PHYSICAL REVIEW D 109, 115022 (2024)

Questions of flavor physics and neutrino mass from a flipped hypercharge
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The flavor structure of quarks and leptons is not yet fully understood, but it hints a more fundamental
theory of nonuniversal generations. We therefore propose a simple extension of the Standard Model by
flipping (i.e., enlarging) the hypercharge U(1), to U(1)y ® U(1)y for which both X and N depend on
generations of both quark and lepton. By anomaly cancellation, this extension not only explains the
existence of just three fermion generations as observed but also requires the presence of a right-handed
neutrino per generation, which motivates seesaw neutrino mass generation. Furthermore, in its minimal
version with a scalar doublet and two scalar singlets, the model naturally generates the measured fermion-
mixing matrices while it successfully accommodates several flavor anomalies observed in the neutral
meson mixings, B-meson decays, lepton-flavor-violating processes of charged leptons, as well as satisfying

constraints from particle colliders.
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I. INTRODUCTION

Although the Standard Model (SM) has been highly
successful in describing observed phenomena, it leaves
many striking features of the physics of our world unex-
plained. This work focuses on the issues relating to the
number of fermion generations, the generation of neutrino
masses, fermion mass hierarchies, and flavor mixing
profiles [1].

In the SM, the electroweak symmetry reveals a partial
unification of weak and electromagnetic interactions, which
is based upon the non-Abelian gauge group SU(2), ®
U(1)y, where Y is an Abelian charge, well known as
hypercharge [2-5]. The electric charge operator takes the
form Q = T5 + Y, in which T3 is the third component of
the SU(2), weak isospin. The value of 7’5 is quantized due to
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the non-Abelian nature of SU(2), . In contrast, the value of Y
is entirely arbitrary on the theoretical ground because the
Abelian U(1)y algebra is trivial. Indeed, the hypercharge is
often chosen to describe observed electric charges, while it
does not explain them. An interesting question relating to the
nature of the SM hypercharge is whether the conventional
choice of generation-universal hypercharge causes the SM to
be unable to address the issues. The present work does not
directly answer this question. Instead of that, we look for an
extension of U( 1)y to generation-dependent Abelian factors,
in general, which naturally solves the issues.

For this aim, we embed U(1), in U(1)y ® U(1), for
which both X and N are generation dependent but deter-
mining ¥ = X + N, as observed. It is clear that X, N may
be an intermediate new physics phase resulting from a GUT
and/or string breaking. Additionally, anomaly cancellation
fixes both the number of fermion generations and values of
X, N. Interestingly, we find for the first time that both quark
and lepton generations are not universal under a gauge
charge as of X, N. We investigate the model with a minimal
scalar content in detail, which is responsible for the small,
nonzero neutrino masses [6,7], the measured fermion-
mixing matrices [1,8], and several flavor-physics anoma-
lies, such as mass splittings in K- and B-meson systems
[1,9], B-meson decays [9,10], and lepton-flavor-violating
(LFV) processes of charged leptons [1,11-14].

Published by the American Physical Society
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A few recent studies have attempted to explain the
observed fermion mass and mixing hierarchies by decom-
posing the SM hypercharge to family hypercharges, say
U(l)y = U(l)yl ® U(l)yz ® U<1)Y3 [15] or U(1l)y =
U(l)Y].2 ® U(I)Y3 [16], similar to baryon and lepton
numbers that can be decomposed to family baryon and
lepton numbers, respectively. The new observation of this
proposal is that each family hypercharge identifies a
relevant fermion family; hence, the number of family
hypercharges present in the theory explains the number
of the observed fermion families. The compelling feature
of this approach is that if the Higgs doublet(s) carry the
only third family hypercharge, then the only third family
Yukawa couplings are allowed at the renormalizable level;
by contrast, the remaining Yukawa couplings are sup-
pressed, arising only from nonrenormalizable operators.
Consequently, both the models successfully describe
charged fermion mass and mixing hierarchies. However,
the reason for the existence of the observed fermion
families is not convincing yet. This is because, in both
models, every anomaly is canceled separately within each
family, as in the SM. Therefore, there is no reason why each
family hypercharge contains only a fermion family (since
various repeated fermion families may be allowed and
assigned to the same family hypercharge); thus, the number
of fermion families is arbitrary. Below, we present a novel
model in which each fermion family is anomalous, and
the anomaly cancellation restricts the number of fermion
families to three.

Let us emphasize the two features of the present work.
First, we argue that the number of fermion generations
is precisely three, as observed, which comes only from
anomaly cancellation. This is quite different from the 3-3-1
model [17-25] as well as our previous proposals [26-29], in
which anomaly cancellation implies that the fermion gen-
eration number is an integer multiple of three, and then it is
necessary to add the QCD asymptotic freedom condition to
get the number of fermion generations equal to three. Second,
in the present work, we consider the possibility that the first
lepton generation (the third quark generation) carries Abelian
charges different from the remaining lepton (quark) gener-
ations under the new gauge groups, U(1)y ® U(1)y.
Consequently, the fermion-mixing matrices are recovered,
appropriate to experiment [1,8], because necessary small
mixings arise only from nonrenormalizable operators.
Interestingly enough, flavor-changing neutral currents
(FCNCs) appear at the tree level in both the quark and
lepton sectors.

The rest of this work is organized as follows. We present
the new model in Sec. II. We investigate the fermion mass
spectra in Sec. III. We diagonalize the gauge and scalar
sectors in Sec. IV to identify physical fields. We determine
the interactions of fermions and gauge bosons in Sec. V. We
examine flavor physics observables and compare them to
experimental results in Sec. VI. We discuss the collider

bounds in Sec. VII. Finally, we summarize our results and
conclude this work in Sec. VIIL

II. THE MODEL

A. Anomaly cancellation and generation number

As mentioned, the model under consideration is based on
gauge symmetry,

SUB)c ® SU(2), @ U(1)x ® U(l)y, (1)

in which the first two factors are exactly those of the SM,
whereas the last two factors are flipped (i.e., extended) from
the weak hypercharge symmetry U(1),. The new gauge
charges depend on flavors of both quarks and leptons as

X — 3Z[Bl'r2(r—l) 4 Lir(r—])}7 (2)
N=Y-X, (3)
where B(L) denotes normal baryon (lepton) number, Y

labels the hypercharge, z is an arbitrary nonzero para-
meter, i is the imaginary unit, and r is a flavor index,

r=12,..., Nf. Notice that X is Hermitian, since =1 =
(—1)@ is always real. Additionally, the charges X’s of
quark and lepton generations determined by Eq. (2) are
either the same or opposite in sign, leading to reduced
degrees of freedom in the model. The electric charge
operator is embedded in the gauge symmetry as
OQ=T3+X+N (4)

with T, (n = 1,2,3) as the SU(2), generators. The SM
fermions transform under the gauge symmetry as follows:

L = W, en)T ~(1,2,32i"0-1, =172 = 3zi"(=D), (5)

e~ (1,1,3zi"0=1 =1 = 3zi" V), (6)

G = (. dpy)" ~ (3,227, 1/6 = 2i707Y), - (7)

g~ (3,1,2i7 07D, 2/3 — i7" (D), (8)

dg~(3,1,2i" 0D =1/3 — zi" (=), (9)

It is interesting that the charge X defined by Eq. (2) is

periodic in r with period 4, i.e., with r=1,2,3,4,5,
6,7,8, ..., then

X =2,2,-2,2,2:2,—%: %" " - (10)

for the quark generations and

X =3z,-3z,-32,32,32, -3z, -3z,3z,- -~ (11)
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for the lepton generations. Hence, we express the number
of fermion generations as Ny = 4x —y with x = 1,2, 3, ...
andy = 0, 1,2, 3. Take an example, Ny = 5 then x = 2 and
y = 3. Considering the anomaly [SU(2);]>U(1)y, we get

Z XfL

doublets

[SU2), PU(1)x {61("—1) ify=1

62x ify=0,2,3"
(12)

which implies that this anomaly is canceled if and only
if x=y=1, or equivalently N;=3 as observed.'
Because of lepton and quark generation discrepancies,
we conveniently use two kinds of generation indices, such
as a,f = 1,2 for the first two quark generations, while
a,b = 2,3 for the last two lepton generations; generically,
n,m=1,2,3 run over Ny = 3.

With N, = 3 and the fermion content as in Egs. (5)—(9),
two anomalies [Gravity]?U(1)y and [U(1)y]* are not
canceled yet, namely

[Gravity PU(1)x ~ Y (Xy, = Xp,) = =3z, (13)

fermions

U~ Y (x5,

fermions

-X;)=-272.  (14)

To cancel these anomalies, we introduce right-handed
Neutrinos  v,g ~ (1,1, X _vaR> for p=1,2,....N
into the theory as fundamental constituents, satisfying

Z X"nR = =3z,

VpR?

me =273, (15)

Solving the equations in Eq. (15), as well as requiring that
at least two right-handed neutrinos be identically respon-
sible for neutrino mass generation, we obtain a unique
nontrivial solution, such as

X, =3z, X, -3z, (16)

Vir aR
which implies that the resulting right-handed neutrinos
have the lepton number as usual.’

With presence of the three right-handed neutrinos,
whose X charges obey Eq. (16), it is easily checked
that the remaining anomalies, including [SU(3)?U(1)y,

[SUB)PUM)y.  [SUQ) Uy, [GravityPU(1)y,

'"The result N =3 is unique and independent of the QCD
asymptotic freedom condition. This is quite different from the
3-3-1 model [17-25] as well as our previous works [26-29].

