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What is Wʼ ?

��

Hypothetical particle 
• spin 1  
• heavier version of W boson 

!

!

Motivated by various models beyond the standard model 
• dynamical electroweak symmetry breaking 
• Extra dimension models  (KK gauge boson) 
• Unification models  (WR, …) 
• …



current bound Wʼ

��

mWʼ > 4.7 TeV  with the assumiptions, gWʼff  = gWff
SM

However, couplings are unknown

This bound depends on Wʼ couplings.
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W !

øq

q
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Wʼ couplings are unknown parameters

��

gW ! qq gW ! !" gW ! W Z
W !

øq

q
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W !

øq
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Decay width are unknown

Using these couplings, we can simplify theuøu ! V !
3 V +

4 unitarity sum rules as follows.

1
2

gV3 gV4 =
!

V = ! ,Z,Z !

gV +
3 V "

4 V gL
øuuV , (3.4)

0 =
!

V = ! ,Z,Z !

gV +
3 V "

4 V gR
øuuV , (3.5)

gV3 gV4 =2
!

h

gV3V4h
gøuuh

mu
, (3.6)

0 =
!

V = Z,Z !

m2
V3

" m2
V4

m2
V

gV +
3 V "

4 V (gL
øuuV " gR

øuuV ). (3.7)

These unitarity sum rules are su! cient to discuss the ratio of " (W " ! WZ ) to " (W " ! ui dj ). By

combining Eqs. (3.4), (3.5), and (3.7), and takingV3 = W and V4 = W ", we Þnd

1
2

gW gW ! = gW W ! Z (gL
øuuZ " gR

øuuZ ) + gW W ! Z ! (gL
øuuZ ! " gR

øuuZ ! ), (3.8)

gW W ! Z ! (gL
øuuZ ! " gR

øuuZ ! ) = "
m2

Z !

m2
Z

gW W ! Z (gL
øuuZ " gR

øuuZ ). (3.9)

Combining these unitarity sum rules, we can erasegW W ! Z ! and obtain

gW W ! Z = "
m2

Z

m2
Z !

gW gW !

2(gL
øuuZ " gR

øuuZ )
1

1 " m2
Z

m2
Z !

. (3.10)

In general, gW , gL
øuuZ , and gR

øuuZ are di#erent from the SM prediction but should become the same

as in the SM in the decoupling limit (mW ! ,Z ! ! # ). Thus the relation among gW , gL
øuuZ , gR

øuuZ ,

mW , and mZ are the same as in the SM at the leading order in the largemW ! ,Z ! limit. We Þnd

gW W ! Z $ "
mW mZ

m2
Z !

gW ! . (3.11)

In a similar manner, we obtain the ! ø! ! W ! W "+ perturbative unitarity sum rules and we Þnd the

following relation.

gW W ! Z $ "
mW mZ

m2
Z !

g"
W ! . (3.12)

By comparing this equation with Eq. (3.11), we Þnd g"
W ! $ gW ! . Thus the relation given in

Eq. (3.11) is ßavor independent. The partial widths for the W " decays intoW Z and f f are given

by

" (W " ! WZ ) $
1

192"
m5

W !

m2
W m2

Z
g2

W W ! Z , (3.13)

" (W " ! ui dj ) $
1

16"
|V ij

CKM |2mW ! g2
W ! , (3.14)

" (W " ! !# ) $
1

48"
mW ! g2

W ! , (3.15)

7

However, the ratio could be 
predicted, if we know relations 
among couplings
! (W ! ! W Z )
! (W ! ! !" )

"
m4

W !

4m2
W m2

Z

g2
W W ! Z

g2
W !

We can predict the main decay 
mode of Wʼ



This work

��

Goal 
• find the main decay mode of Wʼ in a model independent manner 

!

Strategy 
• perturbative unitarity 
• find relations among various couplings 
• compare widths Γ(Wʼ → ff) and Γ(Wʼ →WZ) 
• find the main decay mode of Wʼ



I will discuss Two setups 

��

(1) SM + Wʼ + Zʼ + CP-even scalars 
• minimal flavor violation is assumed 
• arbitrary number of CP-even scalars

We Þnally obtain the following four independent unitarity sum rules.

!

V

gV +
3 V !

4 V gL
øf 2f 1V = !

1
2

!

F

gL
øF f 1V +

3
(gL

øF f 2V +
4

)! +
1
2

!

F

(gL
øf 1F V +

4
)! gL

øf 2F V +
3

, (2.16)

!

V

gV +
3 V !

4 V gR
øf 2f 1V =0 , (2.17)

!

! 0

gøf 2f 1 ! 0 gV3V4! 0 = +
mf 1 ! mf 2

4

!

F

"
gL

øF f 1V +
3

(gL
øF f 2V +

4
)! + ( gL

øf 1F V +
4

)! gL
øf 2F V +

3

#

+
mf 1 + mf 2

2

!

