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Motivation

¥ If future measurements of the higgs couplings do not show 
signiÞcant deviations and no new particles are discovered we 
might be in the decoupling limit of a SM extension

¥ Unitarity Constraints provide a model independent link between  
higgs coupling deviations and the scale below which New Physics 
must appear

¥ In a speciÞc model and it isnÕt necessary that the higgs couplings 
approach SM values as slowly as allowed by unitarity (faster 
decoupling implies NP shows up earlier)

¥ Studying scalar, fermion and gauge boson extensions can help us 
Þnd features that are directly related to NP appearing much 
earlier vs closer to the bound due to Unitarity
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Motivation

¥ In addition we can identify models in which a higgs coupling is 
always enhanced or suppressed or allows for both enhancement 
and suppression

¥ An understanding of these aspects of SM extensions should aid in 
distinguishing between potential NP models
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Parametrization of couplings
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a, b, c : multiplicative factors by 
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Unitarity Limits
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I. INTRODUCTION

II. CONSTRAINTS ON DEVIATIONS FROM SM

The couplings of a Higgs-like scalar Þeldh to SM particles can be parameterized by an e! ective
Lagrangian,
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wherevSM = 246 GeV is the SM Higgs vacuum expectation value (vev),V = W or Z , and kW = 1,
kZ = 1 / 2 accounts for the extra symmetry factor in the term involving Zµ Z µ . In the SM, the
scaling parametersai , bi , ci , di are all equal to 1. In general one can deÞne a di! erent scaling
parameter cf for each fermion. Models in which the custodial SU(2) symmetry is violated can have
(aW , bW ) #= ( aZ , bZ ).

We will be working with models where custodial SU(2) is preserved so we assumeaW = aZ = a
and bW = bZ = b. Hencea (b) denote the ratio of the hV V (hhV V) coupling in a model to the
corresponding SM value. For the BSM physics we study in this paper, the modiÞcation of allhf øf
couplings is a common factorc. Since measuringd4 to an accuracy that might shed light on BSM
physics is hard, we focus ond3 and denote it asd henceforth.

Using unitarity constraints on the zeroth partial wave amplitude for scattering processes involving
gauge bosons and the higgs we arrive at the following constraints on coupling modiÞcations :
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¥ 2       2 scattering involving longitudinal V ( W or Z), f, h

¥ these inequalities determine the scale below which EFT is valid

¥ and the scale below which NP must appear 

v = 246 GeV¥ In the above 
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Scale below which NP enters
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wherev
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= 246 GeV is the SM Higgs vacuum expectation value (vev),V = W or Z , and kW = 1,
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to an accuracy that might shed light on BSM
physics is hard, we focus ond
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and denote it asd henceforth.

Using unitarity constraints on the zeroth partial wave amplitude for scattering processes involving
gauge bosons and the higgs we arrive at the following constraints on coupling modiÞcations :
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¥ large deviations lower the NP scale upper bound

¥ a, b are more sensitive to the NP scale upper bound
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Unitarity Limits

Model Independent Power laws for deviations  in couplings
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ÒSaturationÓ  of Power Laws
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¥ In models with a decoupling limit we can express coupling 
deviations in powers of  v/Mnew
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Power Laws in SpeciÞc Models

¥ Scalar Sector Extensions

¥ Fermion Sector Extensions

¥ Gauge Boson Sector Extensions
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Extended Scalar Sector  - Type II 2HDM
that can be formed using two Higgs doublets is given by
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The parameters m2
11,m

2
22 and λ1! 4 are real numbers (since the potential has to be real), whereas

the remaining parameters λ5! 7 and m2
12 in general can be complex. Non-zero imaginary parts of

the complex parameters which cannot be removed by a rephasing transformation give rise to explicit
CP-violation in the Higgs sector. Since we are not going to treat CP-violating effects here, we assume
all parameters to be real in the following.

Since the potential given by eq. (1) is manifestly U(2)-invariant, values specified for the parameters
{ m2

ij ,λi} can only have definite (physical) meaning when a particular basis is specified for the scalar
fields. Alternatively, one may reformulate the 2HDM using a fully basis-invariant language [4] (see
also [7] for a group theoretic analysis of the basis invariance). Since this formalism has so far been
sparingly applied in 2HDM phenomenology, we will maintain the notion of choosing a particular basis.
Expressed in terms of vacuum expectation values (vevs), a generic basis respecting the U(1)EM gauge
symmetry can be written as

〈Φ1〉 =
v√
2

'
0

cos β

(
〈Φ2〉 =

v√
2

'
0

ei! sin β

(
,

where v = (
√

2GF )! 1/2 ≈ 246 GeV. By convention 0 ≤ β ≤ π/2 is chosen. A non-zero phase ξ results
in a vacuum which breaks CP spontaneously. Since we do not aim to discuss CP-violating effects, we
take ξ = 0. Note that the value of tan β ≡ 〈Φ2〉 / 〈Φ1〉 at this point only determines one particular
choice of basis. Since the 2HDM potential is invariant under a change of this basis, tan β can not be
a physical parameter of the model in general. Within the set of CP-conserving bases defined above
there exists a special choice, called the Higgs basis, in which only one of the two doublets is assigned
a non-zero vev.

2.2 Electroweak symmetry breaking

The electroweak SU(2)×U(1) symmetry manifest in eq. (1) is spontaneously broken down to U(1)EM

by a negative eigenvalue of the scalar mass matrix m2
ij, causing at least one of the Higgs doublets to

develop a vev. In a basis where 0 < tan β < ∞, the two minimization conditions
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can be used to eliminate m2
11 and m2

22 from eq. (1). Similar equations for the minimum conditions,
not given here, exist for the Higgs basis. Eliminating m2

11 and m2
22 leaves eight real parameters in the

Higgs potential, not counting tan β and v.

2

CP-conserving potential with
softly broken Z2 

3

III. EXTENDED SCALAR SECTOR

A. Decoupling in 2HDM

As shown in [3], the couplings of the 2HDM behave as follows in the decoupling limit (we choose
the Type-II structure for the fermion couplings),

a ! 1 "
!̂ 2v4

2m4
A
, (3)

b = 1, (4)

c ! 1 +
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#
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(5)

(6)

where !̂ is a combination of the quartic couplings in the 2HDM,mA is the mass of the CP-odd scalar
A, and " is defined as usual in terms of the ratio of the vevs of the two doublets, tan " = v2/v1
(where v2 = v2

1 + v2
2)

B. Decoupling SM + Singlet

The most general gauge-invariant potential can be written as
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where in unitary gauge the SM Higgs doublet can be written as

! =

$
0

(# + v)/
$
2

%

(8)

and v % 246 GeV. In the above potential we have already used the freedom to shift the value of s
so it doesn’t have a non-zero vev. As a result µ2 must be chosen to be positive in Eq. 7.

Requiring the potential to be bounded from below (BFB), the quartic couplings must satisfy the
conditions:

! > 0, ! 1 > 0, ! 2 > " 2
&

!! 1. (9)

The unitarity limits from 2 & 2 scattering in the coupled channel (##/
$
2, ss/

$
2) gives

|! ± 4! 1| <
16$
3

, |! 2| < 8$ (10)

Combining the unitarity limits with BFB conditions we get the following maximum ranges on
the quartic couplings

J.F. Gunion, H.E. Haber [PRD 67, 075019]

¥ a, b  and c do not saturate unitarity limit power law

¥ Are there scalar sector extensions for which this is possible?
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Extended Scalar Sector  - SM + singlet
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DeÞning the mass eigenstates as

h = # cos$ " ssin$

H = # sin$ + scos$ (12)

we can solve for the masses of the two physical scalars to be
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We can also obtain an upper bound onM 1 since increasing it leads to an increase in! , and so is
bounded indirectly by the unitarity limit on ! .

