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New gauge forces beyond the standard model *
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Abstract In this work we investigate the minimal and next to minimal new gauge forces beyond standard

model by constructing the corresponding electroweak chiral Lagrangians. Some phenomenological constraints

from the mass differences in the K0−K̄0, B0
d−B̄0

d, B0
s−B̄0

s systems and the corresponding CP violation parameter

are discussed.
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1 Introduction

It is well-known that there are four different kinds

of fundamental forces in our real world: strong, weak,

electro-magnetic and gravitational forces. With the

exception of the gravitational force, which is respon-

sible for space-time structure, all of the other three

ones are described within the framework of the stan-

dard model (SM). In this work, we will investigate a

situation in which it is assumed that new forces be-

yond the known ones act between the constituents of

matter. Ways to describe such forces and their prop-

erties will be discussed. With LHC a new generation

of high energy colliders is starting to run and peo-

ple eagerly expect to find new forces beyond those of

the SM. Suppose that new forces beyond the SM do

exist, then they should all be gauge forces since the

existing forces are all gauge forces except for grav-

ity. As gauge forces they are controlled by the cor-

responding gauge groups for which the minimal one

is U(1) and the next to the minimal is SU(2). These

are the two cases in which we are interested in this

work. Gauge forces are transmitted by gauge parti-

cles and each generator of the gauge group is asso-

ciated with a vector particle. We call the carriers of

the new U(1) gauge force Z′ and of the new SU(2)

gauge force W′±,Z′, respectively. Then the research

on minimal and next to minimal new forces beyond

the SM is equivalent to investigate the physics for

Z′ and W′±,Z′. Since up to now Z′ and W′± are

not found experimentally, they should all be massive

and the corresponding gauge symmetry must be bro-

ken. Due to the Higgs mechanism, the longitudinal

components of these gauge particles are “would-be”

Goldstone bosons. In the following we will discuss

the two physical cases that Z′ (W′±,Z′) are lightest

new particles beyond the SM which are expected to

be observed at LHC. It is known that conventional

longitudinal electroweak gauge boson scattering re-

quires a neutral scalar, usually called Higgs, to keep

the unitarity of the scattering amplitudes at the TeV

energy region [1–5]. To keep the unitarity, we need

also to add an extra neutral Higgs into our theory.

So in this work, with exception of the particles which

are already discovered by experiment, we investigate

the following two cases:

1) A neutral higgs plus a Z′ and the corresponding

Goldstone boson φ0′;

2) A neutral higgs plus a W±′,Z′ and the corre-

sponding Goldstone bosons φ±′,φ0′.

Since we are mainly interested in the Z′ (W±′,Z′)

physics, the Higgs particle (which may be or may be

not be responsible for the symmetry breaking), up

to now only plays a passive role. For simplicity, we

Received 9 September 2009

* Supported by NSFC (10435040, 10875065)

1)E-mail:wangq@mail.tsinghua.edu.cn

2)E-mail:wsz08@pku.edu.cn

3)E-mail:hepzhy@mail.xjtu.edu.cn
©2009 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute

of Modern Physics of the Chinese Academy of Sciences and IOP Publishing Ltd



278 Chinese Physics C (HEP & NP) Vol. 34

ignore it at the first step of our research. There

are various new physics models which include the

Z′ or W±′,Z′. We limit ourselves to the situation

that except the neutral higgs, required to delay the

unitarity violation, the Z′ or W±′,Z′ are the light-

est new particles. Further, we do not want to get

involved into the details of spontaneous symmetry

breaking which is responsible to generate all par-

ticle masses, and prefer instead a model indepen-

dent description of the new forces among these parti-

cles. This leads us to build an electroweak chiral La-

grangian (EWCL) for Z′ and W±′,Z′, that is, the con-

ventional EWCL for the known particles [6, 7] with

Z′ or W±′,Z′ and their Goldstone bosons being added

to it. The symmetry realization patterns are gener-

alized from the original SU(2)L ⊗U(1)Y → U(1)em
for W±,Z,γ to SU(2)L ⊗U(1)⊗U(1)′ → U(1)em for

W±,Z,γ,Z′ and to SU(2)1⊗SU(2)2⊗U(1)→U(1)em
for W±,Z,γ,W±,′,Z′.

To build such EWCLs for new forces, the key is

to figure out the symmetry transformation rules for

all fields including all gauge fields, the correspond-

ing Goldstone boson fields and SM fermion fields.

To achieve this, we first give a short review on the

construction of the bosonic part of the conventional

EWCL. Then this procedure is applied to build EW-

CLs including Z′ and W±,′,Z′. Finally we discuss the

fermionic part and give some phenomenological con-

straints.

2 Review the building of SU(2)L ⊗

U(1)Y chiral Lagrangian

For the conventional EWCL of SU(2)L⊗U(1)Y →

U(1)em given by Ref. [6], we can label the SU(2)L⊗

U(1)Y group elements as (eiθata

L ,eiθt) with hermitian

ta
L (θa) for a = 1,2,3 and t (θ) being the genera-

tors (group parameters) of SU(2)L and U(1)Y respec-

tively. The electromagnetic U(1)em group generator

is tem ≡ t3L + t which results in the group element

(eiθemt3L ,eiθemt) with the U(1)em group parameter θem.

Group theory tells us that each breaking generator

corresponds to a coset which can be represented by

introducing a representative element in each coset. If

we denote the representative element by n, then the

rule of a mapping of n to n′ under a group element

g is gn = n′h with h being an element of the un-

broken subgroup. Fig. 1 should help to understand

the meaning of the mathematical relation gn = n′h.

Combining these group theoretic results with Gold-

stone’s theorem which states that to each symmetry

breaking generator there corresponds a massless

Fig. 1. Transformation law between the ele-

ments of a coset G/H of the group G, where

H ⊂ G is an invariant subgroup of G. Red

bullets are the representative elements of the

coset. Transformation rule: gn = n′h with h

belonging to H (h⊂H).

