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1. Introduction

There are many motivations for physics beyond the Standard Model (SM). For example,

the fine-tuning problem such as the gauge hierarchy problem leads to supersymmetry [1],

technicolor [2], extra dimensions [3, 4], and other models. Aesthetic considerations such as

the unification of the fundamental interactions and the explanation of the charge quantiza-

tion lead to Grand Unified Theories (GUTs) [5] and string theory [6, 7]. In this paper, we

choose to neglect the fine-tuning and aesthetic concerns, and concentrate on the electroweak

precision measurements from a phenomenological point of view.

As we learn from the particle data book, there are four measurements with significant

deviations: σhad, A
(0,b)
FB , Ae and g2

L have 2.0 σ, −2.4 σ, 2.0 σ, and −2.7 σ deviations (pull

from experimental values), respectively [8]. A simple solution to such deviations is a U(1)′

model where an additional U(1)′ gauge symmetry is introduced [9]. Moreover, the masses

of the third family fermions are relatively larger than those of the first two families. The

quark CKM mixings between the first two families and the third family are small while the

neutrino mixings are bilarge. These facts may imply that the first two families and the third

family may have different U(1)′ charges, and the right-handed neutrinos might be neutral

under U(1)′ so that the seesaw mechanism still works [10]. To avoid the introduction of a

global symmetry which can be broken via quantum gravity effects, the model may contain

a gauged Z2 symmetry, and a field charged odd under the symmetry can be a dark matter

candidate. Interestingly, the additional U(1)′ symmetry can easily generate the required

gauged Z2 symmetry after it is broken. In general, the U(1)′ model is well motivated from

the superstring constructions [11], four-dimensional GUTs [12], higher dimensional orbifold

GUTs [13], as well as models with dynamical symmetry breaking [14].
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In this paper, we propose a top hypercharge model where the first two families of the

SM fermions are charged under U(1)1 and the third family is charged under U(1)2. We note

in passing that top color and top flavour models have been considered in refs. [15] and [16,

17], respectively. In particular, the Type-II model in ref. [17] also considers the same

gauge group as our model. In our model, the U(1)1 ×U(1)2 gauge symmetry is equivalent

to the U(1)Y × U(1)′ gauge symmetry after an SO(2) rotation of the U(1)1 × U(1)2 gauge

fields. The U(1)1×U(1)2 gauge symmetry is broken down to the U(1)Y by giving a vacuum

expectation value (VEV) to a SM singlet Higgs field. The SU(2)L×U(1)Y gauge symmetry

is further broken down to the electromagnetic U(1)EM gauge symmetry by giving VEV’s

to SM doublets. We calculate the neutral gauge boson masses and their corresponding

mass eigenstates, and the charged gauge boson masses. Moreover, we consider electroweak

constraints, and perform a χ2 analysis for various experimental observables. Our model

achieves a slightly better fit than the SM by about 0.3% to 0.6%. To generate the quark

CKM mixings between the first two families and the third family, we need to introduce

an additional SM Higgs doublet or extra vector-like particles. Interestingly, the Yukawa

matrices for the first two families of the SM fermions are suppressed by 1/ tan β. In

addition, the Higgs potential in our model naturally leads to such an alignment in the

two Higgs doublets that the U(1)EM gauge symmetry is not broken. We consider the

flavour-changing neutral current (FCNC) effects in B physics, and obtain the corresponding

constraints. In addition, we consider the Z ′ production and its discovery potential at the

Large Hadron Collider (LHC), a dark matter candidate with the gauged Z2 symmetry, and

the Higgs boson masses.

This paper is organized as follows. We present the model in section 2, consider the

electroweak constraints in section 3, and study the quark CKM mixings and FCNC effects

in section 4. The Z ′ production, dark matter and the Higgs boson masses are discussed in

sections 5 and 6, respectively. Our conclusions are given in section 7.

2. The model

The top hypercharge model is based on the gauge group SU(3)C ×SU(2)L ×U(1)1 ×U(1)2.

The first two families of the SM fermions are charged under U(1)1 while the third family is

charged under U(1)2. The U(1)1×U(1)2 gauge symmetry is equivalent to the U(1)Y ×U(1)′

gauge symmetry after an SO(2) rotation of the gauge fields. The representations of the

SM fermions under the SU(3)C × SU(2)L × U(1)1 × U(1)2 gauge symmetry are as follows

QiL : (3, 2, 1/6, 0) , Q3L : (3, 2, 0, 1/6) ,

uiR : (3, 1, 2/3, 0) , u3R : (3, 1, 0, 2/3) ,

diR : (3, 1, − 1/3, 0) , d3R : (3, 1, 0, − 1/3) ,

LiL : (1, 2, − 1/2, 0) , L3L : (1, 2, 0, − 1/2) ,

eiR : (1, 1, − 1, 0) , e3R : (1, 1, 0, − 1) ,

Nk : (1, 1, 0, 0) , (2.1)
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where i = 1, 2, and k = 1, 2, 3. Q and L denote the left-handed SU(2)L doublets of quarks

and leptons, respectively. u, d, N , and e denote the right-handed up-type quark, down-type

quark, right-handed neutrino, and charged lepton, respectively. The right-handed neutrinos

Nk with intermediate-scale masses are included to account for the neutrino masses and

mixings via the seesaw mechanism [10]. With the right-handed neutrinos, it is possible to

generate baryon asymmetry via leptogenesis [18].