! =
m2

h

v2 +
M 2

1

2(µ2 " 2m2
h )

(14)

If we allow µ $ % then ! & M 2
1

2µ 2 and M 1 is allowed to scale linearly with µ, subject to the

constraint that |M 1|/
p

µ2 ! 5.78.
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C. Decoupling in Georgi-Machacek

The scalar sector of the Georgi-Machacek model consists of the usual complex doublet (#+ , #0)
with hypercharge Y = 1, a real triplet ( %+ , %0, %! ) with Y = 0, and a complex triplet ( &++ , &+ , &0)
with Y = 2. The most general gauge-invariant scalar potential involving these Þelds that conserves
custodial SU(2) is given by
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The scalar sector of the Georgi-Machacek model consists of the usual complex doublet (#+ , #0)
with hypercharge Y = 1, a real triplet ( %+ , %0, %�) with Y = 0, and a complex triplet ( &++ , &+ , &0)
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¥ Discovered higgs is a mixture of SM doublet higgs Þeld      and 
a real singlet scalar 

e.g. :V. Barger et al. 
[arXiv:0706.4311]

¥ s does not get a non-zero vev because

¥ Solving for mass eigenstates

¥ Simplest extension of Higgs sector with interesting 
phenomenology when mixing is allowed or forbidden

!
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Extended Scalar Sector  - SM + singlet
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III. EXTENDED SCALAR SECTOR

A. Decoupling in 2HDM

As shown in [3], the couplings of the 2HDM behave as follows in the decoupling limit (we choose
the Type-II structure for the fermion couplings),

a ! 1 "
ö! 2v4

2m4

A
, (3)

b = 1 , (4)

c ! 1 +
ö! v2

m2

A
#

!
cot " for up type fermions
" tan " for down type fermions

(5)

(6)

where ö! is a combination of the quartic couplings in the 2HDM,mA is the mass of the CP-odd scalar
A, and " is deÞned as usual in terms of the ratio of the vevs of the two doublets, tan" = v

2

/v
1

(where v2 = v2

1

+ v2

2

)

B. Decoupling SM + Singlet

The most general gauge-invariant potential can be written as
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#
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1
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s4 + !
2

s2
"
�†� "

v2
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#
+ M

1

s
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�†� "

v2
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#
+ M

2

s3, (7)

where in unitary gauge the SM Higgs doublet can be written as

� =

$
0

(# + v)/
$

2

%

(8)

and v % 246 GeV. In the above potential we have already used the freedom to shift the value ofs
so it doesnÕt have a non-zero vev. As a resultµ2 must be chosen to be positive in Eq. 7.

Requiring the potential to be bounded from below (BFB), the quartic couplings must satisfy the
conditions:

! > 0, !
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2

> " 2
&
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1

. (9)

The unitarity limits from 2 & 2 scattering in the coupled channel (##/
$

2, ss/
$

2) gives

|! ± 4!
1

| <
16$
3

, |!
2

| < 8$ (10)

Combining the unitarity limits with BFB conditions we get the following maximum ranges on
the quartic couplings

¥ When M1 is scaled linearly with      : a and b 
saturate power law

¥ a, b and c are all suppressed compared to SM

¥ c does not saturate UL power law
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¥ Are there scalar sector extensions where a and b are not necessarily 
suppressed or where c saturates UL power law?
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" M 1Tr( !   ' a ! ' b)(UXU   )ab " M 2Tr( X   taXt b)(UXU   )ab. (16)
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¥ Proposed in 1985 as a possible scenario for EWSB

¥ As we will see this model can generate a, b > 1

¥ Contains the SM doublet along with a complex triplet (Y=2) and a real 
triplet (Y=0) arranged so as to preserve custodial SU(2)

101
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in this model, for any values of vX and T. This result remains true for a Higgs sector
consisting of any combination of multiplets X as long as!X " is invariant under SU(2)c for
eachX .

In the SM, T = 1 / 2 giving C(r ) = 1 / 2. The resulting W and Z masses are, using
vSM =

#
2vX = 246 GeV,

M 2
W =

g2

4
v2

SM (E.24)

M 2
Z =

g2 + g!2

4
v2

SM . (E.25)

E.3 The GeorgiÐMachacek model with Higgs triplets

In this section we review in detail a model with custodial SU(2) symmetry and
Higgs triplets. This model was Þrst constructed by Georgi and Machacek [42]. It was
considered in greater depth by Chanowitz and Golden [43], who showed that a Higgs
potential for the model could be constructed that was invariant under the full SU(2)L $
SU(2)R . This ensured that radiative corrections from Higgs selfÐinteractions preserved
SU(2)c. A more detailed study of the phenomenology of the model [44]and naturalness
problems from oneÐloop e! ects [45] was made by Gunion, Vega,and Wudka. This model
is also reviewed in [11].

Notation and conventions

This model contains a complex Y = 1 doublet " = ( ! + , ! 0), a real Y = 0
triplet " = ( " + , " 0, " " ) (with " 0# = " 0 and " " = %" + #), and a complex Y = 2 triplet
# = ( #++ , #+ , #0). In the SU(2)L $ SU(2)R notation, the Higgs Þelds take the form

" =

!
! 0# ! +

%! + # ! 0

"

(E.26)

# =

#

$
%

#0# " + #++

%#+ # " 0 #+

#++ # " " #0

&

'
( (E.27)

which transform respectively as a (1/ 2, 1/ 2) and (1, 1) of SU(2)L $ SU(2)R . This deÞnition
di! ers slightly from that of references [42,44,45,11], which use # = ( #++ , #+ , #0#), so
that #0# appears in place of#0. Otherwise the phase conventions here are the same.
(References [42,44,45,11] deÞne the negativeÐcharged states ! " = %(! + )#, #"" = ( #++ )#,
and #" = %(#+ )#. We avoid these deÞnitions in order to avoid confusion when the
GeorgiÐMachacek model is extended to larger representations of SU(2)L $ SU(2)R .)

8

SU(2)-preserving scalar potential [19],

V =
µ2

2

2
Tr(!   ! ) +

µ2
3

2
Tr(X   X ) + ! 1[Tr(!   ! )]2

+! 2Tr(!   ! )Tr(X   X ) + ! 3Tr(X   XX   X )

+! 4[Tr(X   X )]2 ! ! 5Tr(!   " a ! " b)Tr(X   taXt b)

+M 1Tr(!   " a ! " b)(X )ab

+M 2Tr(X   taXt b)(X )ab, (B4)

where the doublet and triplet fields are written as

! =

!
#0! #+

! #+ ! #0

"

, X =

#

$
%

$0! %+ $++

! $+ ! %0 $+

$++ ! ! %+ ! $0

&

'
( .

(B5)
The potential in Eq. (B4) is identical to that studied in
Ref. [33] except for the addition of the last two terms
with coe" cients M 1 and M 2, which are essential in order
for the model to possess a phenomenologically-acceptable
decoupling limit. These two terms have traditionally
been omitted for simplicity by imposing a discrete sym-
metry X " ! X on the potential [14].

We find that obtaining cos & = 0.9 while keeping all
additional states above their direct-production kinematic
thresholds at the 1 TeV ILC can be achieved for large
negative values of the dimensionful parameter M 1 (e.g.,
M 1 # ! 2400 GeV) and non-zero v! (e.g., v! # 30 GeV)
without requiring any large quartic scalar couplings.
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¥ The scalar vevs are constrained from the W boson mass
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¥ Most general custodial SU(2) preserving potential 

4

! !
!

0,
16"
3

"
, ! 1 !

!
0,

4"
3

"
, ! 2 !

!
"

8"
3

, 8"
"

(11)

DeÞning the mass eigenstates as

h = # cos$ " ssin$

H = # sin$ + scos$ (12)

we can solve for the masses of the two physical scalars to be

M 2
h,H = ! v2 +

1
2

µ2 #

# !
! v2 "

1
2

µ2

" 2

+ M 2
1 v2 (13)

We can also obtain an upper bound onM 1 since increasing it leads to an increase in! , and so is
bounded indirectly by the unitarity limit on ! .