Goldstone particle, we find that the Goldstone bo-

son fields related to the symmetry breaking genera-

tors can attain signifiance through the representative

elements of the coset. We will define the representa-

tive element of the coset by (U,1) with the unitary

element U as a Goldstone field. Then we apply the

transformation rule gn = n′h to this (U,1). With

SU(2)L⊗U(1)Y and g = (eiθata

L ,eiθt) we obtain

(eiθata

L , eiθt)(U,1)
gn=n′h

=====

(eiθata

LUe−iθt3L
︸ ︷︷ ︸

U′

, 1)(eiθt3L , eiθt)
︸ ︷︷ ︸

U(1)em

, (1)

which leads to the transformation rule for the Gold-

stone field U under the SU(2)L⊗U(1)Y transforma-

tion,

U ′ = eiθata

L U e−iθt3L . (2)

We can choose the Goldstone field U to be a 2×2 uni-

modular matrix which has three degrees of freedom

matching the three breaking generators for SU(2)L⊗

U(1)Y → U(1)em. This choice of the Goldstone field

in the two dimensional inner space corresponds to the

choice of the generators ta
L = τa/2 and t = 1. With (2)

and the standard SU(2)L⊗U(1)Y transformation rule

for electroweak gauge fields Wµ ≡W a
µ τa/2 and Bµ, we

can uniquely fix the covariant derivative for the Gold-

stone field U , DµU = ∂µ U+ig2WµU−iU
τ 3

2
g1Bµ. With

this and Eq. (2) we can construct the SU(2)L⊗U(1)Y
invariant EWCL composed from U and Wµ,Bµ as
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Lboson
SU(2)L⊗U(1)Y

= −
f 2

4
tr(VµV µ)+

f 2

4
β1[tr(TVµ)]2 +

1

2
α1g2g1Bµνtr(TW µν)+

i

2
α2g1Bµνtr(T [V µ,V ν ])+iα3g2tr(Wµν [V µ,V ν ])+α4[tr(VµVν)]2 +α5[tr(VµV µ)]2 +

α6tr(VµVν)tr(TV µ)tr(TV ν)+α7tr(VµV µ)tr(TVν)tr(TV ν)+
1

4
α8g

2
2 [tr(TWµν)]

2 +

i

2
α9g2tr(TWµν)tr(T [V µ,V ν ])+

1

2
α10[tr(TVµ)tr(TVν)]

2 +

α11g2ε
µνρλtr(TVµ)tr(VνWρλ)+2α12tr(TVµ)tr(VνW µν)+

1

4
α13g2g1ε

µνρσBµνtr(TWρσ)+

1

8
α14g

2
2ε

µνρσtr(TWµν)tr(TWρσ)−
1

4
BµνBµν −

1

2
tr(WµνW µν)+O(p6), (3)

where T = Uτ 3U † and Vµ = (DµU)U †. This La-

grangian was first completely derived in Ref. [6].

3 SU(2)L ⊗ U(1) ⊗ U(1)′ chiral La-

grangian

With the experience in constructing a SU(2)L ⊗

U(1)Y invariant EWCL, we now generalize the pro-

cess to the construction of a SU(2)L ⊗ U(1) ⊗

U(1)′ invariant EWCL. The group element now is

(eiθata

L+iθ′t′ ,eiθt) with an extra U(1)′ generator t′ and a

corresponding group paramerter θ′. The electromag-

netic U(1)em group generator now is tem ≡ t3L + t+ct′

with an additional arbitrary parameter c, which re-

sults in the U(1)em group element (eiθem(t3L+ct′),eiθemt).

We define the representative element by (Û ,1) with

Û being the Goldstone boson field. Then the trans-

formation rule gn = n′h gives

(eiθata

L+iθ′t′ , eiθt)(Û ,1)
gn=n′h

=====

(eiθata

L+iθ′t′ Ûe−iθ(t3L+ct′)

︸ ︷︷ ︸

Û′

, 1)(eiθ(t3L+ct′), eiθt)
︸ ︷︷ ︸

U(1)em

, (4)

which leads to the following transformation rule for

the Goldstone field Û under the SU(2)L⊗U(1)⊗U(1)′

transformation

Û ′ = eiθata

L+iθ′t′ Û e−iθ(t3L+ct′) . (5)

We can choose the Goldstone field Û to be a 2× 2

unitary matrix which has four degrees of freedom

matching the four breaking generators for SU(2)L⊗

U(1)⊗U(1)′ →U(1)em. This choice of the Goldstone

field in the two dimensional inner space corresponds

to the generators ta
L = τa/2, t = t′ = 1 (Note, ac-

cording to our arrangement of the group elements, t

and t′ are placed in different spaces, so t = t′ = 1

will not cause any confusion). With Eq. (5) and

the standard transformation SU(2)L ⊗U(1)⊗U(1)′

rule for the electroweak gauge fields Wµ,Bµ and the

extra U(1)′ gauge field Xµ, we can derive the co-

variant derivative for the Goldstone field Û , DµÛ =

∂µ Û +i(g2Wµ + g′
1Xµ)Û − iÛ

(
τ 3

2
g1 + cg1

)