The solution as obtained differs from that in the conven-
tional U(1),_, extension whose (B—L), = (—-1,—1,-1) or
(B _L)V;;R = (-4,-4,5) [30,31].

UnR

UP. [U)PU)y. and U()4[U(D)P. are all
canceled, independent of arbitrary z.

B. Minimal particle content and symmetry breaking

The particle content of the model, including fermions
and scalars, as well as their quantum numbers under the
gauge symmetry, are listed in Table I. In addition to the SM
fermions, three right-handed neutrinos must be included as
fundamental fermions to suppress the anomalies, as shown
in the previous subsection. Concerning the scalar sector, we
introduce two singlets y; , and a doublet ¢ under SU(2),.
The singlets y,, are necessarily presented to break
U(l)y ® U(1),y down to the weak hypercharge symmetry
U(1)y, provide the Majorana masses for right-handed
neutrinos, and recover the mixing matrices in quark and
lepton sectors. Of course, the scalar doublet ¢ that is
identified to the SM-Higgs doublet must be used to break

U(2), ® U(1)y down to the electromagnetic symmetry
U(1), and generate the masses for ordinary charged
fermions, as well as Dirac masses for neutrinos.

The scheme of symmetry breaking is given by

UB)ce®SUR2), @U(1)y ® U(1)y
VA2
UB3)c ® SU2), ® U(l)y
v
UG)e® U(l),.

Here, the scalar fields develop the vacuum expectation
values (VEVs), such as

TABLE 1. Matter content in the model, where a = 1,2 and
a = 2,3 are generation indices, while z is an arbitrarily nonzero
parameter.

Multiplets SU33). SU(2), U(l)y U(l)y
Ly = (vie.en)” 1 2 3z —1/2 -3¢
VIR 1 1 3z -3z
eir 1 1 3z -1-3z
luL = (yaLveaL)T 1 2 -3z _1/2+3Z
Var 1 1 -3z 3z
€uRr 1 1 -3z -1+3z
daL :(uaLsdaL)T 3 2 < 1/6_Z
Ugr 3 1 z 2/3-1z2
dyr 3 1 z -1/3-z
g3 = (uzp. ds)" 3 2 -z 1/6 +z
U3 3 1 -z 2/3+z
dsg 3 1 -z -1/3+z
&= (p7. )7 1 2 0 1/2

X1 1 1 2z -2z
X2 1 1 6z -6z
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0 A _ﬁ
<¢>—(%), mh=S5 e =T2 )

satisfying v = 246 GeV and A, ; > v for consistency with
the SM.

Notice that the scalar content introduced above is
minimal. Alternatively, a generic model can be constructed
by introducing two new scalar doublets, namely ¢’ ~
(1,2,2z,1/2 =2z) and ¢" ~(1,2,6z,1/2 — 6z), in addi-
tion to the usual doublet ¢, while the scalar singlet y,
must be retained for breaking U(1)y ® U(1)y — Y (1), as
well as providing Majorana right-handed neutrino masses
|

‘CYukaWd

Va3

+ yaﬁ%Ld’”ﬂR + ¥ q3, Puzg + =2
+y5 Liderr + ¥ lard +£Z¢ +yi1
YnhrPeir v YaptaLPesr 1LPX2€bR M

+ y1111L¢V1R + Yo Lodvpr +

Y3
Yasdar Bdpr + Y5333, pd3g + =

(note that y; can be omitted). This would produce renor-
malizable Yukawa couplings by ¢',¢” instead of the
nonrenormalizable ones (see below), which recover a
complete mixing in the quark and lepton sectors at tree
level. Additionally, such a model presents phenomenologi-
cal aspects of interest that differ from the current model and
should be published elsewhere.

III. FERMION MASS

The Yukawa Lagrangian for quarks and leptons in the
current model is given by

d d

3 X1 d3k + Q3L¢)(1dﬂR

u

3 gL X1 U3k + — Q3L¢)(1 UpR

M

M

ZaLd))(EelR

y 7%
11L¢)(2Uh1e + L drsvir

+ EfllefRﬁVlR + ithEZRXZVbR + F1,Uigvpr + Hec, (18)

where ¢ = io,¢* with o, is the second Pauli matrix, M is a
new physics scale that defines the effective interactions,
and the couplings y and f are dimensionless. The bare mass
F connects vz and v;3g, possibly obtaining a value
ranging from zero to M.

A. Charged fermion mass

From terms in the first three lines of Eq. (18), we obtain
the mass matrices for charged fermions, which are given by

[Mquﬁ——yzﬁ%, [Mq]_gg——yzs%, (19)
Mo =Vt My ==t (20
[, —ya%, M), —yzb\%, (21)
M= i o2 )y = 22 (22)

where g = u, d. Notice that the small mixing between the
first two quark generations and the third quark generation
can be induced by either yi;, v, < yaz V53 or A <M,
while between the first and last two lepton generations can
be understood by either y¢,,y%, < yi,,y¢, or Ay < M. By
applying biunitary transformations, we can diagonalize

these mass matrices separately, and then get the realistic
masses of the up quarks u, c, t, the down quarks d, s, b, as
well as the charged leptons e, u, 7, such as

Vi,M,V,, =MP=dag(m, m.m,), (23)

VZLMdVdR = MY = diag(my, m;, my,), (24)

ViM,V, =MP = dag(m,, m, m,), (25)

where V., V4, ., and V,  are unitary matrices, linking
gauge states, u = (uy,us,u3)?, d=(d,,dy,d3)", and
e= (e, ey e3)T, to mass eigenstates, u' = (u,c,1)7,
d = (d,s,b)!, and ¢ = (e,u,7)!, respectively,

Ve, c€L R
(26)

— !/ _ U _
UpLr = VuL,RuL,R’ dpr= VdLARdL,R’ €LR =

The Cabibbo-Kobayashi-Maskawa (CKM) matrix is then
given by V = VZL Vg,

B. Neutrino mass

In the current model, neutrinos have both Dirac and
Majorana mass terms, and their total mass matrix takes a
specific form,

115022-4
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L 1(_ _ )<0 MD>(I/L>+H
wa D —= (U5 D .C.,
Yukawa 2 L R ME MM I/;é

(27)
where vy g = (v1,15,v3)] p are related to gauge states,

and M and M, are respectively the Dirac and Majorana
mass matrices,

v v
M = -y —, Mply, = =Yop—=> 28
[Mply, y11\/§ [Mp]ap yhﬂ (28)
L v L VA,
[MD]lb = _ylbﬁ’ [MD]al = Yau M’ (29)
Ay Ay
M =—f" —, Myl = =12 —=. 30
[ M]ll ”\/i [ M}h b\/i ( )
[MM]lb = _Fll/b7 [MM]al = _Flfa' (31)

Supposing M > A, > v, i.e., My; > M p, the total mass
matrix of neutrinos in Eq. (27) can be diagonalized via a
transformation as

1 \/V, O /
()= D0 )0G) @
vy -« 1 0 V5, /\Vs

where k is the v -v; mixing element, k = MM, ~
o ! _ /! ! INT

v/(Ay, M), while v} p = (1, 15,13)]  are related to mass

eigenstates, connecting to v, g via unitary matrices V,, . as

v, =V, U, vg =V, Ug. (33)

Then, the mass eigenvalues are approximately given by

diag(my, my, my) =~ =VI MpMyMLV, . (34)
|

%921)2 0

Hence, the boson W is a physical field by itself with mass
m?%, = g*v? /4, which is identified to the SM W boson, thus
v = 246 GeV, as expected.

Concerning the neutral gauge bosons, the mass-
squared matrix M3 always has a zero eigenvalue (i.e.,

photon mass) with corresponding eigenstate (i.e., photon
field),

_ 9x9nAs + g9nB + 99xC
VR + S+ ok

A (39)

49572 (A +9A3)
Lggnv*  —4gxgnz (A +9A3)

diag(M,, My, M3) =~V M,V (35)

UR»

in which m 5 3 ~ v?/ A, are appropriately small, identified
with the observed neutrino masses, whereas M ;3 ~ A, are
the sterile neutrino masses, being at the new physics scale.
Note that the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
matrix can be written as U = V) . V., - Note also that F only

contributes to right-handed neutrino mixing but does not
set the seesaw scale.

