the
U(1)y gauge group is well motivated due to its ability in
explaining various anomalies at the same time. In this
paper, we have generalized this model by introducing the
gauge kinetic mixing term. The new physics contributions
to the muon anomalous magnetic moment and the Wilson

coefficients (Cg,)lo) have been calculated analytically. We
have investigated the parameter space of the model, taking
into account the phenomenological constraint on the muon
g—2, the updated LHCb data on lepton universality
violation (Rg and Rg-+), the branching ratios of the semi-
leptonic rare decays (B* — K*u*u~ and B® — K'u*p™),
the LEP data on slepton searches, and the LHC 13 TeV data
on both slepton and Z’-boson searches, as well as require-
ments from the perturbative theory. The viable parameter
regions satisfying all the considered constraints at the level
of 20 have been identified. The results indicate that the
FCNC parameters, A,, and By, are small enough to be
consistent with experiment data. In the presence of the
gauge kinetic mixing term, the allowed regions are shifted

and deformed in comparison to the case with k = 0.
Especially, the kinetic mixing coefficient plays an impor-
tant role in extending the viable parameter regions. The
analysis also shows that the rare B meson decays are
important channels that provide important constraint on the
gauge kinetic mixing beside the Z’ resonance searches. In
the near future, with the projected sensitivity, the E989
experiment will be able to test certain parts of the free
parameter space and put a more severe constraint on the
acceptable parameter regions of the model. Sine the Z’
production cross section times branching ratio to dimuon at
the LHC is of the same order as the current limit for certain
parameter regions, the model can be tested in more precise
analyses of this channel.
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