V

m2
V +

3
! m2

V !
4

m2
V

gV +
3 V !

4 V (gL
øf 2f 1V ! gR

øf 2f 1V ), (2.18)

!

h

gV3V4hgøf 2f 1h = +
mf 1 + mf 2

4

!

F

"
gL

øF f 1V +
3

(gL
øF f 2V +

4
)! + ( gL

øf 1F V +
4

)! gL
øf 2F V +

3

#

+
mf 1 ! mf 2

2

!

V

m2
V +

3
! m2

V !
4

m2
V

gV +
3 V !

4 V (gL
øf 2f 1V + gR

øf 2f 1V ). (2.19)

In the following sections, we apply these sum rules to some simple setups and discuss the relation

between! (W " " WZ ) and ! (W " " f f ).

3 SM + V # + CP-even scalars

In this section, we apply the unitarity sum rules we have found in the previous section to the

following simple setup. The gauge symmetry is SU(2)0$ SU(2)1$ U(1)2. Left-handed fermions are

SU(2)1 doublets with U(1) 2 charge. Right-handed fermions are singlet under both SU(2)0 and

SU(2)1, and have U(1)2 charge. This charge assignment implies that the charged gauge bosons

do not couple to the right-handed currents. All scalars are CP-even. We do not include CP-odd

scalars and charged scalars in this section. We do not specify the number of the CP-even scalars.

For simplicity, we assume the minimal ßavour violation (MFV) [17], namely all the ßavour changing

structures are embedded in the CKM matrix. This setup contains HVT model A [9, 10]. Thanks

to these assumptions, the couplings in this setup are simpliÞed as follows.

gL
øui dj V + = V ij

CKM gV , gL
ø! i " j V + = ! ij g"

V , (3.1)

gL,R
øui uj V 0 = ! ij gL,R

øuuV 0 , gL,R
ødi dj V 0 = ! ij gL,R

øddV 0 , gL,R
ø"i " j V 0 = ! ij gL,R

ø"" V 0 , (3.2)

gøui uj h = ! ij gøuuh , gødi dj h = ! ij gøddh, gø"i " j h = ! ij gø"" h. (3.3)
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(2) SM + Wʼ + Zʼ + CP-even scalars + CP-odd scalars 



two fermions → WWʼ 

��

f

W

øf

W !

! , Z, Z 0

f

W

f̄

W 0

h, · · ·

f

W

f̄

W 0

M�+ ' s
2mW mW 0

A sin✓,

M+� ' s
2mW mW 0

B sin✓,

M++ '
p

s
2mW mW 0

!
C(0) + C(1) cos✓

"
,

M�� '
p

s
2mW mW 0

!
D(0) + D(1) cos✓

"
,

amplitude Mij at high energy limit ( i, j are the twice of the helicity of f and f-bar) 

We impose A = 0, B = 0, C(0) = 0, D(0) = 0, C(1) = 0, D(1) = 0

A = !
1
2

gW gW ! +
!

V = Z,Z !

gW W ! V gL
øuuV ,

B =
!

V = Z,Z !

gW W ! V gR
øuuV ,

á á á

where



two fermions → WWʼ 

��

After taking linear combination, we find four independent relations
1
2

gW gW ! =
!

V = Z,Z !

gW W ! V gL
øuuV ,

0 =
!

V = Z,Z !

gW W ! V gR
øuuV ,

gW gW ! =2
!

h

gW W ! h
gøuuh

mu
,

0 =
!

V = Z,Z !

m2
W ! m2

W !

m2
V

gW W ! V (gL
øuuV ! gR

øuuV )



two fermions → WWʼ 

��

By combining sum rules, we find

Using these couplings, we can simplify theuøu ! V !
3 V +

4 unitarity sum rules as follows.

1
2

gV3 gV4 =
!

V = ! ,Z,Z !

gV +
3 V "

4 V gL
øuuV , (3.4)

0 =
!

V = ! ,Z,Z !

gV +
3 V "

4 V gR
øuuV , (3.5)

gV3 gV4 =2
!

h

gV3V4h
gøuuh

mu
, (3.6)

0 =
!

V = Z,Z !

m2
V3

" m2
V4

m2
V

gV +
3 V "

4 V (gL
øuuV " gR

øuuV ). (3.7)

These unitarity sum rules are su! cient to discuss the ratio of " (W " ! WZ ) to " (W " ! ui dj ). By

combining Eqs. (3.4), (3.5), and (3.7), and takingV3 = W and V4 = W ", we Þnd

1
2

gW gW ! = gW W ! Z (gL
øuuZ " gR

øuuZ ) + gW W ! Z ! (gL
øuuZ ! " gR

øuuZ ! ), (3.8)

gW W ! Z ! (gL
øuuZ ! " gR

øuuZ ! ) = "
m2

Z !

m2
Z

gW W ! Z (gL
øuuZ " gR

øuuZ ). (3.9)

Combining these unitarity sum rules, we can erasegW W ! Z ! and obtain

gW W ! Z = "
m2

Z

m2
Z !

gW gW !