IV. GAUGE AND SCALAR SECTORS

A. Gauge sector

The gauge bosons acquire masses via the scalar kinetic
term Y g 4 (D¥(S))"(D,(S)) when the gauge sym-
metry breaking occurs. The covariant derivative takes
the form

Dﬂ = 0/4 + igsthW + ingAnM + igXXBﬂ + igyNC,,
(36)

where (g;.9.9x.9n)> (t,. Ty, X,N), and (G,.A,.B,C)
are coupling constants, generators, and gauge bosons
of the (SU(3)¢, SU(2),, U(1)y, U(1)y) groups, respec-
tively. Identifying the charged gauge bosons as Wi =

(A1, F iAy,)/ V2, we obtain

2.2
gv |
£ CEWe Wy 45 (B COMY A, B,C)T. (7

where

— 199N’
—4gxgnz* (AT + 9A3) ) (38)
zl‘g,zv[16zz(A% + 9A%) + v?]

|
From here, the interaction of the photon with fermions
can be calculated [32]. Identifying the coefficient of
these interaction vertices with the electromagnetic coupling
constant, we get the sine of the Weinberg’s angle as

Sw = 9x9n/\ 9% 9% + 9% + §° g%, and thus the hyper-

charge coupling to be gy = gxgn/ g§ + g%, = gxSp =
gnCo, Where the angle 6 is defined by 7y = gy/gx. We
rewrite the photon field,

A = sy Az + cy(s9B + ¢4C). (40)

115022-5
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Hence, we define the SM Z boson orthogonal to the photon
A and a new gauge boson Z' orthogonal to both A and Z,
such as

7z = CwA3 - Sw(SQB + CHC), (41)

Z, = CgB - SQC. (42)

In the new basis (A, Z, Z'), the photon A is decoupled as a
physical field, whereas two states Z and Z' still mix by

themselves via a 2 x 2 symmetric submatrix with the
elements

2,2 Po?
my = H m%z’ = HSW% (43)
PP
m2, === [1622(A? + 9A2) + s30?]. (44)
529

Diagonalizing this submatrix, we get two physical fields,
Z, =c,Z—s,7, Zy =s,Z+c,Z', (45)

and two corresponding masses,

1
my = 3 [m% + m2, — \/(m% —-m2)* + 4mzz/}
4

m
~m — mZZZ’ , (46)
ZI

2

1
my = 5 [m% +m% + \/( - m%)? +4mzz,} ~ms,,

(47)

where the approximations apply due to » << A ;. Also, the
mixing angle ¢ in Eq. (45) is given by

2 3. .2
- 2m3,, - SpCov
? mL, —my 8swzi(AT+9A])’

(48)

It is easy to see that the Z-Z' mixing is small as suppressed
by v?/ A%‘z. Additionally, the field Z; has a mass approxi-
mating that of the SM, and thus, it is called the SM Z-like
boson, whereas the field Z, is a new heavy gauge boson
with mass at A, scale.

It is noteworthy that the present model contains two
Abelian gauge groups U(1)y y, in which the SM fermions
have both nonzero U(1)y and U(1)y charges. Con-
sequently, a nonzero gauge kinetic mixing between two
relevant gauge bosons, i.e., £ D —%eOBMDC"”, can arise at
the one-loop level, given that this mixing vanishes at
a high-energy scale due to some grand unification.
Therefore, the Z-Z' mixing is not only given by the mass
mixing discussed above but also induced by the gauge

kinetic mixing. Additionally, this kinetic mixing is
easily computed by generalizing the result in [33] to

be € = 55> X (Ny, + Ny, ) Iny, m’, where f runs over
every fermion of the SM with mass my, and m, is a

renormalization scale. Thus, we estimate €5~ 107

2472 X
(B89 ) In 10" () (500 ~

~ 107, This kinetic

mixing effect is radically smaller than that from the tree-
level mass mixing, since ¢ ~ 1073 > ¢, ~ 107, taking
A1 2 O(10) TeV (see below). Hence, the gauge kinetic
mixing is negligible and suppressed.

B. Scalar sector

The current model’s scalar sector contains a doublet ¢
and two singlets y;, under SU(2),. Thus, the scalar
potential has a simple form as

V=" ¢ + waxin + wisx: + (Arixs + He.)
+ (@) + hlrin)’ + A 0isra)?
+24(9° D) (rixr) + 45 (@) (rsxa) + A6 (ixn) (rsra)
(49)
where the couplings A’s are dimensionless, whereas u’s
have a mass dimension. The necessary conditions for this

scalar potential to be bounded from below and yielding a
desirable vacuum structure are

Hias <0, iy 23>0, (50)
Ao > =23Tidas s> —=2/Aka g > —2+/Aads.
(51)

To obtain the physical scalar spectrum, we expand the
scalar fields around their VEVs, such as

¢_<¢@

1 . 1 .
01 =—= (A1 + 85 +iAy), 22 = —=(Ay + S5+ iA3),

V2 V2

¢+
L5, +iA1)>’ (52)

(53)

and then substitute them into the scalar potential. By using
the potential minimum conditions given by

20,07 + AgA2 + AsA2 + 243 = 0, (54)
2&2/\% + /141]2 + )*6[\% + 3/1/\1/\2 + 2/1% = 0, (55)

we get the mass-squared matrix for CP-even scalar
sector as

115022-6
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20,0° AU\

A0y F(40 A 4300 Ay (2261 A5 +3AAT)

Asvhy 3(226M A +3AAT) 3 (44303 = 2AT)
(57)

/15 ’UAZ
Mi=

Because of the condition, v << A;,, the first row and
first column of M? consist of elements much smaller than
those of the rest. Therefore, the matrix M3 can be
diagonalized by using the seesaw approximation to sepa-
rate the light state (S;) from the heavy states (S;3).
Labeling the new basis as (H, H,, H,), for which H is
decoupled as a physical field, we have

|

[A(A43 + 3AsA1A3) — 2(22344 — Ashg) N3]V

HZSI —6152—€2S3 (58)
with a corresponding mass
m%{ ~ 2],11}2 - ((:'1/14/\1 + 62)“5/\2)1}, (59)

while the remaining states H; ~¢;S;+ S, and H, ~
€,81 + S3 mix by themselves via a submatrix as

L1 ((GaA +30A0)A (246A0+32A1)A, 0
_5((2/16A2+3/1A1)A1 (4303 - AA9) > )

Above, the mixing parameters are given by

€ = s 61
! 2B2AA, 4+ Ao AT = 323A5 + 3A6ATAS) — (42203 — 22) A1 A3] (61)
[31(14/\% — ),5/\%) - 2(2/1215 - /14),6)/\1/\2} ’UA2
€ = A3 7 3 272 2 37 (62)
2[BAPA] Ay + A AT = 32305 + 3A6ATAT) — (4043 — Ag) A A3)
which are small as suppressed by v/A ;.
Diagonalizing the submatrix M?, we get two physical fields,
Hl :CZjHl _SZjHZ» szngl +C§H2, (63)
with corresponding masses
1
mi, = o {403 = AT+ (BaA +32A)AI A
. 2
F \/[4/13A% — AN = (4251 + 320 A Ay)? + 4(206A; + 3/1A1)2A%A§}, (64)
ixi is oi AA;, +3MA

where the mixing angle £ is given by Gy = A Gy — 147 + 3N\A3 (67)

o 2246 + 321 )A A,
BT AN — AN — (AN, £ 3AM)A A,

(65)

The Higgs boson H has a mass in weak scale like the SM
Higgs boson, so H is called the SM-like Higgs boson,
whereas H;, are the new Higgs bosons, heavy in A,
scale.

The CP-odd scalars, A;,3;, mix by themselves via a
mass-squared matrix

A 0
Mi=310 -9MA,  3AF | (66)
0 3A2  —A¥/A,

This matrix has exactly two zero eigenvalues correspond-
ing to two eigenstates,

PN oA

which are the Goldstone bosons associated with the neutral
gauge bosons, Z; and Z,, respectively. The remaining
eigenstate labeled A is a physical pseudoscalar orthogonal
to Gz,, heavy at the A, scale, namely

A? A2)A

A 2412 1413

VAT +9A3

Here, the requirement of positive squared mass implies the
parameter 1 to be negative.

Concerning the charged scalars, we obtain a massless
eigenstate, Gi, = ¢7, identical to the Goldstone boson
eaten by the SM W boson.
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V. FERMION-GAUGE BOSON INTERACTION

We now consider the interaction of gauge bosons with
fermions, which results from the fermion kinetic term, i.e.,
> Fiy*D,F, where F runs over fermion multiplets in the
model. For convenience, we rewrite the covariant derivative
in Eq. (36) in the new form of

D,=0,+igt,G,, +igswQA, +ig(T.W; +H.c.)

l S
+—g [ (T3 = s3,0) —s5,——(X - sey)] Zy,
Cw S9Co
l
+_2[%( g—sWQ)+C-—K{X—16KﬂZM, (69)
Cy SoCo

where T = (T, £iT,)/ V2 are the weight-raising and
lowering operators of the SU(2), group. Notice that Q, T3,
and Y are universal for every flavor of neutrinos, charged
leptons, up-type quarks, and down-type quarks, but X is
not. Consequently, both Z, and Z, flavor-change when
interacting with fermions, in which the flavor-changing
effect associated with Z, results from the Z—Z’ mixing to be
small, whereas the flavor change associated with Z, is
dominant, even for ¢ = 0.

It is easily checked that the interaction of gluons and
photon with fermions is similar to the SM, while the
interaction of the W boson with fermions is modified by the
PMNS matrix,

g
L£> __( viLy Ut]e]L + iy vz]d]L)

V2

where i,j=1,2,3 are mass eigenstate indexes, i.e.,
vip ={V) b V), e ={e p 1y, u; ={u,c,t}, and
d;=1{d,s,b}.