! =
m2

h

v2 +
M 2

1

2(µ2 " 2m2
h )

(14)

If we allow µ $ % then ! & M 2
1

2µ 2 and M 1 is allowed to scale linearly with µ, subject to the

constraint that |M 1|/
$

µ2 ! 5.78.
The modiÞcation to the hV V coupling is

a = c = cos $ & 1 "
M 2

1 v2

2µ4 ,

b = cos2 $ & 1 "
M 2

1 v2

µ4 . (15)

C. Decoupling in Georgi-Machacek

The scalar sector of the Georgi-Machacek model consists of the usual complex doublet (#+ , #0)
with hypercharge Y = 1, a real triplet ( %+ , %0, %! ) with Y = 0, and a complex triplet ( &++ , &+ , &0)
with Y = 2. The most general gauge-invariant scalar potential involving these Þelds that conserves
custodial SU(2) is given by

V(! , X ) =
µ2

2

2
Tr( ! †! ) +

µ2
3

2
Tr( X †X ) + ! 1[Tr( ! †! )]2 + ! 2Tr( ! †! )Tr( X †X )

+ ! 3Tr( X †XX †X ) + ! 4[Tr( X †X )]2 " ! 5Tr( ! †' a ! ' b)Tr( X †taXt b)

" M 1Tr( ! †' a ! ' b)(UXU †)ab " M 2Tr( X †taXt b)(UXU †)ab. (16)

Hartling, KK, Logan[arXiv: 1404.2640]; Aoki, Kanemura [PRD 77,095009]; Chiang, Yagyu [JHEP 1301, 026]

¥ Has a decoupling limit  as         is made large

¥ All new scalar masses get large with        ,         approaches SM vev,     
tends to zero
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5

! 1 =
1

8v2
!

!

m2
h +

"
M 2

12

#2

M 2
22 ! m2

h

$

(17)

The unitarity limit on ! 1 is

! 1 "
%

!
1
3

" ,
1
3

"
&

# (! 1.05, 1.05) . (18)

The upper bound on |M 1| for large µ2
3 $ ! i v2 can be derived straightforwardly as a consequence

of Eq. (17) for ! 1 in terms of mh and the unitarity bound on ! 1 from Eq. 18. In the limit
µ2

3 $ ! i v2, we Þnd that M 1 can scale at most linearly with
'

µ2
3 and that its value is constrained

by |M 1|/
'

µ2
3 ! 3.3.

The relevant tree-level couplings between the light GM Higgs bosonh and vector bosons, fermions,
and itself are respectively given by

a = cos #
v!

v
!

8
%

3
sin#

v"

v
& 1 +

3
8

M 2
1 v2

µ4
3

, (19)

b = cos2 # +
8
3

sin2 # &
%

1 +
5
4

M 2
1 v2

µ4
3

&
, (20)

c = cos #
v
v!

& 1 !
1
8

M 2
1 v2

µ4
3

. (21)

(22)

At leading order in 1/µ 2
3, v" & M 1v2/ (4µ2

3) Ref. [5]. This means that the few percent level
accuracy with which a & 1 + 6v2

" /v 2 can be measured at the 250 GeV ILC ( 250! 1 fb) [6] would
place a tight bound on the triplet vev magnitude.

IV. EXTENDED FERMION SECTOR

We add new vector-like top partners [7, 8], given by

$L,R ' (3, 1)2/ 3 . (23)

This leads to the following mass terms,

L ( ! yt ÷H øQL tR ! yL ÷H øQL $R ! M ø$L $R + h.c. , (24)

where M is a free parameter andyL induces mixing between the SM top quark and$. In the
(t, $) gauge basis, we have massöM and interaction öNh matrices given by

öM =

(
mt %L

0 M

)

, öNh =

(
mt %L

0 0

)

, (25)
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of Eq. (17) for �1 in terms of mh and the unitarity bound on �1 from Eq. 18. In the limit
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3 $ �i v2, we Þnd that M 1 can scale at most linearly with
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by |M 1|/
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At leading order in 1/µ 2
3, v" & M 1v2/ (4µ2

3) Ref. [5]. This means that the few percent level
accuracy with which a & 1 + 6v2

" /v 2 can be measured at the 250 GeV ILC ( 250! 1 fb) [6] would
place a tight bound on the triplet vev magnitude.

IV. EXTENDED FERMION SECTOR

We add new vector-like top partners [7, 8], given by

�L,R ' (3, 1)2/ 3 . (23)

This leads to the following mass terms,

L ( ! yt ÷H øQL tR ! yL ÷H øQL �R ! M ø�L �R + h.c. , (24)

where M is a free parameter andyL induces mixing between the SM top quark and�. In the
(t, �) gauge basis, we have massöM and interaction öNh matrices given by

öM =

(
mt ⇠L

0 M

)
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(
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0 0

)

, (25)
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At leading order in 1/µ2
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3) Ref. [5]. This means that the few percent level

accuracy with which a & 1 + 6v2
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2 can be measured at the 250 GeV ILC ( 250! 1 fb) [6] would
place a tight bound on the triplet vev magnitude.
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We add new vector-like top partners [7, 8], given by

$L,R ' (3, 1)2/ 3 . (23)

This leads to the following mass terms,

L ( ! yt ÷H øQL tR ! yL ÷H øQL $R ! M ø$L $R + h.c. , (24)

where M is a free parameter andyL induces mixing between the SM top quark and$. In the
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of Eq. (17) for ! 1 in terms of mh and the unitarity bound on ! 1 from Eq. 18. In the limit
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At leading order in 1/µ 2
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3) Ref. [5]. This means that the few percent level
accuracy with which a ⇡ 1 + 6v2

" /v 2 can be measured at the 250 GeV ILC ( 250! 1 fb) [6] would
place a tight bound on the triplet vev magnitude.
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We add new vector-like top partners [7, 8], given by

$L,R ⇠ (3, 1)2/ 3 . (23)

This leads to the following mass terms,
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where M is a free parameter and yL induces mixing between the SM top quark and $. In the
(t, $) gauge basis, we have mass M̂ and interaction N̂h matrices given by
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At leading order in 1/µ2
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2/(4µ2
3) Ref. [5]. This means that the few percent level

accuracy with which a & 1 + 6v2
" /v

2 can be measured at the 250 GeV ILC ( 250! 1 fb) [6] would
place a tight bound on the triplet vev magnitude.

IV. EXTENDED FERMION SECTOR

We add new vector-like top partners [7, 8], given by

$L,R ' (3, 1)2/ 3 . (23)

This leads to the following mass terms,

L ( ! yt ÷H øQL tR ! yL ÷H øQL $R ! M ø$L $R + h.c. , (24)

where M is a free parameter andyL induces mixing between the SM top quark and$. In the
(t, $) gauge basis, we have massöM and interaction öNh matrices given by
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8v2 +
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¥ a,b and c do not saturate power 
laws

¥ If M1 is scaled linearly with   

       a and b saturate power laws

¥ Reason for M1 increasing at most linearly is similar to SM + singlet case

¥         increases with increase in                and is bounded from unitarity

¥ Therefore

µ3

�1 M 1/µ 3
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¥ a and b saturate power laws

¥ a and b are enhanced compared 
to SM

¥ c does not saturate power laws

¥ Do fermion extensions saturate the power law for c ?

¥ A feature that leads to saturation of a and b in scalar sector 
extensions is the presence of a dimensionful parameter (e.g. M1) 
that is the coefÞcient of a term trilinear in scalar Þelds 
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III. EXTENDED SCALAR SECTOR

A. Decoupling in 2HDM

As shown in [3], the couplings of the 2HDM behave as follows in the decoupling limit (we choose
the Type-II structure for the fermion couplings),

a ! 1 "
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A
, (3)

b = 1 , (4)
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m2

A
#
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cot " for up type fermions
" tan " for down type fermions

(5)

(6)

where ö! is a combination of the quartic couplings in the 2HDM,mA is the mass of the CP-odd scalar
A, and " is deÞned as usual in terms of the ratio of the vevs of the two doublets, tan" = v

2

/v
1

(where v2 = v2

1

+ v2

2

)

B. Decoupling SM + Singlet

The most general gauge-invariant potential can be written as
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where in unitary gauge the SM Higgs doublet can be written as

� =

$
0

(# + v)/
$

2

%

(8)

and v % 246 GeV. In the above potential we have already used the freedom to shift the value ofs
so it doesnÕt have a non-zero vev. As a resultµ2 must be chosen to be positive in Eq. 7.

