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1. Introduction

Any electrically charged gauge boson outside of the Standard Model (SM) is generically de-

noted W ′. It is a hypothetical massive particle of electric charge ±1 and spin 1 which always

couples to two different flavors of quarks and (or) leptons, similar to the W boson (We do

not discuss the situation that W ′ as a leptoquark gauge boson couples quarks to leptons).

W ′ can be seen as minimal charged gauge boson extension for SM and is predicted in vari-

ous new physics models , such as Left-Right symmetric models [1, 2], Alternate Left-Right

model [3], Ununified standard model [4], Non-Commuting Extended Technicolor [5], Little

Higgs models [6 – 8], Higgsless models [9], models of composite gauge bosons [10], Super-

symmetric top-flavor models [11], Grand Unification [12] and Superstring theories [13 – 15],

Extra-dimensions [16, 17]. Theoretically, unitarity considerations imply that charged mas-

sive vector W ′s are gauge bosons associated with some spontaneously broken non-abelian

gauge symmetry [18]. This is true even when it is a composite particle like the charged

techni-ρ in technicolor theories [19] or a Kaluza-Klein mode in theories where the W boson

propagates in extra dimensions [20]. The minimal rank one non-abelian gauge group is

SU(2). Besides W ′±, the group SU(2) demands the existence of extra neutral gauge boson

Z ′. W ′± and Z ′ together form a consistent minimal non-abelian SU(2) gauge group. This

gauge group must be completely spontaneously broken to give W ′±, Z ′ masses through

Higgs mechanism. The breaking mechanism is not known yet which depends on detail of
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the model. We can exploit nonlinear realization of the symmetry to avoid touching upon

the details of the breaking mechanism. This is the SU(2) chiral Lagrangian for W ′±, Z ′

and three corresponding Goldstone bosons.

Now the new generation hadron collider LHC is going to run and people are eager

expecting the discovery of the new particles. Once the first new particle shows its signature

in the collider experiment and its spin and parity are evaluated out, the following work is to

check whether it belongs to any of exiting models. In general, for each kind of possible new

particle, there are many candidate models predicting it and waiting for experiment to check.

It is also possible that the real model our nature chosen is not presented in this candidate’s

list. To examine which kind of model this new particle belongs to and its interactions with

those already discovered particles, we need a phenomenological theory which must be such

general as to include various underlying discovered and undiscovered candidate models

and cover all of its possible phenomenologies. We call this phenomenological theory the

electroweak chiral Lagrangian (EWCL) for the new particle which include this new particle

and all those already discovered particles. The symmetry realization of this EWCL should

at least include SU(2)L⊗U(1)Y plus some new part from the new particle. On the platform

of this EWCL, on the one hand, we can perform model independent phenomenological

investigation of the new particle and fix the corresponding parameters in EWCL from

experiments, on the other hand, we can compute the parameters of EWCL from concrete

underlying models. Through comparison between parameters from experiments and that

from underlying model, we hope the correct underlying model can be figured out.

In this paper, we are interested in a situation that except discovered particles in SM,

the lowest new particles which are expected to show up in upcoming collider experiments

are W ′± and Z ′. According to discussions above, to describe the corresponding physics phe-

nomenologically, we are lead to set up a EWCL for W ′±, Z ′ and the symmetry realization

of the theory will be generalized from original SU(2)L ⊗U(1)Y to SU(2)1 ⊗ SU(2)2 ⊗U(1)

for which one SU(2) is for W ′± and Z ′ and remaining ones are for SM electro-weak gauge

bosons W±, Z,A. Naive extension of conventional unitarity analysis shows that this La-

grangian will violate unitarity in TeV energy region [21], and adding in theory a neutral

Higgs with mass below TeV will kill the disaster. To keep our theory being unitary at TeV

energy region, we will further include in our theory a neutral Higgs. Thus our EWCL for

W ′±, Z ′ now will include those already discovered particles, a neutral Higgs, W ′±, Z ′ and

corresponding Goldstone bosons. In fact, without W ′±, Z ′ and corresponding Goldstone

bosons, the EWCL only for a neutral Higgs boson was already written down in ref. [22]

which was a generalization of original standard EWCL [23 – 25] by adding a singlet Higgs

field to the theory. Now our EWCL can be seen as a further extension of this generalized

EWCL to include in theory W ′±, Z ′ and corresponding Goldstone bosons. In this work,

we are especially interested in the case that the mass of W ′± is lighter or roughly same

as that of Z ′. Since if the mass of Z ′ is much lighter than that of W ′±, the phenomeno-

logical interest will be changed to physics for lighter Z ′. The heavier W ′± then can be

integrated out theoretically and we are led to EWCL purely for Z ′ and neutral Higgs bo-

son. This EWCL was already discussed by us in another paper [26] in which Z ′ can be

either an element of SU(2) triplet or a remnant of some other underlying dynamics which
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has nothing to do with W ′ and can not be covered in our present theory. It is shown in

ref. [26] that EWCL for Z ′ is equivalent to an extended Stueckelberg mechanism for U(1)

gauge boson. From the point of view of Stueckelberg mechanism, our present EWCL for

W ′ and Z ′ can be further seen as SU(2) non-abelian generalization of previous extended

U(1) abelian Stueckelberg mechanism. Due to the passive roles of neutral Higgs and Z ′, in

this work we focus our attentions mainly on W ′ and related physics. For physics related

to W ′, the strongest low energy phenomenological constraints come from W −W ′ mixing,

KL − KS mass differences and related CP violation parameters. On the platform of our

EWCL, we can explore these constraints in detail, transferring them to the constraints

on parameters of our EWCL and CKM matrix elements for right hand fermions. We will

find that some of these constraints such as mixings among different particles are universal,

while others are model class dependent. It should be emphasized that our EWCL will only

cover those underlying models which include massive W ′±, Z ′ and neutral Higgs as lowest

new particles beyond those already discovered particles. For those models which include

new particle with mass lighter than W ′ or new particle combining with discovered particle

together forms an irreducible representation of SU(2) group [3], our EWCL do not cover

the corresponding physics. We argue for this alternative situation, a separate EWCL can

be built to describe it and this situation will be investigated elsewhere.

Within the range of our EWCL, a special type of models are left-right symmetric

models [1, 2] which explore the possibility of spontaneous parity violation. The EWCL for

this kind models is built up by some of us in ref. [27] for the bosonic part and ref. [28]

for the matter part. Since we are interested in the general description for W ′ and Z ′

physics, it is purpose of this paper to generalize the discussion in ref. [27, 28] to cover left-

right non-symmetric models. For bosonic part of EWCL, no matter which kind of model

involving W ′ and Z ′, since gauge bosons and corresponding Goldstone bosons are all in

triplet of SU(2)2 group, their interactions then are fixed as those given in ref. [27]. While

for matter part, our treatment can cover the following different arrangements for fermion

representations [29]:

1. Left-right symmetric (LR) [1, 2]: Left hand fermions belong to doublet of SU(2)1 and

singlet of SU(2)2; Right hand fermions belong to doublet of SU(2)2 and singlet of

SU(2)1.

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

SU(2)2; Right hand quarks belong to doublet of SU(2)2 and singlet of SU(2)1; Right

hand leptons belong to singlets of both SU(2)’s.

3. Hadrophobic (HP): Left hand fermions belong to doublet of SU(2)1 and singlet of

SU(2)2; Right hand leptons belong to doublet of SU(2)2 and singlet of SU(2)1; Right

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

4. Fermionphobic (FP) [29 – 31]: Left hand fermions belong to doublet of SU(2)1 and

singlet of SU(2)2; Right hand fermions belong to singlets of both SU(2)’s.
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5. Ununified (UN) [4]: Left hand leptons belong to doublet of SU(2)1 and singlet of

SU(2)2; Left hand quarks belong to doublet of SU(2)2 and singlet of SU(2)1; Right

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

6. Non-universal (NU) [32]: One or two special family left hand fermions (typical situa-

tion is the first two light families) belong to doublet of SU(2)1 and singlet of SU(2)2;

Remaining left hand fermions belong to doublet of SU(2)2 and singlet of SU(2)1;

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

In fact, the designation of group SU(2)1 and SU(2)2 may be arbitrary. If we identify the

SU(2)1 with the SU(2)L in the SM in the absence of mixing, it can be shown that the above

6 cases have covered all possible fermion SU(2)1 ⊗ SU(2)2 arrangements. The matter part

EWCL given in ref. [28] only involves situation 1 in which although the arrangement of

fermion representations is left-right symmetric, the couplings may or may not be left-right

symmetric. Considering the fact that conventional EWCL formalism only deals with the

system with particles fixed in some special group representations, the generalization of the

expression to cover different fermion representation arrangements is not a trivial work.

This paper is organized as follows: section 2 is the introduction of a our EWCL which

covers all above situations. For the bosonic part we accurate up to order of p4. For matter

part, we limit us in dimension three Yukawa type and dimension four gauge interaction

terms. In section 3, we discuss mixings among W − W ′ and A − Z − Z ′ and introduce

CKM matrix to diagonalize fermion mass matrix. Goldstone boson, Higgs boson and gauge

boson couplings to quarks are given in section 4. We build up effective Hamiltonian for

mixing of neutral K and B systems in section 5. In section 6, we discuss the constraints

on our EWCL for LR and LP models from mass differences in K0 −K
0
, B0

d − B̄0
d , B0

s − B̄0
s

systems and indirect CP violation parameter ǫK . Section 7 is the summary.

2. EWCL in gauge eigenstates

We first introduce the bosonic part of EWCL which basically is the same as that for left-

right symmetric models given in ref. [27]. Let Bµ, W a
1,µ, W a

2,µ be electroweak gauge fields

(a = 1, 2, 3) and two by two unitary unimodular matrices U1 and U2 be corresponding

goldstone boson fields, h be neutral Higgs field which is singlet of SU(2)1 ⊗ SU(2)2 ⊗U(1)

group. Consider covariant derivatives for goldstone fields DµUi = ∂µUi + igi
τa

2 W a
i,µUi −

igUi
τ3
2 Bµ and building blocks Xµ

i ≡ U †
i (DµUi), W i,µν ≡ U †

i giWi,µνUi for i = 1, 2. The

lowest order of chiral Lagrangian is the Higgs potential L0 = −V (h) and p2 order of

Lagrangian is

L2 =
1

2
(∂µh)2 − 1

4
f2
1 tr(X1,µXµ

1 ) − 1

4
f2
2 tr(X2,µXµ

2 ) +
1

2
κf1f2tr(X

µ
1 Xµ

2 ) (2.1)

+
1

4
β1,1f

2
1 [tr(τ3X1,µ)]2 +

1

4
β2,1f

2
2 [tr(τ3X2,µ)]2 +

1

2
β̃1f1f2[tr(τ

3X1,µ)][tr(τ3Xµ
2 )] .

p4 order Lagrangian can be divided into six parts,

L4 = LK + L1 + LH1 + L2 + LH2 + LC (2.2)
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with kinetic part of p4 order Lagrangian LK

LK = −1

4
W a

1,µνW µν,a
1 − 1

4
W a

2,µνW µν,a
2 − 1

4
BµνB

µν (2.3)

Li, i = 1, 2 are terms of p4 order Lagrangian which involve the gauge bosons of first(second)

interaction group SU(2)1(SU(2)2) without differential of higgs

Li =
1

2
αi,1gBµνtr(τ3W

µν
i )+iαi,2gBµνtr(τ3Xµ

i Xν
i )+2iαi,3tr(W i,µνX

µ
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(τ3Xν

i )

+αi,7tr(X
2
i,µ)[tr(τ3Xi,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(τ3Xi,ν)]
2 + αi,11ǫ

µνρλtr(τ3Xi,µ)tr(Xi,νW i,ρλ)

+2αi,12tr(τ
3Xi,µ)tr(Xi,νW

µν
i ) +

1

4
αi,13gǫµνρσBµνtr(τ3W i,ρσ)

+
1

8
αi,14ǫ

µνρσtr(τ3W i,µν)tr(τ3W i,ρσ) . (2.4)