For the interaction of Z;, with fermions, using the
unitary condition of mixing matrices,

F+Hec., (70)

_ vyt _yT _yT
VeLR V”LR VdLR

Vi .V

VLR " VLR 14 14

VdL.R — 1, (71)

€LR ULr

we obtain a flavor-conserving part, given in the form of

7, — _
LD - {C1LV1L7 Vi + Cop (T, vy, + D5 rivs, )
+ CR (’/1R7 Vg = Uagt*Vag — Usgr*Vig)
-t Z Z
+ frlay' (f) = g4 (Nrslf Y 2, (72)

where I =1,2, and f denotes the physical charged
fermions in the model. Additionally, the flavor-conserving
couplings are given by

Zy _ Sw 2
CIL —C¢—S¢—c€(6z+sg s

So
Z Sw
Cyp =c,+ swm (62 —s3), (73)

TABLE II.  Flavor-conserving couplings of Z; with the charged
fermions.
z z

f gy' (f) 94" (f)
e cp(25% —3) = 3s,sw (1o + 3j—fﬁ) L(s,swtg —¢,)
M, T c (253 —3) = 3s,5w (310 — %) 2 (s,8wtg — ¢,)
u, ¢ oz =35%) +5,5w (G e %C()) 3(cy = SySwto)
! Cw(%_%s%v) +S¢SW(%I‘€+%) %(Ctp quSWIQ)
d s Cq)(% S%V - %1) - quSW(%l lg + Sg_;) %(S(pswtﬁ - Cq))
b ¢pGsiy —3) = spswigto =5 3 (syswig = c,)

65wz

Cyl = —s5,—2, (74)
SoCo

G (f) = ¢,[T5 (fL> —20(f)s}]

—Sax; [T5(f1) =20(f)]sj +2X(f)}. (75)

0to
92 (f) = T5(f1)(c, = sySwlo), (76)
Z Z, Z
CIL 2L — Clll‘,ZL Cp=Sp:Sp—>—Cy° CR_ = CRI |Sw_’_cw’ (77)

g\Z/ZA (f) = g\Z/IA <f)|c¢—>sq,.sq,—>—c¢' (78)
More specifically, we show the flavor-conserving couplings
of Z,, with the charged fermions in Tables II and III,
respectively. It is easy to see that the Z; couplings with the
fermions are identical to those of the SM Z boson in the
limit ¢ — 0.

To obtain flavor-changing part, we look at fermion-Z; ,
interactions induced by X-charge, namely

gty

LD 7(ZL VTl g + QYT yqLR) (S Z1y — € Zoy).
Co

(79)

where we have denoted T, = diag(3,-3.-3), T, =

diag(1,1,-1), and [ = v, e, while ¢ = u, d. Changing to
TABLE II. Flavor-conserving couplings of Z, with the
charged fermions.

z 7
f 9 () 9a’ ()
e 5,(25% = %) +3c,sw(3 10 + 559) —3(c,swig +5,)
U, T 5,(25% —3) + 3¢, 5w (% wﬁ) —3(c,swig +5,)
u, ¢ Scp(% - %S‘%V) - C[/,SW(% lg — sz‘e) %(C(pswfe + S(/,)
! Scp(%_%s%v) _qusW(%IH +%) %(c(/,swthrs(,,)
d, s s,(3s% — 1)+ sw(tey + 33;9) — (e swig +5,)
b S¢(_%S%v—%)+%sw(%fe—s§—§g) —%(%Swta*'sq))
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the mass basis via transformations [, g =V, [} » and
, .
qr.r = Vg, 918> We Obtain

L£> % e V}LL_R T,V I r @R Vi T Varxdir)
X ()21, = CpZoy)
2;5;;‘] (3[V7L]1i[V1L]1jZiL7”le — Ve, 1V, 3@ ;)
X (8,21, —CyZoy) + (L = R)
= (F%ZiL}’”le + F?,L Gi?" 1) (SpZ1 = CypZoy)
+ (L - R),

D

(30)

which give rise to flavor-changing interactions for i # j.
Here, we have labeled

. 6gzty q 2gzty

e — Vilav, ], T =— VE 1V 1L
ij $9Co [ lL]ll[ L]l] ij $9Co [ qL]Sl[ qL]3J
(81)
|

dg dg

1l
_ dp dp dp dr dp i59r

Vi, = | =si5cas — ciisiisaie

dg dg dp dr dp isir
S12523 — €12851363€

de — v pde
;j =sind;f. Since V;, has not

been determined, as mentioned, the mixing angles 9;1;? and
the CP phase 5% are free. To reduce the degrees of
freedom, we assume that there is a relation among Hidf

d d
where ¢; = cos¢; and s

following the Euler’s angles of CKM matrix 65*™ accord-
ing to one of the following four scenarios,

st SO s sEY
iy = R Ay = N (Normal relation — QNR),
S12 12 S12 12

(83)
sif _si™M s s
e = SRV dy = Ok (Inverted relation — QIR),
S12 13 Si2 023

(84)
st _sEM s s
K = CRM - = O (Mixed relation — QMR1),

12 12 S12. 023

(85)
st _sp™M s e
iy = R Ay = O (Mixed relation — QMR2),
S12 13 S12 12

(86)

VI. FLAVOR PHENOMENOLOGIES

To explain some flavor anomalies based on flavor-
changing interactions in the current model, we first perform
some assumptions for related parameters. It has been
previously mentioned that the CKM and PMNS matrices
are determined as V = VZL Va, and U = VZL V,,» respec-
tively. For the sake of simplicity, in this section, we align
the lepton mixing to the charged lepton sector, i.e., V, =1
and U = VZL. Similarly, for the quark sector, we align
the quark mixing to the down quark sector, i.e., V, =1
and V =V, . That said, we focus solely on studying the
flavor-changing of down quarks. It is noted that V,, ;. are
completely arbitrary on the experimental side, i.e., they
are not fixed by the current experiment, similar to those of
the SM. Therefore, we choose V, =1, while we para-
metrize the right-handed down-type quark mixing matrix
V4, through three Euler’s angles G?jR and a CP-violating
phase 8¢ in the same way that we do so for the CKM and
PMNS matrices, namely

dg dg dr —isiR
S12€13 Si3¢€
dp dg dg dg dr isir dp dg
C12€3 = S12513523€ C13523 ’ (82)
dg dg dp dr dp isir dr dg
—C12823 — 81251363 € €133

in which ss.KM = sin GiCjKM [34]. Hence, for each the

assumed relation, the matrix V, contains only two free
parameters, s‘lig and &%, Notice that the Euler’s angles of
the CKM matrix can be defined via the Wolfenstein
parameters 4, A, p,# [35-37], i.e.,

CKM _ CKM _ 492
s = A, sy = AN,

STRM = A3\ /p? + 77/ (1 = 22/2).

Similarly, although we have imposed U = VZL, the right-
handed charged lepton mixing matrix V,, is still arbitrary
on the experimental side. Thus, we can parametrize it via
three Euler’s angles GfJR and a CP phase 6°¢ in the same way
above and assume that there are four different scenarios of
relation among Hff following the mixing angles of PMNS

(87)

matrix QEMNS, such as
oS
T OPVRS® (VRS (Normal relation — LNR),
23 53 23 53

(88)
B s
e = NS —er = pvng (Inverted relation —LIR),
53 Si2 $23 513

(89)
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TABLE IV. Common SM parameters.

Parameters Values

O 1/137 [1]

my 80.377 GeV [1]

my 91.1876 GeV [1]

Gr 1.1663788 x 1075 GeV~2 [1]

S%V 0.23121 [1]
ISR g N
e = NS e = pyvns  (Mixed relation —LMR1),
S3 81 S3 823

(90)

TSI LR
e = NS er = pains  (Mixed relation — LMR2),
Sz 823 Sz 83

(91)
where sif =sin6;f and s;"™° = sing;M5. In this work,
we take the best-fit values of neutrino oscillation data
with normal ordering hierarchy, given in Ref. [8]. There-
fore, for each the above relation, the matrix V,, contains
only s5% and &% as free parameters. Furthermore, in the
limit » < A5, we have f, ~v?/A}, < 1, hence we
can neglect the Z-Z' mixing. For the VEVs A;,, we
assume that A; = kA, where k is a dimensionless coef-
ficient. Consequently, our model leaves six free parameters:

z, k, \y, s‘lig, sgg, and 6. Numerical values of the relevant
common SM parameters are listed in Table IV, while those
of known input parameters associated with quark and
lepton flavors are listed in Tables V and VI, respectively.

We would like to note that the new scalars H;, and A
also induce flavor-violating interactions, in addition to the
new gauge boson Z'. However, these flavor-violating
interactions are proportional to m, 4,/A;» < 1, and thus,
significantly smaller compared to those caused by the
Z' gauge boson. Therefore, the following analysis will
only focus on flavor phenomenologies from the Z’
gauge boson.

A. Quark flavor phenomenologies

This subsection focuses on flavor phenomenologies
in the quark sector with controllable theoretical uncertain-
ties. Because the quark generations are not universal
under U(1)y ® U(1)y, the model predicts flavor-changing
processes in the quark sector associated with the new
gauge boson Z'. These processes occur at the tree
level for K,B,, and B; meson oscillations or at both
tree and loop levels for the quark transitions b — se; ey
with e; = {e;,e,} = {e,u}, such as branching ratio
of By - u"u~, branching ratio of inclusive decay
BR(B — X,), and ratios Ry g+ =BR(B™ - K™% u*u~)/
BR(B+’0—>K+‘0*6+€_).

The effective Hamiltonian relevant for the above proc-
esses can be written as [44]

TABLE V. Numerical values of known input parameters for quark flavors.