2(gL
øuuZ " gR

øuuZ )
1

1 " m2
Z

m2
Z !

. (3.10)

In general, gW , gL
øuuZ , and gR

øuuZ are di#erent from the SM prediction but should become the same

as in the SM in the decoupling limit (mW ! ,Z ! ! # ). Thus the relation among gW , gL
øuuZ , gR

øuuZ ,

mW , and mZ are the same as in the SM at the leading order in the largemW ! ,Z ! limit. We Þnd

gW W ! Z $ "
mW mZ

m2
Z !

gW ! . (3.11)

In a similar manner, we obtain the ! ø! ! W ! W "+ perturbative unitarity sum rules and we Þnd the

following relation.

gW W ! Z $ "
mW mZ

m2
Z !

g"
W ! . (3.12)

By comparing this equation with Eq. (3.11), we Þnd g"
W ! $ gW ! . Thus the relation given in

Eq. (3.11) is ßavor independent. The partial widths for the W " decays intoW Z and f f are given

by

" (W " ! WZ ) $
1

192"
m5

W !

m2
W m2

Z
g2

W W ! Z , (3.13)

" (W " ! ui dj ) $
1

16"
|V ij

CKM |2mW ! g2
W ! , (3.14)

" (W " ! !# ) $
1

48"
mW ! g2

W ! , (3.15)
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(mW 0 ! mZ 0 " mW ,mZ )

Wʼ decay width

Using these couplings, we can simplify the uū ! V�
3

V+

4

unitarity sum rules as follows.

1

2
g
V3g

V4 =
X

V=�,Z,Z

!

g
V

+
3 V

"
4 V

gL
ūuV

, (3.4)

0 =
X

V=�,Z,Z

!

g
V

+
3 V

"
4 V

gR
ūuV

, (3.5)

g
V3g

V4 =2
X

h

g
V3V4h

g
ūuh

m
u

, (3.6)

0 =
X

V=Z,Z

!

m2

V3
� m2

V4

m2

V

g
V

+
3 V

"
4 V

(gL
ūuV

� gR
ūuV

). (3.7)

These unitarity sum rules are su! cient to discuss the ratio of " (W 0 ! WZ ) to " (W 0 ! u
i

d
j

). By

combining Eqs. (3.4), (3.5), and (3.7), and taking V
3

= W and V
4

= W 0, we find

1

2
g
W

g
W

! =g
WW

!
Z

(gL
ūuZ

� gR
ūuZ

) + g
WW

!
Z

! (gL
ūuZ

! � gR
ūuZ

! ), (3.8)

g
WW

!
Z

! (gL
ūuZ

! � gR
ūuZ

! ) = � m2

Z

!

m2

Z

g
WW

!
Z

(gL
ūuZ

� gR
ūuZ

). (3.9)

Combining these unitarity sum rules, we can erase g
WW

!
Z

! and obtain

g
WW

!
Z

= � m2

Z

m2

Z

!

g
W

g
W

!

2(gL
ūuZ

� gR
ūuZ

)

1

1 � m

2
Z

m

2
Z !

. (3.10)

In general, g
W

, gL
ūuZ

, and gR
ūuZ

are di#erent from the SM prediction but should become the same

as in the SM in the decoupling limit (m
W

!
,Z

! ! 1). Thus the relation among g
W

, gL
ūuZ

, gR
ūuZ

,

m
W

, and m
Z

are the same as in the SM at the leading order in the large m
W

!
,Z

! limit. We find

g
WW

!
Z

' �m
W

m
Z

m2

Z

!

g
W

! . (3.11)

In a similar manner, we obtain the ! !̄ ! W�W 0+ perturbative unitarity sum rules and we find the

following relation.

g
WW

!
Z

' �m
W

m
Z

m2

Z

!

g`
W

! . (3.12)

By comparing this equation with Eq. (3.11), we find g`
W

! ' g
W

! . Thus the relation given in

Eq. (3.11) is flavor independent. The partial widths for the W 0 decays into W Z and f f are given

by

" (W 0 ! WZ ) ' 1

192"
m5

W

!

m2

W

m2

Z

g2
WW

!
Z

, (3.13)

" (W 0 ! u
i

d
j

) ' 1

16"
|V ij

CKM

|2m
W

! g2
W

! , (3.14)

" (W 0 ! !# ) ' 1

48"
m

W

! g2
W

! , (3.15)
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ratio

where the terms of orderm2
W,Z,f

/m2
W

! have been neglected. From these equations, we Þnd

! (W ! ! WZ)
! (W ! ! f

i

f
j

)
"

1
4c

ij

m4
W

!

m4
Z

!