Bµ. With

this and Eq. (5), the SU(2)L⊗U(1)×U(1)′ invariant

EWCL composed from U and Wµ,Bµ,Xµ is obtained

as

Lboson
SU(2)L⊗U(1)⊗U(1)′ = −

f 2

4
tr(V̂µV̂ µ)+

f 2

4
β1[tr(T V̂µ)]2 +

f 2

4
β2tr(V̂µ)tr(T V̂µ)+

f 2

4
β3[tr(V̂µ)]2−

1

4
BµνBµν −

1

2
tr[WµνW µν ]−

1

4
XµνXµν +

1

2
α1gg′Bµνtr[TW µν ]+

i

2
α2g

′Bµνtr[T [V̂ µ, V̂ ν ]]+

iα3gtr[W µν [V̂ µ, V̂ ν ]]+α4tr[V̂µV̂ν ]tr[V̂ µV̂ ν ]+α5tr[V̂µV̂ µ]tr[V̂ νV̂ν ]+

α6tr[V̂µV̂ν ]tr[T V̂ µ]tr[T V̂ ν ]+α7tr[V̂µV̂ µ]tr[T V̂ν ]tr[T V̂ ν ]+
1

4
α8g

2tr[TWµν ]tr[TW µν ]+

i

2
α9gtr[TW µν ]tr[T [V̂µ, V̂ν ]]+

1

2
α10tr[T V̂ µ]tr[T V̂ ν ]tr[T V̂µ]tr[T V̂ν ]+

α11gεµνρλtr[T V̂µ]tr[V̂νWρλ]+α12gtr[T V̂ µ]tr[V̂ νWµν ]+α13gg′εµνρλBµνtr[TWρλ]+

α14g
2εµνρλtr[TWµν ]tr[TWρλ]+α15tr[V̂µ]tr[T V̂ µ]tr[T V̂ν ]tr[T V̂ ν ]+

α16tr[V̂µ]tr[T V̂ µ]tr[V̂ν V̂ ν ]+α17tr[V̂µ]tr[T V̂ν ]tr[V̂
µV̂ ν ]+

α18tr[V̂µ]tr[V̂ν ]tr[T V̂ µ]tr[T V̂ ν ]+α19tr[V̂µ]tr[V̂ν ]tr[V̂ µV̂ ν ]+
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α20tr[V̂µ]tr[V̂ µ]tr[T V̂ν ]tr[T V̂ ν ]+α21tr[V̂µ]tr[V̂ µ]tr[V̂ν V̂ ν ]+α22tr[V̂µ]tr[V̂ µ]tr[V̂ν ]tr[T V̂ ν ]+

α23tr[V̂µ]tr[V̂ν ]tr[V̂ µ]tr[V̂ ν ]+gg′′α24Xµνtr[TW µν ]+g′g′′α25BµνX
µν +

α26ε
µνρλtr[V̂µ]tr[T V̂ν ]tr[T [V̂ρ, V̂λ]]+ig′α27ε

µνρλtr[V̂µ]tr[T V̂ν ]Bρλ +

igα28ε
µνρλtr[V̂µ]tr[T V̂ν ]tr[TWρλ]+gα29ε

µνρλtr[V̂µ]tr[V̂νWρλ]+

ig′′α30ε
µνρλXµνtr[T [V̂ρ, V̂λ]]+ig′′α31Xµνtr[T [V̂ µ, V̂ ν ]]+g′′α32ε

µνρλtr[V̂µ]tr[T V̂ν ]Xρλ +

α33tr[V̂µ]tr[T V̂ν ]tr[T [V̂ µ, V̂ ν ]]+g′g′′α34ε
µνρλBµνXρλ +gg′′α35ε

µνρλXµνtr[TWρλ]+

ig′α36tr[V̂µ]tr[T V̂ν ]B
µν +igα37tr[V̂µ]tr[T V̂ν ]tr[TW µν ]+gα38tr[V̂

µ]tr[V̂ νWµν ]+

g′′α39tr[V̂µ]tr[T V̂ν ]X
µν +igα40tr[V̂

µ]tr[T V̂ νWµν ]+O(p6) , (6)

where we have identifying g2 with g, g′
1 with −g′′, g1

with g′, cg1 with g̃′, T = Ûτ 3Û † and V̂µ = (DµÛ)Û †.

This Lagrangian combined with a neutral higgs field

was given in Ref. [8].

4 SU(2)1 ⊗ SU(2)2 ⊗ U(1) chiral La-

grangian – bosonic part

For the case of the SU(2)1⊗SU(2)2⊗U(1) invari-

ant EWCL the group elements become (eiθa

1 ta

1 , eiθa

2 ta

2 ,

eiθt), where ta
1 and ta

2 (θa
1 and θa

1 ) for a = 1,2,3 are

the SU(2)1 and SU(2)2 generators (group parame-

ters) respectively. The electromagnetic U(1)em group

generator now becomes tem ≡ t31 + t32 + t which results

in the group element (eiθemt31 ,eiθemt32 ,eiθemt). We define

the representative element with (U1,U2,1) with U1,U2

being the Goldstone boson fields. The transformation

rule gn = n′h gives then,

(eiθa

1 ta

1 , eiθa

2 ta

2 , eiθt)(U1,U2,1)
gn=n′h
====

(eiθa

1 ta

1 U1e
−iθt31

︸ ︷︷ ︸

U′

1

,eiθa

2 ta

2 U2e
−iθt32

︸ ︷︷ ︸

U′

2

,1)(eiθt31 , eiθt32 , eiθt)
︸ ︷︷ ︸

U(1)em

,

(7)

which leads to the following rules for the Goldstone

fields U1,U2 under the SU(2)1⊗SU(2)2⊗U(1) trans-

formation

U ′
1 = eiθa

1 ta

1 U1 e−iθt31 , U ′
2 = eiθa

2 ta

2 U2 e−iθt32 . (8)

We can choose the Goldstone fields U1 and U2 to be

the 2×2 unimodular matrices with totally six degrees

of freedom matching the six breaking generators of

SU(2)1⊗SU(2)1⊗U(1)→U(1)em. With Eq. (8) and

the standard SU(2)1⊗SU(2)2⊗U(1) transformation

rule for the electroweak gauge fields W1,µ,W2,µ,Bµ,

we can fix the covariant derivatives for the Goldstone

fields Ui as DµUi = ∂µ Ui +igiWi,µUi − iUi

τ 3

2
gBµ for

i = 1,2. With this and Eq. (8), one can construct

the SU(2)1⊗SU(2)2×U(1) invariant EWCL from the

fields U1,U2 and W1,µ,W2,µ,Bµ as

Lboson
SU(2)1⊗SU(2)2⊗U(1) =

−
1

4
f 2
1 tr(Xµ

1 )2−
1

4
f 2
2 tr(Xµ

2 )2 +
1

2
κf1f2tr(X

µ
1 Xµ

2 )+
1

4
β1,1f

2
1 [tr(τ 3X1,µ)]2 +

1

4
β2,1f

2
2 [tr(τ 3X2,µ)]2 +

1

2
β̃1f1f2[tr(τ

3X1,µ)][tr(τ 3Xµ
2 )]−

1

4
W a

1,µνW µν,a
1 −

1

4
W a

2,µνW µν,a
2 −

1

4
BµνBµν +

∑

i=1,2

[
1

2
αi,1gBµνtr(τ

3W
µν

i )+iαi,2gBµνtr(τ
3Xµ

i Xν
i )+2iαi,3tr(W i,µνXµ

i Xν
i )+

αi,4[tr(Xi,µXi,ν)]
2 +αi,5[tr(X

2
i,µ)]2 +αi,6tr(Xi,µXi,ν)tr(τ 3Xµ

i )tr(τ 3Xν
i )+

αi,7tr(X
2
i,µ)[tr(τ 3Xi,ν)]2 +

1

4
αi,8[tr(τ

3W i,µν)]2 +iαi,9tr(τ
3W i,µν)tr(τ 3Xµ

i Xν
i )+

1

2
αi,10[tr(τ

3Xi,µ)tr(τ 3Xi,ν)]2 +αi,11ε
µνρλtr(τ 3Xi,µ)tr(Xi,νW i,ρλ)+

2αi,12tr(τ
3Xi,µ)tr(Xi,νW

µν

i )+
1

4
αi,13gεµνρσBµνtr(τ 3W i,ρσ)+
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1

8
αi,14ε

µνρσtr(τ 3W i,µν)tr(τ 3W i,ρσ)

]

+iα̃2gBµνtr(τ
3Xµ

1 Xν
2 )+2iα̃3,1tr(W 1,µνXµ

2 Xν
2 )+

2iα̃3,2tr(W 2,µνXµ
1 Xν

1 )+2iα̃3,3tr(W 1,µνXµ
1 Xν

2 )+2iα̃3,4tr(W 2,µνXµ
2 Xν

1 )+

α̃4,1tr(X1,µX1,ν)tr(Xµ
2 Xν

2 )+ α̃4,2[tr(X1,µX2,ν)]
2 + α̃4,3tr(X1,µX2,ν)tr(Xµ

2 Xν
1 )+

α̃4,4tr(X1,µX2,ν)tr(Xµ
2 Xν

2 )+ α̃4,5tr(X2,µX1,ν)tr(X
µ
1 Xν

1 )+ α̃5,1tr(X
2
1,µ)tr(X2

2,ν)+

α̃5,2[tr(X1,µXµ
2 )]2 + α̃5,3tr(X1,µXµ

2 )tr(X2
2,ν)+ α̃5,4tr(X2,µXµ

1 )tr(X2
1,ν)+

α̃6,1tr(X1,µX1,ν)tr(τ 3Xµ
2 )tr(τ 3Xν

2 )+ α̃6,2tr(X2,µX2,ν)tr(τ
3Xµ

1 )tr(τ 3Xν
1 )+

α̃6,3tr(X1,µX2,ν)tr(τ 3Xµ
1 )tr(τ 3Xν

2 )+ α̃6,4tr(X1,µX2,ν)tr(τ
3Xµ

2 )tr(τ 3Xν
1 )+

α̃6,5tr(X1,µX2,ν)tr(τ 3Xµ
2 )tr(τ 3Xν

2 )+ α̃6,6tr(X2,µX1,ν)tr(τ
3Xµ

1 )tr(τ 3Xν
1 )+

α̃6,7tr(X1,µX1,ν)tr(τ 3Xµ
1 )tr(τ 3Xν

2 )+ α̃6,8tr(X2,µX2,ν)tr(τ
3Xµ

2 )tr(τ 3Xν
1 )+

α̃7,1tr(X
2
1,µ)[tr(τ 3X2,ν)]

2 + α̃7,2tr(X
2
2,µ)[tr(τ 3X1,ν)]

2 +

α̃7,3tr(X1,µXµ
2 )tr(τ 3X1,ν)tr(τ 3Xν

2 )+ α̃7,4tr(X1,µXµ
2 )[tr(τ 3X2,ν)]2 +

α̃7,5tr(X2,µXµ
1 )[tr(τ 3X1,ν)]2 + α̃7,6tr(X

2
1,µ)tr(τ 3X1,ν)tr(τ 3Xν

2 )+

α̃7,7tr(X
2
2,µ)tr(τ 3X2,ν)tr(τ

3Xν
1 )+

1

4
α̃8tr(τ

3W 1,µν)tr(τ 3W
µν

2 )+

iα̃9,1tr(τ
3W 1,µν)tr(τ 3Xµ

2 Xν
2 )+iα̃9,2tr(τ

3W 2,µν)tr(τ 3Xµ
LXν

L)+

iα̃9,3tr(τ
3W 1,µν)tr(τ 3Xµ

1 Xν
2 )+iα̃9,4tr(τ

3W 2,µν)tr(τ 3Xµ
2 Xν

1 )+

1

2
α̃10,1[tr(τ

3X1,µ)tr(τ 3X2,ν)]
2 +

1

2
[α̃10,2[tr(τ

3X1,µ)tr(τ 3Xµ
2 )]2 +

1

2
α̃10,3tr(τ

3X1,µ)tr(τ 3Xµ
2 )[tr(τ 3X2,ν)]2 +

1

2
α̃10,4tr(τ

3X2,µ)tr(τ 3Xµ
1 )[tr(τ 3X1,ν)]2 +

α̃11,1ε
µνρλtr(τ 3X1,µ)tr(X2,νW 2,ρλ)+ α̃11,2ε

µνρλtr(τ 3X2,µ)tr(X1,νW 1,ρλ)+

α̃11,3ε
µνρλtr(τ 3X1,µ)tr(X1,νW 2,ρλ)+ α̃11,4ε

µνρλtr(τ 3X2,µ)tr(X2,νW 1,ρλ)+

α̃11,5ε
µνρλtr(τ 3X1,µ)tr(X2,νW 1,ρλ)+ α̃11,6ε

µνρλtr(τ 3X2,µ)tr(X1,νW 2,ρλ)+

2α̃12,1tr(τ
3X1,µ)tr(X2,νW

µν

2 )+2α̃12,2tr(τ
3X2,µ)tr(X1,νW

µν

1 )+

2α̃12,3tr(τ
3X1,µ)tr(X1,νW

µν

2 )+2α̃12,4tr(τ
3X2,µ)tr(X2,νW

µν

1 )+

2α̃12,5tr(τ
3X1,µ)tr(X2,νW

µν

1 )+2α̃12,6tr(τ
3X2,µ)tr(X1,νW

µν

2 )+

1

8
α̃14ε

µνρσtr(τ 3W 1,µν)tr(τ 3W 2,ρσ)+ α̃15ε
µνρσtr(W 1,µνW 2,ρσ)+O(p6) , (9)

where W i,µν ≡ U †
i giWi,µνUi and Xµ

i = U †
i (DµUi).

This Lagrangian combined with a neutral higgs field

has been derived in Ref.[9].

5 SU(2)1 ⊗ SU(2)2 ⊗ U(1) chiral La-

grangian – fermion part

With these new EWCLs (6) and (9), naive ap-

plications, such as γ-Z-Z′ mixing, W-W′ mixing and

W±,Z anomalous couplings, etc. are possible, how-

erver will not be discussed here. Another direction of

further research is to investigate the constraints from

low energy experiments. Considering that low energy

experiments mainly involve quarks and leptons of the

SM, we need to consider the fermionic part of the

EWCL for Z′ or W±′. In the following of this work

we only discuss the case of SU(2)1⊗SU(2)2⊗U(1) in

which W′±,Z′ couple to ordinary quarks and leptons.

This can be seen as a generalization of the work pre-

sented in Ref. [7]. In the literature various models

provide at least the following different arrangements

for the fermion representations [10]:

1) Left-right symmetric (LR) [11, 12]: Left handed

fermions belong to the doublet of SU(2)1 and the sin-

glet of SU(2)2; Right handed fermions belong to the

doublet of SU(2)2 and the singlet of SU(2)1.
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2) Leptophobic (LP): Left handed fermions belong

to the doublet of SU(2)1 and the singlet of SU(2)2;

Right handed quarks belong to the doublet of SU(2)2

and the singlet of SU(2)1; Right handed leptons be-

long to the singlets of both SU(2)’s.

3) Hadrophobic (HP): Left handed fermions be-

long to the doublet of SU(2)1 and the singlet of

SU(2)2; Right handed leptons belong to the doublet

of SU(2)2 and the singlet of SU(2)1; Right handed

quarks belong to the singlets of both SU(2)’s.

4) Fermionphobic (FP) [10, 13, 14]: Left handed

fermions belong to the doublet of SU(2)1 and the sin-

glet of SU(2)2; Right handed fermions belong to the

singlets of both SU(2)’s.

5) Ununified (UN) [15]: Left handed leptons be-

long to the doublet of SU(2)1 and the singlet of

SU(2)2; Left handed quarks belong to the doublet

of SU(2)2 and the singlet of SU(2)1; Right handed

fermions belong to the singlet of SU(2)1⊗SU(2)2.

6) Non-universal (NU) [16]: One or two special

families of left handed fermions (typical cases are

the first two light families) belong to the doublet

of SU(2)1 and the singlet of SU(2)2; Remaining left

handed fermions belong to the doublet of SU(2)2 and

the singlet of SU(2)1; Right handed fermions belong

to the singlet of SU(2)1⊗SU(2)2.

Table 1. Fermion transformation properties for the different models considered in the text. The numbers in

brackets refer to SU(2)1, SU(2)2 and U(1), respectively. Color indices are implicit. The right hand neutrinos

are not present in some of the original models LP, FP, UN and NU and are labeled by −. Including them in

this work is harmless to these models and their representation is (1,1,0).

fields/models LR LP HP FP UN NU

qαL =

(
uαL

dαL

) (

2,1,
1

6

) (

2,1,
1

6

) (

2,1,
1

6

) (

2,1,
1

6

) (

1,2,
1

6

) (

2,1,
1

6

)

δαα1 +

(

1,2,
1

6

)

δαα2

qαR =

(
uαR

dαR

) (

1,2,
1

6

) (

1,2,
1

6

)

(

1,1,
2

3

)

(

1,1,−
1

3

)

(

1,1,
2

3

)

(

1,1,−
1

3

)

(

1,1,
2

3

)

(

1,1,−
1

3

)

(

1,1,
2

3

)

(

1,1,−
1

3

)

lαL =

(
ναL

e−
αL

) (

2,1,−
1

2

) (

2,1,−
1

2

) (

2,1,−
1

2

) (

2,1,−
1

2

) (

2,1,−
1

2

) (

2,1,−
1

2

)