Parameters Values Parameters Values

fx 155.7(3) MeV [38] mg 497.611(13) MeV [1]
fB, 230.3(1.3) MeV [38] mg 5366.88(11) MeV [1]
Ny 190.0(1.3) MeV [38] mg, 5279.65(12) MeV [1]
m, 2.14(8) MeV [38] my 4.70(5) MeV [38]
m.(3 GeV) 0.988(11) GeV [38] my 93.40(57) MeV [38]
m, 172.69(30) GeV [1] iy, (my) 4.196(14) GeV [39]
N(Ey) 3.3 x 1073 [40] C§M(;4b =2.0 GeV) —0.3636 [40-42]
CSM(u, = 5.0 GeV) 4.344 [43] CM (up = 5.0 GeV) —4.198 [43]

Vs 0.0645(3) [9] A 0.22519(83) [39]
A 0.828(11) [39] p 0.1609(95) [39]

n 0.347(10) [39]

TABLE VI. Numerical values of known input parameters for lepton flavors.

Parameters Values Parameters Values

m, 5% 107 GeV [1] (sPHINS)2 0.30410013 18]
m, 0.105 GeV [1] (s5YINS)2 0.4507001¢ (8]
m, 1.776 GeV [38] (sTYNS)2 0.0224600065 [81
r, 3x 1071 GeV [1] SENNS (%) 23023 [8]

I, 2.27 x 10712 GeV [1]
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Hi™ = Z (C30% + CROZ +2Cx Cy OxOy)

X=K.B,.B,

4G
——Z ViV Z (CyOy + CyOy),  (92)
V2 Y=789.10

where G is the Fermi constant and V, ,, are the CKM
matrix elements. The first summation contains contribu-
tions to meson mixing systems d;d; — d;d; with d; ; =
{d,.dy.d3} = {d.s.b} and d; # d;, while the second
summation relevant to the b — sej ey observables. The
primed operators Oy , are chirally flipped counterparts
P; <> Py of unprimed operators Oy y, defined as

O =sp'PLgd,  Of) = 5y"Py )b,

(92 = dy*P(pyb, (93)
' s - wra u
o) = T2 5 T Pruyb) G, (94)
0__ ¢ . _
Og - 1671'2 (SyﬂPL(R)b>(el}/ﬂel)a
, 2
Oy = 62 57 Pwb)@mrser), (95)
where P; p :% 1 F y5). The operators Og,,)s contribute

(
mainly to BR(B — X,y), whereas 05’,)10 dominate the
BR(B,; — ¢; ¢y) and the ratios Ry x-. The new physics

contributions to the Wilson coefficients (WCs) CQ?’ can
come from either the tree level or the quantum level
(loop, penguin, and box diagrams), or from both.
Generally, we can decompose the new physics contribu-
tions as CQ?P = Cg?gee + CQ‘Y‘”P + CQ;c“g“i“ + CQ?OX,
where the contribution of each style of diagrams is indicted
by the superscripts. For the tree-level contributions as
described by Feynman diagrams in Fig. 1, we obtain

C11r<ee = _% [VZL]31[V[1L]32’

C/1t<ree == sjfjj:/z/ [VZR]N [de]nv (96)

Cgfe = _sjg;‘:/z/ [ ZL]32{VdL]337

i = =20V, 1 Vs 97)
éze = _%[ ZL]31[V[1L]33’

Ol ==V b Vi (98)

d;j d; b e;
A A

d; dj S e}"

FIG. 1. Tree-level diagrams induced by new gauge boson Z’ for

meson mixings (left) and b — sej ey transitions (right), where
di,j = {d,S,b} and di ?é dja ey = {e,//l}-

C;ree.e, _ FdL m%v 1 (47T>2 962 (61) ’

BeyViVag &
/tree, e d, m%V 1 (4”)2 g\Z/2 (el)
Co =TI 3 7 (99)

*
cwViVig e mz,

my 1 (4n)? g3 (e))

Ctree,e, _ _FdL — s
10 PewViVg & ml
3 1(4n)? gy
e _ _pdy My L 72) 9 (261). (100)

23 *
CthSthg e mz/

For the quantum-level contributions, they are obtained from
the one-loop, penguin, and box diagrams that contain
gauge boson Z’, down quarks f =d, s, b, and charged
leptons k = e, u, 7 to be internal lines, given in Fig. 2. We
use 't Hooft gauge { =1 for calculating these diagrams.
With the diagrams (a) and (b), we calculate on shell, i.e.,
g* =0, p? = m2, and p? = m?. Because m, < m,, we set
the s quark mass to be zero, my; = 0, and keep the mass
of b quark at the linear order, i.e., mlz7 = 0. Additionally,
we calculate in the limit m7/m3,, m;/m3, <1 since
mr~O(1) GeV < my ~O(1) TeV, for simplicity. It
is important to note that under this limit other loop
diagrams with unphysical Goldstone boson ¢, are sup-
pressed by factors m]%/m%,,m%/ m2, < 1, hence we can
safely ignore the box diagrams with the Goldstone boson
¢ and keep only the ones with physical gauge boson Z'.
We have the expressions for these contributions at the scale
Kz = My as

Zm%V 1

9m%/ V;FS th gZ

« Y (rrh-aTirgrg ) qon
=123 b

1
() = =

_ 2my 1
9m%, ViV ¢

sdg~dp My, wdyd,
X E <Fi2 s — e s ),
i=123 b

1
C7° (uz) =

(102)
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b s

(a) One-loop diagrams for C’él)

b s

er er

(¢) Penguin diagrams for C’( )

b s

(b) One-loop diagrams for C’g)

A
b —»— —»— €]
fy Aey
S —4—— g —4— €]
A

(d) Box diagram for O{S:)IO

FIG. 2. Radiative contributions to C(7,,)8.9.10, where k = e,u,7 and f =d, s, b.

() =
(103)

2 sdp dy, m>
_myy 1 I, s i+2] d;
27 9 2

Cgenguin,e,.y (ﬂ /)

mz’gz —123 ?\ th mz,
(104)
C/penguine, y( ) M%Vl Z Ffzdkl“ R( 1 21 mi)
7)== " ——+-In—* |,
5 ML P A ViV \ 279 ml,
(105)
2
m 1
Cbox,e, N~ — w1
o (uz) 452 mé 7 G5 5
*d
L Tt (051 + 05 1) (106)
;Fs th '
C/box,el( ) m%v 1 Z
Hz)=——>5 5
’ Asiymy g* iS123 /=123
*dpd, er |2 er (2
TR )

VTS th

B (), O () = =3 (),

2

S
45} wmy g =123 j=123
CETEIT I

V;Fthb '
C/boxe,( ) m%v 1 Z
py) - —

4sjym3, g* 4 123 /=123
CHTEIGIE -G

*
ts tb

It should be noted that the penguin diagrams with off-shell
SM Z-like boson do not give the contributions to WCs in
the limit mf,,_ /mé, — 0; thus, we do not include these
diagrams in our calculation.

Next, we determine the new physics contributions to
each observable in terms of WCs. Firstly, for the meson
mixings, we can decompose the contributions to meson
mass differences as Amg g g, = Amyp 5 4+ Amiy g |
where the SM contributions Am%%ﬁd are shown in the
second column in Table VII, and the new physics con-
tributions Amy", 5., are estimated by [45,46]
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TABLE VII. The SM predictions and experimental values for flavor-changing observables related to quark

sectors.

Observables SM predictions Experimental values
Amg 0.467 x 1072 ps~! [1] 0.5293(9) x 1072 ps~! [1]
Amg 18.77(86) ps~! [47] 17.765(6) ps~! [9]
Amyg, 0.543(29) ps~! [47] 0.5065(19) ps~! [9]
BR(B; —» utu™) (3.66 £0.14) x 107 [48] (3.45 £0.29) x 1070 [10]
BR(B - X,7) (3.40 £0.17) x 107* [40] (3.49 £ 0.19) x 107 [9]
Ry 1.00 £ 0.01 [49] 0.94910047 £ 0.022 [10]
R 1.00 4 0.01 [49] 1.027-+0072+0.027 11

—0.068-0.026

2 3 m 2
am =5 red (cpo - [+ (5 ) e + (e fmesi (110)
A NP 2R Ctree 2 3 mB tree ’Lree /tree\2 2
i = Re{ (0 - [+ (5 ) el + € fma (a
2 ce 3 mB 2 ce ree ree
Amg}jggRe{(cgd )2 - [§+ (T —|—dmh> }cg Chee + (O )2}m3df129d. (112)

Note that the SM Z-like boson also contributes to meson mass differences due to the mixing of Z—Z'. However, these

contributions are proportional with sé, so we ignore them.

For the branching ratio BR(B; — u"u~), we have the following formula [50],

BR(B; —» pu™) =

where 75 is the lifetime of B, meson, a.y is the fine-
structure constant, and the WCs are defined as CY, =

CSM - C\P#, ) = NP with CSM being the SM WC,

given in Table V and C(lgNP” CE())"CC” + Cg&boxﬂ . Due to
the effect of B,—B, oscillations, the available experimental

value relates to theoretical prediction as [51]

BR(B; — uu”) BR(B; — pu7).  (114)

exp 1 _yY

where y, = AIEB‘ and the value of y; is presented in Table V.