LHi, i = 1, 2 are first(second) interaction group part of p4 order Lagrangian with differential

of Higgs

LHi=(∂µh){ᾱHi,1tr(τ
3Xµ

i )tr(X2
i,ν)+ᾱHi,2tr(τ

3Xν
i )tr(Xµ

i Xi,ν)+ᾱHi,3tr(τ
3Xν

i )tr(τ3Xµ
i Xi,ν)

+ᾱHi,4tr(τ
3Xµ

i )[tr(τ3Xi,ν)]
2 + iᾱHi,5tr(τ

3Xi,ν)tr(τ
3W

µν
i ) + igᾱHi,6B

µνtr(τ3Xi,ν)

+iᾱHi,7tr(τ
3W

µν
i Xi,ν) + iᾱHi,8tr(W

µν
i Xi,ν)} + (∂µh)(∂νh)[ᾱHi,9tr(τ

3Xµ
i )tr(τ3Xν

i )

+ᾱHi,10tr(X
µ
i Xν

i )] + (∂µh)2{ᾱHi,11[tr(τ
3Xi,ν)]

2 + ᾱHi,12tr(X
2
i,ν)}

+ᾱHi,13(∂µh)2(∂νh)tr(τ3Xν
i ) + ᾱHi,14(∂µh)4 (2.5)

The most complex interaction is the crossing part of p4 order Lagrangian

LC = iα̃2gBµνtr(τ3Xµ
1 Xν

2 ) + 2iα̃3,1tr(W 1,µνXµ
2 Xν

2 ) + 2iα̃3,2tr(W 2,µνXµ
1 Xν

1 )

+2iα̃3,3tr(W 1,µνX
µ
1 Xν

2 ) + 2iα̃3,4tr(W 2,µνX
µ
2 Xν

1 ) + α̃4,1tr(X1,µX1,ν)tr(X
µ
2 Xν

2 )

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

µ
2 Xν

1 ) + α̃4,4tr(X1,µX2,ν)tr(X
µ
2 Xν

2 )

+α̃4,5tr(X2,µX1,ν)tr(Xµ
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(τ3Xµ
2 )tr(τ3Xν

2 ) + α̃6,2tr(X2,µX2,ν)tr(τ
3Xµ

1 )tr(τ3Xν
1 )

+α̃6,3tr(X1,µX2,ν)tr(τ3Xµ
1 )tr(τ3Xν

2 ) + α̃6,4tr(X1,µX2,ν)tr(τ
3Xµ

2 )tr(τ3Xν
1 )

+α̃6,5tr(X1,µX2,ν)tr(τ3Xµ
2 )tr(τ3Xν

2 ) + α̃6,6tr(X2,µX1,ν)tr(τ
3Xµ

1 )tr(τ3Xν
1 )

+α̃6,7tr(X1,µX1,ν)tr(τ3Xµ
1 )tr(τ3Xν

2 ) + α̃6,8tr(X2,µX2,ν)tr(τ
3Xµ

2 )tr(τ3Xν
1 )

+α̃7,1tr(X
2
1,µ)[tr(τ3X2,ν)]

2 + α̃7,2tr(X
2
2,µ)[tr(τ3X1,ν)]2

+α̃7,3tr(X1,µXµ
2 )tr(τ3X1,ν)tr(τ

3Xν
2 ) + α̃7,4tr(X1,µXµ

2 )[tr(τ3X2,ν)]2

+α̃7,5tr(X2,µXµ
1 )[tr(τ3X1,ν)]

2 + α̃7,6tr(X
2
1,µ)tr(τ3X1,ν)tr(τ3Xν

2 )

+α̃7,7tr(X
2
2,µ)tr(τ3X2,ν)tr(τ

3Xν
1 ) +

1

4
α̃8tr(τ

3W 1,µν)tr(τ3W
µν
2 )
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+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(τ3X2,ν)]
2 +

1

2
[α̃10,2[tr(τ

3X1,µ)tr(τ3Xµ
2 )]2

+
1

2
α̃10,3tr(τ

3X1,µ)tr(τ3Xµ
2 )[tr(τ3X2,ν)]2 +

1

2
α̃10,4tr(τ

3X2,µ)tr(τ3Xµ
1 )[tr(τ3X1,ν)]

2

+α̃11,1ǫ
µνρλtr(τ3X1,µ)tr(X2,νW 2,ρλ) + α̃11,2ǫ

µνρλtr(τ3X2,µ)tr(X1,νW 1,ρλ)

+α̃11,3ǫ
µνρλtr(τ3X1,µ)tr(X1,νW 2,ρλ) + α̃11,4ǫ

µνρλtr(τ3X2,µ)tr(X2,νW 1,ρλ)

+α̃11,5ǫ
µνρλtr(τ3X1,µ)tr(X2,νW 1,ρλ) + α̃11,6ǫ

µνρλtr(τ3X2,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
α̃14ǫ

µνρσtr(τ3W 1,µν)tr(τ
3W 2,ρσ) + α̃15ǫ

µνρσtr(W 1,µνW 2,ρσ)

+(∂µh){α̃H,1,1tr(τ
3Xµ

2 )tr(X2
1,ν) + α̃H,1,2tr(τ

3Xµ
1 )tr(X2

2,ν)

+α̃H,2,1tr(τ
3Xν

2 )tr(Xµ
1 XL,ν)+α̃H,2,2tr(τ

3Xν
1 )tr(Xµ

2 X2,ν)

+α̃H,3,1tr(τ
3Xν

2 )tr(τ3Xµ
1 X1,ν) + α̃H,3,2tr(τ

3Xν
1 )tr(τ3Xµ

2 X2,ν)

+α̃H,4,1tr(τ
3Xµ

2 )[tr(τ3X1,ν)]2 + α̃H,4,2tr(τ
3Xµ

2 )tr(τ3Xν
2 )tr(τ3X1,ν)

+α̃H,4,3tr(τ
3Xµ

1 )tr(τ3Xν
2 )tr(τ3X2,ν) + α̃H,4,4tr(τ

3Xµ
1 )tr(τ3Xν

1 )tr(τ3X2,ν)

+iα̃H,5,1tr(τ
3X2,ν)tr(τ3W

µν
1 ) + iα̃H,5,2tr(τ

3X1,ν)tr(τ
3W

µν
2 )}

+(∂µh)(∂νh)α̃H,9tr(τ
3Xµ

2 )tr(τ3Xν
1 ) + (∂µh)2α̃H,11tr(τ

3X1,ν)tr(τ
3Xν

2 )] . (2.6)

Above interaction terms already include all possible p4 order CP-conserving and CP-

violating operators and all α coefficients are functions of higgs field h.

Now we come to matter part of EWCL. Except gauge and goldstone fields introduced

in bosonic part EWCL, matter part EWCL further involves fermions which include SM

quarks and leptons (three generation right hand neutrinos are introduced in our theory,

no other sterile neutrinos are included in). We denote them by left and right hand quark

and lepton doublets qαL,R and lαL,R with generation index α being summed over the quark

and lepton flavors. The various models defined by the transformation properties of their

fermion contents with respect to the gauge group are summarized in table I.

Since above fermions can belong to different representations for different underlying

models, an universal expression to cover all these possible arrangements is needed. To

reach this aim, we introduce two goldstone operators ÛL and ÛR by defining their arbitrary

– 6 –
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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)

Table 1: Fermion transformation properties for 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 original models LP, FP, UN and NU labeled by −.

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

function f(ÛR, ÛL,DµÛR,DµÛL) action on fermion field as

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

(2.7)

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

where in the case of ”Non-universality generation”, α1 denote the specified generation

(typically first two generations) which acts as doublet of SU(2)1 and singlet of SU(2)2; α2

denote the remaining generation which acts as doublet of SU(2)2 and singlet of SU(2)1.

With help of above representations, we now can write down the universal dimension

three Yukawa type interactions. For lepton part,

LY,lepton= l
I
αL[ÛL(yαβ+yαβ

3 τ3)Û †
R]lIβR +

1

2
[hαβ

L lIcαLÛ∗
L(1+τ3)Û †

LlIβL + (L→R)]+h.c.(2.8)

where hαβ
L,R are hermitian functions of Higgs field h. lc = Cl

T
is charge conjugate field of

l with C being the charge conjugation matrix. Symbol ”I” indicates that they are gauge

eigenstates. For quark part,

LY,quark = qI
αL[ÛL(τuyαβ

u + τdyαβ
d )Û †

R]qI
βR + h.c. (2.9)

where τu = 1+τ3

2 and τd = 1−τ3

2 . Coefficients yαβ
u , yαβ

d are functions of Higgs field.

– 7 –



J
H
E
P
0
6
(
2
0
0
8
)
1
0
7

The next is dimension four gauge interaction part Lagrangian

Lf−4 = i
∑

α

{

qI
αL /DqI

αL + δL,1,αqI
αLÛL( /DÛL)†qI

αL + δL,2,αqI
αRÛRÛ †

L( /DÛL)Û †
RqI

αR

+δL,3,αqI
αL

[

( /DÛL)τ3Û †
L − ÛLτ3( /DÛL)†

]

qI
αL + δL,4,αqI

αLÛLτ3Û †
L( /DÛL)τ3Û †

LqI
αL

+δL,5,αqI
αRÛR

[

τ3Û †
L( /DÛL) − ( /DÛL)†ÛLτ3

]

Û †
RqI

αR + δL,6,αqI
αRÛRτ3Û †

L( /DÛL)τ3Û †
RqI

αR

+δL,7,α

[

qI
αLÛLτ3Û †

L
/DqI

αL − (qI
αL /D

†
)ÛLτ3Û †

LqI
αL

]

}

+ qI → lI , δ → δl + L ↔ R , (2.10)

in which

Dµqα =



















(∂µ+ ig1
τa

2 W a
1,µPL+ig2

τa

2 W a
2,µPR + i

6gBµ)qα LR, LP

(∂µ+ ig1
τa

2 W a
1,µPL+ig τ3

2 BµPR + i
6gBµ)qα HP, FP

(∂µ+ ig2
τa

2 W a
2,µPL+ig τ3

2 BµPR + i
6gBµ)qα UN

(∂µ+ iδαα1g1
τa

2 W a
1,µPL+ iδαα2g2

τa

2 W a
2,µPL+ig τ3

2 BµPR + i
6gBµ)qα NU

(2.11)

Dµlα =











(∂µ+ ig1
τa

2 W a
1,µPL+ig2

τa

2 W a
2,µPR − i

2gBµ)lα LR, HP

(∂µ+ ig1
τa

2 W a
1,µPL+ig τ3

2 BµPR − i
2gBµ)lα LP, FP, UN

(∂µ+ iδαα1g1
τa

2 W a
1,µPL+ iδαα2g2

τa

2 W a
2,µPL+ig τ3

2 BµPR − i
2gBµ)lα NU

and PR
L

= (1 ± γ5)/2. ( /DÛi)
† ≡ γµ(DµÛi)

† for i = L,R. In (2.10), coefficients δ and δl

in general depend on generation indices which was not considered in original LR case in

ref. [28].

3. EWCL in mass eigenstates

EWCL presented in last section is on the basis of gauge eigenstates. In this section, we

diagonalize them to the basis of mass eigenstates. We will find that this diagonalization is

universal for either boson sector or fermion sectors.

We first discuss boson sector. This part is the same as that in LR case [27], so we just

list down the result. With convention W±
i,µ =

1√
2
(W 1

i,µ ∓ iW 2
i,µ), i = 1, 2, the mass terms

in our bosonic part EWCL is

LM =
1

4
f2
1 g2

1W
+
1,µW−,µ

1 +
1

4
f2
2g2

2W
+
2,µW−,µ

2 − 1

2
κf1f2g1g2(W

+
1,µW−,µ

2 + W+
2,µW−,µ

1 )

+
1

8
(1 − 2β1,1)f

2
1 (g1W

3
1,µ − gBµ)2 +

1

8
(1 − 2β2,1)f

2
2 (g2W

3
2,µ − gBµ)2

−1

4
(κ + 2β̃1)f1f2(g1W

3
1,µ − gBµ)(g2W

3,µ
2 − gBµ). (3.1)

The charged and neutral gauge bosons are diagonalized through rotations

(

W±
1

W±
2

)

=

(

cos ζ − sin ζ

sin ζ cos ζ

)(

W±

W ′±

)







W 3
1,µ

W 3
2,µ

Bµ






=







x1 x2 x3

y1 y2 y3

v1 v2 v3













Zµ

Z ′
µ

Aµ






(3.2)
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with mixing parameters given by

tan 2ζ =
2κf1f2g1g2

f2
2 g2

2 − f2
1 g2

1







x1 x2 x3

y1 y2 y3

v1 v2 v3






= V ΛṼ , (3.3)

and






1 − α1,8g
2
1 −1

2 α̃8g1g2 −α1,1g1g

−1
2 α̃8g1g2 1 − α1,8g

2
2 −α2,1g2g

−α1,1g1g −α2,1g2g 1






= V







λ+ 0 0

0 λ− 0

0 0 1






V T ,

λ± = 1− 1

2
α1,8g

2
1−

1

2
α2,8g

2
2 ±

[

α2
1,1g

2
1g

2+α2
2,1g

2
2g

2+
1

4
α̃2

8g
2
1g

2
2 +

1

4
(α1,8g

2
1−α2,8g

2
2)

2

]1/2

.

ΛV T M̃2
0 V Λ = Ṽ







M2
Z 0 0

0 M2
Z′ 0

0 0 0






Ṽ T , Λ ≡









1√
λ+

0 0

0 1√
λ−

0

0 0 1









,

M̃2
0 =









1
4(1 − 2βL,1)f

2
1 g2

1 −1
4(κ+2β̃1)f1f2g1g2

[

(2β1,1−1)f1+(κ+2β̃1)f2

]

f1g1g
4

−1
4(κ+2β̃1)f1f2g1g2

1
4(1 − 2β2,1)f

2
2 g2

2

[

(2β2,1−1)f2+(κ+2β̃1)f1

]

f2g2g
4

h

(2β1,1−1)f1+(κ+2β̃1)f2

i

f1g1g

4

h

(2β2,1−1)f2+(κ+2β̃1)f1

i

f2g2g

4

»

1−2β1,1
2

f2
1 +

1−2β2,1
2

f2
2 −(κ+2β̃1)f1f2

–

g2

2









.

The results of gauge boson masses become

M2
W =

1

4

[

f2
1 g2

1 + f2
2 g2

2 −
√

(f2
1 g2

1 − f2
2 g2

2)
2 + 4κ2f2

1 f2
2 g2

1g
2
2

]

,

M2
W ′ =

1

4

[

f2
1 g2

1 + f2
2 g2

2 +
√

(f2
1 g2

1 − f2
2 g2

2)
2 + 4κ2f2

1 f2
2 g2

1g
2
2

]

(3.4)

M2
Z =

f2
1 [(1 − β1,1)(1 − β2,1) − (κ + β̃1)

2]

2(1 − β2,1)(g2
2 + g2)

× [g2
2g

2 + g2
1g

2
2 + g2

1g
2

−2α1,1(g
2
2 +g2)g2

1g2
2g

2+2g4
2g

4α2,1+α1,8g
4
1(g

2
2 +g2)2+α2,8g

4
2g

4−α8(g
2
2 +g2)g2

1g2
2g

2]

M2
Z′ =

1

2
[(1 − β2,1)f

2
2 (g2

2 + g2) − 2f1f2g
2(κ + β1) + (1 − β1,1)f

2
1 (g2

1 + g2)]

−α1,1g
2g2

1 [f
2
1 (1 − β1,1) − f1f2(κ + β1)] − α2,1g

2g2
2 [f

2
2 (1 − β2,1) − f1f2(κ + β1)]

+
1

2
α1,8g

4
1f

2
1 (1 − β1,1) +

1

2
α2,8g

4
2f

2
2 (1 − β2,1) −

1

2
α8g

2
1g

2
2f1f2(κ + β1) − M2

Z .

For the gauge boson part, the most stringent constraint comes from W −W ′ mixing which

is characterized by the mixing angle ζ. Fortunately (3.3) tells us that this angle depends

on two independent parameters x ≡ f1g1

f2g2
and κ. While (3.4) indicates that the ratio of W

and W ′ mass depends also on these two parameters, we just have two parameters x and κ

to describe two physical quantities ζ and MW /MW ′ at this stage of effective Lagrangian.

We can tune this two parameters making the mixing angle ζ be small enough to match

experiment data and at the same time keeping the W ′ mass be in arbitrary values.

In any of candidate models, only those with very small κ or small x are phenomeno-

logically allowed.
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Next, we discuss fermion sector which includes lepton and quark parts. For lepton

part, in unitary gauge, (2.8) become

LY,lepton

∣

∣

∣

∣

Unitary gauge

= LMe + LMν (3.5)

LMe = e−I
αL(yαβ − yαβ

3 )e−I
βR + e−I

αR(y†αβ − y†αβ
3 )e−I

βL , (3.6)

LMν = νI
αL(yαβ + yαβ

3 )νI
βR + hαβ

L νIc
αLνI

βL + hαβ
R νIc

αRνI
βR + h.c. , (3.7)

For electron part, rotating the gauge eigenstates into the mass eigenstates with unitary

matrices Ṽ e by e−L,R = Ṽ e
L,Re−I

L,R, we can reduce (3.6) to

LMe = e−LMee−R + e−RMe†e−L (3.8)

with diagonal mass matrix Me = Ṽ e
L(y − y3)Ṽ

e†
R . For neutrino part, with help of relation

νc
1ν

c
2 = ν2ν1, we find coefficient matrices hαβ

L and hαβ
R can be chosen to be symmetric, then

neutrino part of Lagrangian can be written as

LMν =
1

2

(

νI
L νIc

R

)

(

2hL y + y3

(y + y3)
T 2hR

)(

νIc
L

νI
R

)

+ h.c. . (3.9)

where νIc
L =







νIc
e

νIc
ν

νIc
τ







L

is left-handed neutrino gauge eigenstates and νI
R =







νI
e

νI
ν

νI
τ







R
is right-handed neutrino gauge eigenstates. The overall 6 × 6 neutrino mass matrix
(

2hL y + y3

(y + y3)
T 2hR

)

is symmetric and can be diagonalized by a unitary transformation,

(

V R

S U

)†(
2hL y + y3

(y + y3)
T 2hR

)(

V R

S U

)∗

=

(

M̂ν 0

0 M̂N

)

, (3.10)

where M̂ν = diag{m1,m2,m3} and M̂N = diag{M1,M2,M3} with mi and Mi (for

i = 1, 2, 3) the light and heavy neutrino masses, respectively. V is the 3×3 Maki-Nakagawa-

Sakata (MNS) neutrino mixing matrix [33] responsible for neutrino oscillations, and R,S,U

are all 3×3 matrices. After this diagonalization, one may express the neutrino gauge eigen-

states νI
α (for α = e, µ, τ) in terms of the light and heavy neutrino mass states να and Nα:







νI
e

νI
ν

νI
τ







L

= V







νe

νν

ντ






+ R







Ne

Nν

Nτ






. (3.11)

Unitarity of 6×6 rotation matrix leads to V V †+RR† = I, which implies that the MNS ma-

trix V is not unitary and the matrix R characterize this non-unitarity of V . By testing the

non-unitarity of V matrix, we can examine heavy neutrino effects at low energy region [34].

In the case that hR ≫ hL, y + y3, we can diagonalize the mass matrix approximately by
(

V R

S U

)

=

(

1 − 1
8 (y + y3)h

−2
R (y + y3)

T 1
2(y + y3)h

−1
R

−1
2h−1

R (y + y3)
T 1 − 1

8h−1
R (y + y3)

T (y + y3)h
−1
R

)

.

– 10 –



J
H
E
P
0
6
(
2
0
0
8
)
1
0
7

which will lead to

(

V R

S U

)†(
2hL y + y3

(y + y3)
T 2hR

)(

V R

S U

)∗

=

(

2hL − 1
2 (y + y3)h

−1
R (y + y3)

T + O(h−2
R ) O(h−1

R )

O(h−1
R ) 2hR + O(h−1

R )

)

(3.12)

If hL = 0, (3.12) leads to the standard type I seesaw mechanism, otherwise we obtain type

II seesaw mechanism for neutrinos.

For quark part, (2.9) in unitary gauge is

LY,quark

∣

∣

∣

∣

Unitary gauge

= qI
αL(τuyαβ

u + τdyαβ
d )qI

βR + h.c. (3.13)

We can explicitly expand coefficients yαβ
u , yαβ

d in terms of powers of quantum fluctuation

Higgs field h̃

yi = y0
i + y1

i h̃ + O(h̃2) i = u, d , (3.14)

where y0
i , y

1
i are matrices independent of Higgs field h.

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. (3.15)

The y0
u,d matrices defined in (3.14) are diagonalized as follows:

V u
L y0

uV u†
R = Mu

diag, V d
Ly0

dV
d†
R = Md

diag, (3.16)

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

)

. (3.17)

(V u
L τu + V d

L τd)(τuy0
u + τdy0

d)(V
u†
R τu + V d†

L,Rτd) = (τuMu
diag + τdMd

diag) (3.18)

The usual Cabibbo-Kobayashi-Maskawa (CKM) matrix 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. (3.19)

Note that, a priori, there is no reason for V CKM
L to equal 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 sin θαβ, cos θαβ 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 total number of physical phases is
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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 [35],

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






. (3.20)

Then the most general V CKM
R may be in the form of 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






, (3.21)

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






(3.22)

with c̄12 = cos θ̄12, s̄12 = sin θ̄12, etc. In general, θ̄αβ do not equal to those in V CKM
L . If

V̄ αβ
R = (V αβ

L )∗ hold for α = u, c, t and β = d, s, b, then V CKM
R in (3.21) coincides with that

in [36, 37] which is called pseudo-manifest left-right symmetric and is originally proposed

to construct left-right symmetric models with spontaneously CP violation.

4. Goldstone, Higgs and gauge couplings to quarks

The discussions in last section are limited in unitary gauge without the Goldstone con-

tributions and Higgs contributions included. As a compensation and preparation of next

section computation, we now focus our attention on quark-Goldstone-boson and quark-

Higgs couplings. We will find that, unlike the mixing terms dealt above, these coupling are

no longer universal. We explicitly expanded out Goldstone fields by

U1,2 = exp

(

ig1,2√
2M1,2

φ1,2

)

φ1,2 =





φ0
1,2√
2

φ+
1,2

φ−
1,2 −φ0

1,2√
2



 M1,2 =
1

2
f1,2g1,2 . (4.1)

in which we have taken ζ = 0. In terms of the masses eigenstates, Lagrangian (2.9) can be

expanded according to the goldstone and Higgs fields,

LY,quark =

(

1 +
igL

2ML
φ0

L − igR

2MR
φ0

R

)

uLMu
diaguR +

(

1 − igL

2ML
φ0

L +
igR

2MR
φ0

R

)

dLMd
diagdR

+h.c. + LY,CC + LY,h + O(qφ2q, qh̃2q, qφh̃q) . (4.2)

– 12 –



J
H
E
P
0
6
(
2
0
0
8
)
1
0
7

where the charged Yukawa coupling LY,CC in Lagrangian (4.2) is

LY,CC = − igL√
2ML

(uRMu
diagφ

+
LV CKM

L dL − uLV CKM
L φ+

LMd
diagdR)

− igR√
2MR

(uLMu
diagV

CKM
R φ+

RdR − uRφ+
RV CKM

R Md
diagdL) + h.c.

≡ − i√
2
uα(Aαβ

L + Bαβ
L γ5)dβφ+

L − i√
2
uα(Aαβ

R + Bαβ
R γ5)dβφ+

R

− i√
2
dβ(Aαβ†

L + Bαβ†
L γ5)uαφ−

L − i√
2
dβ(Aαβ†

R + Bαβ†
R γ5)uαφ−

R (4.3)

with

Aαβ
L =

1

2

gL

ML
(muα − mdβ

)V αβ
L , Bαβ

L =
1

2

gL

ML
(−muα − mdβ

)V αβ
L

Aαβ
R =

1

2

gR

MR
(muα − mdβ

)V αβ
R , Bαβ

R =
1

2

gR

MR
(muα + mdβ

)V αβ
R

Aαβ†
L =

1

2

gL

ML
(mdβ

− muα)V αβ∗
L , Bαβ†

L =
1

2

gL

ML
(−mdβ

− muα)V αβ∗
L

Aαβ†
R =

1

2

gR

MR
(mdβ

− muα)V αβ∗
R , Bαβ†

R =
1

2

gR

MR
(mdβ

+ muα)V αβ∗
R (4.4)

To cover various models, we use symbol gL

ML
φL and gR

MR
φR to represent Goldstone fields and

corresponding couplings. Their relations with Goldstone fields φ1, φ2 and corresponding

couplings are

gL

ML
φL =











g1

M1
φ1 LR,LP,HP,FP

g2

M2
φ2 UN

g1

M1
φ1δαα1 + g2

M2
φ2δαα2 NU

(4.5)

gR

MR
φR =

{

g2

M2
φ2 LR,LP,

0 HP,FP,UN,NU
(4.6)

The quark-Higgs-boson couplings LY,h in Lagrangian (4.2) are

LY,h = h̃(uLV u
L y1

uV u†
R uR + dLV d

Ly1
dV

d†
R dR) + h.c.

=
1

2
uα(Aαβ

u + Bαβ
u γ5)uβh̃ +

1

2
dα(Aαβ

d + Bαβ
d γ5)djβh̃ (4.7)

where

Aαβ
u = (ỹu + ỹ†u)αβ , Bαβ

u = (ỹu − ỹ†u)αβ ,

Aαβ
d = (ỹd + ỹ†d)

αβ, Bαβ
d = (ỹd − ỹ†d)

αβ , (4.8)

where ỹu = V u
L y1

uV u†
R and ỹd = V d

Ly1
dV

d†
R . Note that for neutral goldstones, there is

no flavor-changing qφq coupling. For charged goldstone bosons, the non-diagonal CKM

matrices and nontrivial mass difference of quarks will yields flavor-changing couplings. If

y1
i = y0

i /v with v the expectation value of h, the quark-Higgs couplings is in agree with
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that of the SM. However, flavor-changing couplings for neutral Higgs field h̃ can exist in

general due to the fact that matrices V i
Ly1

i V
i†
R may not be diagonal.

Now we come to discuss gauge couplings. In unitary gauge, Lagrangian (2.10) become

Lf−4

∣

∣

∣

∣

Unitary gauge

=
∑

α

qI
α[i/∂ −

(

∆1,1,αg1
τa′

2
/W

a′

1 + ∆1,2,α
τa′

2
g2 /W

a′

2 + ∆3
1,1,αg1 /W

3
1 (4.9)

+∆3
1,2,αg2 /W

3
2+∆1,αg /B

)

PL−
(

∆2,1,αg1
τa′

2
/W

a′

1 + ∆2,2,α
τa′

2
g2 /W

a′

2

+∆3
2,1,αg1 /W

3
1+∆3

2,2,αg2 /W
3
2+∆2,αg /B

)

PR]qI
α+qI → lI , δ→δl,∆→∆l ,

where a′ = 1, 2. The above anomalous gauge couplings ∆’s can be expressed by δ’s in-

troduced in (2.10) and the detailed results are given in appendix A. In terms of mass

eigenstates for gauge bosons, (4.9) become

Lf−4

∣

∣

∣

∣

Unitary gauge

= iqI
αγµ∂µqI

α + LCC + LNC + LEM (4.10)

with charge current part LCC

LCC=
−1√

2

∑

α

[

qI
α[(g1 cos ζ∆1,1,α+g2 sin ζ∆1,2,α)γµPL+(g2 sin ζ∆2,1,α+g1 cos ζ∆2,2,α)γµPR]

×(τ+W+
µ + τ−W−

µ )qI
α + qI

α[(−g1 sin ζ∆1,1,α + g2 cos ζ∆1,2,α)γµPL + (g2 cos ζ∆2,1,α

−g1 sin ζ∆2,2,α)γµPR](τ+W ′+
µ + τ−W ′−

µ )qI
α

]

+ qI → lI ,∆ → ∆l , (4.11)

neutral current part LNC

LNC = −1

2

∑

α

[

qI
α{[g1x1(∆

3
1,1,α + ∆3

2,2,α) + g2y1(∆
3
2,1,α + ∆3

1,2,α) + gv1(∆1,α + ∆2,α)]γµ

−[g1x1(∆
3
1,1,α − ∆3

2,2,α) − g2y1(∆
3
2,1,α − ∆3

1,2,α) + gv1(∆1,α − ∆2,α)]γµγ5}qI
αZµ

+qI
α{[g1x2(∆

3
1,1,α + ∆3

2,2,α) + g2y2(∆
3
2,1,α + ∆3

1,2,α) + gv2(∆1,α + ∆2,α)]γµ

−[g1x2(∆
3
1,1,α − ∆3

2,2,α) − g1y2(∆
3
2,1,α − ∆3

1,2,α) + gv2(∆1,α − ∆2,α)]γµγ5}qI
αZ ′

µ

]

+qI → lI ,∆ → ∆l ,

electro-magnetic current part LEM

LEM = −1

2

∑

α

qI
α{[g1x3(∆

3
1,1,α+ ∆3

2,2,α) + g2y3(∆
3
2,1,α+ ∆3

1,2,α) + gv3(∆1,α+ ∆2,α)]γµ

−[g1x3(∆
3
1,1,α− ∆3

2,2,α) − g2y3(∆
3
2,1,α− ∆3

1,2,α) + gv3(∆1,α− ∆2,α)]γµγ5}qI
αAµ

+qI → lI ,∆ → ∆l ,

Further in terms of fermion mass eigenstates, LNC and LEM keep their present form, but we

must replace original summation over generation indices
∑

α

qI
α∆i,αqI

α with
∑

αβ

qα∆′
i,αβqβ
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where

∆′
i,αβ ≡ [V u

L diag(∆i,1,∆i,2,∆i,3)V
u†
L + V u

Rdiag(∆i,1,∆i,2,∆i,3)V
u†
R ]αβτu

+[V d
Ldiag(∆i,1,∆i,2,∆i,3)V

d†
L + V d

Rdiag(∆i,1,∆i,2,∆i,3)V
d†
R ]αβτd (4.12)

It is easy to see that if ∆i,α is universal in generation, i.e. it is independent of index α, then

∆′
i,αβ = ∆i,αδαβ which leads LNC and LEM unchanged. In order to suppress the possible

flavor changing neutral and electro-magnetic currents, either non-universal effect of ∆i,α

appeared in LNC and LEM is small or there is some cancelations among different terms

in (4.12).

The charge current Lagrangian for quarks in mass eigenstates is changed to

LCC = − 1√
2
uαγµ(Aαβ

W + Bαβ
W γ5)dβW+

µ − 1√
2
uαγµ(Aαβ

W ′ + Bαβ
W ′γ

5)dβW ′+
µ + h.c. , (4.13)

where

Aαβ
W =

1

2

[

g1 cos ζ[V u
L diag(∆1,1,1,∆1,1,2,∆1,1,3)V

d†
L + V u

Rdiag(∆2,2,1,∆2,2,2,∆2,2,3)V
d†
R ]αβ

+g2 sin ζ[V u
L diag(∆1,2,1,∆1,2,2,∆1,2,3)V

d†
L +V u

Rdiag(∆2,1,1,∆2,1,2,∆2,1,3)V
d†
R ]αβ

]

Bαβ
W =

1

2

[

g1 cos ζ[−V u
L diag(∆1,1,1,∆1,1,2,∆1,1,3)V

d†
L + V u

Rdiag(∆2,2,1,∆2,2,2,∆2,2,3)V
d†
R ]αβ

+g2 sin ζ[−V u
L diag(∆1,2,1,∆1,2,2,∆1,2,3)V

d†
L +V u

Rdiag(∆2,1,1,∆2,1,2,∆2,1,3)V
d†
R ]αβ

]

Aαβ
W ′ =

1

2

[

g2 cos ζ[V u
Rdiag(∆2,1,1,∆2,1,2,∆2,1,3)V

d†
R + V u

L diag(∆1,2,1,∆1,2,2,∆1,2,3)V
d†
L ]αβ

−g1 sin ζ[V u
Rdiag(∆2,2,1,∆2,2,2,∆2,2,3)V

d†
R +V u

L diag(∆1,1,1,∆1,1,2,∆1,1,3)V
d†
L ]αβ

]

Bαβ
W ′=

1

2

[

− g2 cos ζ[−V u
Rdiag(∆2,1,1,∆2,1,2,∆2,1,3)V

d†
R +V u

L diag(∆1,2,1,∆1,2,2,∆1,2,3)V
d†
L ]αβ

+g1 sin ζ[−V u
Rdiag(∆2,2,1,∆2,2,2,∆2,2,3)V

d†
R +V u

L diag(∆1,1,1,∆1,1,2,∆1,1,3)V
d†
L ]αβ

]

(4.14)

If ∆i,α is universal in generation index, then rotation matrices appeared in above formulae

will meet together constituting CKM matrices.

If we only focus on gauge couplings to light gauge boson A,W,Z, above ∆’s cause a

serious anomalous couplings. In ref. [28], we parameterized these anomalous couplings in

terms of ten coefficients in the case that ∆i,α is universal in generation index, for which

two are in charged current, four in neutral current and four in electro-magnetic current.

The fact that SM is consistent with experiment to very high precision implies these ten

anomalous couplings must be very small in values.

5. Effective Hamiltonian for neutral K and B system

Once there exists W ′ boson, there may be low energy phenomenological constraints from

K0 − K̄0, B0
d − B̄0

d and B0
s − B̄0

s system. In most cases W ′ will generate extra Feynman
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s u, c, t d

d̄ s̄ū, c̄, t̄

W (φ1)W (φ1)

s d

d̄ s̄

W (φ1)

W (φ1)

ū, c̄, t̄ u, c, t

Figure 1: Box diagrams for K0 − K̄0 effective Hamiltonian HWW
eff .

s

d̄ s̄

d

h̃

d

s

h̃

d̄

s̄

Figure 2: Higgs exchange diagrams for K0 − K̄0 effective Hamiltonian.

box diagrams which contribute to mass differences in K0 − K̄0, B0
d − B̄0

d , B0
s − B̄0

s system

and corresponding CP violation parameters. These mixings are described by a effective

Hamiltonian which is composed of four parts:

Heff = HWW
eff + HW ′W ′

eff + HWW ′

eff + Hh0

eff (5.1)

The effective Hamilton Heff is model dependent. We take the K0 − K̄0 system in LR

and LP models as an example, other models and B0 − B̄0 system can be given in the

similar way. The WW box diagram for K0 − K̄0 system is plotted in figure 1. Let

MXY be the amplitudes of the diagram mediated by particles X and Y which may be

gauge bosons W,W ′ and goldstone bosons φ1, φ2. HWW
eff can be further decomposed into

HWW
eff = 1

2(MWW + MWφ1 + Mφ1W + Mφ1φ1) + h.c.

W ′W ′ box diagram part HW ′W ′

eff can be obtained from HWW
eff by HW ′W ′

eff =

HWW
eff |W→W ′, 1→2. Similarly WW ′ box diagram part HWW ′

eff is HWW ′

eff = MWW ′

+MWφ2 +

Mφ1W ′

+ Mφ1φ2 + h.c.. Hh0

eff is the part of effective Hamiltonian arises from the flavor

changing Yukawa coupling via neutral Higgs exchange at tree level. The corresponding

Feynman diagrams is plot in figure 2 for K0 − K̄0 system.

The W ′ dependent part of Heff introduced in (5.1) is also model dependent. LR and

LP models are main cases we are going to discuss in which HW ′W ′

eff is usually neglected

due to existence of a suppression factor (MW /MW ′)4. SM calculation shows that just SM

effect in HWW
eff itself can already match experiment data. Therefore the constraints left is

that either non SM effects in HWW
eff , HWW ′

eff and Hh0

eff are all small in values separately or

they cancel each other. The cancelation will demand detailed model arrangements which

need fine tuning such as introducing in theory the second bi-doublet higgs discussed in
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ref. [37]. In this work we do not consider this special fine tuning situation and only limit us

in the case that all non SM effects in HWW
eff , HWW ′

eff and Hh0

eff are small separately in values.

This choice is in accordance with the approximation that only dimension three and four

matter part operators are included in our calculation. If we consider more higher dimension

operators, dimension six four quark operators such as d̄RsLd̄LsR will contribute to Heff as

a contact term. This will raise the possibility that using four quark operator contributions

to cancel non SM effects in HWW
eff , HWW ′

eff and Hh0

eff . This four quark operator can be

seen as remnant of exchanging some more heavier unknown particles and the coupling of

the operator is proportional to inverse of heavy particle mass square, like traditional Fermi

weak interaction theory induced by exchanging electroweak gauge bosons. In our treatment

we have ignored possible cancelations among operators of different classes. If we generalize

this treatment to higher dimension operators, the cancelations among contributions of

four quark operators and W,W ′, h0 to Heff are not allowed. This implies the effective

coupling in front of corresponding four quark operator must be small which will improve

the convergence of our expansion and we can safely drop out four quark operator in our

first order approximation. This is the discussion for LR and LP models. The situation in

NU model is similar as in LR and LP models, except there exists explicit non-universality

term in (4.14). For other models, HP and FP models are irrelevant, since in these models

W ′ does not couple to light ordinary quarks if we ignore small mixing between W and W ′.
Then there are approximately no HW ′W ′

eff and HWW ′

eff terms in (5.1). The only constraint for

these models is the value of Hh0

eff must be small. In the case of UN model, W does not couple

to ordinary quark if we ignore mixing between W and W ′. The role of W is replaced by W ′.
Considering the facts that HW ′W ′

eff is much smaller than HWW
eff in value due to suppression

factor and there is no HWW
eff and HWW ′

eff terms, the value of Hh0

eff in this case can be larger

than that of HP and FP models. Since the constraints for UN model from mass differences

in K0 − K̄0, B0
d − B̄0

d , B0
s − B̄0

s system and corresponding CP violation parameters are

relatively weak, we skip the discussion of this situation. Combining above discussions

together, for the W ′ dependent part of Heff , we only need to discuss two situations: one is

LR and LP models, the other is NU model.

In performing detailed computations for box diagrams, we choose Feynman gauge and

take the masses and four-momenta of the external legs to be zero (md = ms = 0) thus the

internal lines carry the same momentum. Detailed calculations give following amplitudes

for the diagram mediated by X − Y,X, Y = W,W ′,

MXY =

(√
2g2

1

8M2
X

)2
M2

X

2π2g4
1

β
∑

α,β

√
xαxβ[4I1(xα, xβ , β)]d̄

[ (

Aαs
X Aαd†

Y − Bαs
X Bαd†

Y

)

+γ5

(

Bαs
X Aαd†

Y − Aαs
X Bαd†

Y

) ]

s ⊗ d̄
[ (

Aβs
Y Aβd†

X − Bβs
Y Bβd†

X

)

+γ5

(

Bβs
Y Aβd†

X − Aβs
Y Bβd†

X

) ]

s

+

(√
2g2

1

8M2
X

)2
M2

X

2π2g4
1

β
∑

α,β

{[

1

4
I2(xα, xβ, β)

] [

10d̄γµ

[ (

Aαs
X Aαd†

Y + Bαs
X Bαd†

Y

)

+γ5

(

Aαs
X Bαd†

Y +Bαs
X Aαd†

Y

)]

s ⊗ d̄γµ
[(

Aβs
Y Aβd†

X +Bβs
Y Bβd†

X

)

+γ5

(

Aβs
Y Bβd†

X + vBβs
Y Aβd†

X

)]

s
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−6d̄γµ

[

γ5

(

Aαs
X Aαd†

Y + Bαs
X Bαd†

Y

)

+
(

Aαs
X Bαd†

Y + Bαs
X Aαd†

Y

) ]

s

⊗d̄γµ
[

γ5

(

Aβs
Y Aβd†

X + Bβs
Y Bβd†

X

)

+
(

Aβs
Y Bβd†

X + Bβs
Y Aβd†

X

) ]

]

s

}

(5.2)

where xα = m2
α/M2

X and β = M2
X/M2

Y , and Aαβ
W , Aαβ

W ′ , Bαβ
W , Bαβ

W ′ are defined in (4.14),

I1(xα, xβ , β) =
xα ln xα

(1 − xα)(1 − xαβ)(xα − xβ)
+ (α ↔ β) − β ln β

(1 − β)(1 − xαβ)(1 − xββ)
,

I2(xα, xβ , β) =
x2

α ln xα

(1 − xα)(1 − xαβ)(xα − xβ)
+ (α ↔ β) − lnβ

(1 − β)(1 − xαβ)(1 − xββ)
.(5.3)

The amplitude of the diagram mediated by X+ − φ−
n ,X = W,W ′, n = 1, 2 is:

MXφn =

(√
2g2

1

8M2
X

)2
M2

X

2π2g4
1

β
∑

α,β

√
xαxβ [I1 (xα, xβ , β)] d̄γν

[ (

Aαs
X Aαd†

n − Bαs
X Bαd†

n

)

(5.4)

+γ5(B
αs
X Aαd†

n −Aαs
X Bαd†

n )]s ⊗ d̄γν
[ (

Aβs
n Aβd†

X +Bβs
n Bβd†

X

)

+γ5

(

Bβs
n Aβd†

X +Aβs
n Bβd†

X

) ]

s

+

(√
2g2

1

8M2
X

)2
M2

X

2π2g4
1

β
∑

α,β

[I2(xα, xβ , β)]d̄
[ (

Aαs
X Aαd†

n + Bαs
X Bαd†

n

)

+γ5

(

Aαs
X Bαd†

n +Bαs
X Aαd†

n

) ]

s ⊗ d̄
[ (

Aβs
n Aβd†

X −Bβs
n Bβd†

X

)

+γ5

(

−Aβs
n Bβd†

X +Bβs
n Aβd†

X

) ]

s

The amplitude of the diagram mediated by φ+
m − Y −,m = 1, 2, Y = W,W ′ is,

MφmY =

(√
2g2

1

8M2
X

)2
M2

X

2π2g4
1

β
∑

α,β

√
xαxβ[I1(xα, xβ , β)]d̄γµ

[ (

Aαs
m Aαd†

Y + Bαs
m Bαd†

Y

)

(5.5)

+γ5

(

Bαs
m Aαd†

Y +Aαs
m Bαd†

Y

) ]

s ⊗ d̄
[

γµ
(

Aβs
Y Aβd†

m −Bβs
Y Bβd†

m

)

+γ5

(

Bβs
Y Aβd†

m −Aβs
Y Bβd†

m

) ]

s

+

(√
2g2

1

8M2
X

)2
M2

X

2π2g4
1

β
∑

α,β

{

[1

4
I2 (xα, xβ , β)

]

d̄
[ (

Aαs
m Aαd†

Y − Bαs
m Bαd†

Y

)

+γ5

(

−Aαs
m Bαd†

Y +Bαs
m Aαd†

Y

) ]

s ⊗ d̄
[ (

Aβs
Y Aβd†

m +Bβs
Y Bβd†

m

)

+γ5

(

Aβs
Y Bβd†

m +Bβs
Y Aβd†

m

)]

s

}

The amplitude of the diagram mediated by φ+
m − φ−

n ,m, n = 1, 2 is,

Mφmφn =

(√
2g2

1

8M2
X

)2
M2

X

2π2g4
1

β
∑

α,β

√
xαxβ[I1(xα, xβ , β)]d̄

[ (

Aαs
m Aαd†

n + Bαs
m

)

Bαd†
n (5.6)

+γ5

(

Bαs
m Aαd†

n +Aαs
m Bαd†

n

) ]

s ⊗ d̄
[ (

Aβs
n Aβd†

m +Bβs
n Bβd†

m

)

+γ5

(

Bβs
n Aβd†

m +Aβs
n Bβd†

m

) ]

s

+

(√
2g2

1

8M2
X

)2
M2

X

2π2g4
1

β
∑

α,β

{[

1

4
I2 (xα, xβ , β)

]

d̄γρ

[

(

Aαs
m Aαd†

n −Bαs
m Bαd†

n

)

+γ5

(

−Aαs
m Bαd†

n

+Bαs
m Aαd†

n

)

]

s ⊗ d̄γρ

[

(

Aβs
n Aβd†

m − Bβs
n Bβd†

m

)

+ γ5

(

−Aβs
n Bβd†

m + Bβs
n Aβd†

m

)

]

s

}
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Since the mixing angle ζ is expected to be small, for simplicity in the following we take

ζ = 0.

For LR and LP models, we can ignore the generation index α dependence in all ∆’s

appeared in (4.14), then the rotation matrices V u and V d† can meet together forming CKM

matrices. We introduce CKM factors λLR
α (K) = V CKM,uαs

L V CKM,uαd∗
R for K0 − K̄0 system,

λLR
α (Bq) = V CKM,uαb

L V CKM,uαq∗
R for B0

q − B̄0
q system, etc. By taking mu = 0 and using the

relation λu + λc + λt = 0, ignoring the higher order of ∆2,2,∆1,2 (we have dropped out

their generation indices) and accurate to the order linear in β = M2
W /M2

W ′ , we obtain

HWW
eff =

G2
F M2

W

16π2
×
{

fLL(K)d̄γµ(1−γ5)s ⊗ d̄γµ(1−γ5)s K0−K̄0 system

fLL(Bq)q̄γ
µ(1−γ5)b ⊗ q̄γµ(1+γ5)b B0

q −B0
q̄ system

+h.c. (5.7)

HWW ′

eff =
G2

F M2
W

16π2
2β∆2

2,1

g2
2

g2
1

×
{

fLR(K)d̄(1−γ5)s ⊗ d̄(1+γ5)s K0−K̄0 system

fLR(Bq)q̄(1−γ5)b ⊗ q̄(1+γ5)b B0
q −B0

q̄ system
+h.c.(5.8)

where q = d, s and

fLL(K) = (λLL
c (K))2ηccS̃0(xc) + (λLL

t (K))2ηttS̃0(xt) + 2λLL
c (K)λLL

t (K)ηctS̃0(xc, xt)(5.9)

fLL(Bq) = (λLL
t (Bq))

2ηBq S̃0(xt) (5.10)

S̃0(x) =
x

(1−x)2

[

∆4
1,1+

4∆4
1,1−16∆2

L,1+1

4
x+

x2

4
+

2x ln x

1−x

(

∆4
1,1−∆2

1,1−
4∆2

1,1−1

4
x

)]

(5.11)

S̃0(xc, xt) = xcxt

[

1

(1 − xc)(1 − xt)

(

∆4
1,1 − 2∆2

1,1 +
1

4

)

+
ln xt

(xt − xc)(1 − xt)2

(

∆4
1,1 − 2∆2

1,1xt +
x2

t

4

)

+
ln xc

(xc − xt)(1 − xc)2

(

∆4
1,1 − 2∆2

1,1xc +
x2

c

4

)

]

. (5.12)

fLR(K) = λLR
c (K)λRL

c (K)Scc(K) + λLR
t (K)λRL

t (K)Stt(K)

+(λLR
c (K)λRL

t (K) + λLR
t (K)λRL

c (K))Sct(K) (5.13)

fLR(Bq) = fLR(K)

∣

∣

∣

∣

K→Bq

(5.14)

Scc(K) =
xc

(1 − xc)2
[(4∆2

1,1η
LR
1 (K) − xcη

LR
2 (K))(1 − xc) (5.15)

+(4∆2
1,1η

LR
1 (K)−2xcη

LR
2 (K)+x2

cη
LR
2 (K)) ln xc+ηLR

2 (K)(1−xc)
2 ln β]

Stt(K) = Scc(K)

∣

∣

∣

∣

c→t

(5.16)

Sct(K) =

√
xcxt

(1 − xc)(1 − xt)(xt − xc)
[xt(4∆

2
1,1η

LR
1 (K) − xtη

LR
2 (K))(1 − xc) ln xt (5.17)

−xc(4∆
2
1,1η

LR
1 (K) − xcη

LR
2 (K))(1 − xt) ln xc

+ηLR
2 (K)(1 − xc)(1 − xt)(xt − xc) ln β]

Scc(Bq) = Scc(K)

∣

∣

∣

∣

K→Bq

, Stt(Bq) = Stt(K)

∣

∣

∣

∣

K→Bq

, Sct(Bq) = Sct(K)

∣

∣

∣

∣

K→Bq

(5.18)
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with xc = m2
c/M

2
W , xt = m2

t /M
2
W , β = M2

W /M2
W ′ . The next-to-leading-order QCD short-

distance corrections are ηcc = 1.38 ± 0.20, ηct = 0.47 ± 0.04, ηtt = 0.57 ± 0.01 [38, 39],

ηBd
= 0.551, ηBs = 0.837 [40]. The QCD corrections are ηLR

1 (K) = 1.4, ηLR
2 (K) = 1.17 for

ΛQCD = 0.2GeV [41] and η1(Bq) ≃ 1.8, η2(Bq) ≃ 1.7 at scale mb [42].

The matrix elements are given by

〈K0|d̄γµ(1 ± γ5)s ⊗ d̄γµ(1 ± γ5)s|K̄0〉 =
4

3
f2

KmKBK , (5.19)

〈B0
q |d̄γµ(1 ± γ5)s ⊗ d̄γµ(1 ± γ5)s|B̄0

q 〉 =
4

3
f2

Bq
mBqBBq , (5.20)

〈K0|d̄(1 − γ5)s ⊗ d̄(1 + γ5)s|K̄0〉 =
1

2mK

[

1

3
+

2m2
K

(ms + md)2

]

f2
Km2

KBS
K , (5.21)

〈B0|q̄(1 − γ5)b ⊗ q̄(1 + γ5)b|B̄0〉 =
1

2mBq

[

1

3
+

2m2
Bq

m2
b

]

f2
Bq

m2
Bq

BS
Bq

q = d, s. (5.22)

The decay constant for neutral K meson is given by fK/fπ = 1.198 ± 0.003 [43, 44] with

fπ = (130± 5)× 10−3GeV [35] and the bag parameter is BK = 0.79± 0.04± 0.09 [45]. For

Bd and Bs mesons, fBd

√

BBd
= 0.220 ± 0.040GeV [40] and fBs

√

BBs = 0.221GeV [46] .

The bag parameter from QCD sum rule gives BS
Bq

/BBq = 1.2 ± 0.2 [36].

For NU models, we must consider the generation dependence α in all ∆’s appeared

in (4.14). To simplify the expressions, we denote the CKM factors as V αβ
L ≡ V

CKM,uαbβ

L , and

V αβ
L,11 =

∑

α′

V u,αα′

L ∆1,1,α′V d†,α′β
L , V αβ

L,12 =
∑

α′

V u,αα′

L ∆1,2,α′V d†,α′β
L (5.23)

etc. Ignoring the higher order of ∆2,1,α and ∆2,2,α, After tedious calculations, we get the

effective Hamilton for K0 − K̄0 system in NU models as follows:

HWW
eff =

G2
F M2

W

16π2

{





∑

α,β=u,c,t

(V αs
L,11V

αd∗
L,11)(V

βs
L,11V

βd∗
L,11)+

1

4

∑

α,β=u,c

xαxβ(V
αs
L,11V

αd∗
L )(V βs

L V βd∗
L,11)





×I2(xα, xβ , 1) − 2
∑

α,β=u,c

xαxβ(V αs
L V αd∗

L )(V βs
L V βd∗

L )I1(xα, xβ , 1)

}

×d̄γµ(1 − γ5)s ⊗ d̄γµ(1 − γ5)s + h.c. (5.24)

HW ′W ′

eff =
G2

F M2
W

16π2

{

∑

α,β=u,c,t

(V αs
L,12V

αd∗
L,12)(V

βs
L,12V

βd∗
L,12)I2(xα, xβ, 1)

+
1

4
βx2

t (V
ts
L,12V

td∗
L )(V ts

L V td∗
L,12)I2(xt, 1) − 2β2x2

t (V
ts
L V td∗

L )2I1(xt, 1)

}

×d̄γµ(1 − γ5)s ⊗ d̄γµ(1 − γ5)s + h.c. (5.25)

HWW ′

eff =
G2

F M2
W

8π2(g2
1/g2

2)
β

{

∑

α,β=u,c,t

[(V αs
L,11V

αd∗
L,12+V αs

L,12V
αd∗
L,11)(V

βs
L,12V

βd∗
L,11+V βs

L,11V
βd∗
L,12)]I2(xα, xβ , β)

−x2
t β[(V ts

L,11V
td∗
L )(V ts

L V td∗
L,11)]I1(xt, β) −

∑

α,β=u,c

(xαxβ)3/2(V αs
L V αd∗

L,12)(V
βs
L,12V

βd∗
L )]

×I1(xα, xβ , β)

}

d̄γµ(1 − γ5)s ⊗ d̄γµ(1 − γ5)s + h.c. . (5.26)
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The effective Hamilton for B0 − B̄0 system can be obtained through the same procedure.

6. Constraints from neutral K and B system for LR and LP models

In this section, we will concentrate on the constraints on our EWCL from mass differences

in K0 − K̄0, B0
d − B̄0

d , B0
s − B̄0

s systems and indirect CP violation parameter |ǫK |, mainly

for LR and LP models. Due to complexity of CKM factors introduced in (5.23) for NU

models, we will leave the investigation for NU model elsewhere.

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

d and B0
s − B̄0

s systems are determined by

∆mK = 2Re〈K0|Heff |K̄0〉 ∆mBq = 2|〈B0
q |Heff |B̄0

q 〉| q = d, s (6.1)

and the indirect CP violation in K mesons can be expressed as

|ǫK | =
1

2
√

2

(

Im〈K0|Heff |K̄0〉
Re〈K0|Heff |K̄0〉 + 2ξ0

)

≈ Im〈K0|Heff |K̄0〉√
2∆mK

(6.2)

where ξ0 is the weak phase of K → ππ decay amplitude with isospin zero. The pure W

contribution to mass differences in K0 − K̄0, B0
d − B̄0

d and B0
s − B̄0

s systems and indirect

CP violation in K mesons as functions of anomalous coupling ∆1,1 introduced in (A.1) is

shown in figure 3. From (4.11), we know that ∆1,1 characterize the anomalous coupling for

charge current, it can deviate from 1 very much and therefore we choose region [0.8,1.2]

for ∆1,1 as horizontal coordinate in figure 3.

In numerical calculation, the input parameters are taken from particle data group [35]

except those explicitly labeled.

GF = 1.16637(1) × 10−5GeV−2, MW = 80.403 ± 0.029GeV,

mK = (497.648 ± 0.022) × 10−3GeV, ∆mexp
K = (3.483 ± 0.006) × 10−15GeV,

md = 5 × 10−3GeV, ms = 95 × 10−3GeV,

mc = 1.25 ± 0.09GeV, mt = 174.2 ± 3.3GeV,

mBd
= (5279.4 ± 0.5) × 10−3GeV, ∆mexp

Bd
= (3.337 ± 0.003) × 10−13GeV,

mBs = (5367.5 ± 1.8) × 10−3GeV, ∆mexp
Bs

= (1.17 ± 0.003) × 10−11GeV.

The CKM elements are given in terms of Wolfenstein parameterization [35]:

λ = 0.2272, A = 0.818, ρ̄ = 0.221, η̄ = 0.340,

with the relations s13e
iδ = (V ub

L )∗ = Aλ3(ρ + iη) =
Aλ3(ρ̄ + iη̄)

√
1 − A2λ4

√
1 − λ2[1 − A2λ4(ρ̄ + iη̄)]

.

We find that for ∆mK , |ǫK |, ∆mBd
and ∆mBs , SM theoretical results (∆1,1 = 1)

match to experiment values with error 33%, 18%, 6% and 23% respectively. These errors

are expected from uncertainty of matrix elements and long distance contributions [47].

New physics contributions must hide in these errors.

Up to the order liner in β, W ′ contribution to mass differences in K0 − K̄0, B0
d − B̄0

d ,

B0
s − B̄0

s systems and indirect CP violation in K mesons are

∆mWW ′

K = 2Re〈K0|HWW ′

eff |K̄0〉
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K
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|WW/|ε
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s

WW/∆m
B

s
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B

d

WW/∆m
B

d

exp (1,1.060)

Figure 3: Pure W contribution to K0 − K̄0, B0
d − B̄0

d, B0
s − B̄0

s systems and indirect CP violation

in K mesons. Anomalous coupling ∆1,1 = 1 corresponds to SM results which are explicitly written

down in brackets.

=
G2

F M2
W f2

KmKBS
Kβ

4π2
∆2

2,1

g2
2

g2
1

Re(fLR(K))

[

1

6
+

m2
K

(ms+md)2

]

(6.3)

∆mWW ′

Bq
= 2|〈B0

q |HWW ′

eff |B̄0
q 〉|

=
G2

F M2
W f2

BmBqB
S
Bβ

4π2
∆2

2,1

g2
2

g2
1

|fLR(Bq)|
[

1

6
+

m2
Bq

m2
b

]

(6.4)

|ǫK |WW ′ ≈ Im〈K0|HWW ′

eff |K̄0〉√
2∆mK

=
G2

F M2
W f2

KmKBS
Kβ

8
√

2π2∆mK

∆2
2,1

g2
2

g2
1

Im(fLR(K))

[

1

6
+

m2
K

(ms+md)2

]

(6.5)

For W ′ contributions, we discuss K0 − K̄0, B0 − B̄0 systems separately.

6.1 K0 − K̄0 system

According to types of inner quark lines in the box diagrams, W ′ contributions to ∆mK
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Figure 4: Ratio of tt loop to experiment data for W ′ contribution to KL − KS mass difference,

cc to tt loop and ct to tt loop for W ′ contribution to KL − KS mass difference in K0 − K̄0 system

with solid blue line for MW ′ = 10MW , dash red line for MW ′ = 15MW , dash-dot pink line for

MW ′ = 20MW and dot black line for MW ′ = 25MW , respectively.

in (6.3) can be decomposed into tt, cc and ct quark loop contributions,

∆mWW ′

K = ∆2
2,1

g2
2

g2
1

∆mWW ′

Ktt

[

Re[λLR
t (K)λRL

t (K)] + Re[λLR
c (K)λRL

c (K)]
∆mWW ′

Kcc

∆mWW ′

Ktt

+Re[λLR
c (K)λRL

t (K) + λLR
t (K)λRL

c (K)]
∆mWW ′

Kct

∆mWW ′

Ktt

]

(6.6)

in which the CKM matrices 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 (6.7)

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

In figure 4, we plot
∆mWW ′

Ktt

∆mexp
K

,
∆mWW ′

Kcc

∆mWW ′

Ktt

and
∆mWW ′

Kct

∆mWW ′

Ktt

separately,

From figure 4, we find that
∆mWW ′

Ktt

∆mexp
K

is of order 105,
∆mWW ′

Kcc

∆mWW ′

Ktt

is of order 10−3 and
∆mWW ′

Kct

∆mWW ′

Ktt

is of order 10−2. Therefore to reduce total contributions of ∆mWW ′

K , we have following

four different kind of mechanisms

• Large MW ′ : Take very large W ′ mass. This is traditional naive constraints to W ′

mass.

• Small g2: Take very small W ′ gauge coupling g2 ≪ g1. This can only happens if

f2 ≫ g1f1/g2 to make large enough W ′ mass. Since two gauge couplings are not

equal to each other, this situation is parity explicitly broken.
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Figure 5: Ratio of tt loop to experiment data for W ′ contribution to |ǫK | , cc to tt loop and ct to

tt loop for W ′ contribution to indirect CP violation in K mesons |ǫK | in K0− K̄0 system with solid

blue line for MW ′ = 10MW , dash red line for MW ′ = 15MW , dash-dot pink line for MW ′ = 20MW

and dot black line for MW ′ = 25MW , respectively.

• Small ∆2,1: Take very small ∆2,1. This is the situation pointed out in our previous

work [28]. Although realization of this situation in detail model is still lacking.

• Specific V CKM
R : Choose special right hand CKM matrix elements to make fLR(K)

in (5.13) small. Numerically

Re[λLR
t (K)λRL

t (K)] + Re[λLR
c (K)λRL

c (K)]
∆mWW ′

Kcc

∆mWW ′

Ktt

+Re[λLR
c (K)λRL

t (K) + λLR
t (K)λRL

c (K)]
∆mWW ′

Kct

∆mWW ′

Ktt

≪ 10−5 (6.8)

Similar to KL − KS mass difference, we can also decompose indirect CP violation

parameter |ǫK | in K system as

|ǫK |WW ′

= ∆2
2,1

g2
2

g2
1

|ǫK |WW ′

tt

∣

∣

∣

∣

Im[λLR
t (K)λRL

t (K)] + Im[λLR
c (K)λRL

c (K)]
|ǫK |WW ′

cc

|ǫK |WW ′

tt

+Im[λLR
c (K)λRL

t (K) + λLR
t (K)λRL

c (K)]
|ǫK |WW ′

ct

|ǫK |WW ′

tt

∣

∣

∣

∣

(6.9)

In figure 5, we plot
|ǫK |WW ′

tt

|ǫK |exp , |ǫK |WW ′

cc

|ǫK |WW ′

tt

and
|ǫK |WW ′

ct

|ǫK |WW ′

tt

separately,

From figure 5, we find that
|ǫK |WW ′

tt

|ǫK |exp is of order 107, |ǫK |WW ′

cc

|ǫK |WW ′

tt

is of order 10−3 and
|ǫK |WW ′

ct

|ǫK |WW ′

tt

is of order 10−2. To reduce total contributions of |ǫK |WW ′

, we also can take either large
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MW ′ ; or small g2; or small ∆2,1; or specific V CKM
R satisfying

Im[λLR
t (K)λRL

t (K) + Im[λLR
c (K)λRL

c (K)]
|ǫK |WW ′

cc

|ǫK |WW ′

tt

+Im[λLR
c (K)λRL

t (K) + λLR
t (K)λRL

c (K)]
|ǫK |WW ′

ct

|ǫK |WW ′

tt

≪ 10−7 (6.10)

The relation (6.8) and (6.10) offer constraints for right hand CKM matrix elements, as long

as they really take the role of suppressing contribution from W ′ boson. If constraints (6.8)

and (6.10) can not be satisfied, we must adjust MW ′ , g2 and ∆2,1 to suppress contribution of

W ′. To quantitatively estimate constraints for MW ′ , g2 and ∆2,1, we take a special pseudo-

manifest left-right symmetric situation as an example. In this situation, V̄ αβ
R = (V αβ

L )∗,

which implies the relations φαβ = −φ̄αβ between phases defined in (6.7). Then CKM

factors appeared in (6.6) and (6.9) can be simplified as

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)(6.11)

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)]

Notice that constraint from |ǫK | demands imaginary part of above CKM matrix elements

must at least two order of magnitude smaller than their real part, this leads us to take

following choice of phase angle

α1 − α2 − β1 = 0. (6.12)

Then the imaginary part of all CKM matrix elements in (6.11) will vanish and the cc, tt

and ct loops do not contribute to |ǫK |WW ′

separately. This special choice of phase angle

is originally proposed in ref. [37] which directly leads to

|ǫK |WW ′

= 0. (6.13)

The values of CKM matrix factors in (6.11) now can be worked out in terms of left hand

CKM matrix in [35],

λLR
c (K)λRL

c (K)

∣

∣

∣

∣

manifest

α1−α2−β1=0
======= 0.0488 λLR

t (K)λRL
t (K)

∣

∣

∣

∣

manifest

α1−α2−β1=0
======= 5.89 × 10−6

λLR
c (K)λRL

t (K) + λLR
t (K)λRL

c (K)

∣

∣

∣

∣

manifest

α1−α2−β1=0
======= 0.00107 cos(α2 − α3 + β2) (6.14)

Now, except an overall factor ∆2
2,1

g2
2

g2
1
,

∆mWW ′

K

∆mexp
K

depends on two other parameters, ∆1,1 and

cos(α2 − α3 + β2). Considering that anomalous coupling ∆1,1 can not deviate from 1 very

much, in figure 6, we plot
∆mWW ′

K

∆mexp
K

/(∆2
2,1

g2
2

g2
1
) as function of cos(α2−α3+β2) with anomalous

coupling ∆1,1 = 1.

From figure 6, we find if ∆2,1 ∼ 1 and g2 ∼ g1, then to make
∆mWW ′

K

∆mexp
K

≪ 1, we must

have MW ′ ∼ several TeVs. This is the naive prediction of W ′ mass in traditional left-right

– 25 –



J
H
E
P
0
6
(
2
0
0
8
)
1
0
7

−1 −0.5 0 0.5 1
−9

−8

−7

−6

−5

−4

−3

−2

−1
−0.5

0
∆ 

m
KW

W
′ /∆

 m
Kex

p /(
∆ 2,

1
2

g 22 /g
12 )

cos(α
2
−α

3
+β

2
)

∆
1,1

=1

 

 

M
 W ′

=10M
 W

M
 W ′

=15M
 W

M
 W ′

=20M
 W

M
 W ′

=25M
 W

M
 W ′

=50M
 W

M
 W ′

=100M
 W

Figure 6:
∆mWW ′

K

∆m
exp

K

/(∆2
2,1

g2
2

g2
1

) as function of cos(α2 − α3 + β2) with anomalous coupling ∆1,1 = 1.

symmetric models. While if MW ′ is at order of 1TeV, to make
∆mWW ′

K

∆mexp
K

≪ 1, we must have

∆2
2,1

g2
2

g2
1
≪ 10−1 which demands either very small anomalous coupling ∆2,1 or small gauge

coupling g2. Note that from (4.13), unlike ∆1,1 which roughly is 1 since it is anomalous

coupling of charged current for W boson, ∆2,1 is anomalous coupling of charged current

for W ′ boson and there is no experiment constraint on its value. This provides us an

alternative way to reduce W ′ contribution. This possibility was first pointed out in our

previous work [28] where ∆2,1 is denoted by ∆R,1.

6.2 B0 − B̄0 system

For B0
d − B̄0

d system, similar to K0− K̄0 system, we can decompose corresponding effective

Hamiltonian as,

∆mWW ′

Bd
= ∆2

2,1

g2
2

g2
1

∆mWW ′

Bdtt

∣

∣

∣

∣

λLR
t (Bd)λ

RL
t (Bd) + λLR

c (Bd)λ
RL
c (Bd)

∆mWW ′

Bdcc

∆mWW ′

Bdtt

+[λLR
c (Bd)λ

RL
t (Bd)+λLR

t (Bd)λ
RL
c (Bd)]

∆mWW ′

Bdct

∆mWW ′

Bdtt

∣

∣

∣

∣

(6.15)

λLR
x (Bd)λ

RL
x (Bd)=|V xb

L V xd∗
L V̄ xb

R V̄ xd∗
R |e−i(α1−α3−β1−β2−φxb−φ̄xb+φxd+φ̄xd) x = c, t
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Figure 7: Ratio of tt loop to experiment data for W ′ contribution to ∆mBd
, cc to tt loop and

ct to tt loop for W ′ contribution to mass difference in B0
d − B̄0

d system with solid blue line for

MW ′ = 10MW , dash red line for MW ′ = 15MW , dash-dot pink line for MW ′ = 20MW and dot

black line for MW ′ = 25MW , respectively.

λLR
c (Bd)λ

RL
t (Bd)=|V cb

L V̄ cd∗
R V̄ tb

R V td∗
L |e−i(α1+α2−2α3−β1−φcb+φ̄cd−φ̄tb+φtd) arg(V αβ

L )=φαβ

λLR
t (Bd)λ

RL
c (Bd)=|V tb

L V̄ td∗
R V̄ cb

R V cd∗
L |e−i(α1−α2−β1−2β2−φtb+φ̄td−φ̄cb+φcd) arg(V̄ αβ

R )= φ̄αβ

In figure 7, we plot
∆mWW ′

Bdtt

∆mexp
Bd

,
∆mWW ′

Bdcc

∆mWW ′

Bdtt

and
∆mWW ′

Bdct

∆mWW ′

Bdtt

separately,

From figure 7, we find that
∆mWW ′

Bdtt

∆mexp
Bd

is of order 105,
∆mWW ′

Bdcc

∆mWW ′

Bdtt

is of order 10−3 and
∆mWW ′

Bdct

∆mWW ′

Bdtt

is of order 10−2. To reduce total contributions of
∆mWW ′

Bd

∆mexp
Bd

, we can take either large MW ′ ;

or small g2; or small ∆2,1; or specific V CKM
R which satisfy

∣

∣

∣

∣

λLR
t (Bd)λ

RL
t (Bd) + λLR

c (Bd)λ
RL
c (Bd)

∆mWW ′

Bdcc

∆mWW ′

Bdtt

+[λLR
c (Bd)λ

RL
t (Bd) + λLR

t (Bd)λ
RL
c (Bd)]

∆mWW ′

Bdct

∆mWW ′

Bdtt

∣

∣

∣

∣

≪ 10−5 (6.16)

For B0
s − B̄0

s system,

∆mWW ′

Bs
= ∆2

2,1

g2
2

g2
1

∆mWW ′

Bstt

∣

∣

∣

∣

λLR
t (Bs)λ

RL
t (Bs) + λLR

c (Bs)λ
RL
c (Bs)

∆mWW ′

Bscc

∆mWW ′

Bstt

+[λLR
c (Bs)λ

RL
t (Bs) + λLR

t (Bs)λ
RL
c (Bs)]

∆mWW ′

Bsct

∆mWW ′

Bstt

∣

∣

∣

∣

(6.17)

λLR
x (Bs)λ

RL
x (Bs)=|V xb

L V xs∗
L V̄ xb

R V̄ xs∗
R |e−i(α2−α3−β2−φxb−φ̄xb+φxs+φ̄xs) x = c, t
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Figure 8: Ratio of tt loop to experiment data for W ′ contribution to ∆mBs
, cc to tt loop and

ct to tt loop for W ′ contribution to mass difference in B0
s − B̄0

s system with solid blue line for

MW ′ = 10MW , dash red line for MW ′ = 15MW , dash-dot pink line for MW ′ = 20MW and dot

black line for MW ′ = 25MW , respectively.

λLR
c (Bs)λ

RL
t (Bs)=|V cb

L V̄ cs∗
R V̄ tb

R V ts∗
L |e−i(2α2−2α3−φcb+φ̄cs−φ̄tb+φts) arg(V αβ

L )=φαβ

λLR
t (Bs)λ

RL
c (Bs)=|V tb

L V̄ ts∗
R V̄ cb

R V cs∗
L |e−i(−2β2−φtb+φ̄ts−φ̄cb+φcs) arg(V̄ αβ

R )= φ̄αβ

In figure 8, we plot
∆mWW ′

Bstt

∆mexp
Bs

,
∆mWW ′

Bscc

∆mWW ′

Bstt

and
∆mWW ′

Bsct

∆mWW ′

Bstt

separately,

From figure 8, we find that
∆mWW ′

Bstt

∆mexp
Bs

is of order 104,
∆mWW ′

Bscc

∆mWW ′

Bstt

is of order 10−3 and
∆mWW ′

Bsct

∆mWW ′

Bstt

is of order 10−2. To reduce total contributions of
∆mWW ′

Bs

∆mexp
Bs

, we can also take either large

MW ′ ; or small g2,; or small ∆2,1; or specific V CKM
R which satisfy

∣

∣

∣

∣

λLR
t (Bs)λ

RL
t (Bs) + λLR

c (Bs)λ
RL
c (Bs)

∆mWW ′

Bscc

∆mWW ′

Bstt

+[λLR
c (Bs)λ

RL
t (Bs) + λLR

t (Bs)λ
RL
c (Bs)]

∆mWW ′

Bsct

∆mWW ′

Bstt

∣

∣

∣

∣

≪ 10−4 (6.18)

Now we come to Higgs contribution to Heff . This part is universal and from vertices

given by (4.7), the amplitude of the diagram mediated by neutral Higgs h̃ is

M h̃ =
1

4m2
h

{

d̄(Ads
d + Bds

d γ5)s ⊗ d̄(Ads
d + Bds

d γ5)s K0 − K̄0 system

q̄(Aqb
d + Bqb

d γ5)b ⊗ q̄(Aqb
d + Bqb

d γ5)b B0
q − B̄0

q system q = d, s
(6.19)

and Higgs contribution to Heff is related to the amplitude by H h̃
eff = 1

2M h̃, it’s matrix

element is

〈K0|H h̃
eff |K̄0〉 =

1

8m2
h

〈K0|d̄(Ads
d + Bds

d γ5)s ⊗ d̄(Ads
d + Bds

d γ5)s|K̄0〉 (6.20)
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= [(ỹds
d −ỹ†ds

d )2−(ỹds
d +ỹ†ds

d )2+
((ỹds

d +ỹ†ds
d )2−11(ỹds

d −ỹ†ds
d )2)m2

K

(ms+md)2
]
f2

KmKBS
K

96m2
h

〈B0
q |H h̃

eff |B0
q̄ 〉 =

1

8m2
h

〈B0
q |q̄(Aqb

d + Bqb
d γ5)b ⊗ q̄(Aqb

d + Bqb
d γ5)b|B0

q̄ 〉 q = d, s (6.21)

= [(ỹqb
d −ỹ†qb

d )2−(ỹqb
d +ỹ†qb

d )2+
((ỹqb

d +ỹ†qb
d )2−11(ỹqb

d −ỹ†qb
d )2)m2

Bq

(ms+md)2
]
f2

Bq
mBqB

S
Bq

96m2
h

In the case of SM, above matrix elements vanishes due to non-existence of flavor changing

coulings. Then in SM, there is no Higgs contribution to ∆mh
K , ∆mh

Bq
and |ǫK |h. Beyond

SM Higgs, demanding Higgs contributions to ∆mK ∆mB are much smaller than their

experimental value, we find constraints

Re[(ỹds
d +ỹ†ds

d )2−11.4(ỹds
d −ỹ†ds

d )2] ≪ 6.45×10−7
( mh

1TeV

)2
(6.22)

|(ỹdb
d +ỹ†db

d )2−11.4(ỹdb
d −ỹ†db

d )2| ≪ 1.74×10−6
( mh

1TeV

)2
(6.23)

|(ỹsb
d +ỹ†sbd )2−11.4(ỹsb

d −ỹ†sbd )2| ≪ 6.10×10−5
( mh

1TeV

)2
(6.24)

While demanding Higgs contributions to |ǫK | is much smaller than its experimental value,

we find constraint:

Im[(ỹds
d +ỹ†ds

d )2−11.4(ỹds
d −ỹ†ds

d )2]≪0.0065×Re[(ỹds
d + ỹ†ds

d )2 − 11.4(ỹds
d − ỹ†ds

d )2] (6.25)

which imply term (ỹds
d + ỹ†ds

d )2 − 11.4(ỹds
d − ỹ†ds

d )2 is approximately real. Further combing

constraint (6.22),

(ỹds
d +ỹ†ds

d )2−11.4(ỹds
d −ỹ†ds

d )2≪6.45×10−7
( mh

1TeV

)2
(6.26)

7. Summary

In this paper, we have presented the complete list of electroweak chiral Lagrangian

for W ′, Z ′, a neutral light higgs and those discovered SM particles with symmetry

SU(2)1 ⊗ SU(2)2 ⊗ U(1). The bosonic part is accurate up to order of p4. The matter

part involving various fermions representation arrangements such as LR, LP, HP, FP, UN,

NU includes dimension three Yukawa type and dimension four gauge type operators. The

gauge boson and fermion mixings and masses are universal. For W − W ′ mixing, there

exists two independent parameters just accounting two physical quantities, mixing angle

ζ and mass ratio MW /MW ′ . For neutrino mixing, existence of three heavy neutrinos will

violate unitarity of rotation matrix among three light neutrinos. The left and right hand

quark mixings lead to left and right hand CKM matrices with right hand CKM matrix pa-

rameterized in the same structure of left hand one multiplying five extra phase angles. We

express Goldstone, Higgs and gauge couplings to quarks in gauge boson and fermion mass

eigenstates. We build up effective Hamiltonian for neutral K and B systems and perform

detail calculations for LR and LP models to mass differences for K0 − K̄0, B0
d − B̄0

d and

B0
s − B̄0

s systems and indirect CP violation parameter ǫK for K mesons. We show that

– 29 –



J
H
E
P
0
6
(
2
0
0
8
)
1
0
7

just W itself with anomalous coupling ∆1,1 near to 1 is already account for experiment

data. Except the case of mutual cancelations and very heavy W ′ up to order of 100MW ,

there are other three ways to suppress W ′ contributions: small right hand gauge coupling

g2, small anomalous coupling ∆2,1, or special combination of CKM matrix elements. The

smallness of higgs contribution leads to some constraints on hq̄q couplings.
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A. Anomalous gauge couplings ∆

For quark,

∆1,1,α =



















1 − δL,1,α − δL,4,α LR,LP

1 − δL,1,α − δL,4,α HP,FP

0 UN

(1 − δL,1,α − δL,4,α)δαα1 + 0δαα2 NU

(A.1)

∆1,2,α =



















δR,2,α − δR,6,α LR,LP

0 HP,FP

1 − δL,1,α − δL,4,α UN

0δαα1 + (1 − δL,1,α − δL,4,α)δαα2 NU

∆3
1,1,α =



















(1 − δL,1,α + δL,4,α) τ3

2 + δL,3,α + δL,7,α LR,LP

(1 − δL,1,α + δL,4,α) τ3

2 + δL,3,α + δL,7,α HP,FP

0 UN

((1 − δL,1,α + δL,4,α) τ3

2 + δL,3,α + δL,7,α)δαα1 + 0δαα2 NU

∆3
1,2,α =



















(δR,2,α + δR,6,α) τ3

2 + δR,5,α LR,LP

0 HP,FP

(1 − δL,1,α + δL,4,α) τ3

2 + δL,3,α + δL,7,α UN

0δαα1 + [(1 − δL,1,α + δL,4,α) τ3

2 + δL,3,α + δL,7,α]δαα2 NU

∆1,α =



















(δL,1,α− δR,2,α− δL,4,α− δR,6,α+ 2
3δL,7,α) τ3

2 + 1
6 − δL,3,α− δR,5,α LR,LP

(δL,1,α− δL,4,α+ 2
3δL,7,α) τ3

2 + 1
6 − δL,3,α HP,FP

(δL,1,α− δL,4,α+ 2
3δL,7,α) τ3

2 + 1
6 − δL,3,α UN

(δL,1,α− δL,4,α+ 2
3δL,7,α) τ3

2 + 1
6 − δL,3,α NU

(A.2)

∆2,1,α =



















1 − δR,1,α − δR,4,α LR,LP

δL,2,α − δL,6,α HP,FP

0 UN

(δL,2,α − δL,6,α)δαα1 + 0δαα2 NU
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∆2,2,α =



















δL,2,α − δL,6,α LR,LP

0 HP,FP

δL,2,α − δL,6,α UN

0δαα1 + (δL,2,α − δL,6,α)δαα2 NU

∆3
2,1,α =



















(1 − δR,1,α + δR,4,α) τ3

2 + δR,3,α + δR,7,α LR,LP

(δL,2,α − δL,6,α) τ3

2 + δL,5,α + δL,6,α HP,FP

0 UN

((δL,2,α − δL,6,α) τ3

2 + δL,5,α + δL,6,α)δαα1 + 0δαα2 NU

∆3
2,2,α =



















(δL,2,α + δL,6,α) τ3

2 + δL,5,α LR,LP

0 HP,FP

(δL,2,α − δL,6,α) τ3

2 + δL,5,α + δL,6,α UN

0δαα1 + ((δL,2,α − δL,6,α) τ3

2 + δL,5,α + δL,6,α)δαα2 NU

∆2,α =



















(δR,1,α− δL,2,α− δR,4,α− δL,6,α+ 2
3δR,7,α) τ3

2 + 1
6 − δR,3,α− δL,5,α LR,LP

(1 − δL,2,α − δL,6,α + 2
3δR,7,α) τ3

2 + 1
6 − δL,5,α + δR,7,α HP,FP

(1 − δL,2,α − δL,6,α + 2
3δR,7,α) τ3

2 + 1
6 − δL,5,α + δR,7,α UN

(1 − δL,2,α − δL,6,α + 2
3δR,7,α) τ3

2 + 1
6 − δL,5,α + δR,7,α NU

For lepton:

∆l
1,1,α =











1 − δl
L,1,α − δl

L,4,α LR,HP

1 − δl
L,1,α − δl

L,4,α LP,FP,UN

(1 − δl
L,1,α − δl

L,4,α)δαα1 + 0δαα2 NU

∆l
1,2,α =











δl
R,2,α − δl

R,6,α LR,HP

0 LP,FP,UN

0δαα1 + (1 − δl
L,1,α − δl

L,4,α)δαα2 NU

∆l3
1,1,α =











(1 − δl
L,1,α + δl

L,4,α) τ3

2 + δl
L,3,α + δl

L,7,α LR,HP

(1 − δl
L,1,α + δl

L,4,α) τ3

2 + δl
L,3,α + δl

L,7,α LP,FP,UN

((1 − δl
L,1,α + δl

L,4,α) τ3

2 + δl
L,3,α + δl

L,7,α)δαα1 + 0δαα2 NU

∆l3
1,2,α =











(δl
R,2,α + δl

R,6,α) τ3

2 + δl
R,5,α LR,HP

0 LP,FP,UN

0δαα1 + ((1 − δl
L,1,α + δl

L,4,α) τ3

2 + δl
L,3,α + δl

L,7,α)δαα2 NU

∆l
1,α =











(δl
L,1,α− δl

R,2,α− δl
L,4,α− δl

R,6,α− 2δl
L,7,α) τ3

2 − 1
2 − δl

L,3,α− δl
R,5,α LR,HP

(δl
L,1,α− δl

L,4,α− 2δl
L,7,α) τ3

2 − 1
2 − δl

L,3,α LP,FP,UN

(δl
L,1,α− δl

L,4,α− 2δl
L,7,α) τ3

2 − 1
2 − δl

L,3,α NU

(A.3)

∆l
2,1,α =











1 − δl
R,1,α − δl

R,4,α LR,HP

δl
L,2,α − δl

L,6,α LP,FP,UN

(δl
L,2,α − δl

L,6,α)δαα1 + 0δαα2 NU

∆l
2,2,α =











δl
L,2,α − δl

L,6,α LR,HP

0 LP,FP,UN

0δαα1 + (δl
L,2,α − δl

L,6,α)δαα2 NU
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∆l3
2,1,α =











(1 − δl
R,1,α + δl

R,4,α) τ3

2 + δl
R,3,α + δl

R,7,α LR,HP

(δl
L,2,α − δl

L,6,α) τ3

2 + δl
L,5,α + δl

L,6,α LP,FP,UN

((δl
L,2,α − δl

L,6,α) τ3

2 + δl
L,5,α + δl

L,6,α)δαα1 + 0δαα2 NU

∆l3
2,2,α =











(δl
L,2,α + δl

L,6,α) τ3

2 + δl
L,5,α LR,HP

0 LP,FP,UN

0δαα1 + ((δl
L,2,α − δl

L,6,α) τ3

2 + δl
L,5,α + δl

L,6,α)δαα2 NU

∆l
2,α =











(δl
R,1,α− δl

L,2,α− δl
R,4,α− δl

L,6,α− 2δl
R,7,α) τ3

2 − 1
2 − δl

R,3,α− δl
L,5,α LR,HP

(1 − δl
L,2,α − δl

L,6,α − 2δl
R,7,α) τ3

2 − 1
2 − δl

L,5,α + δl
R,7,α LP,FP,UN

(1 − δl
L,2,α − δl

L,6,α − 2δl
R,7,α) τ3

2 − 1
2 − δl

L,5,α + δl
R,7,α NU
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