Requiring the potential to be bounded from below (BFB), the quartic couplings must satisfy the
conditions:

! > 0, !
1

> 0, !
2

> " 2
&

!!
1

. (9)

The unitarity limits from 2 & 2 scattering in the coupled channel (##/
$

2, ss/
$

2) gives

|! ± 4!
1

| <
16$
3

, |!
2

| < 8$ (10)

Combining the unitarity limits with BFB conditions we get the following maximum ranges on
the quartic couplings

17



Extended Fermion Sector

¥ Adding new vector-like top partners

5

! 1 =
1

8v2
!

!

m2
h +

"
M 2

12

#2

M 2
22 ! m2

h

$

(17)

The unitarity limit on ! 1 is

! 1 "
%

!
1
3

" ,
1
3

"
&

# (! 1.05, 1.05) . (18)

The upper bound on |M 1| for large µ2
3 $ ! i v2 can be derived straightforwardly as a consequence

of Eq. (17) for ! 1 in terms of mh and the unitarity bound on ! 1 from Eq. 18. In the limit
µ2

3 $ ! i v2, we Þnd that M 1 can scale at most linearly with
'

µ2
3 and that its value is constrained

by |M 1|/
'

µ2
3 ! 3.3.

The relevant tree-level couplings between the light GM Higgs bosonh and vector bosons, fermions,
and itself are respectively given by

a = cos #
v!

v
!

8
%

3
sin#

v"

v
& 1 +

3
8

M 2
1 v2

µ4
3

, (19)

b = cos2 # +
8
3

sin2 # &
%

1 +
5
4

M 2
1 v2

µ4
3

&
, (20)

c = cos #
v
v!

& 1 !
1
8

M 2
1 v2

µ4
3

. (21)

(22)

At leading order in 1/µ 2
3, v" & M 1v2/ (4µ2

3) Ref. [5]. This means that the few percent level
accuracy with which a & 1 + 6v2

" /v 2 can be measured at the 250 GeV ILC ( 250! 1 fb) [6] would
place a tight bound on the triplet vev magnitude.

IV. EXTENDED FERMION SECTOR

We add new vector-like top partners [7, 8], given by

$L,R ' (3, 1)2/ 3 . (23)

This leads to the following mass terms,

L ( ! yt ÷H øQL tR ! yL ÷H øQL $R ! M ø$L $R + h.c. , (24)

where M is a free parameter andyL induces mixing between the SM top quark and$. In the
(t, $) gauge basis, we have massöM and interaction öNh matrices given by

öM =

(
mt %L

0 M

)

, öNh =

(
mt %L

0 0

)

, (25)

5

! 1 =
1

8v2
!

!

m2
h +

"
M 2

12

#2

M 2
22 ! m2

h

$

(17)

The unitarity limit on ! 1 is

! 1 "
%

!
1
3

" ,
1
3

"
&

# (! 1.05, 1.05) . (18)

The upper bound on |M1| for large µ2
3 $ ! i v

2 can be derived straightforwardly as a consequence
of Eq. (17) for ! 1 in terms of mh and the unitarity bound on ! 1 from Eq. 18. In the limit
µ2

3 $ ! i v
2, we Þnd that M1 can scale at most linearly with

'
µ2

3 and that its value is constrained
by |M1|/

'
µ2

3 ! 3.3.
The relevant tree-level couplings between the light GM Higgs bosonh and vector bosons, fermions,

and itself are respectively given by

a = cos #
v!

v
!

8
%

3
sin#

v"

v
& 1 +

3
8
M2

1 v
2

µ4
3

, (19)

b = cos2 # +
8
3

sin2 # &
%

1 +
5
4
M2

1 v
2

µ4
3

&
, (20)

c = cos #
v

v!
& 1 !

1
8
M2

1 v
2

µ4
3

. (21)

(22)

At leading order in 1/µ2
3, v" & M1v

2/(4µ2
3) Ref. [5]. This means that the few percent level

accuracy with which a & 1 + 6v2
" /v

2 can be measured at the 250 GeV ILC ( 250! 1 fb) [6] would
place a tight bound on the triplet vev magnitude.

IV. EXTENDED FERMION SECTOR

We add new vector-like top partners [7, 8], given by

$L,R ' (3, 1)2/ 3 . (23)

This leads to the following mass terms,

L ( ! yt ÷H øQL tR ! yL ÷H øQL $R ! M ø$L $R + h.c. , (24)

where M is a free parameter andyL induces mixing between the SM top quark and$. In the
(t, $) gauge basis, we have massöM and interaction öNh matrices given by

öM =

(
m %L

0 M

)

, öNh =

(
m %L

0 0

)

, (25)

5

! 1 =
1

8v2
!

!

m2
h +

"
M 2

12

#2

M 2
22 ! m2

h

$

(17)

The unitarity limit on ! 1 is

! 1 "
%

!
1
3

" ,
1
3

"
&

# (! 1.05, 1.05) . (18)

The upper bound on |M1| for large µ2
3 $ ! i v

2 can be derived straightforwardly as a consequence
of Eq. (17) for ! 1 in terms of mh and the unitarity bound on ! 1 from Eq. 18. In the limit
µ2

3 $ ! i v
2, we Þnd that M1 can scale at most linearly with

'
µ2

3 and that its value is constrained
by |M1|/

'
µ2

3 ! 3.3.
The relevant tree-level couplings between the light GM Higgs bosonh and vector bosons, fermions,

and itself are respectively given by

a = cos #
v!

v
!

8
%

3
sin#

v"

v
& 1 +

3
8
M2

1 v
2

µ4
3

, (19)

b = cos2 # +
8
3

sin2 # &
%

1 +
5
4
M2

1 v
2

µ4
3

&
, (20)

c = cos #
v

v!
& 1 !

1
8
M2

1 v
2

µ4
3

. (21)

(22)

At leading order in 1/µ2
3, v" & M1v

2/(4µ2
3) Ref. [5]. This means that the few percent level

accuracy with which a & 1 + 6v2
" /v

2 can be measured at the 250 GeV ILC ( 250! 1 fb) [6] would
place a tight bound on the triplet vev magnitude.

IV. EXTENDED FERMION SECTOR

We add new vector-like top partners [7, 8], given by

$L,R ' (3, 1)2/ 3 . (23)

This leads to the following mass terms,

L ( ! yt ÷H øQL tR ! yL ÷H øQL $R ! M ø$L $R + h.c. , (24)

where M is a free parameter andyL induces mixing between the SM top quark and$. In the
(t, $) gauge basis, we have massöM and interaction öNh matrices given by

öM =

(
m %L

0 M

)

, öNh =

(
m %L

0 0

)

, (25)

5

! 1 =
1

8v2
!

!

m2
h +

"M2
12

#2

M2
22 ! m2

h

$

(17)

The unitarity limit on ! 1 is

! 1 "
%

!
1
3

" ,
1
3

"
&

# (! 1.05, 1.05) . (18)

The upper bound on |M 1| for large µ2
3 $ ! i v2 can be derived straightforwardly as a consequence

of Eq. (17) for ! 1 in terms of mh and the unitarity bound on ! 1 from Eq. 18. In the limit
µ2

3 $ ! i v2, we Þnd that M 1 can scale at most linearly with
'

µ2
3 and that its value is constrained

by |M 1|/
'

µ2
3 ! 3.3.

The relevant tree-level couplings between the light GM Higgs bosonh and vector bosons, fermions,
and itself are respectively given by

a = cos #
v!

v
!

8
%

3
sin#

v"

v
& 1 +

3
8

M 2
1 v2

µ4
3

, (19)

b = cos2 # +
8
3

sin2 # &
%

1 +
5
4

M 2
1 v2

µ4
3

&
, (20)

c = cos #
v
v!

& 1 !
1
8

M 2
1 v2

µ4
3

. (21)

(22)

At leading order in 1/µ 2
3, v" & M 1v2/ (4µ2

3) Ref. [5]. This means that the few percent level
accuracy with which a & 1 + 6v2

" /v 2 can be measured at the 250 GeV ILC ( 250! 1 fb) [6] would
place a tight bound on the triplet vev magnitude.

IV. EXTENDED FERMION SECTOR

We add new vector-like top partners [7, 8], given by

$L,R ' (3, 1)2/ 3 . (23)

This leads to the following mass terms,

L ( ! yt ÷H øQL tR ! yL ÷H øQL $R ! M ø$L $R + h.c. , (24)

where M is a free parameter andyL induces mixing between the SM top quark and$. In the
(t, $) gauge basis, we have massöM and interaction öNh matrices given by

öM =

(
m %L

0 M

)

, öNh =

(
m %L

0 0

)

, (25)

6

with ! L =
yL v
!

2
and m =

yt v!
2

. Note the 0 entry in öM can always be ensured since it corresponds to

the M ! ø" L tR operator, which can be trivially rotated away since " R and tR have the same quantum
numbers. The mass basis rotation matrices are deÞned as follows :

öR =

 
c! R " s! R

s! R c! R

!
, öL =

 
c! L " s! L

s! L c! L

!
(26)

and are obtained from the conditions öR( öM † öM ) öR† =
��� öM D

���
2

and öL( öM öM †) öL † =
��� öM D

���
2
.

After rotating öM and öNh on the left (right) by a left-handed (right-handed) rotation matrix, we
obtain

L # " øt
✓

öM D +
h
v

öVh

◆
PR t + h.c. , (27)

where t $ (t1, t2) and öM D = öL öM öR† = diag( mt 1 , mt 2 ), öVh = öL öNh öR†. The coupling matrix öVh
dictates the couplings of the top sector to the SM Higgs and, in principle, can have o! diagonal
entries.

Requiring that mt 2 > m t 1 > 0 gives us bounds on#L and #R . The condition mt 2 > m t 1 is
satisÞed for all#R,L %(" $/ 4, $/ 4) if M 2 " m2 " ! 2

L > 0, which is true for the cases weÕre interested
in where M & m, ! L .

Requiring mt 1 to be positive gives us the following bounds on the magnitude of#L and #R

| tan #R | <
✓

2m2

M 2 + ! 2
L " m2

◆
|! L |
m

| tan #L | <
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1 +
2m2

M 2 + ! 2
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|! L |
M

(28)

The above bounds are stricter than the ones frommt 2 > 0, as would be expected since for
#L,R %(" $/ 4, $/ 4), mt 2 > m t 1 . We note that the right hand sides of the inequalities in Eq. 28 are
less than 1, and hence the allowed values of#L and #R are subsets of (" $/ 4, $/ 4).

The rotation angles required to diagonalise the mass matrices are given by :

tan 2#R =
2m! L

M 2 " m2 + ! 2
L

tan 2#L =
2M ! L

M 2 " m2 " ! 2
L

(29)

The htøt coupling is given by

ght øt =
cos#L (m cos#R " ! L sin#R )

v
(30)

Assuming " L
M , m

M ' 1 we can use the approximations cos#R ( 1 " m 2 " 2
L

2M 4 , cos#L ( 1 " " 2
L

2M 2
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¥ Mass terms for top and top partners

¥ In the          basis the (non-diagonal) mass and interaction matrices 
are

where

17

negative values of! hp, our results are consistent with [20], where the Þnite di! erence in our results

is a result of our inclusion of the bottom quark. Lastly, with regards to the ATLAS dijet pair

search, we note that the complex triplet scalar is 1/9 the production cross section of the real octet

scalar, if their masses are equal, rendering the search insensitive to complex triplet scalars.

V. NEW COLORED FERMION

Adding new colored fermions to the Standard Model can greatly a! ect gluon fusion SM Higgs

production in a number of unique ways. On one hand, new sequential generations of chiral fermions

will add constructively with the SM fermion loops and, at leading order, scale the top quark loop

by a multiplicative factor, as discussed in Sec. III. On the other hand, a new vector-like colored

fermion that does not mix with SM fermions has no e! ect on gluon fusion. In general, a new

colored fermion mass eigenstate comprised of chiral and vector-like components will enhance the

SM Higgs gluon fusion rate according to the chiral projection of the mass eigenstate.

Because we also allow for Higgs portal-induced scalar mixing, though, the general situation can

lead to either an overall suppression or enhancement of the gluon fusion rate. A model demon-

strating the myriad of competing e! ects is straightforward to construct but only illuminating in

its limiting cases. Hence, we will initially consider only mixing between a NP fermion and a SM

fermion, neglecting the Higgs portal and Higgs mixing.

We add new vector-like top partners [75, 76], given by

" L,R ! (3, 1)2/ 3 . (33)

This leads to the following mass terms,

L " # yt ÷H øQL tR # yL ÷H øQL " R # M ø" L " R + h.c. , (34)

whereM is a free parameter andyL induces mixing between the SM top quark and" . In the ( t, " )

gauge basis, we have massöM and interaction öNh matrices given by

öM =

0

@ M t #L

0 M

1

A , öNh =

0

@ M t #L

0 0

1

A , (35)

with #L =
yL vh$

2
and M t =

yt vh$
2

. Note the 0 entry in öM can always be ensured since it corre-

sponds to the M 0 ø" L tR operator, which can be trivially rotated away since " R and tR have the

same quantum numbers. The mass basis rotation matrices are deÞned in the usual way from

eg:  KK, R. V.-Morales,F. Yu  [PRD 86,113002] 
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¥ After switching to basis of mass eigenstates
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we get

ghtøt =
m
v

✓
1� 3

2
! 2
L

M 2

◆
(31)

Using mt ⇡ m(1 � ! 2
L/ 2M 2) we can the coupling modiÞcation to be

c =
m
mt

✓
1� 3

2
! 2
L

M 2

◆
⇡ 1� y2

L

2
v2

M 2 (32)

The extended fermion sector we have introduced does not cause any changes toa or b and so we
have a = b = 1.

V. EXTENDED GAUGE BOSON SECTOR

We consider a model where theSU(2)1 ⇥ SU(2)2 ⇥ U(1)Y gauge group is broken toU(1)em by
the scalar sector following Ref. [9]. The extended scalar sector comprises of anSU(2)1 doublet !
with hypercharge 1/ 2 and a bidoublet " with zero hypercharge. Although this model consists of
an extended scalar and gauge boson sector, as we will illustrate shortly, the e#ect of the extended
gauge boson sector can be isolated.

Following Ref. [9] we write the following renormalizable scalar potential that is CP conserving
and has aZ2 symmetry (" $ ÷" ).

V = m2
! !   ! +

" !

2

�
!   !

�2
+ ( m2

" + " 0!   ! )Tr( "   " ) +
" "

2

⇥
Tr( "   " )

⇤2 �
÷"
2

���Tr( "   ÷" )
���
2

�
"

÷" !

4

�
Tr( "   " )

�2
+ h.c.

#
(33)

(* add more model details*)
To derive the modiÞcation aW we only need to consider the term

(Dµ! )  Dµ! � g2
1c2

! v"

2
#0
rW +

µ W " µ (34)

if we set $h = 0.
We get

aW = 1 +
v2

v2
"

s2
! 0

c2
! 0

(35)

where t! 0 = g1/g 2. We deÞneg1 and g2 to be the gauge couplings corresponding to theSU(2)1 and
SU(2)2 symmetries.

Similarly we can derive aZ to be as follows

aZ = 1 +
v2

v2
"

s2
! 0

c2
! 0

�
1 + t2

! W

�
1� 2t! 0 s2

! 0

��
(36)

¥ while a = b = 1
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#
PR t + h.c. , (36)

where t # (t1, t2) and öM D = öL öM öR  = diag( mt1 , mt2 ), öVh = öL öNh öR  . The coupling matrix öVh

dictates the couplings of the top sector to the SM Higgs and, in principle, can have o! diagonal

entries: however, only the diagonal entries contribute togg $ h, because theöL and öR rotations

leave the gauge interactions diagonal in the mass basis.
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FIG. 4. Exotic fermion contribution in the mass eigenbasis.

In this top partner scenario, each mass eigenstate gives its own contribution to the diagrams

in Fig. 4. Since SU(3)c gauge invariance guarantees these two contributions di! er only in their

coupling to the Higgs via the element of öVh, we can take the SM result for gg $ h through

a top quark and insert the appropriate element of öVh in place of the usual Yukawa coupling.

This approach also encompasses more complicated mixing scenarios whereby the matrix element

will exhibit di ! erent combinations of mixing angles and couplings for the variousöVh entries as a

replacement for the hf øf vertex in the gg $ h amplitude. Since we are focused on exotic fermion

e! ects ongg $ h, we take the (öVh)ij entry to be a free parameter, which can be readily calculated

in any complete model.

The amplitudes involving exotic fermions in the loop are

iM ad
F = i

$

i

%! s

"

&
'

( öVh)ii

mFi

( "
C(rFi )

2vh

#
#ad$1µ$2!

"
p!

1pµ
2 "

m2
h

2
gµ!

#
FF (%Fi ) , (37)

where the repeated indices on (öVh)ii are not summed,FF (%) is given by Eq. (25), %Fi # m2
h/ (4m2

Fi
),

and Fi % { t1, t2} . We see that the amplitude decouples asmFi $ & , unlessmFi and ( öVh)ii are

generated by a common scale such as the Higgs vev. These direct new physics contributions

htøtöVh

¥ DoesnÕt saturate power law for c as well
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we get
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m
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Using mt " m(1 ! ! 2
L / 2M 2) we can the coupling modiÞcation to be

c =
m
mt
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M 2 (32)

The extended fermion sector we have introduced does not cause any changes toa or b and so we
have a = b = 1.

V. EXTENDED GAUGE BOSON SECTOR

We consider a model where theSU(2)1 # SU(2)2 # U(1)Y gauge group is broken toU(1)em by
the scalar sector following Ref. [9]. The extended scalar sector comprises of anSU(2)1 doublet !
with hypercharge 1/ 2 and a bidoublet " with zero hypercharge. Although this model consists of
an extended scalar and gauge boson sector, as we will illustrate shortly, the e#ect of the extended
gauge boson sector can be isolated.

Following Ref. [9] we write the following renormalizable scalar potential that is CP conserving
and has aZ2 symmetry (" $ ÷" ).
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(* add more model details*)
To derive the modiÞcation aW we only need to consider the term
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(35)

where t! 0 = g1/g 2. We deÞneg1 and g2 to be the gauge couplings corresponding to theSU(2)1 and
SU(2)2 symmetries.

Similarly we can derive aZ to be as follows
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have a = b = 1.
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We consider a model where theSU(2)1 # SU(2)2 # U(1)Y gauge group is broken toU(1)em by
the scalar sector following Ref. [9]. The extended scalar sector comprises of anSU(2)1 doublet �
with hypercharge 1/ 2 and a bidoublet � with zero hypercharge. Although this model consists of
an extended scalar and gauge boson sector, as we will illustrate shortly, the e↵ect of the extended
gauge boson sector can be isolated.

Following Ref. [9] we write the following renormalizable scalar potential that is CP conserving
and has aZ2 symmetry (� $ ÷�).
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(* add more model details*)
To derive the modiÞcation aW we only need to consider the term
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if we set $h = 0.
We get
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(35)

where t! 0 = g1/g 2. We deÞneg1 and g2 to be the gauge couplings corresponding to theSU(2)1 and
SU(2)2 symmetries.

Similarly we can derive aZ to be as follows
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To avoid runaway directions, we impose! ! , ! " > 0. The ÷! and ! 0 quartic couplings

must be real so that the potential is Hermitian. The÷! ! quartic coupling may be complex,

but its phase can be rotated away by a redeÞnition of! ; we then take÷! ! to be real without

loss of generality.

Canonical normalization of the÷! and ÷! ! terms would require an extra factor of 1/ 2;

we do not include it in order to simplify some equations below. Other terms inV, such

as Tr [(!   ! )2], Tr ( !   ! ÷!   ÷! ), or Tr ( !   ÷! ÷!   ! ), would be redundant as they are linear

combinations of the ! " , ÷! and ÷! ! terms. We recover the potential of Ref. [4] using the

identity "   (!   ! + ÷!   ÷! )" = "   " Tr
!
!   !

"
.

We also imposem2
" < 0 so that ! acquires a VEV. In addition, we needm2

! < 0 or

! 0 < 0 such that " also acquires a VEV. We are interested in the vacuum that preserves

the U(1)em and Z2 symmetries:

! ! " =
v"

2
diag (1, 1) , ! " " =

v!#
2

#
0
1

$
. (2.2)

This vacuum is indeed a minimum of the potential for a range of parameters (discussed

below). The VEVs v! > 0 andv" > 0 are related tom2
! , m2

" , and the Þve quartic couplings

by the extremization conditions:

! " v2
" + ! 0v2

! = $ 2m2
" ,

! 0v2
" + ! ! v2

! = $ 2m2
! , (2.3)

where we deÞned

! " % ! " $ ÷! $ ÷! ! . (2.4)

In terms of Þelds of deÞnite electric charge, the scalars can be written as
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&
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!
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In terms of Þelds of deÞnite electric charge, the scalars can be written as

" =

%

&
'

" +

1
#

2

!
v! + " 0

r + i " 0
i

"

(

)
* ,

! =

%

' #0 $+

#� $0

(

* = ! ! " +

%

&
'

1
#

2

!
#0

r + i#0
i

"
$+

#� 1
#

2

!
$0

r + i$0
i

"

(

)
* . (2.5)

4

¥ For completeness we consider the effect of an extended gauge boson sector

B. A. Dobrescu, A. D. Peterson [arXiv:1312.1999]

have the following squared masses:

M 2
h,H ! =

1
2

!
! ! v2

� + ! �v2
" ⌥

" #
! ! v2

� � ! �v2
"

$2
+ 4! 2

0 v2
" v2

�

%
. (2.12)

The mixing angle" h satisÞes

tan 2" h =
2! 0v�v"

! ! v2
� � ! �v2

"

. (2.13)

The necessary and su! cient conditions for the vacuum (2.2) to be a minimum of the

potential are

÷! ! > Max{ �÷! , 0} ,

! ! ! � > ! 2
0 ,

! �|m2
�| > �! 0m2

� ,

! 0|m2
�| > �! ! m2

� ; (2.14)

these follow from imposing that all physical scalars have positive squared masses [see

Eqs. (2.9) and (2.12)], and that the extremization conditions (2.3) have solutions.

All above results are valid for anyv" /v �. The agreement between SM predictions and

the data suggests that the Higgs sector is near the decoupling limitv2
" ⌧ v2

�; adopting this

limit, we can analyze the spontaneous symmetry breaking in two stages. The Þrst one is

SU(2)1 ⇥ SU(2)2 ⇥ U(1)Y ! SU(2)W ⇥ U(1)Y at the scalev�. The e" ective theory below

v� consists of the SM (with the Higgs doublet# ) plus an SU(2)W -triplet of heavy gauge

bosons (W !± , Z !), and Þve of the scalar degrees of freedom from$ : four Z2-odd scalars

combined into anSU(2)W -triplet ( H ± , H 0) and a singlet (A0), and a Z2-even singlet (H ! 0).

The second stage of symmetry breaking is the SM one:SU(2)W ⇥U(1)Y ! U(1)em at the

weak scalev" ⇡ 246 GeV. The lightest CP-even scalar,h0, represents the recently discovered

Higgs boson, because its couplings are the same as the SM ones up to small corrections of

order v2
" /v 2

�. Its mass is given by

Mh = v"

!
! � � ! 2

0

! !

%1/ 2 &
1 �

! 2
0 v2

"

2! 2
! v2

�

+ O
#
v4

" /v 4
�

$
'

, (2.15)
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bi-doublet doublet under SU(2)1

¥ Most general CP conserving potential with the Z 2 symmetry 

IV we discuss the LHC phenomenology assuming that the LOPs escape the detector. We

summarize our results in Section V.