, (3.16)

where

c
ij

=

!
"#

"$

N
c

|V ij

CKM

|2 (for quarks)

�ij (for leptons)
, (3.17)

where N
c

= 3. Here we assumedg
W

! #= 0. The case whereg
W

! = 0 is discussed in the end of

this section. The mass di" erence betweenW ! and Z ! depends on the amount of custodial SU(2)

symmetry violation due to the U(1) 2 gauge coupling and Yukawa couplings. We estimate that

|m2
Z

! $ m2
W

! | " (g2
2 and/or y2)v2 % m2

W

!
,Z

! , where v = 246 GeV, and thus

m2
W

!

m2
Z

!

" 1. (3.18)

Therefore, Eq. (3.16) is simpliÞed as follows.

! (W ! ! WZ)
! (W ! ! f

i

f
j

)
"

1
4c

ij

. (3.19)

The important consequence of Eq. (3.19) is the suppression of Br(W ! ! WZ). Since there are

three generations in both lepton and quark sectors,

! (W ! ! WZ)
%

f

! (W ! ! f
i

f
j

)
"

1
4 & ((N

c

+ 1) & 3)
=

1
48

, (3.20)

where we used
%

i,j

|V CKM

ij

|2 = 3. This equation implies that Br( W ! ! WZ) ! 2%. Therefore,

the branching ratio of W ! to the gauge bosons is much smaller than to the fermions. This result has

been derived from thef øf ! V "
3 V +

4 unitarity sum rules and does not need perturbative unitarity

of other processes such asWW ! WW . In addition, the result does not depend on the number

of the CP-even scalars. Therefore our result in this section can be applied to various models.

If Br( W ! ! WZ) is measured in future and if it is larger than 2%, it implies perturbative

unitarity violation of f øf ! V "
3 V +

4 , or the existence of other new particles in addition toW !, Z !

and CP-even scalar bosons.

We brießy discuss the case whereg
W

! = 0. In that case, g
WW

!
Z

= 0 as we can see from

Eq. (3.10) as long asm
Z

#= m
Z

! and gLøuuZ #= gRøuuZ . Therefore W ! decouples from the SM sector if

g
W

! = 0.
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where the terms of order m2
W,Z,f /m 2

W ! have been neglected. From these equations, we find

! (W ! ! WZ )

! (W ! ! f i f j )
"

1

4cij

m4
W !

m4
Z !

, (3.16)

where

cij =

!
"#

"$

Nc|V
ij

CKM |2 (for quarks)

! ij (for leptons)
, (3.17)

where Nc = 3. Here we assumed gW ! #= 0. The case where gW ! = 0 is discussed in the end of

this section. The mass di" erence between W ! and Z ! depends on the amount of custodial SU(2)

symmetry violation due to the U(1)2 gauge coupling and Yukawa couplings. We estimate that

|m2
Z ! $ m2

W ! | " (g2
2 and/or y2)v2 % m2

W ! ,Z ! , where v = 246 GeV, and thus

m2
W !

m2
Z !

" 1. (3.18)

Therefore, Eq. (3.16) is simplified as follows.

! (W ! ! WZ )

! (W ! ! f i f j )
"

1

4cij
. (3.19)

The important consequence of Eq. (3.19) is the suppression of Br(W ! ! WZ ). Since there are

three generations in both lepton and quark sectors,

! (W ! ! W Z )
%

f ! (W ! ! f i f j )
"

1

4 & ((Nc + 1) & 3)
=

1

48
, (3.20)

where we used
%

i,j |V CKM
ij |2 = 3. This equation implies that Br(W ! ! W Z ) ! 2%. Therefore,

the branching ratio of W ! to the gauge bosons is much smaller than to the fermions. This result has

been derived from the f f̄ ! V "
3 V +

4 unitarity sum rules and does not need perturbative unitarity

of other processes such as W W ! WW . In addition, the result does not depend on the number

of the CP-even scalars. Therefore our result in this section can be applied to various models.

If Br(W ! ! W Z ) is measured in future and if it is larger than 2%, it implies perturbative

unitarity violation of f f̄ ! V "
3 V +

4 , or the existence of other new particles in addition to W !, Z !

and CP-even scalar bosons.

We briefly discuss the case where gW ! = 0. In that case, gW W ! Z = 0 as we can see from

Eq. (3.10) as long as mZ #= mZ ! and gL
øuuZ #= gR

øuuZ . Therefore W ! decouples from the SM sector if

gW ! = 0.