The covariant derivative is written as

Dµ = ∂µ − igAa
µT a − ig′1B

1
µY1 − ig′2B

2
µY2 , (2.2)

where T a are the SU(2)L generators, and Y1(2) is the U(1)1(2) charge of the corresponding

particle. In addition, Aa and B1(2) are respectively the gauge bosons for SU(2)L and

U(1)1(2) gauge symmetries with the coupling constants g and g′1(2).

The SU(3)C × SU(2)L × U(1)1 × U(1)2 symmetry needs to be broken down to the

SM gauge symmetry. It is accomplished by the VEV of a complex scalar field Σ , which

transforms as (1, 1, 1/2,−1/2). The relevant term in the Lagrangian is (DµΣ)†(DµΣ). We

set 〈Σ〉 = u/
√

2, then the gauge fields B1
µ and B2

µ acquire a mass-squared matrix

u2

4

(
g′1

2 −g′1g
′
2

−g′1g
′
2 g′2

2

)
. (2.3)

At the scale u, this renders a massless and a massive gauge bosons

Bµ = cos φB1
µ + sinφB2

µ ,

B̃µ = − sinφB1
µ + cos φB2

µ , (2.4)

where the mixing angle φ is defined by tan φ = g′1/g
′
2, with the corresponding masses

m2
Bµ

= 0 , m2
eBµ

=
1

4

(
g′1

2
+ g′2

2
)

u2 . (2.5)

The massless field Bµ corresponds to the hypercharge gauge field in the SM.

Using the inverse transformation, we write the covariant derivative in terms of Bµ and

B̃µ as

Dµ = ∂µ − igAa
µT a − ig′(Y1 + Y2)Bµ − ig′(−Y1 tan φ + Y2 cot φ)B̃µ , (2.6)

where

Y = Y1 + Y2 ,
1

g′2
=

1

g′21
+

1

g′22
. (2.7)

In terms of the electron charge e, the analog of the weak mixing angle θ in the SM, and

the SO(2) rotation angle φ, we can express the three coupling constants in the model as

g =
e

sin θ
, g′1 =

e

cos θ cos φ
, g′2 =

e

cos θ sin φ
. (2.8)
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Now we introduce two scalar Higgs doublets Φ1 and Φ2, which transform under

SU(3)C × SU(2)L × U(1)1 × U(1)2 as (1, 2, 1/2, 0) and (1, 2, 0, 1/2). When they acquire

the following VEVs

〈Φ1〉 =
1√
2

(
0

v1

)
, 〈Φ2〉 =

1√
2

(
0

v2

)
, (2.9)

the SU(2)L ×U(1)Y gauge symmetry is broken down to the U(1)EM. Φ1 is responsible for

the masses of the fermions of the first two generations, and Φ2 the third generation. As

the hierarchy in the fermion mass spectrum indicates, one expects that v1 may be smaller

than v2. And we define

tan β ≡ v2

v1
. (2.10)

The terms (DµΦ1)
†(DµΦ1) + (DµΦ2)

†(DµΦ2) in the Lagrangian lead to the following

mass terms for the SU(2)L × U(1)1 × U(1)2 gauge bosons after Φ1 and Φ2 get VEVs

∆L =
1

4
g2

(
v2
1 + v2

2

)
W+

µ W−µ

+
1

8

(
B1

µ B2
µ A3

µ

)



g′1
2v2

1 0 −gg′1v
2
1

0 g′2
2v2

2 −gg′2
2v2

2

−gg′1v
2
1 −gg′2v

2
2 g2(v2

1 + v2
2)







B1µ

B2µ

A3µ


 . (2.11)

Therefore, the W bosons get mass m2
W = 1

4g2(v2
1 + v2

2), and the mass-squared matrix of

the neutral gauge sector becomes

M2
neutral =

u2

4




g′1
2(1 + ǫ1) −g′1g

′
2 −gg′1ǫ1

−g′1g
′
2 g′2

2(1 + ǫ2) −gg′2ǫ2

−gg′1ǫ1 −gg′2ǫ2 g2(ǫ1 + ǫ2)


 , (2.12)

where ǫ1 ≡ v2
1/u

2 and ǫ2 ≡ v2
2/u

2, and the basis is (B1
µ, B2

µ, A3
µ). The matrix can be

diagonalized by an orthogonal matrix R

RTM2
neutralR = diag{0, m2

Z , m2
Z′} , (2.13)

where 0, m2
Z and m2

Z′ are the eigenvalues of M2
neutral. The 0 eigenvalue corresponds to the

massless photon field Aµ, and the other two non-zero eigenvalues correspond to Z and Z ′

gauge bosons. We use Z to denote the “light Z boson”, which is the observed one, and

Z ′ to denote the “heavy Z boson”. The transformation between the weak eigenstates and

mass eigenstates is




B1
µ

B2
µ

A3
µ


 = R




Aµ

Zµ

Z ′
µ


 . (2.14)
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To obtain the interactions between the SM fermions and gauge bosons, we write the

covariant derivative in terms of the mass eigenstates of gauge bosons

Dµ = ∂µ − i
g√
2

(
T+W+

µ + T−W−
µ

)

−i
(
gT3R32 + g′1Y1R12 + g′2Y2R22

)
Zµ

−i
(
gT3R33 + g′1Y1R13 + g′2Y2R23

)
Z ′

µ

−ieQAµ , (2.15)

where T± = (T 1 ± iT 2), and Q = T3 + Y = T3 + Y1 + Y2 is the electric charge for the

corresponding particle.

The Lagrangian of the SM fermion Yukawa couplings is

−LYukawa = Y u
i ūiRΦ1QiL + Y u

3 ū3RΦ2Q3L + Y d
ij d̄iRΦ̃1QjL + Y d

33d̄3RΦ̃2Q3L

+Y e
i ēiRΦ̃1LiL + Y e

3 ē3RΦ̃2L3L + Y ν
kiNkΦ1Li + Y ν

k3NkΦ2L3

+MN
kl NkNl + h.c. , (2.16)

where i, j = 1, 2, k, l = 1, 2, 3, and Φ̃ = iσ2Φ
∗. In the presence of Φ1 and Φ2, there will

be Yukawa mixings between the first two generations only, for both quarks and leptons.

Interestingly, there is no problem for the neutrino mixings. The point is that after the

seesaw mechanism [10], the bilarge neutrino mixings can be mainly generated from the

neutrino sector via the mixings in the right-handed Majorana neutrino mass matrix MN
kl .

In fact, after the seesaw mechanism, we obtain the following dimension-5 operators

−L =
Φ1LiΦ1Lj

Λij
+

Φ1LiΦ2L3

Λi3
+

Φ2L3Φ2L3

Λ33
, (2.17)

where Λij, Λi3, and Λ33 are intermediate mass scales related to the right-handed neutrino

masses. However, if tan β is much larger than 1, we predict the wrong neutrino masses and

mixings. How to explain the neutrino masses and mixings for tan β ≫ 1 will be given in

section 4. Moreover, the SM quark CKM mixings can be generated by introducing extra

Higgs doublets or heavy vector-like fermions, which will also be discussed in section 4.

3. Electroweak constraints

The model contains a new gauge boson Z ′, the mass of which can be constrained by the

electroweak observables. We calculate in our model the predicted values of the observables

in the MS scheme, as used in ref. [8]. For all observables, we compute the deviations from

the SM at the tree level and then scale them by the same loop corrections as in the SM,

which are given in table 10.1 of ref. [8]. The value of sin2 θ in the MS scheme is ≈ 0.2312

for the SM. In our model, it receives a correction in order to reproduce the correct Z mass.

Other inputs used here are α̂(MZ)−1 = 127.904 and v = 246.3 GeV.

In the model, the first two generations of fermions couple to the regular Z boson

differently from the third one. Therefore, if there is mixing between these generations,

there can be FCNC at the tree level. However, this is not seen to happen since the

– 5 –
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branching ratios of the corresponding Z decay modes are very small. For example, we have

the experimental bounds [8] BR(Z → e±µ∓) < 1.7 × 10−6, BR(Z → e±τ∓) < 9.8 × 10−6

and BR(Z → µ±τ∓) < 1.2× 10−5 at 95% confidence level (CL). There is also no evidence

that the Z boson decays to quark pairs of different flavors. Therefore, in the calculation of

Z pole observables, we avoid considering Z-mediated FCNC.

The electroweak precision bounds can be consistent with our model predictions as long

as ǫ1 and ǫ2 are taken to be very small. However, if ǫ1 and ǫ2 are very small, the mass of

Z ′ will be so large that it is beyond the LHC reach in the near future. Therefore, we will

concentrate on the parameter space where MZ′ is in the a few TeV range. In this section,

for completeness, we will perform the analysis by choosing tan β ≡ v2/v1 equal to 0.5, 1, 2,

5, 10, 20, 35 and 50. We emphasize that if tan β is small than 1, there exists the Landau

pole problem for the top quark Yukawa coupling below the grand unification scale, string

scale or Planck scale. However, the Landau pole problem can be solved if the cut-off scale

or the fundamental scale is low, for example, the large extra dimensions [3]. In addition,

it is more natural to take tan β > 1, hence, we will concentrate on it when we study the

phenomenological consequences of our model in the following sections.

We scan the parameter space for MZ′ < 10 TeV, and obtain the allowed deviation at

3σ level of the observables including MW , ΓZ , R(e,µ,τ,b,c), σhad, AFB
(e,µ,τ,c,b,s), A(e,µ,τ,b,c,s),

g2
(L,R) and gνe

(V,A). In the allowed region, we get the χ2 values of every points, and then

divide the regions into five sub-regions according to χ2, they are χ2 < 32, 32 < χ2 < 33,

33 < χ2 < 34, 34 < χ2 < 35 and χ2 > 35. This is shown in figure 1. When tan β is 0.5 and

1, MZ′ can be as low as less than 500 GeV. But as mentioned before, we will concentrate

exclusively on the region where MZ′ is larger than 1TeV. Since the χ2 value for the SM is

32.01, so the blue regions can be regarded as the regions where our model has a better fit

than the SM. Besides the blue areas, there are still large regions equally consistent with the

current weak scale experiments as the SM. The minimal χ2 values in the allowed regions

for tan β = 0.5, 1, 2, 5, 10, 20, 35, 50 are 31.82, 31.89, 31.88, 31.87, 31.90, 31.92, 31.92 and

31.92, respectively. To be concrete, we present the experimental [8] and predicted values

of the Z-pole observables for the SM [8] and our model with tanβ=2 and 50 for the best

fits in table 1.

The gauge group of the model can be regarded as SU(3)C × SU(2)L × U(1)Y × U(1)′,

where the gauge bosons of U(1)Y and U(1)′ are Bµ and B̃µ, as given in eq. (2.4). In general

there is a mixing between Z and Z ′, and the mixing angle is constrained to be 10−3 or

smaller [8]. In our model, this is achieved when MZ′ is larger than 1TeV. Interestingly,

we note that when tan φ = tan β, there is no mixing between Z and Z ′, and then the

electroweak precision constraints can be relaxed as well.

4. Quark mixing and FCNC

In our model, there are no intrinsic quark Yukawa mixings between the first two families and

the third family. These mixings can be generated by introducing additional Higgs doublet

fields Φ3, Φ4, Φ5, and Φ6 with quantum numbers (1, 2,−1/6,−1/3), (1, 2,−1/3,−1/6),

(1, 2,−1/6, 2/3), and (1, 2, 2/3,−1/6), respectively. If we introduce the Higgs doublet fields

– 6 –
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Observables Experimental data SM tanβ = 2 tan β = 50

best fit pull best fit pull best fit pull

MW (GeV) 80.450± 0.058 80.376 1.3 80.376 1.3 80.376 1.3

ΓZ(TeV) 2.4952± 0.0023 2.4968 −0.7 2.4972 −0.9 2.4971 −0.8

σhad[nb] 41.541± 0.037 41.467 2.0 41.477 1.7 41.470 1.9

Re 20.804± 0.050 20.756 1.0 20.7498 1.1 20.7534 1.0

Rµ 20.785± 0.033 20.756 0.9 20.7498 1.1 20.7534 1.0

Rτ 20.764± 0.045 20.801 −0.8 20.8110 −1.0 20.8035 −0.9

Rb 0.21629± 0.00066 0.21578 0.8 0.21570 0.9 0.21576 0.8

Rc 0.1721± 0.0030 0.17230 −0.1 0.17231 −0.1 0.17230 −0.1

Ae 0.15138± 0.00216 0.1471 2.0 0.1454 2.8 0.1463 2.4

Aµ 0.142 ± 0.015 0.1471 −0.3 0.1454 −0.2 0.1463 −0.3

Aτ 0.136 ± 0.015 0.1471 −0.7 0.1484 −0.8 0.1472 −0.7

Ab 0.923 ± 0.020 0.9347 −0.6 0.9348 −0.6 0.9347 −0.6

Ac 0.670 ± 0.027 0.6678 0.1 0.6670 0.1 0.6674 0.1

As 0.895 ± 0.091 0.9356 −0.4 0.9355 −0.4 0.9355 −0.4

Ae
FB 0.0145± 0.0025 0.01622 −0.7 0.01584 −0.5 0.01604 −0.6

Aµ
FB

0.0169± 0.0013 0.01622 0.5 0.01584 0.8 0.01604 0.7

Aτ
FB 0.0188± 0.0017 0.01622 1.5 0.01617 1.5 0.01614 1.6

Ab
FB 0.0992± 0.0016 0.1031 −2.4 0.1019 −1.7 0.1025 −2.1

Ac
FB 0.0707± 0.0035 0.0737 −0.8 0.0728 −0.6 0.0732 −0.7

As
FB 0.0976± 0.0114 0.1032 −0.5 0.1020 −0.4 0.1026 −0.4

g2
L 0.30005± 0.00137 0.30378 −2.7 0.30398 −2.9 0.30390 −2.8

g2
R 0.03076± 0.00110 0.03006 0.6 0.03034 0.4 0.03037 0.4

gνe
V −0.040± 0.015 −0.03936 0.0 −0.03804 −0.1 −0.03780 −0.1

gνe
A 0.507 ± 0.014 −0.5064 0.0 −0.5071 0.0 −0.5071 0.0

Table 1: The experimental [8] and the predicted values of the Z-pole observables for the SM [8] and

our model with tanβ=2 and 50 as two examples. For best fits, the tanβ = 2 case has cos2 φ = 0.43

and MZ′ = 2.4TeV, and the tanβ = 50 case has cos2 φ = 0.122 and MZ′ = 10TeV.

Φ3 and Φ4, the quark CKM mixings can arise from the down-type quark mass matrix from

the following Yukawa couplings

−LYukawa = Y d
3id̄3RΦ3QiL + Y d

i3d̄iRΦ4Q3L + h.c. . (4.1)

Even if we merely introduce Φ3 or Φ4, we can still generate the quark CKM mixings by

choosing suitable Yukawa couplings. Similarly, if we introduce the Higgs doublet fields Φ5

and Φ6, the quark CKM mixings can arise from up-type quark mass matrix.

Without adding extra Higgs doublet fields, we can also generate the quark CKM

mixings by introducing additional Higgs singlet field and heavy vector-like fields. For

example, we introduce a SM singlet Higgs field S with quantum numbers (1, 1,−1/6, 1/6),

and vector-like fields (QX , QX), and (Q′
X , Q

′
X) with the following quantum numbers

QX : (3, 2, 1/6, 0) , QX : (3̄, 2,−1/6, 0) ,

Q′
X : (3, 2, 0, 1/6) , Q

′
X : (3̄, 2, 0,−1/6) . (4.2)
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Figure 1: Allowed regions of the parameter space for various tanβ. In all figures, the colors denote

regions with different χ2 ranges, blue: χ2 < 32, green: 32 < χ2 < 33, yellow: 33 < χ2 < 34, cyan:

34 < χ2 < 35, magenta: χ2 > 35.
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There are new Yukawa coupling terms as the following

−LYukawa = yi
XQSQ

′
XQi + y3

XQS†QXQ3 + yi
XuūiRΦ1QX + y3

Xuū3RΦ2Q
′
X

+yi
Xdd̄iRΦ̃1QX + y3

Xdd̄3RΦ̃2Q
′
X + MXQXQX + M ′

XQ
′
XQ′

X + h.c. , (4.3)

where the masses MX and M ′
X can be generated by introducing another SM singlet Higgs

field. For simplicity, we neglect the mixings between QX and QiL, and between Q′
X and

Q3L. After we integrate out the vector-like fields (QX , QX) and (Q′
X , Q

′
X), we obtain

−LYukawa = − 1

MX

(
yi

Xuy3
XQūiRΦ1S

†Q3 + yi
Xdy

3
XQd̄iRΦ̃1S

†Q3

)

− 1

M ′
X

(
y3

Xuyi
XQū3RΦ2SQi + y3

Xdy
i
XQd̄3RΦ̃2SQi

)
+ h.c. . (4.4)

Thus, we generate the SM quark CKM mixings after S obtains a VEV.

In our model, a nice feature is that the 2× 2 matrices for the Yukawa couplings of the

SM fermions in the first two families are suppressed by 1/ tan β, compared to those in the

third family. Unfortunately, the same 1/ tan β suppression affects the 2× 2 neutrino Dirac

Yukawa matrix for the first two families as well, which gives the wrong predictions on the

neutrino masses and mixings.

In general, we can explain the SM fermion masses and mixings more satisfactorily

via the Froggat-Nielson mechanism [19]. By introducing an extra discrete symmetry or

global U(1) symmetry, we can obtain the neutrino masses and mixings by suppressing the

neutrino Dirac couplings NkΦ2L3 by 1/ tan β comparing to the neutrino Dirac couplings

NkΦ2Li where k = 1, 2, 3 and i = 1, 2. For example, we introduce a global U(1)FN

symmetry under which Li and eiR have charge +1 and Nk have charge −1 while L3 and

e3R are neutral. To break the U(1)FN symmetry, we introduce a SM singlet scalar field A

with U(1)FN charge +1 and give it a very large VEV. Then the terms NkΦ2Li are allowed,

whereas the terms NkΦ2L3 are forbidden. The relevant terms are ANkΦ2L3/MPl where

MPl is the Planck mass. When 〈A〉/MPl is about 1/ tan β, we obtain the neutrino masses

and mixing. To avoid the existence of a massless Goldstone boson from the broken global

U(1)FN symmetry, we can consider U(1)FN as an anomalous gauged U(1) symmetry, as

inspired by superstring theory.

The mismatch between the flavor eigenstates and mass eigenstates of the quarks will

result in tree-level flavor-changing Z ′ couplings because the U(1)′ charges of the third-

generation quarks are different from those of the first two generations. We can reduce

uncertainties from the up sector by assuming no difference between the flavor and mass

eigenstates for the up-type quarks, corresponding to the case where only the Φ3 and Φ4

Higgs fields are introduced, as described above. See, however, ref. [20] for the situation

where the up sector mixings are identical to the CKM mixings, and its consequences to

single-top production. In this case, the converting matrix for the down-type quarks is

simply the CKM matrix. Following the discussions and notations in refs. [21, 22], the

dominant off-diagonal Z ′ coupling is between the left-handed bottom and strange quarks

due to the hierarchical structure in the CKM matrix

Bsb
L = δLQdL

VtbV
∗
ts , (4.5)
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Figure 2: Constraints on the model parameters (cosφ, MZ′) using the Bs-Bs oscillation (solid

black curve) and the averaged B → Xsℓ
+ℓ− decay rate (dashed green curve). Here the model only

contains the left-handed FCNC couplings for the down quark sector. The allowed parameter space

is above the curves.

where the combination

δLQdL
=

e

3 sin 2φ cos θ
. (4.6)

It is interesting to note that there is no tan β dependence in the FCNC coupling Bsb
L . Such a

coupling can contribute to processes involving b → s transitions. In view of their precisions

and less theoretical uncertainties, the latest experimental data of the Bs-Bs oscillation [23]

and B → Xsℓ
+ℓ− decay [24, 25] are used here to constrain the parameters cos φ and MZ′

appearing in the above expressions.

Given the value ∆M exp
s = 17.77 ± 0.10 ± 0.07 ps−1 reported by the CDF Collabo-

ration [23] and the SM expectation ∆MSM
s = 19.52 ± 5.28 ps−1, we determine the ratio

∆M exp
s /∆MSM

s = 0.89 ± 0.24. Suppose there are only left-handed flavor-changing Z ′ cou-

plings in our model, we find that the allowed parameter space is above the solid curve in

figure 2. Furthermore, if we assume no mixing in the lepton sector, the constraint given

by the B → Xsℓ
+ℓ− decays renders the space above the dashed green curve. In this case,

the ∆Ms constraint is stronger for Z ′ mass above about 500 GeV.

If there is also a mismatch between the flavor and mass eigenstates for the right-

handed quarks, then there will be flavor-changing Z ′ couplings for them and thus additional

contributions to the above-mentioned processes. However, such an analysis cannot be done
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without knowing the mixing information. As an example, if we assume the same CKM

matrix for the right-handed quarks, the Z ′-sR-bR coupling is

Bsb
R = δRQdR

VtbV
∗
ts , (4.7)

where the combination

δRQdR
= − 2e

3 sin 2φ cos θ
. (4.8)

Bsb
R is also tan β independent. With the inclusion of such flavor-changing Z ′ couplings to

both left-handed and right-handed down-type quarks, the allowed parameter space on the

cos φ-MZ′ plane is given in figure 3.

The Bs-Bs oscillation data exclude the region below the solid blue curve and the region

between the dash-dotted red curves. This slightly more complicated condition results

from the introduction of new operators [sγµ(1 − γ5)b][sγµ(1 + γ5)b], [s(1 − γ5)b][s(1 +

γ5)b], and [sγµ(1 + γ5)b][sγµ(1 + γ5)b] in the model. The first two new operators have

destructive interference with the third new operator and the standard model operator

[sγµ(1 − γ5)b][sγµ(1 − γ5)b]. Moreover, the renormalization group running enhances the

Wilson coefficient of the former. The B → Xsℓ
+ℓ− decays in this case has a stronger

constraint than the Bs mixing when cosφ < 0.6.

5. Z
′ production

As the previous sections indicate, for a specific choice of cos φ, ǫ2 is allowed to vary within a

certain range while still producing a reasonable fit to the experimental observables. When

we consider the Z ′ production at the LHC, we present our results for four values of cos φ,

0.2, 0.4, 0.6 and 0.8. For each value of cos φ, ǫ2 is adjusted to generate the corresponding

MZ′ to be within the range of 1TeV to 5TeV. Similar to other types of Z ′ models [26], the

Z ′ in the top hypercharge model can be searched for through the Drell-Yan processes. For

the mass range we consider, the decay width of the Z ′ is typically a few hundred GeV. We

apply the simple cuts of requiring the transverse momenta of the outgoing leptons to be

larger than 20 GeV, the absolute value of the rapidities of the leptons to be less than 2.5,

and the invariant mass of the lepton pair to be between MZ′ − 1/2ΓZ′ and MZ′ + 1/2ΓZ′ .

After these cuts, the SM background becomes negligible compared to the signal.

We calculate the pp → e+e− and µ−µ+ cross sections and deduce the significance

for discovery based on the statistical errors. In figure 4, we show the total luminosities

required for a 5σ discovery of different cos φ and MZ′ in the top hypercharge model. With

100 fb−1, the discovery reaches for cos φ = 0.8, 0.6, 0.4 and 0.2 are about 4.1, 5.0, 5.8 and

6.9 TeV, respectively. The production cross sections have a strong dependence on cos φ, as

can be seen in eq. (2.15) that the Z ′ coupling to the first two generations of quarks are

proportional to tan φ. Therefore, small cos φ will enhance this coupling and large cross

sections follow.
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Figure 3: Constraints on the model parameters (cosφ, MZ′) using the Bs-Bs oscillation (solid blue

and dash-dotted red curves) and the averaged B → Xsℓ
+ℓ− decay rate (dashed green curve). Here

the model contains both the left-handed and right-handed FCNC couplings for the down quark

sector. The allowed parameter space is above the solid blue and dashed green curves with the

region between the dash-dotted red curves being excluded.
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Figure 4: The total luminosity required for a 5σ discovery through the Drell-Yan process as a

function of the Z ′ mass for cosφ = 0.2, 0.4, 0.6, and 0.8.
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6. Dark matter and Higgs masses

Finally, we comment on the issues of dark matter candidate and Higgs boson masses

in this model. As to be seen below, this part of discussions involves more independent

parameters. Detailed numerical analyses are beyond the scope of this work and will be

presented elsewhere [27].

The dark matter candidate is a particle whose stability can be achieved using an

additional discrete symmetry. However, if the discrete symmetry is global but not gauged,

this symmetry can be violated by non-renormalizable higher-dimensional operators due to

quantum gravity effects. In our model, we can introduce a SM singlet scalar field φ with

quantum number (1, 1,−1/4, 1/4). The relevant Lagrangian for φ and its couplings to Σ is

−LYukawa = m2
φ|φ|2 +

λφ

2
|φ|4 + λ′

φ|φ|2|Σ|2 +
(
m̃φφ2Σ + h.c.

)
. (6.1)

Thus, after the U(1)1 × U(1)2 gauge symmetry is broken down to U(1)Y , φ becomes a

stable particle due to the gauged Z2 symmetry under which φ goes to −φ and the other

fields are invariant.

Similar to the singlet-field dark matter [28 – 30], φ can possibly give the correct dark

matter density, which deserves further study in details because of the additional U(1) gauge

symmetry.

Aside from the above-mentioned Z2-odd scalar field, there are at least three Higgs fields

in the model, namely Σ, Φ1 and Φ2. The most general renormalizable Higgs potential is

Vscalar = −m2
11Φ

†
1Φ1 − m2

22Φ
†
2Φ2 −

[
AmΦ†

1ΣΦ2 + h.c.
]

+
1

2
λ1

(
Φ†

1Φ1

)2
+

1

2
λ2

(
Φ†

2Φ2

)2
+ λ3

(
Φ†

1Φ1

) (
Φ†

2Φ2

)
+ λ4

(
Φ†

1Φ2

)(
Φ†

2Φ1

)

+λ5

(
Σ†Σ

)(
Φ†

1Φ1

)
+ λ6

(
Σ†Σ

)(
Φ†

2Φ2

)
− m2

ΣΣ†Σ +
1

2
λΣ

(
Σ†Σ

)2
, (6.2)

where Am has mass dimension one, and the coefficients λi are real dimensionless quantities.

We ignore the possibility of explicit CP-violating effects in the Higgs potential by choosing

Am to be real, although in general it can be complex. At the minimum of the potential,

we expand the Higgs fields as follows

Σ =
1√
2

(u + σ + iξ) , (6.3)

Φ1 =

(
φ+

1

(v1 + φ1 + iϕ1) /
√

2

)
, Φ2 =

(
φ+

2

(v2 + φ2 + iϕ2) /
√

2

)
. (6.4)

There are ten degrees of freedom in the three Higgs fields. After the SU(2)L×U(1)1×U(1)2
gauge symmetry is broken down to U(1)EM, there will be left with six physical Higgs fields:

three CP-even ones (H1, H2 and H3), a CP-odd one (A), and a charged pair (H±).

The mass-squared matrix of the CP-even Higgs fields in the basis of (σ, φ1, φ2) is

M2
CP−even =




Amv1v2√
2u

+ λΣu2 −Amv2√
2

+ λ5uv1 −Amv1√
2

+ λ6uv2

−Amv2√
2

+ λ5uv1
Amuv2√

2v1

+ λ1v
2
1 −Amu√

2
+ (λ3 + λ4) v1v2

−Amv1√
2

+ λ6uv2 −Amu√
2

+ (λ3 + λ4) v1v2
Amuv1√

2v2

+ λ2v
2
2


 .(6.5)
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The mass-squared matrix of CP-odd Higgs fields in the basis of (ξ, ϕ1, ϕ2) is

M2
CP−odd =

Am√
2




v1v2/u −v2 v1

−v2 uv2/v1 −u

v1 −u uv1/v2


 . (6.6)

Thus, there are two massless Goldstone bosons and one CP-odd Higgs field A with the

following mass

m2
A =

Am

(
v2
1v

2
2 + u2v2

1 + u2v2
2

)
√

2uv1v2

. (6.7)

The mass-squared matrix of charged Higgs fields in the basis of (φ±
1 , φ±

2 ) is

M2
charged =

(
Amv2u√

2v1

− 1
2λ4v

2
2 −Amu√

2
+ 1

2λ4v1v2

−Amu√
2

+ 1
2λ4v1v2

Amv1u√
2v2

− 1
2λ4v

2
1

)
. (6.8)

So, we have one pair of massless charged Goldstone bosons, and one pair of charged Higgs

bosons with mass

m2
H± =

Amu(v2
1 + v2

2)√
2v1v2

− 1

2
λ4(v

2
1 + v2

2) . (6.9)

In eq. (6.2), we have two global SU(2) symmetries SU(2)1 and SU(2)2 if we neglect

the terms −
[
AmΦ†

1ΣΦ2 + h.c.
]

and λ4(Φ
†
1Φ2)(Φ

†
2Φ1). In this case, it is always possible to

make an SU(2)1 × SU(2)2 rotation so that the U(1)EM gauge symmetry is unbroken.

After introducing the terms −[AmΦ†
1ΣΦ2 + h.c.] and λ4(Φ

†
1Φ2)(Φ

†
2Φ1) into the Higgs

potential, we break the SU(2)1 × SU(2)2 global symmetries down to the SU(2) global

symmetry which is identified as the SU(2)L gauge symmetry. For simplicity and without

loss of generality, we assume that there is no CP violation and that v1, v2 and Am are

positive. In this case, one can make an SU(2)L rotation so that Φ2 does not break the

U(1)EM gauge symmetry. Now we reach the conclusion that the terms −[AmΦ†
1ΣΦ2 + h.c.]

will give the minimal value for the potential if the U(1)EM gauge symmetry is not broken

by the VEV of Φ1. However, the term λ4(Φ
†
1Φ2)(Φ

†
2Φ1) with positive λ4 does give the

minimal (maximal) value for the potential if the U(1)EM gauge symmetry is completely

(not) broken by the VEV of Φ1. Interestingly, if Am is around the electroweak scale and

λ4 is of order 1, the magnitude of the −[AmΦ†
1ΣΦ2 + h.c.] terms is much larger than that

of λ4(Φ
†
1Φ2)(Φ

†
2Φ1) because u is much larger than v1 and v2. Therefore, the potential in

eq. (6.2) naturally leads to an alignment that the U(1)EM gauge symmetry is not broken.

7. Conclusions

In this paper, we proposed a top hypercharge model with the gauge symmetry SU(3)C ×
SU(2)L × U(1)1 × U(1)2. The first two families of the SM fermions are charged under

U(1)1 while the third family is charged under U(1)2. We break the U(1)1 × U(1)2 gauge

symmetry down to the U(1)Y gauge symmetry by giving a VEV to the Higgs field Σ, which
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is an SU(2)L singlet but charged under both U(1) groups. We performed a global fit to

the electroweak observables at the Z-pole in this model and found that in some regions

of the parameter space (figure 1) the top hypercharge model provides a better fit than

the SM. In view of the possibility of a large FCNC associated with the b → s transition,

we studied the constraints by considering the Bs mixing and B → Xsℓ
+ℓ− decays. They

generally excluded the regions with mZ′ < 500 GeV and large cos2 φ. The production and

detection of such a Z ′ boson through the Drell-Yan process at the LHC was calculated for

0.2 ≤ cos φ ≤ 0.8. With an integrated luminosity of 100 fb−1, the 5σ discovery reach ranged

from 4.1 to 6.9 TeV. We also commented on the possibility that a scalar field charged odd

under a gauged Z2 symmetry derived from the extra U(1) symmetry may serve as a DM

candidate, and the tree-level mass spectrum of the Higgs boson fields. These issues deserve

further investigations in the future.
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