II. AN SU(2) ! SU(2) ! U(1)Y MODEL WITH ODD HIGGS SECTOR

Let us focus on a simple Higgs sector that breaks theSU(2)1 ! SU(2)2 ! U(1)Y gauge

group down to U(1)em: a bidoublet complex scalar,! , which has 0 hypercharge, and an

SU(2)1 doublet, " . We take the SM quarks and leptons to beSU(2)2 singlets. The scalar

and fermion gauge charges are shown in Table I.

A. Scalar spectrum

We require the Lagrangian to be symmetric under the interchange! " ÷! , where ÷! is

the charge conjugate of! . The most general renormalizable scalar potential exhibiting this

Z2 symmetry and CP invariance is [4]

V = m2
! " †" +

�!

2

!
" †"

"2
+

!
m2

" + �0 " †"
"

Tr
!
! †!

"
+

�"

2

#
Tr

!
! †!

"$2

#
÷�
2

%
%
%Tr

!
! † ÷!

"%
%
%
2

#

&
÷�!

4

!
Tr ( ! † ÷! )

"2
+ H .c.

'

. (2.1)

SU(3)c SU(2)1 SU(2)2 U(1)Y

! 1 2 ø2 0

" 1 2 1 +
1
2

QL , L L 3, 1 2 1 +
1
6

, #
1
2

uR , dR 3 1 1 +
2
3

, #
1
3

eR 1 1 1 +1

TABLE I. Gauge assignments for the scalars (! and " ) and SM fermions.
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we get

ght øt =
m

v

!
1 !

3
2

! 2
L

M2

"
(31)

Using mt " m(1 ! ! 2
L /2M2) we can the coupling modiÞcation to be

c =
m

mt

!
1 !

3
2

! 2
L

M2

"
" 1 !

y2
L

2
v2

M2 (32)

The extended fermion sector we have introduced does not cause any changes toa or b and so we
have a = b = 1.

V. EXTENDED GAUGE BOSON SECTOR

We consider a model where theSU (2)1 # SU (2)2 # U (1)Y gauge group is broken toU (1)em by
the scalar sector following Ref. [9]. The extended scalar sector comprises of anSU (2)1 doublet !
with hypercharge 1/2 and a bidoublet " with zero hypercharge. Although this model consists of
an extended scalar and gauge boson sector, as we will illustrate shortly, the e#ect of the extended
gauge boson sector can be isolated.

Following Ref. [9] we write the following renormalizable scalar potential that is CP conserving
and has aZ2 symmetry (" $ ÷" ).

V = m2
! !   ! +

" !

2

#
!   !

$2
+ ( m2

" + " 0!   ! )Tr( "   " ) +
" "

2

%
Tr( "   " )

&2
!

÷"
2

'
'
' Tr( "   ÷" )

'
'
'
2

!

(
÷" !

4

#
Tr( "   " )

$2
+ h.c.

)

(33)

(* add more model details*)
To derive the modiÞcation aW we only need to consider the term

(Dµ ! )  Dµ ! %
g2

1c
2
! v"

2
#0

r W
+
µ W " µ (34)

if we set $h = 0.
We get

aW = 1 +
v2

v2
"
s2

! 0
c2

! 0
(35)

where t! 0 = g1/g2. We deÞneg1 and g2 to be the gauge couplings corresponding to theSU (2)1 and
SU (2)2 symmetries.

Similarly we can derive aZ to be as follows

aZ = 1 +
v2

v2
"
s2

! 0
c2

! 0

#
1 + t2! W

#
1 ! 2t! 0 s

2
! 0

$$
(36)

To avoid runaway directions, we impose! ! , ! " > 0. The ÷! and ! 0 quartic couplings

must be real so that the potential is Hermitian. The÷! ! quartic coupling may be complex,

but its phase can be rotated away by a redeÞnition of! ; we then take÷! ! to be real without

loss of generality.

Canonical normalization of the÷! and ÷! ! terms would require an extra factor of 1/ 2;

we do not include it in order to simplify some equations below. Other terms inV, such

as Tr [(!   ! )2], Tr ( !   ! ÷!   ÷! ), or Tr ( !   ÷! ÷!   ! ), would be redundant as they are linear

combinations of the ! " , ÷! and ÷! ! terms. We recover the potential of Ref. [4] using the

identity "   (!   ! + ÷!   ÷! )" = "   " Tr
!
!   !

"
.

We also imposem2
" < 0 so that ! acquires a VEV. In addition, we needm2

! < 0 or

! 0 < 0 such that " also acquires a VEV. We are interested in the vacuum that preserves

the U(1)em and Z2 symmetries:

! ! " =
v"

2
diag (1, 1) , ! " " =

v!#
2

#
0
1

$
. (2.2)

This vacuum is indeed a minimum of the potential for a range of parameters (discussed

below). The VEVs v! > 0 andv" > 0 are related tom2
! , m2

" , and the Þve quartic couplings

by the extremization conditions:

! " v2
" + ! 0v2

! = $ 2m2
" ,

! 0v2
" + ! ! v2

! = $ 2m2
! , (2.3)

where we deÞned

! " % ! " $ ÷! $ ÷! ! . (2.4)

In terms of Þelds of deÞnite electric charge, the scalars can be written as

" =

%

&
'

" +

1
#

2

!
v! + " 0

r + i " 0
i

"

(

)
* ,

! =

%

' #0 $+

#" $0

(

* = ! ! " +

%

&
'

1
#

2

!
#0

r + i#0
i

"
$+

#" 1
#

2

!
$0

r + i$0
i

"

(

)
* . (2.5)
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Extended Gauge Boson Sector

The charge conjugate state of the bidoublet is then

÷! = ! 2 ! ! ! 2 =

!

" " 0! ! #+

! " " #0!

#

$ . (2.6)

All odd Þelds underZ2 (which cannot mix with even Þelds, and thus are already in the

mass eigenstate basis) are collected in

! ! ÷! =

!

"
H 0 + iA 0

"
2H +

"
2H " ! H 0 + iA 0

#

$ , (2.7)

where the physical states consist of a CP-even scalar (H 0), a CP-odd scalar (A0), and a

charged scalar (H ± ). These are related to the# and " Þelds by

A0 =
1

"
2

%
#0

i + " 0
i

&
,

H 0 =
1

"
2

%
#0

r ! " 0
r

&
,

H ± =
1

"
2

%
#± + " ±

&
. (2.8)

At tree-level, the Z2-odd scalars have masses given by

MA =
'

2÷$# v! ,

MH + = MH 0 =
'

÷$ + ÷$# v! . (2.9)

The are two remaining scalars not eaten by the gauge bosons. These areZ2-even, CP-

even, and neutral; their mass-squared matrix in the (" 0
r + #0

r )/
"

2 , %0
r basis is

M 2
even =

!

(
"

$! v2
! $0 v" v!

$0 v" v! $" v2
"

#

)
$ . (2.10)

The Z2-even physical scalars,

h0 = %0
r cos&h !

1
"

2

%
" 0

r + #0
r

&
sin&h ,

H #0 = %0
r sin&h +

1
"

2

%
" 0

r + #0
r

&
cos&h , (2.11)

5

¥ In general there is an effect on a,b,c  from mixing  between the two Z2 
even scalars

¥ Since we want to isolate the effect of the additional bosons we choose 
this mixing angle        to be zero ! h

¥ Of the 12 Þelds in the bi-doublet and doublet : 6 are ÒeatenÓ by gauge 
bosons

¥ Of the remaining 6  there are 4 odd under Z2 : H 0, A0, H ±

¥ And 2 are even under Z2 : h0, H !0

¥ Decoupling limit corresponds to making        large

125 GeV boson

masses proportional to        v!

¥ In terms of the original doublet and bi-doublet Þelds

v!

21



Extended Gauge Boson Sector

7

we get

ght ¯t =
m
v

!
1 !

3
2

! 2L
M 2

"
(31)

Using mt " m(1 ! ! 2L / 2M 2) we can the coupling modiÞcation to be

c =
m
mt

!
1 !

3
2

! 2L
M 2

"
" 1 !

y2

L

2
v2

M 2

(32)

The extended fermion sector we have introduced does not cause any changes toa or b and so we
have a = b = 1.