8



two fermions → WWʼ 

����

We find

where the terms of order m2

W,Z,f

/m2

W

0 have been neglected. From these equations, we find

�(W 0 ! WZ)

�(W 0 ! f
i

f
j

)
' 1

4c
ij

m4

W

0

m4

Z

0
, (3.16)

where

c
ij

=

8
><

>:

N
c

|V ij

CKM

|2 (for quarks)

�ij (for leptons)
, (3.17)

where N
c

= 3. Here we assumed g
W

0 6= 0. The case where g
W

0 = 0 is discussed in the end of

this section. The mass di↵erence between W 0 and Z 0 depends on the amount of custodial SU(2)

symmetry violation due to the U(1)
2

gauge coupling and Yukawa couplings. We estimate that

|m2

Z

0 �m2

W

0 | ' (g2
2

and/or y2)v2 ⌧ m2

W

0
,Z

0 , where v = 246 GeV, and thus

m2

W

0

m2

Z

0
' 1. (3.18)

Therefore, Eq. (3.16) is simplified as follows.

�(W 0 ! WZ)

�(W 0 ! f
i

f
j

)
' 1

4c
ij

. (3.19)

The important consequence of Eq. (3.19) is the suppression of Br(W 0 ! WZ). Since there are

three generations in both lepton and quark sectors,

�(W 0 ! WZ)P
f

�(W 0 ! f
i

f
j

)
' 1

4⇥ ((N
c

+ 1)⇥ 3)
=

1

48
, (3.20)

where we used
P

i,j

|V CKM

ij

|2 = 3. This equation implies that Br(W 0 ! WZ) . 2%. Therefore,

the branching ratio of W 0 to the gauge bosons is much smaller than to the fermions. This result has

been derived from the ff̄ ! V �
3

V +

4

unitarity sum rules and does not need perturbative unitarity

of other processes such as WW ! WW . In addition, the result does not depend on the number

of the CP-even scalars. Therefore our result in this section can be applied to various models.

If Br(W 0 ! WZ) is measured in future and if it is larger than 2%, it implies perturbative

unitarity violation of ff̄ ! V �
3

V +

4

, or the existence of other new particles in addition to W 0, Z 0

and CP-even scalar bosons.

We briefly discuss the case where g
W

0 = 0. In that case, g
WW

0
Z

= 0 as we can see from

Eq. (3.10) as long as m
Z

6= m
Z

0 and gL
ūuZ

6= gR
ūuZ

. Therefore W 0 decouples from the SM sector if

g
W

0 = 0.
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Unlike the setup discussed in Sec. 3, we cannot conclude g`
W

0 ' g
W

0 in this setup.

Using Eqs. (4.4) and (4.5), we find

�(W 0 ! WZ)

�(W 0 ! u
i

d
j

)
' (g

W

0 + x
�

)2

4N
c

|V ij

CKM

|2g2
W

0

, (4.6)

�(W 0 ! WZ)

�(W 0 ! `⌫)
'(g`

W

0 + x`
�

)2

4(g`
W

0)2
, (4.7)

�(W 0 ! WZ)P
�(W 0 ! f

i

f
j

)
'

0

B@4N
c

3

(1 + x�
gW 0

)2
+ 4

3

(1 +
x

`
�

g

`
W 0

)2

1

CA

�1

, (4.8)

where the terms of order m2

W,Z,f

/m2

W

0 have been neglected. The factor three in Eq. (4.8) is the

number of the generation. We used
P

i,j

|V CKM

ij

|2 = 3.

We find that g
W

0
WZ

and �(W 0 ! WZ) depend on g
W

0 , x
�

, and x`
�

. This dependence is

a di↵erent feature from Eqs. (3.19) and (3.20). If the CP-odd scalars are absent as in the case

we discussed in Sec. 3, then the ratio of the two partial decay widths is uniquely determined as

can be seen in Eq. (3.19). On the other hand, in the system with the CP-odd scalars, the ratio

of the two partial decay widths is controlled by g
W

0 , x
�

, and x`
�

, which are model dependent

parameters controlled by the CP-odd scalar couplings. Thanks to this feature, �(W 0 ! WZ) can

be comparable to other decay modes. For example, �(W 0 ! WZ) ' �(W 0 ! `⌫) if x`
�

' g
W

0

or ' �3g
W

0 . The W 0 decay mode to the gauge bosons can be the dominant decay mode in large

|x
�

| regime. �(W 0 ! WZ) also can become small and even vanish for x
�

' x`
�

' �g
W

0 . In any

case, the contributions of the CP-odd scalars significantly change the ratio of �(W 0 ! WZ) to

�(W 0 ! ff) from the prediction without the CP-odd scalars.

We estimate the maximum value of Br(W 0 ! WZ) as follows.

Br(W 0 ! WZ) =
�(W 0 ! WZ)

�(W 0 ! WZ) +
P

f

�(W 0 ! ff) +
P

X

�(W 0 ! X)


�(W 0 ! WZ)

�(W 0 ! WZ) +
P

f

�(W 0 ! ff)

'

0

B@1 +
36

(1 + x�
gW 0

)2
+
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(1 +
x

`
�

g

`
W 0

)2

1

CA

�1

⌘Br
max

(W 0 ! WZ), (4.9)

where �(W 0 ! X) is the sum of the other partial decay widths of W 0 such as �(W 0 ! Wh),

�(W 0 ! W�0). Figure 1 shows Br
max

(W 0 ! WZ) as a function of x
�

/g
W

0 with assuming
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Unlike the setup discussed in Sec. 3, we cannot concludeg!
W ! ! gW ! in this setup.