δαα1 +

(

1,2,−
1

2

)

δαα2

lαR =

(
ναR

e−
αR

) (

1,2,−
1

2

)
−

(1,1,−1)

(

1,2,−
1

2

)
−

(1,1,−1)

−

(1,1,−1)

−

(1,1,−1)

The various models defined by the transformation

properties of their fermion content with respect to

the gauge group are summarized in Table 1. Since

above fermions can belong to different representa-

tions for different underlying models, an universal

expression to cover all these possible arrangements

is needed. To reach this aim, we introduce two Gold-

stone operators ÛL and ÛR in the following way: If

f(ÛR, ÛL,DµÛR,DµÛL) is an arbitray function of ÛR

and ÛL then define its acton on the fermion fields by

f(ÛR, ÛL,DµÛR,DµÛL)qα =






f(U2,U1,DµU2,DµU1)qα LR

f(U2,U1,DµU2,DµU1)qα LP

f(1,U1,0,DµU1)qα HP

f(1,U1,0,DµU1)qα FP

f(1,U2,0,DµU2)qα UN

f(1,U1,0,DµU1)qαδαα1
+

f(1,U2,0,DµU2)qαδαα2
NU

, (10)

f(ÛR, ÛL,DµÛR,DµÛL)lα =






f(U2,U1,DµU2,DµU1)lα LR

f(1,U1,0,DµU1)lα LP

f(U2,U1,DµU2,DµU1)lα HP

f(1,U1,0,DµU1)lα FP

f(1,U1,0,DµU1)lα UN

f(1,U1,0,DµU1)lαδαα1
+

f(1,U2,0,DµU2)lαδαα2
NU

.

In the case of the “Non-universality generation” men-

tioned above, α1 denotes the specified generation

(typically one of the first two generations) which acts

as a doublet of SU(2)1 and as a singlet of SU(2)2 and

α2 denotes the remaining generation which acts as a

doublet of SU(2)2 and as a singlet of SU(2)1.

With the help of above representation we can now

write down the three dimensional universal Yukawa

type interactions. For the lepton part we have

LY,lepton = l
I

αL[ÛL(yαβ +yαβ
3 τ 3)Û †

R]lIβR+
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1

2
[hαβ

L lIcαLÛ∗
L(1+τ 3)Û †

LlIβL +

(L→R)]+h.c. , (11)

where hαβ
L,R are hermitian functions of the Higgs field

h. lc = Cl
T

is the charge conjugate field of l with C

being the charge conjugation matrix. The symbol “I”

indicates that they are gauge eigenstates. For quarks

part we get

LY,quark = qI
αL[ÛL(τuyαβ

u +τdyαβ

d )Û †
R]qI

βR+h.c. , (12)

where τu =
1+τ 3

2
and τd =

1−τ 3

2
. The coefficients

yαβ
u , yαβ

d are functions of the Higgs field.

The next contribution is the four dimensional

gauge interaction part of the Lagrangian

Lf−4 = i
∑

α

{

qI
αL 6DqI

αL +δL,1,αqI
αLÛL(6DÛL)†qI

αL +δL,2,αqI
αRÛRÛ †

L(6DÛL)Û †
RqI

αR +

δL,3,αqI
αL[(6DÛL)τ 3Û †

L− ÛLτ 3(6DÛL)†]qI
αL +δL,4,αqI

αLÛLτ 3Û †
L(6DÛL)τ 3Û †

LqI
αL +

δL,5,αqI
αRÛR[τ 3Û †

L(6DÛL)−(6DÛL)†ÛLτ 3]Û †
RqI

αR +δL,6,αqI
αRÛRτ 3Û †

L(6DÛL)τ 3Û †
RqI

αR +

δL,7,α[qI
αLÛLτ 3Û †

L 6DqI
αL−(qI

αL 6D
†)ÛLτ 3Û †

LqI
αL]

}

+qI → lI, δ→ δl +L↔R , (13)

in which

Dµqα =







(∂µ +ig1

τ a

2
W a

1,µPL +ig2

τ a

2
W a

2,µPR +
i

6
gBµ)qα LR, LP

(∂µ +ig1

τ a

2
W a

1,µPL +ig
τ 3

2
BµPR +

i

6
gBµ)qα HP, FP

(∂µ +ig2

τ a

2
W a

2,µPL +ig
τ 3

2
BµPR +

i

6
gBµ)qα UN

(∂µ +iδαα1
g1

τ a

2
W a

1,µPL +iδαα2
g2

τ a

2
W a

2,µPL +ig
τ 3

2
BµPR +

i

6
gBµ)qα NU

Dµlα =







(∂µ +ig1

τ a

2
W a

1,µPL +ig2

τ a

2
W a

2,µPR−
i

2
gBµ)lα LR, HP

(∂µ +ig1

τ a

2
W a

1,µPL +ig
τ 3

2
BµPR−

i

2
gBµ)lα LP, FP, UN

(∂µ +iδαα1
g1

τ a

2
W a

1,µPL +iδαα2
g2

τ a

2
W a

2,µPL +ig
τ 3

2
BµPR−

i

2
gBµ)lα NU

,

, (14)

and PR
L

= (1±γ5)/2. (6DÛi)
† ≡ γµ(DµÛi)

† for i =L,R.

The coefficients in Eq. (13) δ and δl depend in general

on the generation indices, which was not considered

in the original LR case in Ref. [17].

6 Phenomenologies

Based on the Lagrangians Eqs. (12) and (13),

we are able to search for some phenomenological con-

straints. As a preparation, we first discuss the mixing

among quarks induced from Eq. (12) which in uni-

tary gauge is

LY,quark

∣
∣
∣
∣
Unitary gauge

= qI
αL(τuyαβ

u +τdyαβ

d )qI
βR +h.c. .

(15)

The gauge eigenstates can be rotated into the mass

eigenstates with unitary matrices V u,d
L,R ,

uL,R = V u
L,RuI

L,R dL,R = V d
L,RdI

L,R . (16)

The yu,d matrices introduced in Eq. (15) are diago-

nalized as follows:

V u
L yuV

u†
R = Mu

diag, V d
L ydV

d†
R = Md

diag, (17)

where Mu,d
diag represent the diagonal up- and down-

quark mass matrices of physical quark masses.

qαL,R =

(

uαL,R

dαL,R

)

=

[(V u
L,R)αβτu +(V d

L,R)αβτd]

(

uI
βL,R

dI
βL,R

)

. (18)

(V u
L τu +V d

L τd)(τuy0
u +τdy0

d)(V
u†
R τu +V d†

L,Rτd) =

(τuMu
diag +τdMd

diag). (19)

The usual Cabibbo-Kobayashi-Maskawa (CKM) ma-

trix in the left sector, and the corresponding matrix

in the right sector, are given by

V CKM
L,R = V u

L,RV d†
L,R. (20)
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Note that, a priori, there is no reason for V CKM
L to be

equal to V CKM
R .

Any n×n unitary matrix has n2 real parameters

among which n(n−1)/2 may be expressed in the form

of sinθαβ, cosθαβ with n2 −n(n−1)/2 = n(n+1)/2

phases left. Since each quark field can be redefined

through a phase transformation, 2n−1 phases are not

physical. If V CKM
L and V CKM

R are independent, the to-

tal number of physical phases is 2×
n(n+1)

2
−(2n−1) =

n2 −n+1. In our case of 3 generations of fermions,

V CKM
L can be taken as the standard form [18],

V CKM
L =







V ud
L V us

L V ub
L

V cd
L V cs

L V cb
L

V td
L V ts

L V tb
L







=







c12c13 s12c13 s13e
−iδ

−s12c23−c12s23s13e
iδ c12c23−s12s23s13e

iδ s23c13

s12s23−c12c23s13e
iδ −c12s23−s12c23s13e

iδ c23c13







. (21)

Then the most general V CKM
R may have the form of the standard CKM matrix with 5 phases added:

V CKM
R =







V̄ ud
R e2iα1 V̄ us

R ei(α1+α2+β1) V̄ ub
R ei(α1+α3+β1+β2)

V̄ cd
R ei(α1+α2−β1) V̄ cs

R e2iα2 V̄ cb
R ei(α2+α3+β2)

V̄ td
R ei(α1+α3−β1−β2) V̄ ts

R ei(α2+α3−β2) V̄ tb
R e2iα3







, (22)

where







V̄ ud
R V̄ us

R V̄ ub
R

V̄ cd
R V̄ cs

R V̄ cb
R

V̄ td
R V̄ ts

R V̄ tb
R







=







c̄12c̄13 s̄12c̄13 s̄13e
−iδ̄

−s̄12c̄23− c̄12s̄23s̄13e
iδ̄ c̄12c̄23− s̄12s̄23s̄13e

iδ̄ s̄23c̄13

s̄12s̄23− c̄12c̄23s̄13e
iδ̄ −c̄12s̄23− s̄12c̄23s̄13e

iδ̄ c̄23c̄13







, (23)

with c̄12 = cos θ̄12, s̄12 = sin θ̄12, etc. In general, θ̄αβ

are not equal to those in V CKM
L . If V̄ αβ

R = (V αβ
L )∗

holds for α = u,c,t and β = d,s,b, then V CKM
R of

Eq. (22) coincides with that given in Refs. [19, 20],

which is called pseudo-manifest left-right symmetric,

and is originally proposed to construct left-right sym-

metric models with spontaneously CP violation.

With the above given preparations we are ready

to discuss the phenomenology. Notice that once there

exists a W′ boson, there may be low energy phe-

nomenological constraints from the K0−K̄0, B0
d− B̄0

d

and B0
s − B̄0

s systems. In most cases W′ will generate

extra Feynman box diagrams which contribute to the

mass differences in the K0−K̄0, B0
d−B̄0

d, B0
s −B̄0

s sys-

tems and the corresponding CP violation parameters.

We will concentrate on the constraints on our EWCL

coming from the mass differences in the K0 − K̄0,

B0
d−B̄0

d, B0
s−B̄0

s systems, ∆mK,∆mBd
,∆mBs

and the

indirect influence on the CP violation parameter |εK|,

mainly for the LR and LP models. The Feynman di-

agrams responsible for these processes are drawn in

Fig. 2. We can explicitly decompose the contribu-

tions into those related to W and its corresponding

Goldstone boson φ1 and those related to W′ and its

corresponding Goldstone boson φ2 as given in the fol-

lowing equation.

∆mK = ∆mWW
K +∆mWW′

K ,

|εK|= |εK|
WW + |εK|

WW′

,

∆mBd
= ∆mWW

Bd
+∆mWW′

Bd
,

∆mBs
= ∆mWW

Bs
+∆mWW′

Bs
.

Ignoring the details of the calculation which is already

given in Ref. [21], the results for the conventional

electroweak gauge boson W and the corresponding

Goldstone boson φ1 contributions ∆mWW
K , ∆mWW

Bd
,

∆mWW
Bs

and |εK|
WW are drawn in Fig. 3. In Fig. 3

∆1,1 is the anomalous coupling for the charged cur-

rent which is related to the anomalous couplings in-

troduced in Eq. (13) by ∆1,1,α = 1− δL,1,α − δL,4,α

for the case of LR, LP, HP and FP. The SM theo-

retical results correspond to ∆1,1 = 1. We find that

except for ∆mK, the SM results match the experi-

mental values for |εK|, ∆mBd
and ∆mBs

within 23%,

with errors being expected from the uncertainty of

the matrix elements. For ∆mK the error is roughly

33%, which comes mainly from the long distance con-

tributions [22].
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Fig. 2. Feynman diagrams for ∆mK,∆mBd
,∆mBs and |εK|.