V. EXTENDED GAUGE BOSON SECTOR

We consider a model where theSU(2)
1

# SU(2)
2

# U(1)Y gauge group is broken toU(1)
em

by
the scalar sector following Ref. [9]. The extended scalar sector comprises of anSU(2)

1

doublet !
with hypercharge 1/ 2 and a bidoublet " with zero hypercharge. Although this model consists of
an extended scalar and gauge boson sector, as we will illustrate shortly, the e#ect of the extended
gauge boson sector can be isolated.

Following Ref. [9] we write the following renormalizable scalar potential that is CP conserving
and has aZ

2

symmetry (" $ ÷" ).

V = m2

! !   ! +
" !

2

#
!   !

$
2

+ ( m2

" + "
0

!   ! )Tr( "   " ) +
" "

2

%
Tr( "   " )

&
2

!
÷"
2

'
'
' Tr( "   ÷" )

'
'
'
2

!

(
÷" !

4

#
Tr( "   " )

$
2

+ h.c.

)

(33)

(* add more model details*)
To derive the modiÞcation aW we only need to consider the term

(Dµ ! )  Dµ ! %
g2

1

c2! v"

2
#0

r W+

µ W " µ (34)

if we set $h = 0.
We get

aW = 1 +
v2

v2

"
s2! 0

c2! 0
(35)

where t! 0 = g
1

/g
2

. We deÞneg
1

and g
2

to be the gauge couplings corresponding to theSU(2)
1

and
SU(2)

2

symmetries.
Similarly we can derive aZ to be as follows

aZ = 1 +
v2

v2

"
s2! 0

c2! 0

#
1 + t2! W

#
1 ! 2t! 0 s2! 0

$$
(36)

and should be identiÞed with the measured Higgs mass, near 126 GeV. TheH ! 0 even scalar

has the same couplings as the SM Higgs except for an overall suppression by

sin! h =
" 0 v!

" " v�
+ O

!
v3

! /v 3
�

"
, (2.16)

and is signiÞcantly heavier:

MH ! =
#

" " v� + O
!
v2

! /v �

"
. (2.17)

Consequently, its dominant decay modes areW + W " and ZZ .

The odd scalars,H ± , H 0, A0, couple exclusively to gauge bosons and scalars, and only

in pairs. The lightest of them is stable, and a component of dark matter.A0 is naturally

the lightest odd particle (LOP). because in the÷" ! ! 0 limit the symmetry is enhanced:A0

becomes the Nambu-Goldstone boson of a globalU(1) symmetry acting on ! . We note,

however, that H 0 could also be the LOP (for÷" ! > ÷" ) and a viable dark matter candidate.

Even though it is part of an SU(2)W triplet that is degenerate at tree-level, electroweak

loops split the H ± and H 0 masses [6, 7].

In what follows we will assume thatA0 is the LOP. The heavier odd scalars then decay

as follows:H ± ! W ± A0, H 0 ! ZA 0. Even when these two-body decays are kinematically

forbidden, the three-body decays through an o" -shellW ± or Z are the dominant ones. Other

channels are highly suppressed, either kinematically (H + ! #+ #0H 0 and H + ! $+ %H 0) or

by loops (H 0 ! &A0 and the CP-violating H 0 ! h0A0).

B. Meta-sequential W ! boson

The kinetic terms for the # and ! scalars,

(Dµ# )  Dµ# + Tr
$
(Dµ! )  Dµ!

%
, (2.18)

involve the covariant derivative

Dµ = ' µ " igY Y Bµ " ig1
(T1 á (W1µ " ig2

(T2 á (W2µ , (2.19)

with T1,2 = ) 1,2/ 2; notice that (T2 acts from the right on the bidoublet: (T2 á! = " ! á() / 2.

After symmetry breaking, the electrically-charged gauge bosons acquire mass terms:

v2
!

4
g2

1 W +
1µW " µ

1 +
v2

�

4

!
g1W +

1µ " g2W +
2µ

" !
g1W " µ

1 " g2W " µ
2

"
. (2.20)

7
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has the same couplings as the SM Higgs except for an overall suppression by

sin! h =
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" " v!
+ O
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! /v 3
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and is signiÞcantly heavier:

MH ! =
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! /v !
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. (2.17)

Consequently, its dominant decay modes areW + W " and ZZ .

The odd scalars,H ± , H 0, A0, couple exclusively to gauge bosons and scalars, and only

in pairs. The lightest of them is stable, and a component of dark matter.A0 is naturally

the lightest odd particle (LOP). because in the÷" ! ! 0 limit the symmetry is enhanced:A0

becomes the Nambu-Goldstone boson of a globalU(1) symmetry acting on ! . We note,

however, that H 0 could also be the LOP (for÷" ! > ÷" ) and a viable dark matter candidate.

Even though it is part of an SU(2)W triplet that is degenerate at tree-level, electroweak

loops split the H ± and H 0 masses [6, 7].

In what follows we will assume thatA0 is the LOP. The heavier odd scalars then decay

as follows:H ± ! W ± A0, H 0 ! ZA 0. Even when these two-body decays are kinematically

forbidden, the three-body decays through an o" -shellW ± or Z are the dominant ones. Other

channels are highly suppressed, either kinematically (H + ! #+ #0H 0 and H + ! $+ %H 0) or

by loops (H 0 ! &A0 and the CP-violating H 0 ! h0A0).

B. Meta-sequential W ! boson

The kinetic terms for the # and ! scalars,

(Dµ# )  Dµ# + Tr
$
(Dµ! )  Dµ!

%
, (2.18)

involve the covariant derivative

Dµ = ' µ " igY Y Bµ " ig1
(T1 á (W1µ " ig2

(T2 á (W2µ , (2.19)

with T1,2 = ) 1,2/ 2; notice that (T2 acts from the right on the bidoublet: (T2 á! = " ! á() / 2.

After symmetry breaking, the electrically-charged gauge bosons acquire mass terms:

v2
!

4
g2

1 W +
1µW " µ

1 +
v2

!

4

!
g1W +

1µ " g2W +
2µ

" !
g1W " µ

1 " g2W " µ
2

"
. (2.20)
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Calculating aW , aZ , bW , bZ

¥ Generated by the scalar kinetic terms :

¥ where

¥ DeÞning

¥ aW can be enhanced like in GM model while couplings to Z may be 
enhanced or suppressed depending on  t ! 0

aW = 1 +
v2

v2
!

s2
! 0

aZ = 1 +
v2

v2
!

s2
! 0

(1 + t2
! W

c2
! 0

(1 ! 2t! 0 s2
! 0

))

bW = 1 bZ = 1 +
v2

v2
!

t2
! W

s2
! 0

c2
! 0

(1 ! 2t! 0 s2
! 0

)

8

(* add expressions for bW , bZ *)

c =
v
v!

= 1 !
v2

v2
!

s2
" 0

(37)

where we set the overall factor on the RHS cos# h = 1.
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Appendix A: Unitarity Condition

M = 16!
!

J

(2J + 1) aJ PJ (cos" ) (A1)

The unitarity condition we use is |Re(a0)| < 1
2 . The orthoganality condition for Legendre poly-

nomials is as follows

" 1

! 1
Pm (x)Pn (x)dx =

2#mn

2n + 1
(A2)

First few polynomials :

P0(x) = 1

P1(x) = x

P2(x) =
1
2

(3x2 ! 1) (A3)

(A4)

Using the above we can extracta0 form the amplitude M using

a0 =
1

32!

" 1

! 1
M dcos" (A5)

**add feynman diagrams to each section **
** Þx notation : ! for lab coordinate and " for mixing angle **

¥ The fermion coupling modiÞcation again does not saturate unitarity 
power law

¥ Always suppressed
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Results 

¥ Extended Scalar Sectors (SM+s, GM) can saturate a and b power laws 
when there is a trilinear term whose dimensionful coefÞcient can be 
made large 

¥ Further discrimination is possible based on whether a and b can be 
enhanced in a model (e.g. Georgi-Machacek) 

¥ None of the extensions (to our knowledge) saturate the power the law 
for c

¥ Gauge Boson Sector extensions that enhance a and b are possible as well
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