Using Eqs. (4.4) and (4.5), we Þnd

! (W ! " WZ )
! (W ! " ui dj )

!
(gW ! + x! )2

4Nc|V
ij

CKM |2g2
W !

, (4.6)

! (W ! " WZ )
! (W ! " !" )

!
(g!

W ! + x!
! )2

4(g!
W ! )2

, (4.7)

! (W ! " W Z )
!

! (W ! " f i f j )
!

"

#
$ 4Nc

3
(1 + x!

gW !
)2 + 4

3

(1 + x!
!

g!
W !

)2

%

&
'

" 1

, (4.8)

where the terms of orderm2
W,Z,f /m 2

W ! have been neglected. The factor three in Eq. (4.8) is the

number of the generation. We used
!

i,j |V CKM
ij |2 = 3.

We Þnd that gW ! W Z and ! (W ! " WZ ) depend on gW ! , x! , and x!
! . This dependence is

a di" erent feature from Eqs. (3.19) and (3.20). If the CP-odd scalars are absent as in the case

we discussed in Sec. 3, then the ratio of the two partial decay widths is uniquely determined as

can be seen in Eq. (3.19). On the other hand, in the system with the CP-odd scalars, the ratio

of the two partial decay widths is controlled by gW ! , x! , and x!
! , which are model dependent

parameters controlled by the CP-odd scalar couplings. Thanks to this feature,! (W ! " WZ ) can

be comparable to other decay modes. For example,! (W ! " W Z ) ! ! (W ! " !" ) if x!
! ! gW !

or ! # 3gW ! . The W ! decay mode to the gauge bosons can be the dominant decay mode in large

|x! | regime. ! (W ! " WZ ) also can become small and even vanish forx! ! x!
! ! # gW ! . In any

case, the contributions of the CP-odd scalars signiÞcantly change the ratio of! (W ! " WZ ) to

! (W ! " f f ) from the prediction without the CP-odd scalars.

We estimate the maximum value of Br(W ! " W Z ) as follows.

Br( W ! " WZ ) =
! (W ! " WZ )

! (W ! " WZ ) +
!

f ! (W ! " f f ) +
!

X ! (W ! " X )

$
! (W ! " WZ )

! (W ! " WZ ) +
!

f ! (W ! " f f )

!

"

#
$ 1 +

36
(1 + x!

gW !
)2 +

12

(1 + x!
!

g!
W !

)2

%

&
'

" 1

%Brmax(W ! " WZ ), (4.9)

where ! (W ! " X ) is the sum of the other partial decay widths of W ! such as! (W ! " W h),

! (W ! " W # 0). Figure 1 shows Brmax(W ! " WZ ) as a function of x! /g W ! with assuming
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and thus

! 2%



short summary and next step

����

SM + Wʼ + Zʼ + CP-even scalars  
• unitarity analysis 
• Br(Wʼ → WZ) < 2%    
• Wʼ → fermions is the main decay mode  
• independent of the number of CP-even scalars 

!

If Wʼ is discovered in future through Wʼ → WZ, 
then it implies Br(Wʼ → WZ) >> 2%. Is it possible? 
!

A possible way to make Br(Wʼ → WZ) > 2% 
• add other interactions and/or particles 
• (or unitarity violation)



Adding CP-odd scalars Δ
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(gLūuV ! gRūuV )
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!
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coupling relations



Adding CP-odd scalars Δ
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4 SM + V ! + CP-even scalars + CP-odd scalars

In this section, we extend the analysis in the previous section by introducing CP-odd scalars,

and show that Br(W ! " WZ ) can become larger than Br(W ! " f f ). The CP-odd scalar couplings

are given in Eqs. (2.2) and (2.4). As in the previous section, we assume the MFV and CP symmetry

in the scalar sector. All the CP-odd scalar couplings are simpliÞed as follows.

gW W ! 0 = gW ! W ! ! 0 = 0 , (4.1)

gøui uj ! 0 = +
1
2

gøuu! 0 ! ij , gødi dj ! 0 = #
1
2

gødd! 0 ! ij , gø! i ! j ! 0 = #
1
2

gø!! ! 0 ! ij . (4.2)

We focus on the amplitude for uøu " W " W !+ and obtain the same sum rules given in

Eqs. (3.4)Ð(3.6) again. The unitarity sum rule in Eq. (3.7) is modiÞed by the contributions of

the CP-odd scalars. Instead of Eq. (3.7), we obtain the following unitarity sum rule.

!

! 0

gøuu! 0

mu
gV3V4! 0 =

!

V = Z,Z !