The branching ratio for the decay B — X,y is given
as [52,53]

- 60, | ViV |?
BR(B — Xi7) =2 = 2UCH ()P + €y )2
T cb
+ N(EJ,)]BR(B - X, eD), (115)

where N(E,) is a nonperturbative contribution which
amounts to around 4% of the branching ratio. We com-
pute the leading order contribution to N(E,) followed
Eq. (3.8) in Ref. [40] and then obtain N(E,) ~3.3 x 1073,

2nG?F fB |Vsz?s|2mB my U |C (113)

|
Additionally, C is the semileptonic phase-space factor,
C = |Vip/Vep'T(B - Xcet,)/T(B — X,ep,), and
BR(B — X_ eb) is the branching ratio for semileptonic
decay. It is necessary to consider the QCD corrections to
complete the calculation for this branching ratio. The WCs

Cg) (p;,) are evaluated at the matching scale y;, = 2 GeV by
running down from the higher scale u, via the renormal-
ization group equations. Its expression can be split as

Cylup) = C3M(up) + O (), Colup) = 7 (p),
(116)

where C5M () is the SM WC and has been calculated up

to next-to-next-leading order of QCD corrections with the

result shown in Table V. Otherwise, for new physics (NP)
contribution, we have the result at leading order [53] as

Y™ (uy) = k7Y () + k5" (1)
+ AZ?cuHent(Mb)’ (117)

where the last term stems from the mixing of neutral
current-current operators generated by Z' and the dipole
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operators O; 5. Besides, the coefficients k; g are called NP
magic numbers, and their numerical values are given
in Ref. [53].

Lepton flavor universality violating (LFUV) obser-
vables Ry k- in the range of squared dilepton mass ¢ =

[1.1,6.0] GeV? are defined in terms of new physics WCs

CoIN, given in [54],

= {1+ 0.24Re[Cy"* + C5**

RSM
—0.26Re[C) " + C"*] + 0.03(|CHP* 4 CoP* |2
+ |CNPF ’NP}4| M1 +024RC[CNPe 4 CINPe}
—0. 26RC[CNPe + C/NP e] 4 0. 03(‘CNP6 + C/NPe|2
+|CNPe /NPe )} 1 (118)

Rg _ NPy NPy

RV = {14+ 0.18Re[Cy ¥ — Cy ]

w

—~ 0.29Re[C) " — C¥] + 0.03(|CY™* — Cp™*P?
+[Clo " = Cly ") H1T + 0.18Re[C5™¢ — C5]

NP,e
— 0.29Re[C\P —
|CNP,e

C/NP L’] + 0 O3(|CNP N C/gNP,€|2

/NPe| )} 1

(119)

We also need to take into account QCD corrections here.
At the leading order, the Cg o' are shifted by €=
2In(my/m,) where a is the strong coupling at scale
my . This effect of QCD corrections modifies the value of
WCs by around a few percent with m, ~ O(1) TeV > m,,.
However, the effect of QCD correction is insignificant in
the ratios Rk g+ because they are small and canceled
between the numerator and the denominator of these ratios.
Therefore, in this work, we ignore the effect of QCD
corrections in Ry x- and BR(B; — p*u~).

All observables mentioned above should be compared
with the experimental values in the last column in
Table VIIL. It is important to note that the central values
of SM prediction and the measurement results of these
observables are very close. However, the uncertainties in
SM prediction are quite large, especially in meson mass
differences, compared to experimental ones. Therefore, it is
better to consider the ratio between SM and respective
experimental values on each observable since the uncer-
tainties can be canceled via the numerator and the denom-
inator of these ratios. Hence, we obtain constraints for
BY ~B? , meson systems as

A

(A, )sn _ 1 0711 4 0.0535).

(Ade)exp

A

(Amp )sm = 1.0566(1 & 0.0458), (120)
(Am )exp

K

which are equivalent

€[-0.1295,-0.0147),

)
% €[-0.105,-0.0082)]. (121)

exp

However, in the K°-K° meson system, the lattice QCD
calculations for long-distance effect are not well controlled.
Therefore, we assume the present theory contributes about
30% to Amyg, which reads

(Amg)s

M
——===1(1£0.3), (122)
(AmK)exp
and then translates to the following constraint
A
(Amewe ¢1_03,0.3), (123)
(AmK)exp

in agreement with [55]. For the branching ratios BR(B, —
up~) and BR(B — X,y), we have constraints as

BR(B, = p i )ey 1 |Cly—Ch
BR(B, = up )gy  1—y, [CDP
= 0.9426(1 4 0.0924).

(124)

BR(B - Xsy)cxp - |CI7\IP|2

BR(B - Xs}/)SM

+ [CIP|2 + 2C5MRe[CF)
[CM[2 + N(E,)
= 1.0265(1 £ 0.0739).

(125)

B. Lepton flavor phenomenologies

For the lepton flavor violating (LFV) decays e; — e;y
with e, ; = {e;.e,e3} = {e.u.7} and e; # ¢;, we have
the following the effective Hamiltonian contributing by
new neutral gauge boson Z' at the one-loop level

H‘lsefpf)ton _ Cz]

Pre;F* + (L > R), (126)

€ ﬂl/
where the coefficients C’L’  are obtained by calculating one-
loop diagrams containing the SM charged leptons ¢, =
{e1, es,e3} = {e, u, 7} and new neutral gauge boson Z’ as
internal lines; see subfigure (b) of Fig. 3. Here we calculate
these diagrams in the limit m? /m7, <1 and keep the
masses of external leptons 1, , similar to the quark flavor

section. We obtain the expressions for these coefficients as

ij ke e *ep e

+m, rkar%) (127)
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€; €p

€; €s

(a) Tree level diagrams for the
three-body leptonic decays
ej — ejepes
€; €;

(¢) Penguin diagrams for the
three-body leptonic decays
ej — €i€pep

FIG. 3.

3

ij ke er *€p T~€R

Cr = PRV} Z(me_,-rki L = 3me, I "I
—1

3(4x)

+ meiFZfRsz), (128)
where Ffj” are the LFV couplings given in Eq. (81). The
branching ratios of the LFV decays are determined by [56]

(mz ) )3

BR(e; = ej7) = —4ﬂm r
(3 8

(ICLP+ICRP). (129)

where I, is the total decay width of decaying lepton e;.

Besides, the effective Hamiltonian in Eq. (126) also
contributes to branching ratios of three-body leptonic
decays such as 7 — 3u(3e), T — euu(eep), and y — 3e.
There are three contributions to these observables, includ-
ing the tree-level shown in subfigure (a) of Fig. 3 with the
following operators

@I;éfi)/f(R)Z(,mPL e;)(e, /" Prryes).  (130)

€L €k
7!
€; €;

(b) One-loop diagrams for the
LFV decays e; — e;7y

6]' e

(d) Crossed penguin diagrams for the

three-body leptonic decays
€5 — €p€i€;

Feynman diagrams for three-body leptonic and LFV decays.

where e; ; = {es,e3} = {u,7},i# j,ande, 5 = {e;.er} =
{e,u}. Note that these operators are also generated by the
SM Z-like boson but suppressed due to small Z—Z' mixing.
This setup also does not allow the LFV decays of Z boson,
namely Z — ¢;e;. Besides the tree level, the dipole operators
in Eq. (126) also generate the three-body decays via penguin
diagrams, as shown in subfigures (c¢) and (d) of Fig. 3.
Furthermore, there are one-loop contributions that arise from
the mixing of tree-level operators defined in Eq. (130) with
“hidden” operators that do not trigger flavor violating decays
at the tree level but do so in QED penguin diagrams, such as

OLR-LR) ALR.LR) HLR).L [57] The branching ratios

epuu(te) > etau(rr) O THETT
of three-body leptonic decays, including all mentioned
contributions, were explicitly given in Ref. [57].

On the other hand, for the lepton flavor conversing
(LFC) observables including the electron and muon anoma-
lous magnetic moments Aa,, and the electric dipole

moments d, ,, we have the following formulas [56],

4mel Re

Aa, = 4! (131)
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d, =-2Im[C}], I1=1,2, (132)

The LFV couplings of Z' also cause a transition of
muonium (Mu: pe”) into antimuonium (Mu: p~e™),
which resembles the K°-K° mixing in the quark sector.
The effective Lagrangian for this process can be written as

MuMu: §:

where the coefficients and corresponding operators are
given by

(133)

! i T
Q) = (fay, (1 —ys)e)(y*(1 —ys)e), 1 = ﬁmz
Q= (Br, (1 +7s)e) (' (1 +vs)e), G - Laf
2 = MYy rs)e)\my vsiels 2_4\/_7”2’
i i Ay
Qs = (ay,(1 +ys)e)(ay*(1 —ys)e), G5 = 2:4/_”12’.
(134)

Additionally, there are operators Qs = (#(1 F y5)e) x
(#(1 F ys)e) contributing by neutral Higgs bosons, how-
ever these contributions are negligible, compared to the
ones of Z'. In the presence of an external magnetic field B,
the time-integrated probability of the Mu-to-Mu transition
is given by [58]

P(Mu — Mu) =272(|c0.o|2|M P+ [erolPlME, P

2 |Mlm|
+ Z|Clm‘ 1+ ‘L'AE))

m==1

(135)

where 7~2.2 x 107 s is the Mu lifetime, |cf,,|*> denotes
the population of Mu(F,m) state, and M,’?,m is the
amplitude of the Mu(F,m) — Mu(F,m) transition.’
Additionally, AE is the energy splitting between (1,1)
and (1, —1) states. Notice that the transition probability for
(1, £1) states is suppressed for B > O(107°) Tesla. In this
case, the total transition probability reads

P(Mu — Mu)
2572 x 1073
Gr

2g G+ G, —0.5G;]?
|C0,o| | 3_—*1+X2
G + G, —0.5G; 2

=l )