Fig. 3. Pure W contributions to the K0 − K̄0,

B0
d − B̄0

d, B0
s − B̄0

s systems and indirect con-

tribution to CP violation in K mesons. The

anomalous coupling ∆1,1, correspongding to

the SM result, ∆1,1 =1 is explicitly quoted in

brackets.

For ∆mWW′

K , ∆mWW′

Bd
, ∆mWW′

Bs
and |εK|

WW′

, the

contributions from the new gauge boson W′ and the

corresponding Goldstone boson φ2, involve loops of

the top and charm quarks with the CKM matrix ele-

ments as effective couplings. These couplings are

λLR
x (K)λRL

x (K) =

|V xs
L V xd∗

L V̄ xs
R V̄ xd∗

R |e−i(α1−α2−β1−φxs−φ̄xs+φxd+φ̄xd)

x = c,t,

λLR
c (K)λRL

t (K) =

|V cs
L V̄ cd∗

R V̄ ts
R V td∗

L |e−i(α1−α3−β1+β2−φcs+φ̄cd−φ̄ts+φtd)

arg(V αβ

L ) = φαβ,

λLR
t (K)λRL

c (K) =

|V ts
L V̄ td∗

R V̄ cs
R V cd∗

L |e−i(α1−2α2+α3−β1−β2−φts+φ̄td−φ̄cs+φcd)

arg(V̄ αβ

R ) = φ̄αβ. (24)

In order to make quantitative estimations, we limit

ourselves to the case of a special pseudo-manifest left-

right symmetric situation. In this situation, V̄ αβ

R =

(V αβ

L )∗, which implies the relations φαβ = −φ̄αβ be-

tween the phases defined in Eq. (24). Then the CKM

factors can be simplified to

λLR
c (K)λRL

c (K) = |V cs
L V cd

L |2e−i(α1−α2−β1)

λLR
t (K)λRL

t (K) = |V ts
L V td

L |2e−i(α1−α2−β1) , (25)

λLR
c (K)λRL

t (K)+λLR
t (K)λRL

c (K) =

2|V cs
L V cd

L V ts
L V td

L |[cos(α1−α2−β1)cos(α2−α3 +β2)−

i sin(α1−α2−β1)cos(α2−α3 +β2)].

A further constraint on |εK| leads to the choice of

phase angles α1−α2−β1 = 0 which results in

Im[λLR
c (K)λRL

c (K)] = Im[λLR
t (K)λRL

t (K)] =

Im[λLR
c (K)λRL

t (K)+λLR
t (K)λRL

c (K)] = 0, (26)

so that the cc loop, tt loop and ct loop do not have

individual CP violations. One has then

|εK|
WW′

= 0. (27)

The qualitative estimations for ∆mWW′

K , ∆mWW′

Bd
,

∆mWW′

Bs
are

∆mWW′

K

∆mexp
K

= ∆2
2,1

g2
2

g2
1

∆mWW′

Ktt

∆mexp
K

︸ ︷︷ ︸

−105

[

Re(λLR
t λRL

t
︸ ︷︷ ︸

5.9×10−6

)+

Re(λLR
c λRL

c
︸ ︷︷ ︸

0.049

)
∆mWW′

Kcc

∆mWW′

Ktt
︸ ︷︷ ︸

10−3

+

Re( λLR
c λRL

t +λLR
t λRL

c
︸ ︷︷ ︸

0.0011×cos(α2−α3+β2)

)
∆mWW′

Kct

∆mWW′

Ktt
︸ ︷︷ ︸

10−2

]

, (28)

∆mWW′

Bq

∆mexp
Bq

= ∆2
2,1

g2
2

g2
1

∆mWW′

Bqtt

∆mexp
Bq

︸ ︷︷ ︸

−105(q=d);−104(q=s)

∣
∣
∣
∣
λLR

t λRL
t

︸ ︷︷ ︸

5.9×10−6

+λLR
c λRL

c
︸ ︷︷ ︸

0.049

∆mWW′

Bqcc

∆mWW′

Bqtt
︸ ︷︷ ︸

10−3

+ λLR
c λRL

t +λLR
t λRL

c
︸ ︷︷ ︸

0.0011×cos(α2−α3+β2)

∆mWW′

Bqct

∆mWW′

Bqtt
︸ ︷︷ ︸

10−2

∣
∣
∣
∣
, q = d,s

(29)
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where ∆2,1 is related to the anomalous couplings in-

troduced in Eq. (13) by ∆2,1,α = 1−δR,1,α−δR,4,α for

the case of LR, LP and ∆2,1,α = δL,2,α−δL,6,α for the

case of HP, FP.

7 Summary

To summarize, minimal and next to minimal cou-

pling new force carriers beyond the SM are the Z′

and W±,′,Z′ particles. We have constructed the cor-

responding EWCLs. For the phenomenological ob-

servables ∆mK, |εK|, ∆mBd
, ∆mBs

, we find that

1) For ∆mK, the contribution from W′ increases

the difference between the theoretical result and ex-

periment.

2) For |εK|, ∆mBd
, ∆mBs

, the contributions from

W′ reduce the difference between the theoretical re-

sult and experiment.

3) For |εK|, in the case of a pseudo-manifest LR

symmetry, W′ makes no contribution.

In order that the contributions from W′ to ∆mK,

|εK|, ∆mBd
, ∆mBs

do not conflict with the experi-

mental data, we are left with several possible options:

1) MW′ �MW.

2) g2 � g1.

3) ∆2,1 � 1.

4) A special choice of a right handed CKM matrix

These possibilities need further experimental in-

spirations and future investigations.
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