2gV3V4V
m2

V3
# m2

V4

m2
V

(gL
øuuZ # gR

øuuZ ). (4.3)

The di! erence of this equation from Eq. (3.7) is that the left-hand side can be nonzero because of

the contributions of the CP-odd scalars. This is the only di! erence of the sum rules in this section

from the previous section. This di! erence can make" (W ! " W Z ) change drastically as we will

see in the following. Using Eqs. (3.4), (3.5), and (4.3), we Þnd that

gW W ! Z $ #
mW mZ

m2
Z !

(gW ! + x! ) , where x! =
!

!

gøuu!

mu

gW W ! !

gW
. (4.4)

Here we have neglected the terms of orderm2
W,Z,f /m 2

W ! and we estimated that mW ! $ mZ ! as we

did in Eq. (3.18).

We have two comments on Eq. (4.4). First, this equation is independent of the quark ßavor,

although x! looks quark ßavor dependent. This is becausex! $ gW W ! Z + mW mZ gW ! /m 2
Z ! and

the right-hand side of this equation is independent of quark ßavor. Second, Eq. (4.4) implies that

gW W ! Z %= 0 even if gW ! = 0 as long as the CP-odd couplings exist. In the case wheregW ! = 0 and

gW W ! Z %= 0, the W ! decay to WZ can be the dominant decay mode. This is a big di! erence of the

current setup from the setup discussed in Sec. 3.

We Þnd similar unitarity sum rules from the amplitude for "ø" " W " W !+ . The sum rule that

corresponds to Eq. (4.4) is given by

gW W ! Z $ #
mW mZ

m2
Z !

"
g!

W ! + x!
!

#
, where x!

! =
!

!

gø!! !

m!

gW W ! !

g!
W

. (4.5)
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and show that Br(W ! " WZ ) can become larger than Br(W ! " f f ). The CP-odd scalar couplings

are given in Eqs. (2.2) and (2.4). As in the previous section, we assume the MFV and CP symmetry
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We focus on the amplitude for uøu " W " W !+ and obtain the same sum rules given in

Eqs. (3.4)Ð(3.6) again. The unitarity sum rule in Eq. (3.7) is modiÞed by the contributions of

the CP-odd scalars. Instead of Eq. (3.7), we obtain the following unitarity sum rule.
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The di! erence of this equation from Eq. (3.7) is that the left-hand side can be nonzero because of

the contributions of the CP-odd scalars. This is the only di! erence of the sum rules in this section

from the previous section. This di! erence can make" (W ! " W Z ) change drastically as we will

see in the following. Using Eqs. (3.4), (3.5), and (4.3), we Þnd that

gW W ! Z $ #
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m2
Z !

(gW ! + x! ) , where x! =
!

!

gøuu!

mu

gW W ! !

gW
. (4.4)

Here we have neglected the terms of orderm2
W,Z,f /m 2

W ! and we estimated that mW ! $ mZ ! as we

did in Eq. (3.18).

We have two comments on Eq. (4.4). First, this equation is independent of the quark ßavor,

although x! looks quark ßavor dependent. This is becausex! $ gW W ! Z + mW mZ gW ! /m 2
Z ! and

the right-hand side of this equation is independent of quark ßavor. Second, Eq. (4.4) implies that

gW W ! Z %= 0 even if gW ! = 0 as long as the CP-odd couplings exist. In the case wheregW ! = 0 and

gW W ! Z %= 0, the W ! decay to WZ can be the dominant decay mode. This is a big di! erence of the

current setup from the setup discussed in Sec. 3.

We Þnd similar unitarity sum rules from the amplitude for "ø" " W " W !+ . The sum rule that

corresponds to Eq. (4.4) is given by

gW W ! Z $ #
mW mZ
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Unlike the setup discussed in Sec. 3, we cannot conclude g`
W

0 ' g
W

0 in this setup.

Using Eqs. (4.4) and (4.5), we find

�(W 0 ! WZ)

�(W 0 ! u
i

d
j

)
' (g

W

0 + x
�

)2

4N
c

|V ij

CKM

|2g2
W

0

, (4.6)

�(W 0 ! WZ)

�(W 0 ! `⌫)
'(g`

W

0 + x`
�

)2

4(g`
W

0)2
, (4.7)

�(W 0 ! WZ)P
�(W 0 ! f
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j

)
'
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, (4.8)

where the terms of order m2

W,Z,f

/m2

W

0 have been neglected. The factor three in Eq. (4.8) is the

number of the generation. We used
P

i,j

|V CKM

ij

|2 = 3.