+ le1ol?1Gs +

*In practice, the state of the produced Mu is a mixture of four
states labeled by the magnitude of total angular momentum F and
the z-component of total angular momentum m, i.e., (F,m) =
(0,0),(1,0) and (1,=+1).

where X denotes the magnetic flux density. The experimental
result reported by the PSI experiment for the Mu-to-Mu
transition under B = 0.1 Teslais P(Mu—Mu)<8.3x107!!
[14]. Taking X=6.31xB/Tesla, |copo|* =0.32, and
lc1.0]* = 0.18, the experimental result is decoded as

0.64|G, + G, — 1.68G3]> + 0.36|G, + G, + 0.68G; |

<9 x 107°G3. (137)

The LFV couplings of Z’ also contribute to the muon-
to-electron conversion in a muonic atom. Specifically,
we focus on the coherent conversion processes in which
the nucleus’s initial and final states are the same and the
nonphotonic processes at the tree level mediated by Z’,
which are described by the following effective Lagrangian
[59-61]

Lyse =~ Z (CVrer,Pru+ Cyger,Pru)qr'q + He.,

q=u,d
(138)
where the coefficients CY, |, are
!
99% (@)T¢) 9g% (@)L
ey, =G o 9O ()
Cwmz Cwmz,

Here, the operators involving gy“ysq are omitted since they
do not contribute to the coherent conversion processes. To
evaluate the conversion rate, it is appropriate to use the
effective Lagrangian at the nucleon level, such as

Lyse=- Z (CYLer,PLu+ CYgey, Pru)ipnr“wy +Hee.
N=p,n
(140)
with yy as the nucleon fields, and
C€L =20y, + C‘{,L, CVR =2Cyg + CVR’ (141)
Cyp=Cy +2CY,.  Cip=Cip+2C7,. (142)

The u — e conversion branching ratio in a target of atomic
nuclei N can then be written as [60,61]

BR(uN — eN) = 4m2[|C€LVX, + C V|2

+HICORVE + CorVAP) T (143)
where Fﬁgpt is the total capture rate, and V5" are related to
the overlap integrals between the lepton wave functions
and the nucleon densities, depending on the nature of the
target N. For instance, we consider the u — e conversion
captured by Au nuclei, as we have VA =0.0974 and

115022-16



QUESTIONS OF FLAVOR PHYSICS AND NEUTRINO MASS ...

PHYS. REV. D 109, 115022 (2024)

TABLE VIIL

Experimental results for leptonic flavor observables.

LFV Observables

Experimental limits

LFC Observables

Experimental limits

<9.8 x 1079 [1]
<8.4 % 1077 [1]
<1.1x 1078 [1]
<7.0x 10713 [11]
<83 x 107 [14]

BR(u — ey) <42 x 10718 [11-13]
BR(z — ¢y) <3.3x 1078 [11-13]
BR(z — uy) <4.4 x 1078 [11-13]
BR(u™ —» e ete <1.0x 10712 [1]
BR(7~ = e"ete <14 x 1078 [1]
BR(t™ - e putu~ <1.6 x 1078 [1]

(

(

(

BR(pAu — ¢Au)
P(Mu — Mu)

Aal —0.88(36) x 10712 [1]
Aag® 0.48(30) x 10712 [1]
Aay, 249(48) x 1071 [63]
|d,| <1.1 x 107® ecm [64]
|d,| <1.9 x 1071 ecm [65]

Vi, =0.146 [60], T'as ~8.7x 10718 GeV [62], and
the current experimental limit BR(pAu — eAu) < 7.0 x
10713 [11].

All predicted observables above should be compared
with experimental results listed in Table VIII. It is straight-
forward to recognize that the contribution of the Z' gauge
boson with a mass at several TeVs implied by the collider
searches (discussed below) to the anomalous magnetic
moments, especially for Aa,, be quite suppressed in

LNR scenario
1.0 .

0.8

0.6

eR
S53

0.4

0.2

0.0 2
210 205 0.0 05 10

z
LMR1 scenario

1.0

0.8

0.6

eR
Sy3

0.4

0.2

9%

-0.5 0.5 1.0

comparison with other leptonic observables. Indeed, from
Egs. (128) and (131), it is easy to see that Aa, is propor-

: ; dm, e -11_1p-10 ;
tional with a factor, —T“W ~ O(1071-10717), while

the internal terms, Re[m, I'3"T5" ]~ O(107" - 10°).
Therefore, our model predicts Aa, ~O(10712-107!"),
remarkably smaller than experimental result Aa,’ ~

O(107?) [63]. In the following numerical analysis, we will
investigate the branching ratios of LFV, the three-body

LIR scenario

1.0

0.8

0.6

eR
S53

0.4

0.2

0.0
-1.0

0.5 1.0

LMR2 scenario

1.0

0.8

0.6

eR
S53

0.4

0.2

9%

-0.5 0.5 1.0

FIG. 4. The correlations between mixing angle s3X with charge parameter z in four relation scenarios of lepton mixing angles.
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leptonic decays, the electric dipole moments, the muonium-
to-antimuonium transition, and the muon-to-electron
conversion.

C. Numerical results

In this subsection, we will use the values of known input
parameters from Tables IV-VI for our numerical study. For
the lepton flavor phenomenologies, we randomly seed the
free parameters z, sgg, k, A,, and @ in ranges as

ze[-1,1],
kell, 10],

stel0.1, 0ef0.z/2].

A, €]1,50] TeV. (144)
Besides, we also compare the results of four relation
scenarios of lepton mixing angles shown in Egs. (88)—(91).

We first obtain the correlation between mixing angle s3%
and charge parameter z satisfying all constraints of leptonic
observables within four relation scenarios of lepton mixing
angles as in Fig. 4. It is noteworthy that all the relation
scenarios potentially fulfill the constraints, and the viable
range of z is 2.41(6.55) x 107* <z<0.175 for the
LNR and LMRI1 (LIR and LMR?2) scenarios. In addition,
the whole range s3% pleases the constraints in the LNR

LNR scenario

50

k
LMR1 scenario

k

FIG. 5.

scenario. In contrast, the remaining scenarios accept only a
partial range of s5%, namely, 0 < s5% < 0.82 for the LMR1
scenario and 0 < s5% <0.22 for the LIR and LMR2
scenarios. Notice that the LIR and LMR2 scenarios have
518 = 5% sPMNS /GPMNS ~ 4 4765%% [8], and therefore 555 in
these two scenarios is constrained by an additional con-
dition of 7% < 1. Furthermore, the LIR and LMR2 scenar-
ios have an inverse relationship between si% and s5%.
Therefore, the nearly identical panels of these scenarios
also illustrate that the leptonic observables do not signifi-
cantly rely on 5%, but primarily on s5. This behavior is
also applied to the LNR and LMRI1 scenarios since they
have the same s7% whereas s{% is changed, but the result is
not modified remarkably.

Furthermore, we obtain the correlation between the ratio
k= A;/A, and VEV A, within four relation scenarios of
lepton mixing angles, as respectively shown in four panels
of Fig. 5. We see that the viable points in the four panels
are distributed in the regions with high k and A, values,
namely k = 7.42 and A, 2 39.77 TeV for the LNR sce-
nario, k = 6.87(6.79) and A, = 34.21 TeV for the LIR
(LMR?2) scenario, and k 2 6.73 and A, = 36.16 TeV for
the LMRI scenario. Besides, the panels of LIR and LMR2
scenarios are almost similar. This result also occurred in

LIR scenario

50

40
% 30
=
<20

10

0 2 4 6 8 10
k

LMR2 scenario

k

The correlations between the ratio k = A;/A, with VEV A, for the four relation scenarios of lepton mixing angles.

115022-18



QUESTIONS OF FLAVOR PHYSICS AND NEUTRINO MASS ...

PHYS. REV. D 109, 115022 (2024)

QNR scenario

QIR scenario

w
o

N, [TeV]
S

k
QMR2 scenario

k

FIG. 6. The correlations between the ratio k = A;/A, with VEV A, for four relation scenarios of quark mixing angles with the LNR

scenario of lepton mixing angles.

Fig. 4. Hence, we comment that the LIR and LMR2
scenarios give the same results, while the LNR and
LMRI1 scenarios do not change considerably. Therefore,
in the following, we consider the model under only the
LNR and LIR scenarios that satisfy the constraints from the
lepton flavor violation process.

Now, we turn to the quark flavor phenomenologies. We
randomly generate the free parameters z, k, A,, and 6
similarly in the studies of leptonic flavor phenomenologies.
Besides, the parameters sfg and 59 are randomly extracted
from ranges as

sikelo,1], s el0,2a], (145)
whereas the lepton mixing angles HfJR are chosen in the
LNR and LIR scenarios.

In Fig. 6, we show the correlation points between the k
and A, in four relation scenarios of quark mixing angles
determined by Eqgs. (83)—(86), while the lepton mixing

angle is taken in the LNR scenario. All these points fulfill
the constraints of Amg, BR(B; — u*pu~), and BR(B —
X,y) respectively expressed in Egs. (123), (124), and (125).
In addition, the red, green, and blue points satisfy the
latest experimental limits of Amg and Amyg, within lo,
1.250, and 1.50, respectively [9]. From here, we comment
that the blue points that are distributed in the regions with
high k and A, values not only satisfy the present constraints
but also the constraints from the lepton flavor violation
processes (see Fig. 5). Such points appear in the QNR and
QMRI scenarios but do not appear in the QIR and QMR2
scenarios. A similar result is also shown in Fig. 7 plotted
with the LIR scenario. These two figures imply that the
model under QNR and LNR scenarios is preferred.
Therefore, the following numerical studies will focus on
these relation scenarios.

Now, we focus particularly on three correlations, s‘]ig -z,
sf’z‘ — 5%, and sfg — &9k which are respectively shown in
three panels of Fig. 8. For the upper left panel, we see that
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QNR scenario

QMR1 scenario

k

FIG. 7.
scenario of lepton mixing angles.

the mixing angle s‘fg is limited in a range 0 < sfg < 0.2 for
|z| €[0.1, 1]. However, when |z| decreases to less than 0.1,
there are many points distributed in a wider range of s‘ll’z*,

re., 05 s‘fg < 0.4. This can be interpreted by the following
reason: when |z| ~ 1, the electroweak term proportional v
in m, will be much smaller than one relevant to the new
physics contribution and can be ignored. As a result, my
now depends linearly on z, and then, several of the WCs are
free of z since it is canceled between numerator and
denominator, such as the WCs in Egs. (96)-(98) and
(101)—(105). Therefore, the quark flavor observable is
approximately independent of z. On the other hand, when
|z| is sufficiently small, the electroweak term significantly
affects quark flavor processes. We would like to note that

the upper limit of s‘f’j ~ 0.4 is larger than the center value of

s$KM — ) given in the Table V. The upper right panel

QIR scenario

50

Ny [TeV]
N w
o =}

k
QMR2 scenario

Ny [TeV]
8 8

k

The correlations between the ratio k = A /A, with VEV A, for four relation scenarios of quark mixing angles with the LIR

demonstrates that the mixing parameter s‘lig
independent of mixing parameter s5% of V,,.

of Vg, is
The range

of s5% is not constrained as tightly as the sfg and whole
range of s5% satisfying the mentioned constraints. The

correlation between sfg with CP violation phase §% is
displayed in the bottom panel. Here, the total range of §%
fulfills the constraints from Eqgs. (121) and (123)—(125).
This also implies that the effect of % on the quark flavor
observables is negligible and can be ignored.

In Fig. 9, we show two correlations, m, — z (left panel)
and m, — 0 (right panel). From here, we comment that the
viable range of z is —0.5 <z < 0.1, whereas the whole
range of @ is available. However, if 5z/16 < 6 < /2 then
my 2 6 TeV. This is consistent with the collider bounds
(see below). Comparing with the results in Figs. 4, 5, and 8,
we obtain the viable ranges for several parameters as
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QNR scenario QNR scenario
1.0 1.0

g
[%2]
QNR scenario
1.0
0.8
FIG. 8. The correlation between parameter pairs, s‘fg -z s‘flg — 5%, and s‘lig — 5.
0.1>7z>241x107*, k=742, A,=39.77 TeV, Last but not least, we consider the LFUV ratios Ry and

Rg+; their results are shown in Fig. 10. The blue points are
plotted in which parameters satisfy all constraints given in
J Egs. (121) and (123)—(125). We realize that the figure
042515202, 7/22025x/16, 1253520, (147)  shows points concurrently meeting the measured results of

both Ry and Rg- given in the last column in Table VII.
while the effect of §% is insignificant and it can be chosen  Therefore, the model with the QNR scenario can explain

(146)

arbitrarily. several of quark flavor observables, including the meson
QNR scenario QNR scenario

20 —
15

>

O]

E. 10

N

g
5
0 S O A S T S TR
=05 -0.4 -03 -02-01 0 01 02 03 04 05 s 3 = 3 = & = 3

z 0

FIG.9. The correlation between the mass of new gauge boson m with the charge parameter z (left panel), and with the mixing angle €
(right panel).
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QNR scenario

1.4

0.6

0.6 0.8 1.0 1.2 14
Rk

FIG. 10. The correlation between the predicted Ry and Rg-.
The dot-dashed red and green lines are correspondingly the
current experimental limits of Rg" and R [10].

oscillations Amg p p . BR(B = X,7), BR(B; — u'u™),
and RK(*)

VII. COLLIDER BOUNDS

The Z' gauge boson in our model directly interacts with
both ordinary quarks (¢) and charged leptons (/), so it can
be produced at the large electron-positron (LEP) experi-
ments even the large hadron collider (LHC). In this section,
we take the current negative search results reported by these
experiments to impose a lower bound on the mass of Z’
boson [66-71].

A. LEP

One of the processes searched at the LEP experiments is
ete” — ff, which generates a pair of ordinary charged
leptons (f = e, u,7) through the exchange of Z’' boson.
This process can be described by the following effective
Lagrangian,

1 92

L C? (e)C?
eff = 1+5echm§, JZLR QL

(f)(@r.Pie)(fr*P;f),

(148)

where §,, = 1(0) for f = e(# e), and the chiral gauge

couplings are given by CZ.(f) =1 (62 (f) £ g2 ()
LEP-II has probed all such effective contact interactions,
and no significant evidence has been found for the existence
of a Z' boson. LEP-II also provided the lower limits of the
scale of the contact interactions, A, for all possible chiral
structures and for various combinations of fermions [68].
Consequently, the mass of Z’ boson is bounded by

FCT (NG (149)

m-,
z'~ 2
ey

where AT for C7(e)C#(f) >0 and A~ for C#(e) x
C7(f) <O.

The strongest constraint for our model comes from
the eTe™ — putp~, 777~ channel with A}, =24.6 TeV.
It results in my = 5.9 TeV for z ~0.05 and 0 ~ 37/8.

B. LHC

At the LHC experiment, the Z' neutral gauge boson
can be resonantly produced in the new physics processes
pp = Z' = ff for f = gq,l. Additionally, the most sig-
nificant decay channel of Z' is given by Z’ — [l because of
well-understood backgrounds [69,71] and that it signifies a
boson Z' having both couplings to lepton and quark like
ours. The cross section for the relevant process, in the
narrow width approximation, takes the form [72]

— li),

I <—~dL
7 > 1l)~= 4 & Z"BR
olpp =2 - 1l)~ Z an, 6(qq — Z')BR(Z'

(150)

. dL, .
where the parton luminosities -6 can be found in
Z/

Ref. [73], while the peak cross section is given by

(v (@) + (g2 (@)?). (151)

The branching ratio of Z’ decaying into the lepton pairs is
BR(Z' - ll) =T'(Z' - 1l)/T',, where the partial and total
decay widths are respectively given by

gzmz Z 7
(6> (D)* + (gx* (D)),

il
(_’)48cw v

(152)

= 2 LSNP0 + G (7]

f

Zy\2
+ (CIL) + (Cgi)z}

2
3 2\ 3/2
m 2 am my
(C] -M; ),
+9671'CW Z( mz,> ( 2 ’)

: (153)

assuming that Z’ is lighter than new Higgs bosons H, , and
A. Here, f denotes the SM charged fermions, N(f) is the
color number of the fermion f, and O is the step function.

Setting center-of-mass energy of /s =13 TeV and
assuming M, ,3 = my /3, in Fig. 11, we plot the cross
section for the relevant processes as a function of the Z'’
boson mass, given that z =0.05 and 6 = 3z/8. Here,
we also include the upper limits on the cross section of
these processes reported by ATLAS [69] and CMS [71]
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1072
— pp > ee

_107% — pp > pp (17)
=y
T 1074}
N
1t
& 195
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my [TeV]
FIG. 11. Dilepton production cross section as a function of the

new gauge boson mass m for z = 0.05 and @ = 3z/8. The black
(gray) curve shows the upper bound on the cross section obtained
by the ATLAS 2019 results for I'/m = 3% [69] (the CMS 2019
results for I'/m = 0.6% [71]).

experiments. We obtain a lower bound on the Z’' boson
mass of 6 TeV under the up(zz) channel, while the ee
channel even implies a more strict constraint. Significantly,
these signal strengths are separated, which can be used to
approve or rule out the model under consideration.

We would like to note that the dijet signals also can
provide a lower bound for the Z' boson mass [70].
However, in the present model, the coupling strengths
between Z' and the charged leptons are approximately
equal to those of Z' with the quarks, while the current
bound on dijet signals is less sensitive than the lepton one,
so the lower bounds implied by the dijet search are quite

smaller than those resulting from the dilepton. In other
words, in the present model, the dijet bounds for the Z’
boson mass are not significant.

VIII. CONCLUSION

In this work, we have proposed a model that is based on
the gauge symmetry SU(3)-®SU((2), @ U(1)xy @ U(1)y.
This model is general and flavor dependent but constructed
minimally. The new charges X and N of the light fermions
differ from those of the remaining fermions but determine
the hypercharge Y as ¥ = X + N, which conforms to the
observables. We have shown that our model can provide a
possible solution to several puzzles of the SM, including
the observed number of fermion generations, the neutrino
mass generation mechanism, and the flavor anomalies in
both the quark and lepton sectors. The new physics effects
at the LEP and LHC experiments have also been examined.

With the relevant assumptions, the model leaves only six
free parameters, including the charge parameter z, the
new physics scale A,, the ratio k = A;/A,, the mixing
angles 9‘115, 05%, and 0. We have identified the allowed
parameter space of the model, which is consistent with
the experimental constraints, namely 0.1 2 z = 2.41 x
1074, k=742, A,=39.77 TeV, 0.4 2 sin 9‘11’2‘ = 0.2,
1 2 sin05% 20, and 7/2 = 0 57/ 16.
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