We find that g
W

0
WZ

and �(W 0 ! WZ) depend on g
W

0 , x
�

, and x`
�

. This dependence is

a di↵erent feature from Eqs. (3.19) and (3.20). If the CP-odd scalars are absent as in the case

we discussed in Sec. 3, then the ratio of the two partial decay widths is uniquely determined as

can be seen in Eq. (3.19). On the other hand, in the system with the CP-odd scalars, the ratio

of the two partial decay widths is controlled by g
W

0 , x
�

, and x`
�

, which are model dependent

parameters controlled by the CP-odd scalar couplings. Thanks to this feature, �(W 0 ! WZ) can

be comparable to other decay modes. For example, �(W 0 ! WZ) ' �(W 0 ! `⌫) if x`
�

' g
W

0

or ' �3g
W

0 . The W 0 decay mode to the gauge bosons can be the dominant decay mode in large

|x
�

| regime. �(W 0 ! WZ) also can become small and even vanish for x
�

' x`
�

' �g
W

0 . In any

case, the contributions of the CP-odd scalars significantly change the ratio of �(W 0 ! WZ) to

�(W 0 ! ff) from the prediction without the CP-odd scalars.

We estimate the maximum value of Br(W 0 ! WZ) as follows.

Br(W 0 ! WZ) =
�(W 0 ! WZ)

�(W 0 ! WZ) +
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�(W 0 ! ff) +
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⌘Br
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(W 0 ! WZ), (4.9)

where �(W 0 ! X) is the sum of the other partial decay widths of W 0 such as �(W 0 ! Wh),

�(W 0 ! W�0). Figure 1 shows Br
max

(W 0 ! WZ) as a function of x
�

/g
W

0 with assuming
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We can estimate the branching ratio 



Br(Wʼ→WZ)>2% thanks to CP-odd scalars
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Figure 1: Brmax (W ! ! W Z ) as a function of x! /g W ! . We can easily see the two extreme cases. One is

x! ! 0 limit where we can see Brmax " 2%. This is consistent with the result in Sec. 3. The other case is

gW ! ! 0 limit where we can see Brmax " 100%. This is again consistent with our discussion below Eq. (4.4).

x!
! = x! and g!

W ! = gW ! for simplicity. We Þnd that |x! /g W ! | ! O(10) is required to make

W ! ! WZ channel as the dominant decay mode. We can also see two extreme cases easily

from this Þgure. One is x! ! 0 limit where Br max " 2%. This result is consistent with the

result in Sec. 3. The other case isgW ! ! 0 limit where Br max " 100%. This result is again

consistent with our discussion below Eq. (4.4). Negativex! can also make Br(W ! ! WZ ) large.

By measuring Br(W ! ! W Z ) and using Eqs. (4.4), (4.5), and (4.9), we can estimatex! , and can

obtain information of the CP-odd scalar couplings even before the discovery of! .

The existence of the CP-odd scalar couplings is important to increase Br(W ! ! WZ ) because

x! and x!
! can be zero if the CP-odd scalars do not couple to the fermions or the gauge bosons

as can be seen from Eqs. (4.4) and (4.5). Bothgøff ! and gW W ! ! 0 need to be nonzero for making

Br( W ! ! W Z ) larger than 2% by the e" ect of the CP-odd scalars. To obtain the nonzerogøff ! ,

the scalar Þelds in the Yukawa terms need to contain CP-odd scalars. For non-vanishinggW W ! ! 0 ,

the CP-odd scalars have to be components of scalar Þelds that develop vacuum expectation values

(VEVs) becausegW W ! ! 0 originates from kinetic terms of the scalar Þelds. These two conditions
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We focus on the amplitude for uøu " W " W !+ and obtain the same sum rules given in

Eqs. (3.4)Ð(3.6) again. The unitarity sum rule in Eq. (3.7) is modiÞed by the contributions of
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Here we have neglected the terms of orderm2
W,Z,f /m 2

W ! and we estimated that mW ! $ mZ ! as we

did in Eq. (3.18).

We have two comments on Eq. (4.4). First, this equation is independent of the quark ßavor,

although x! looks quark ßavor dependent. This is becausex! $ gW W ! Z + mW mZ gW ! /m 2
Z ! and

the right-hand side of this equation is independent of quark ßavor. Second, Eq. (4.4) implies that

gW W ! Z %= 0 even if gW ! = 0 as long as the CP-odd couplings exist. In the case wheregW ! = 0 and

gW W ! Z %= 0, the W ! decay to WZ can be the dominant decay mode. This is a big di! erence of the

current setup from the setup discussed in Sec. 3.
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, where x!
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Summary

Wʼ is a popular particle in physics beyond the standard model 
• dynamical electroweak symmetry breaking 
• Extra dimension models  (KK gauge boson) 
• Unification models  (WR, …) 

!

We have studied Wʼ in a model independent manner 
★ perturbative unitarity 
★ coupling relations  

!

Setup 1: SM + Wʼ + Zʼ + CP-even scalars 
★ Br(Wʼ → WZ) < 2% 

!

Setup 2: SM + Wʼ + Zʼ + CP-even scalars + CP-odd scalars 
★ Br(Wʼ → WZ) can be >> 2%

����


