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Surely technicolor is dead,
   there IS a Higgs! 

However, let’s be careful

1. Need “walking” for mass/flavor problem

2. Hence, likely light dilaton

3. Dilaton “=” higgs

Note: not new. Ongoing discussion since mid 80’s
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to the couplings of a pseudo-dilaton that arises from an
underlying strong sector. By non-linearly realized scale
invariance, the tree level pseudo-dilaton couplings are ob-
tained from those of the Higgs boson by replacing the
electroweak scale v with the scale f of conformal symme-
try breaking. In general the scale f may differ from v, so
that the unitarization of Standard Model amplitudes is
only partial. At the loop level, the dilaton also has cou-
plings to massless SM gauge bosons, but their strength
is model dependent. However, if f is close to v and no
other light states appear, it would be nearly impossible
to distinguish the new strong dynamics from the mini-
mal Higgs model. Finally, the self-couplings depend on
the dimension of operators that explicitly break the con-
formal symmetry, and this provides an opportunity to
differentiate the dilaton from the Higgs.

In the next section we describe our setup, which con-
sists of the SM with nonlinearly realized electroweak sym-
metry coupled to a light dilaton arising from a conformal
theory. There, we discuss the couplings of the dilaton
to SM fields. Assuming that the SM is embedded in
the conformal sector, we obtain the dilaton couplings to
massless SM gauge bosons, finding a large enhancement
relative to the analogous SM Higgs couplings. Unfor-
tunately, this does not constitute a tell tale sign of the
dilaton since the perturbative SM gauge interactions can
be non-conformal at high scales without spoiling the dy-
namics of a strongly interacting conformal sector. In ad-
dition, Higgs couplings to photons and gluons can be
radiatively induced by new heavy states, making an un-
ambiguous comparison of the Higgs and dilaton couplings
difficult. We also show that, in certain limits, the dilaton
cubic self coupling can be calculated in terms of its mass
and the scale of conformal symmetry breaking. This cou-
pling, although difficult to measure, is perhaps the most
interesting probe of the conformal sector.

In section II we briefly discuss collider phenomenology.
We first address current bounds inferred by LEP exper-
iments, then turn to LHC prospects, and finally com-
ment on the measurement of the dilaton self coupling
that could be achieved at a linear collider.

I. SETUP

We assume that the light degrees of freedom consist
of the SM gauge bosons and fermions as well as an elec-
troweak neutral scalar, the dilaton, whose mass is pro-
tected by approximate scale invariance. All other states
responsible either for conformal or electroweak breaking
are taken to be roughly heavier than a scale ΛEW ∼ 4πv.
The interactions among the light fields are described by
a low-energy effective Lagrangian with non-linearly real-
ized SU(2)L × U(1)Y and (approximate) conformal in-
variance.

A. Conformal sector

In this section we briefly recall the standard lore on
broken scale invariance. Conformal invariance in a field
theory can be broken by both classical (couplings with
non-zero mass dimension) and quantum (dependence on
a renormalization scale µ) effects. The manner in which
scale invariance is broken can be read off the RG equa-
tions of the theory.

A heuristic way of understanding the effects of scale
transformations on the theory can be obtained by writing
the Lagrangian in a basis of anomalous dimension eigen-
operators,

L =
∑

i

gi(µ)Oi(x), (1)

with [Oi] = di. The content of the RG equations is sum-
marized by assigning the transformations laws

Oi(x) → eλdiOi(e
λx),

µ → e−λµ,

under scale transformations xµ → eλxµ. This gives

δL =
∑

i

gi(µ)(di + xµ∂µ)Oi(x) +
∑

i

βi(g)
∂

∂gi
L, (2)

where βi(g) = µ∂gi(µ)/∂µ. From this one obtains the
divergence of the scale current Sµ = T µ

νxν ,

∂µSµ = T µ
µ =

∑

i

gi(µ)(di − 4)Oi(x) +
∑

i

βi(g)
∂

∂gi
L,

(3)
This implies in particular the standard result that if di =
4 and βi = 0, the theory is scale invariant.

Given Eq. (1), a simple way of incorporating non-
linearly realized scale invariance is to add a field χ(x)
that serves as a conformal compensator. Assigning the
scale transformation law

χ(x) → eλχ(eλx),

we simply need to make the replacement

gi(µ) → gi

(

µ
χ

f

)(

χ

f

)4−di

,

in Eq. (1). Here f = ⟨χ⟩ is the order parameter for scale
symmetry breaking, determined by the dynamics of the
underlying strong sector. The Goldstone boson associ-
ated with conformal symmetry breaking is parameterized
as

χ(x) = feσ(x)/f , (4)

which transforms non-linearly under scale transforma-
tions, λ : σ(x)/f → σ(eλx)/f + λ. However, a more
convenient parameterization for the fluctuations about
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scale transformation law

χ(x) → eλχ(eλx),

we simply need to make the replacement
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in Eq. (1). Here f = ⟨χ⟩ is the order parameter for scale
symmetry breaking, determined by the dynamics of the
underlying strong sector. The Goldstone boson associ-
ated with conformal symmetry breaking is parameterized
as

χ(x) = feσ(x)/f , (4)

which transforms non-linearly under scale transforma-
tions, λ : σ(x)/f → σ(eλx)/f + λ. However, a more
convenient parameterization for the fluctuations about
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in Eq. (1). Here f = ⟨χ⟩ is the order parameter for scale
symmetry breaking, determined by the dynamics of the
underlying strong sector. The Goldstone boson associ-
ated with conformal symmetry breaking is parameterized
as

χ(x) = feσ(x)/f , (4)

which transforms non-linearly under scale transforma-
tions, λ : σ(x)/f → σ(eλx)/f + λ. However, a more
convenient parameterization for the fluctuations about
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the VEV is χ̄(x) = χ(x) − f. Expanding about ⟨χ⟩ = f ,
one gets the standard result

Lχ =
1

2
∂µχ̄∂

µχ̄+
χ̄

f
T µ

µ + · · · , (5)

with T µ
µ as in Eq. (3).

B. Electroweak sector

A convenient, model-independent description of a
strongly interacting Higgs sector is in terms of the elec-
troweak chiral Lagrangian [10]. Introducing a 2 × 2 uni-
modular matrix field U(x), the dynamics of the EWSB
sector at energies below ΛEW ∼ 4πv ≃ 1 TeV is given by

LEW = LχEW + Lψ + LY , (6)

with

LχEW = −
1

4
(Bµν)

2 −
1

2
trW 2

µν +
1

4
v2trDµU †DµU + · · · ,

(7)
where the covariant derivative of U(x) is

DµU = ∂µU + ig1BµU
τ3
2

− ig2W⃗µ ·
τ⃗

2
U, (8)

and

LY = −Q̄LUmqqR − L̄LUmℓℓR + h.c. (9)

where mq/v, mℓ/v are quark and lepton Yukawa matri-
ces2. The term Lψ contains the usual fermion kinetic
energy operators.

In the unitary gauge, U = 1, LχEW above describes the
kinetic and mass terms for the SU(2)L × U(1)Y gauge
fields. Terms omitted in Eq. (7) are higher derivative
operators that encode the various precision electroweak
parameters with coefficients that scale as inverse powers
of the scale ΛEW . We simply assume that these coeffi-
cients are adjusted to be consistent with the measured
experimental values of the electroweak observables. We
have also neglected an additional custodial SU(2) vio-
lating two-derivative operator whose coefficient is exper-
imentally known to be small.

It is clear that the gauge boson and fermion mass terms
include the coupling of gauge fields to the dilaton as,
the replacement v → vχ/f makes Eq. (6) formally scale
invariant. Expanding about ⟨χ⟩ = f gives the couplings
of the dilaton to the SM gauge bosons and fermions at
tree level

Lχ,SM =

(

2χ̄

f
+
χ̄2

f2

) [

m2
W W+

µ W−µ
+

1

2
m2

ZZµZµ

]

+
χ̄

f

∑

ψ

mψψ̄ψ, (10)

2 We have written the right-handed fermions as custodial SU(2)
doublets, so that mq,ℓ is a 2× 2 diagonal matrix of 3× 3 blocks,
with the lower block of mℓ set to zero.

which are identical in form to the couplings of a minimal
Higgs boson.

C. Dilaton self couplings

In the limit of exact scale invariance χ is derivatively
self-coupled. Ignoring for the time being terms that ex-
plicitly break the symmetry, self-interactions of the dila-
ton take the form

Lχ =
1

2
∂µχ∂

µχ+
c4

(4πχ)4
(∂µχ∂

µχ)2 + · · · , (11)

where the constant c4 ∼ O(1) depends on the details of
the underlying CFT. The inverse powers of χ are neces-
sary to ensure that Lχ transforms correctly under scal-
ings.

In addition, the theory may possess explicit sources
of scale symmetry breaking. For example, suppose that
conformal invariance is broken by the addition of an op-
erator O(x) with scaling dimension ∆O ̸= 4 to the La-
grangian,

LCFT → LCFT + λOO(x). (12)

It is straightforward to include this pattern of symmetry
breaking by the introduction of a spurion field into the
low-energy effective theory. This spurion constrains the
non-derivative interactions of χ(x) to be of the form [11]

V (χ) = χ4
∞
∑

n=0

cn(∆O)

(

χ

f

)n(∆O−4)

, (13)

where the coefficients cn ∼ λn
O depend on the dynamics

of the underlying CFT. By assumption, this dynamics
must be such that V (χ) is minimized at ⟨χ⟩ = f with
m2
χ = d2V (⟨χ⟩)/dχ2 > 0. In general, the coefficients cn

are functions of the scaling dimension, which we assume
are non-singular in the limit ∆O → 4.

It is not possible to make detailed predictions without
knowledge of the coefficients cn in V (χ) unless there ex-
ists a small expansion parameter. Here we are interested
in the case where the explicit conformal breaking term
above is small. This can be either because the opera-
tor O is nearly marginal (|∆O − 4| ≪ 1), as is the case
in walking technicolor theories or RS models stabilized
by the scenario of [12], or because the coefficient λO is
chosen to be small in units of f , as in the case of the
minimal Higgs model. If this happens, it is possible to
obtain definite expressions for the dilaton self-couplings
once the parameters m and f are fixed. We find that the
potential is

V (χ̄) =
1

2
m2χ̄2 +

λ

3!

m2

f
χ̄3 + · · · , (14)

where m2 ≪ f2 is proportional to the small symmetry
breaking parameter: m2/f2 ∝ λO for λO ≪ 1 (in units of
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m2
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are functions of the scaling dimension, which we assume
are non-singular in the limit ∆O → 4.

It is not possible to make detailed predictions without
knowledge of the coefficients cn in V (χ) unless there ex-
ists a small expansion parameter. Here we are interested
in the case where the explicit conformal breaking term
above is small. This can be either because the opera-
tor O is nearly marginal (|∆O − 4| ≪ 1), as is the case
in walking technicolor theories or RS models stabilized
by the scenario of [12], or because the coefficient λO is
chosen to be small in units of f , as in the case of the
minimal Higgs model. If this happens, it is possible to
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A convenient, model-independent description of a
strongly interacting Higgs sector is in terms of the elec-
troweak chiral Lagrangian [10]. Introducing a 2 × 2 uni-
modular matrix field U(x), the dynamics of the EWSB
sector at energies below ΛEW ∼ 4πv ≃ 1 TeV is given by
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where mq/v, mℓ/v are quark and lepton Yukawa matri-
ces2. The term Lψ contains the usual fermion kinetic
energy operators.

In the unitary gauge, U = 1, LχEW above describes the
kinetic and mass terms for the SU(2)L × U(1)Y gauge
fields. Terms omitted in Eq. (7) are higher derivative
operators that encode the various precision electroweak
parameters with coefficients that scale as inverse powers
of the scale ΛEW . We simply assume that these coeffi-
cients are adjusted to be consistent with the measured
experimental values of the electroweak observables. We
have also neglected an additional custodial SU(2) vio-
lating two-derivative operator whose coefficient is exper-
imentally known to be small.

It is clear that the gauge boson and fermion mass terms
include the coupling of gauge fields to the dilaton as,
the replacement v → vχ/f makes Eq. (6) formally scale
invariant. Expanding about ⟨χ⟩ = f gives the couplings
of the dilaton to the SM gauge bosons and fermions at
tree level
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which are identical in form to the couplings of a minimal
Higgs boson.

C. Dilaton self couplings

In the limit of exact scale invariance χ is derivatively
self-coupled. Ignoring for the time being terms that ex-
plicitly break the symmetry, self-interactions of the dila-
ton take the form
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(4πχ)4
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µχ)2 + · · · , (11)

where the constant c4 ∼ O(1) depends on the details of
the underlying CFT. The inverse powers of χ are neces-
sary to ensure that Lχ transforms correctly under scal-
ings.

In addition, the theory may possess explicit sources
of scale symmetry breaking. For example, suppose that
conformal invariance is broken by the addition of an op-
erator O(x) with scaling dimension ∆O ̸= 4 to the La-
grangian,

LCFT → LCFT + λOO(x). (12)

It is straightforward to include this pattern of symmetry
breaking by the introduction of a spurion field into the
low-energy effective theory. This spurion constrains the
non-derivative interactions of χ(x) to be of the form [11]

V (χ) = χ4
∞
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where the coefficients cn ∼ λn
O depend on the dynamics

of the underlying CFT. By assumption, this dynamics
must be such that V (χ) is minimized at ⟨χ⟩ = f with
m2
χ = d2V (⟨χ⟩)/dχ2 > 0. In general, the coefficients cn

are functions of the scaling dimension, which we assume
are non-singular in the limit ∆O → 4.

It is not possible to make detailed predictions without
knowledge of the coefficients cn in V (χ) unless there ex-
ists a small expansion parameter. Here we are interested
in the case where the explicit conformal breaking term
above is small. This can be either because the opera-
tor O is nearly marginal (|∆O − 4| ≪ 1), as is the case
in walking technicolor theories or RS models stabilized
by the scenario of [12], or because the coefficient λO is
chosen to be small in units of f , as in the case of the
minimal Higgs model. If this happens, it is possible to
obtain definite expressions for the dilaton self-couplings
once the parameters m and f are fixed. We find that the
potential is

V (χ̄) =
1
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m2χ̄2 +
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where m2 ≪ f2 is proportional to the small symmetry
breaking parameter: m2/f2 ∝ λO for λO ≪ 1 (in units of
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LEW = LχEW + Lψ + LY , (6)

with

LχEW = −
1

4
(Bµν)

2 −
1

2
trW 2

µν +
1

4
v2trDµU †DµU + · · · ,

(7)
where the covariant derivative of U(x) is

DµU = ∂µU + ig1BµU
τ3
2

− ig2W⃗µ ·
τ⃗

2
U, (8)

and

LY = −Q̄LUmqqR − L̄LUmℓℓR + h.c. (9)

where mq/v, mℓ/v are quark and lepton Yukawa matri-
ces2. The term Lψ contains the usual fermion kinetic
energy operators.

In the unitary gauge, U = 1, LχEW above describes the
kinetic and mass terms for the SU(2)L × U(1)Y gauge
fields. Terms omitted in Eq. (7) are higher derivative
operators that encode the various precision electroweak
parameters with coefficients that scale as inverse powers
of the scale ΛEW . We simply assume that these coeffi-
cients are adjusted to be consistent with the measured
experimental values of the electroweak observables. We
have also neglected an additional custodial SU(2) vio-
lating two-derivative operator whose coefficient is exper-
imentally known to be small.

It is clear that the gauge boson and fermion mass terms
include the coupling of gauge fields to the dilaton as,
the replacement v → vχ/f makes Eq. (6) formally scale
invariant. Expanding about ⟨χ⟩ = f gives the couplings
of the dilaton to the SM gauge bosons and fermions at
tree level

Lχ,SM =
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) [
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W W+
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+
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∑

ψ

mψψ̄ψ, (10)

2 We have written the right-handed fermions as custodial SU(2)
doublets, so that mq,ℓ is a 2× 2 diagonal matrix of 3× 3 blocks,
with the lower block of mℓ set to zero.

which are identical in form to the couplings of a minimal
Higgs boson.

C. Dilaton self couplings

In the limit of exact scale invariance χ is derivatively
self-coupled. Ignoring for the time being terms that ex-
plicitly break the symmetry, self-interactions of the dila-
ton take the form
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(4πχ)4
(∂µχ∂

µχ)2 + · · · , (11)

where the constant c4 ∼ O(1) depends on the details of
the underlying CFT. The inverse powers of χ are neces-
sary to ensure that Lχ transforms correctly under scal-
ings.

In addition, the theory may possess explicit sources
of scale symmetry breaking. For example, suppose that
conformal invariance is broken by the addition of an op-
erator O(x) with scaling dimension ∆O ̸= 4 to the La-
grangian,

LCFT → LCFT + λOO(x). (12)

It is straightforward to include this pattern of symmetry
breaking by the introduction of a spurion field into the
low-energy effective theory. This spurion constrains the
non-derivative interactions of χ(x) to be of the form [11]

V (χ) = χ4
∞
∑

n=0

cn(∆O)

(

χ

f

)n(∆O−4)

, (13)

where the coefficients cn ∼ λn
O depend on the dynamics

of the underlying CFT. By assumption, this dynamics
must be such that V (χ) is minimized at ⟨χ⟩ = f with
m2
χ = d2V (⟨χ⟩)/dχ2 > 0. In general, the coefficients cn

are functions of the scaling dimension, which we assume
are non-singular in the limit ∆O → 4.

It is not possible to make detailed predictions without
knowledge of the coefficients cn in V (χ) unless there ex-
ists a small expansion parameter. Here we are interested
in the case where the explicit conformal breaking term
above is small. This can be either because the opera-
tor O is nearly marginal (|∆O − 4| ≪ 1), as is the case
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by the scenario of [12], or because the coefficient λO is
chosen to be small in units of f , as in the case of the
minimal Higgs model. If this happens, it is possible to
obtain definite expressions for the dilaton self-couplings
once the parameters m and f are fixed. We find that the
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1

2
m2χ̄2 +

λ
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Are there models like this?? That is, WTC with light dilaton?  Unclear.

Several groups computing on lattice:

1. Z. Fodor, K. Holland, J. Kuti, D. Nogradi, C. Schroeder and C. H. Wong, 
2. T. Appelquist, R. Babich, R. C. Brower, M. I. Buchoff, M. Cheng, M. A. Clark, S. D. 
Cohen and G. T. Fleming 
3. K. -I. Ishikawa, Y. Iwasaki, Y. Nakayama and T. Yoshie
4. L. Del Debbio, B. Lucini, C. Pica, A. Patella, A. Rago, S. Roman 
5....

Conformal window caricature
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It is possible to construct a toy perturbative model with the wanted features
(but perturbative = contains elementary scalars, mass parameter fine tuned to zero)

BG & P. Uttayarat, JHEP 1107 (2011) 038
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By the way...

Recent proposals: use scale invariance to solve hierarchy problem.

This does not work. Scale invariance broken by anomaly (except in CFTs)
The anomaly arises from divergences in QFT that must be regulated. 
This leads immediately to fine tuning of scalar masses too. 

R. Foot,  et  al, arXiv:1310.0223
M. Holthausen, et al arXiv:1310.4423

G. M. Tavares, M. Schmaltz & W. Skiba, 
PPRD89 (2014) 015009

Friday, July 11, 14
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This is motivation for Model Independent studies of Higgs Physics

Two approaches:

1. EFT (1 slide)

2. Sum rules, dispersion relations, etc

1. The idea 0f a higgs impostor is falsifiable: f  ≥ v.

2. If experiment requires f  = v it would seem fine tuned. But in strongly 
coupled models there is no adjustable parameter (binary decision: works 
yes/no).

3. This is but one non-SUSY example of what may lay out there, solving 
the hierarchy problem (Little Higgs, extra-dimensions, Lee-Wick, ...)

4.There is also the (most exciting) chance we are too stupid to have 
guessed nature right

Comments:

Friday, July 11, 14
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Higgs precision tests
2-body decays  -- numbers

3-body decays  -- form factors
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Figure 1. Three-body decay h ! Zff̄ ; the main focus of the present work is for the case that the
final fermion pair is comprised of charged leptons, ff̄ = `¯̀.

experiments, and furthermore that they are in good agreement with the predictions of the

minimal SM. We will show that there is information that is lost in the fully integrated

partial decay widths that can be uncovered in the di↵erential decay widths.

Recently, the use of di↵erential distributions to confirm or reject various hypotheses

about the underlying physical processes has been successful. Specifically, the di↵erential

decay rate for h ! 4` [18–33] has been used to determine the spin and parity [34–36] of

the recently discovered resonance at the LHC, zero and even respectively.1 The error bars

on the di↵erential measurements are currently large, of order 100% of the central values,

which is large enough to hide new physics that doesn’t modify the total rate significantly,

but whose shapes may di↵er wildly from the SM prediction. We will show in section 3.2

that this can occur in realistic extensions of the SM.

2 Generalities

Ignoring the e↵ects of binding and confinement it is easy to classify and list the possible

channels for three-body decays of the Higgs. The three particle state has either three gauge

bosons or one gauge boson and two fermions, either two quarks or two leptons. In this

work we study decays into two fermions and a gauge boson. We further restrict the state

to the case that the two fermions are charged leptons since these o↵er the best prospect

for high precision measurements. Then the accompanying gauge boson is neutral and we

concentrate primarily on the case that it is a Z-boson, that is, on decays of the form

h ! Z`¯̀. The decay h ! �`¯̀ arises in the SM from h ! �Z⇤ ! �`¯̀ and h ! ��⇤ ! �`¯̀

at one loop. Because it is suppressed in the SM it may be interesting to study this process,

since new physics may produce large deviations from the SM prediction. However, h !
�Z⇤ ! �`¯̀ is primarily a 2-body decay of h and does not have the non-trivial kinematic

information that is the focus of our investigation, while h ! ��⇤ ! �`¯̀ is constrained by

the h ! �� branching fraction.

1The tensor structure of this new scalar’s couplings gauge bosons can be determined in the same man-

ner [37].
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Consider supplementing the Standard Model with the following operators which can

contribute to h ! Z ` ¯̀ at tree level

L
NP

=
e

sW cW

⇣ c`Z
4⇡v

¯̀�µ⌫`Zµ⌫ + ¯̀�µ(cLPL + cRPR)`Zµ

⌘ h

v
(2.1)

+
↵

4⇡

✓
cZZ

s2W c2W
Zµ⌫Z

µ⌫ +
cZ�

sW cW
Zµ⌫F

µ⌫

◆
h

v
.

We will refer to the second operator of the first line as “the current interaction,” labeling

it by OZJ . The peculiar normalization of the various terms was chosen such that all

coe�cients, c, are of order one according to naive dimensional analysis [38, 39] when the

cuto↵ of the e↵ect theory is taken to be ⇤ = 4⇡v. The Lagrangian (2.1) is a parametrization

of possible interactions beyond those in the SM, regardless of the details of underlying new

dynamics about which we remain agnostic. The dimension-3 operator hZµZµ has not been

included. This operator would renormalize the already existing tree-level SM coupling. We

will briefly discuss the e↵ects of such a renormalization below. The dipole terms in (2.1)

can not arise from the flavor SU(3)5-invariant UV theory that we assume in the present

work. Nevertheless, we include their contributions for completeness.2

While we do not assume a particular UV-completion of the low energy theory, let us

discuss how the interactions in (2.1) may be properly embedded in a model in which the

Z/W bosons acquire mass through spontaneous breaking of electroweak symmetry. This

is necessary because while only Higgs data provide constraints on the coe�cients of the

operators in eq. (2.1), additional indirect constraints arise when these operators are related

to others by electroweak symmetry.

There are two approaches to an e↵ective Lagrangian for beyond the SM interactions of

the Higgs particle, with the electroweak gauge symmetry linearly or non-linearly realized.

In the linear realization, the above mentioned e↵ective Lagrangian consists of a sum of op-

erators of dimension higher than four, including the scalar doublet that can be constructed

in terms of the fields in the SM. This can be done systematically by assuming diminishing

e↵ects of operators of increasing dimensions. We will therefore concentrate on operators of

dimension no bigger than six. In the linear realization such operators were first classified

in ref. [40]. The minimal set, which excludes a few redundant operators, is presented in

ref. [41]. The strength of each operator is characterized by its coe�cient in the e↵ective

Lagrangian. Some of these coe�cients are severely constrained both by flavor physics, e.g.,

neutral meson mixing, and by electroweak precision data (EWPD). We assume the new

physics is CP conserving and flavor symmetric, that is, the operators in L
NP

are invariant

under SU(3)5 transformations of the quark and lepton doublet and singlet fields of the SM.

Hence the constraints from flavor physics are immediately alleviated. The e↵ective theory

analysis of precision electroweak data has a long history [40, 42], one particular example

being the so-called oblique corrections [43–47] (see [48, 49] for extensions of the latter for-

malism). More generally, the constraints from electroweak precision measurements on the

resulting e↵ective Lagrangian have been studied in [50, 51]. Of particular interest for our

2In any case, the e↵ects of these operators for the processes we are considering should be expected to

be rather weak since they do not interfere with the leading SM diagram.
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Figure 2. Contributions to h ! Z`¯̀ from OZJ . The di↵erential decay rate and di↵erential signal
strength as a function of m2

23 are shown on the left and right respectively. The curves correspond
to the SM (blue); cR = 0.99, cL = 0 (red); cL = �1.15, cR = 0 (yellow); and cR = �cL = 1.07
(green). µ = 1 in each of these cases.

3.2 Discussion

In this subsection, we have identified the regions in the three-body phase space where the

e↵ects of new physics can become especially pronounced and could be detectable by future

experiments. We define signal strength in the standard way,

µ =
�
SM+NP

⇥ Br
SM+NP

�
SM

⇥ Br
SM

. (3.8)

None of the models we consider modify the Higgs-like production rate significantly. In

addition, OZJ does not a↵ect the total width of the new resonance for the parameters

chosen, while modifications of the total width due to OZ� are loop suppressed. Therefore,

to a good approximation, the signal strength is given by µ = �
SM+NP

/�
SM

. We generalize

this concept to that of the di↵erential signal strength with the following definition,

µ(m2

23

) = (d�
SM+NP

/dm2

23

)/(d�
SM

/dm2

23

).

Figure 2 shows di↵erential decay rate (left) and di↵erential signal strength (right) as

a function of m2

23

for the current interaction OZJ . The values of the coe�cients in figure 2

are all within the 1� bounds from EWPD in table 1. All of these curves do not add or

subtract from the total SM decay rate, µ = 1, and yet can di↵er from the leading order

(LO) SM prediction by as much as 30% in the di↵erential decay rate. We do not expect

next-to-leading order (NLO) SM corrections to significantly a↵ect this result for the values

of m
23

above a few GeV, see figure 4. Allowing the total signal strength to be as large as

the 1� bound on h ! ZZ? in [6], µ = 1.00 ± 0.13, the e↵ect can become as large as 50%.

Searching for this e↵ect in h ! Zqq̄ (q = b, c) at a linear collider may provide an even

better window to observe the e↵ects of NP. The reason being that the bounds from Z-pole

experiments are weaker on heavy quarks than they are on leptons, and at least currently,

the bounds from Higgs data are weaker on heavy quarks than they are EW gauge bosons.

In order to fully demonstrate that three-body decays of the higgs bosons are good

probe of physics beyond the SM, a semi-realistic detector simulation should be performed.

– 9 –
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Figure 1. Three-body decay h ! Zff̄ ; the main focus of the present work is for the case that the
final fermion pair is comprised of charged leptons, ff̄ = `¯̀.

experiments, and furthermore that they are in good agreement with the predictions of the

minimal SM. We will show that there is information that is lost in the fully integrated

partial decay widths that can be uncovered in the di↵erential decay widths.

Recently, the use of di↵erential distributions to confirm or reject various hypotheses

about the underlying physical processes has been successful. Specifically, the di↵erential

decay rate for h ! 4` [18–33] has been used to determine the spin and parity [34–36] of

the recently discovered resonance at the LHC, zero and even respectively.1 The error bars

on the di↵erential measurements are currently large, of order 100% of the central values,

which is large enough to hide new physics that doesn’t modify the total rate significantly,

but whose shapes may di↵er wildly from the SM prediction. We will show in section 3.2

that this can occur in realistic extensions of the SM.

2 Generalities

Ignoring the e↵ects of binding and confinement it is easy to classify and list the possible

channels for three-body decays of the Higgs. The three particle state has either three gauge

bosons or one gauge boson and two fermions, either two quarks or two leptons. In this

work we study decays into two fermions and a gauge boson. We further restrict the state

to the case that the two fermions are charged leptons since these o↵er the best prospect

for high precision measurements. Then the accompanying gauge boson is neutral and we

concentrate primarily on the case that it is a Z-boson, that is, on decays of the form

h ! Z`¯̀. The decay h ! �`¯̀ arises in the SM from h ! �Z⇤ ! �`¯̀ and h ! ��⇤ ! �`¯̀

at one loop. Because it is suppressed in the SM it may be interesting to study this process,

since new physics may produce large deviations from the SM prediction. However, h !
�Z⇤ ! �`¯̀ is primarily a 2-body decay of h and does not have the non-trivial kinematic

information that is the focus of our investigation, while h ! ��⇤ ! �`¯̀ is constrained by

the h ! �� branching fraction.

1The tensor structure of this new scalar’s couplings gauge bosons can be determined in the same man-

ner [37].

– 2 –

e.g.
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Consider supplementing the Standard Model with the following operators which can

contribute to h ! Z ` ¯̀ at tree level

L
NP

=
e

sW cW

⇣ c`Z
4⇡v

¯̀�µ⌫`Zµ⌫ + ¯̀�µ(cLPL + cRPR)`Zµ

⌘ h

v
(2.1)

+
↵

4⇡

✓
cZZ

s2W c2W
Zµ⌫Z

µ⌫ +
cZ�

sW cW
Zµ⌫F

µ⌫

◆
h

v
.

We will refer to the second operator of the first line as “the current interaction,” labeling

it by OZJ . The peculiar normalization of the various terms was chosen such that all

coe�cients, c, are of order one according to naive dimensional analysis [38, 39] when the

cuto↵ of the e↵ect theory is taken to be ⇤ = 4⇡v. The Lagrangian (2.1) is a parametrization

of possible interactions beyond those in the SM, regardless of the details of underlying new

dynamics about which we remain agnostic. The dimension-3 operator hZµZµ has not been

included. This operator would renormalize the already existing tree-level SM coupling. We

will briefly discuss the e↵ects of such a renormalization below. The dipole terms in (2.1)

can not arise from the flavor SU(3)5-invariant UV theory that we assume in the present

work. Nevertheless, we include their contributions for completeness.2

While we do not assume a particular UV-completion of the low energy theory, let us

discuss how the interactions in (2.1) may be properly embedded in a model in which the

Z/W bosons acquire mass through spontaneous breaking of electroweak symmetry. This

is necessary because while only Higgs data provide constraints on the coe�cients of the

operators in eq. (2.1), additional indirect constraints arise when these operators are related

to others by electroweak symmetry.

There are two approaches to an e↵ective Lagrangian for beyond the SM interactions of

the Higgs particle, with the electroweak gauge symmetry linearly or non-linearly realized.

In the linear realization, the above mentioned e↵ective Lagrangian consists of a sum of op-

erators of dimension higher than four, including the scalar doublet that can be constructed

in terms of the fields in the SM. This can be done systematically by assuming diminishing

e↵ects of operators of increasing dimensions. We will therefore concentrate on operators of

dimension no bigger than six. In the linear realization such operators were first classified

in ref. [40]. The minimal set, which excludes a few redundant operators, is presented in

ref. [41]. The strength of each operator is characterized by its coe�cient in the e↵ective

Lagrangian. Some of these coe�cients are severely constrained both by flavor physics, e.g.,

neutral meson mixing, and by electroweak precision data (EWPD). We assume the new

physics is CP conserving and flavor symmetric, that is, the operators in L
NP

are invariant

under SU(3)5 transformations of the quark and lepton doublet and singlet fields of the SM.

Hence the constraints from flavor physics are immediately alleviated. The e↵ective theory

analysis of precision electroweak data has a long history [40, 42], one particular example

being the so-called oblique corrections [43–47] (see [48, 49] for extensions of the latter for-

malism). More generally, the constraints from electroweak precision measurements on the

resulting e↵ective Lagrangian have been studied in [50, 51]. Of particular interest for our

2In any case, the e↵ects of these operators for the processes we are considering should be expected to

be rather weak since they do not interfere with the leading SM diagram.
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if, for example, model new physics by EFT
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Figure 2. Contributions to h ! Z`¯̀ from OZJ . The di↵erential decay rate and di↵erential signal
strength as a function of m2

23 are shown on the left and right respectively. The curves correspond
to the SM (blue); cR = 0.99, cL = 0 (red); cL = �1.15, cR = 0 (yellow); and cR = �cL = 1.07
(green). µ = 1 in each of these cases.

3.2 Discussion

In this subsection, we have identified the regions in the three-body phase space where the

e↵ects of new physics can become especially pronounced and could be detectable by future

experiments. We define signal strength in the standard way,

µ =
�
SM+NP

⇥ Br
SM+NP

�
SM

⇥ Br
SM

. (3.8)

None of the models we consider modify the Higgs-like production rate significantly. In

addition, OZJ does not a↵ect the total width of the new resonance for the parameters

chosen, while modifications of the total width due to OZ� are loop suppressed. Therefore,

to a good approximation, the signal strength is given by µ = �
SM+NP

/�
SM

. We generalize

this concept to that of the di↵erential signal strength with the following definition,

µ(m2

23

) = (d�
SM+NP

/dm2

23

)/(d�
SM

/dm2

23

).

Figure 2 shows di↵erential decay rate (left) and di↵erential signal strength (right) as

a function of m2

23

for the current interaction OZJ . The values of the coe�cients in figure 2

are all within the 1� bounds from EWPD in table 1. All of these curves do not add or

subtract from the total SM decay rate, µ = 1, and yet can di↵er from the leading order

(LO) SM prediction by as much as 30% in the di↵erential decay rate. We do not expect

next-to-leading order (NLO) SM corrections to significantly a↵ect this result for the values

of m
23

above a few GeV, see figure 4. Allowing the total signal strength to be as large as

the 1� bound on h ! ZZ? in [6], µ = 1.00 ± 0.13, the e↵ect can become as large as 50%.

Searching for this e↵ect in h ! Zqq̄ (q = b, c) at a linear collider may provide an even

better window to observe the e↵ects of NP. The reason being that the bounds from Z-pole

experiments are weaker on heavy quarks than they are on leptons, and at least currently,

the bounds from Higgs data are weaker on heavy quarks than they are EW gauge bosons.

In order to fully demonstrate that three-body decays of the higgs bosons are good

probe of physics beyond the SM, a semi-realistic detector simulation should be performed.

– 9 –
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Available on the CERN CDS information server CMS PAS HIG-13-016

CMS Physics Analysis Summary

Contact: cms-pag-conveners-higgs@cern.ch 2013/07/01

Properties of the observed Higgs-like resonance decaying
into two photons

The CMS Collaboration

Abstract

Analyses are reported on properties of the recently discovered Higgs-like resonance
around 125 GeV in its decay to two photons. The analyses are performed using the
2011 (2012) dataset recorded by the CMS experiment at the LHC from pp collisions
at a centre-of-mass energy of 7 (8) TeV. The dataset corresponds to an integrated lu-
minosity of 5.1 (19.6) fb�1. The spin analysis is evaluated on the 2012 dataset alone.
An upper limit on the natural width of the observed resonance is found to be 6.9 GeV
at 95% confidence level. A search has been performed for second Higgs-like states
in the range 110 < mH < 150 GeV. Spin hypothesis tests have been performed com-
paring the Standard Model Higgs with a spin-2 graviton-like model with minimal
couplings. The current data cannot exclude this particular model of spin-2 whilst the
data are compatible with the Standard Model Higgs at the 1s level.
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7.3 Search for two near mass-degenerate states 9
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Figure 2: Exclusion limit on s ⇥ BR for another Higgs state with SM couplings taking the
observed state at 125 GeV as part of the background
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Figure 3: Exclusion limits on s ⇥ BR for a second Higgs-like state produced with gluon-fusion
only (left) or vector-boson-fusion and vector-boson-associated production only (right) taking
the observed state at 125 GeV as part of the background.

only relevant production mechanism. We assume that the state near 125 GeV has SM cou-
plings, with floating mass and signal strength, and search for additional states with only gluon-
fusion production (Fig. 3a) and only vector-boson-fusion and vector-boson-associated produc-
tion (Fig. 3b). The local p-value at the most significant excess, which in both cases is where
mH=136.5 GeV, is found to be 2.73s for gluon-fusion production only and 2.15s for vector-
boson production only.

7.3 Search for two near mass-degenerate states

Because of the high resolution of the diphoton channel, there is some sensitivity to a pair of
nearby states. The analysis uses the one-Higgs search event selections but the signal model is
re-parameterized such that two mass variables, mH and mH2 = mH + Dm, refer to two similar
but independent signals. The relative strength of the two signals, parametrised by the variable
x, is allowed to float such that the two signals are modulated by rx and r(1 � x) respectively,

BR  = branching ratio
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Figure 3: Exclusion limits on s ⇥ BR for a second Higgs-like state produced with gluon-fusion
only (left) or vector-boson-fusion and vector-boson-associated production only (right) taking
the observed state at 125 GeV as part of the background.

only relevant production mechanism. We assume that the state near 125 GeV has SM cou-
plings, with floating mass and signal strength, and search for additional states with only gluon-
fusion production (Fig. 3a) and only vector-boson-fusion and vector-boson-associated produc-
tion (Fig. 3b). The local p-value at the most significant excess, which in both cases is where
mH=136.5 GeV, is found to be 2.73s for gluon-fusion production only and 2.15s for vector-
boson production only.

7.3 Search for two near mass-degenerate states

Because of the high resolution of the diphoton channel, there is some sensitivity to a pair of
nearby states. The analysis uses the one-Higgs search event selections but the signal model is
re-parameterized such that two mass variables, mH and mH2 = mH + Dm, refer to two similar
but independent signals. The relative strength of the two signals, parametrised by the variable
x, is allowed to float such that the two signals are modulated by rx and r(1 � x) respectively,

BR  = branching ratio

What’s this?

p-value at most significant excess, where mH=136.5 GeV, is determined at  2.93σ
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Figure 3: Exclusion limits on s ⇥ BR for a second Higgs-like state produced with gluon-fusion
only (left) or vector-boson-fusion and vector-boson-associated production only (right) taking
the observed state at 125 GeV as part of the background.

only relevant production mechanism. We assume that the state near 125 GeV has SM cou-
plings, with floating mass and signal strength, and search for additional states with only gluon-
fusion production (Fig. 3a) and only vector-boson-fusion and vector-boson-associated produc-
tion (Fig. 3b). The local p-value at the most significant excess, which in both cases is where
mH=136.5 GeV, is found to be 2.73s for gluon-fusion production only and 2.15s for vector-
boson production only.

7.3 Search for two near mass-degenerate states

Because of the high resolution of the diphoton channel, there is some sensitivity to a pair of
nearby states. The analysis uses the one-Higgs search event selections but the signal model is
re-parameterized such that two mass variables, mH and mH2 = mH + Dm, refer to two similar
but independent signals. The relative strength of the two signals, parametrised by the variable
x, is allowed to float such that the two signals are modulated by rx and r(1 � x) respectively,

Even more curious/interesting

gg ! H +X
qq̄ ! qq̄H +X

qq̄ ! W±H +X

qq̄ ! ZH +X
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only relevant production mechanism. We assume that the state near 125 GeV has SM cou-
plings, with floating mass and signal strength, and search for additional states with only gluon-
fusion production (Fig. 3a) and only vector-boson-fusion and vector-boson-associated produc-
tion (Fig. 3b). The local p-value at the most significant excess, which in both cases is where
mH=136.5 GeV, is found to be 2.73s for gluon-fusion production only and 2.15s for vector-
boson production only.

7.3 Search for two near mass-degenerate states

Because of the high resolution of the diphoton channel, there is some sensitivity to a pair of
nearby states. The analysis uses the one-Higgs search event selections but the signal model is
re-parameterized such that two mass variables, mH and mH2 = mH + Dm, refer to two similar
but independent signals. The relative strength of the two signals, parametrised by the variable
x, is allowed to float such that the two signals are modulated by rx and r(1 � x) respectively,

gg ! H +X
qq̄ ! qq̄H +X

qq̄ ! W±H +X

qq̄ ! ZH +X

Both cases similarly significant: p-value 2.73σ (left) 2.15σ (right)
Values similar to those of SM higgs; our calculation:

limit:
�ggF ⇥ BR(h0 ! ��) = 0.036 ± 0.013 pb,

�V BF+V h0 ⇥ BR(h0 ! ��) = 0.007 ± 0.003 pb.
(1)

Dividing these cross sections by the SM prediction for a Higgs boson with mh0 = 136.5

GeV yields signal strengths, µ ⌘ (� ⇥ Br)/(�SM ⇥ BrSM), of µggF = 1.1 ± 0.4 and

µV BF = 1.6 ± 0.7 respectively. Let’s characterize the coupling of h0 to vector bosons and

fermions by

Lh0 � �2m2

W

v
EW

ah0W µWµh
0 � m2

Z

v
EW

ah0ZµZµh
0 �

X

i

mfi

v
EW

c0fi f̄ifih
0 (2)

where v
EW

= (
p

2GF )�1/2 ⇡ 246 GeV is the electroweak VEV.

The parameters in Eq. (2) can be estimated from these two measurements by perform-

ing a �2 fit to the data. Since there are more parameters than measurements, there should

be at least one set of parameters that exactly reproduces the measurements. We assume

that h0 can only decay to SM particles, and that
��c0f 6=t

��  3. The couplings we are most

interested in are ah0 and c0t, so we project the allowed parameter space onto the ah0 � c0t

plane. Note that we are not performing a goodness-of-fit test, but are simply trying to

estimate parameters. The result is shown in Fig. 1. The green and yellow regions corre-

spond to �2  2.30 and 6.18, hence are compatible with the CMS measurements at the

68% and 95% confidence levels (CL), respectively.

Alternatively, it is instructive to see what happens when an ansatz is made for the

other parameters in the model. In Fig. 2a, the couplings of h0 to fermions other than

the top-quark are fixed to a common value. The dotted, solid, and dashed contours

correspond to c0f 6=t = {0, 1, 2} respectively, while in Fig. 2b, the signal strength modifier

for fermions is assumed to be universal. The latter is an interesting case because there is

a class of models, which we discuss in depth below, where there is a single common c0f for

all fermions.

We see that CMS measurements prefer sizable coupling of h0 to both the top and the

vector-bosons. The question we posed above can be stated more specifically: how much

of the allowed region in Fig. 1 is compatible with the established properties of the 126

GeV Higgs resonance? We hasten to indicate that we address this question in generality,

3
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FIG. 1: Model independent analysis of the h0 couplings. The green and yellow regions

are compatible with the CMS hint of a 136 GeV Higgs resonance at 68% and 95% CL,

respectively.

not just as it may pertain to a putative state at 136 GeV (but we do use the 136 GeV

CMS data as an instructive example).

What precisely do we mean by “Higgs-like” particles? What makes a Higgs-like par-

ticle, or Higgs for short, special is its tri-linear coupling to electroweak vector bosons,

say hW+W� or hZZ. Indeed, in a gauge theory all fields,  , except the Higgs,2 have

couplings to gauge bosons, A, with the field appearing quadratically,  2A or  2A2. Hence

a unique characteristic of Higgs particles is that they can be produced in s-channel vector

boson fusion, and can decay into pairs of vector bosons. This generalized definition of

Higgs particle includes, of course, singly and doubly charged particles in addition to the

more familiar neutral (CP-even) Higgs. In fact, considerations of perturbative unitarity

will require that we include singly and doubly charged Higgs in our analysis.

We will derive a number of sum rules that will restrict the couplings of the Higgs

particles. The sum rules are model independent, but derived only at tree level. For each

sum rule we derive we will show in explicit examples how they are saturated. We will

see, model independently, that not all the allowed region in Fig. 1 is compatible with the

2 And other electroweak vector bosons, of course.
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FIG. 2: The preferred values of (ah0 , c0t) for interpreting the bump in the CMS data as a

second Higgs boson. The regions of parameter space that are allowed at 68% and

95% CL are shown in green and yellow, respectively. In Fig. 2a, the couplings of h0 to

fermions other than the top-quark are fixed to a common value. The dotted, solid, and

dashed contours correspond to c0f 6=t = {0, 1, 2} respectively. In Fig. 2b, the signal

strength modifier for fermions is assumed to be universal.

established properties of the 126 GeV Higgs resonance. We will also see that the region

in Fig. 1 compatible with several specific models of the h0 is further restricted.

Sum rules for Higgs particles have been considered before. There is a vast literature

on 2HDM models, recasting explicit results as sum rules, see e.g. [12, 13, 14, 15] for an

incomplete list. Sum rules for the couplings of arbitrary number of Higgses in general

representations of the electroweak group were first derived by Gunion, Haber, and Wudka

using perturbative unitarity arguments in [16]. To make the presentation self-contained,

we review below the derivation of these sum rules. In addition, we present bounds on

combinations of masses and couplings of the Higgs particles, that to the best of our

knowledge have not been considered for general Higgs sectors before3. These perturbative

3 While sum rules for couplings are satisfied automatically for a renormalizable theory with an arbitrary

Higgs sector, the sum rules bounding masses of Higgs particles carry extra non-trivial information

5

Left: common h' coupling to all fermions except top Contours with 
points, solid dashes correspond to c'f ≠ t = {0, 1, 2}, respectively. 
Right: universal fermion coupling modifier, c'f  = c' t 
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Figure 1: The region of parameter space within 1- and 2-� of the best fit values. The

dashed line is the decoupling limit, ↵+� = ±⇡/2, where the couplings are SM-like (up

to a possible sign flip for the down Yukawa couplings).

We also impose the following perturbativity constraint on the couplings

y2i
4⇡

 1 ,
�i

4⇡
 1. (4.2)

We insist on these constraints up to the cuto↵ scale for all the Yukawa and scalar

couplings. We list the beta-functions used in evolving the coupling constants in ap-

pendix B.

4.2 Experimental Bounds

A wealth of experimental data, particularly from precision measurements, places strong

constraints on the spectrum of the 2HDM-II. A newly published result on a direct search

for the charged Higgs at LEP yields the 95% CL lower bound MH± � 80 GeV [38]. At

present there is no lower bound on the charged Higgs mass from the Tevatron or LHC

– 8 –

Dotted line is decoupling limit, α + β = ± π / 2, for 
which couplings are SM-similar (modulo sign 
change in d-s-b-Yukawa ).

experimental constraints to determine the viable parameter space. We briefly discuss

the phenomenology of the heavy CP-even neutral Higgs boson, H, in the surviving

parameter space in section 5. We then conclude in section 6.

2 The Model

Here we give a brief overview of the 2HDM-II and we set our notation. We take the

two scalar doublets �1 and �2 to have hypercharge 1/2. They can be expanded as

�j =

✓
�+
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(vj + ⇢j + i⌘j)/
p
2

◆
. (2.1)

The Yukawa coupling to fermions are given by

Lyuk = �yuq̄L(i�
2�⇤

2)uR � ydq̄L�1dR � yeēL�1eR + h.c. (2.2)

Expanding out the CP-even neutral scalar sector we obtain
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v cos �
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Me

v cos �
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where tan � = v2/v1 and v2 = v21 + v22. The two CP-even neutral scalars mix with each

other. The mass eigenstates are given by
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where h is the lighter eigenstate to be identified with the observed 125 GeV Higgs-like

particle. In terms of these mass eigenstates, we find
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(2.5)

The couplings of these two eigenstate h and H to gauge bosons can be obtained

from the kinetic terms of �1 and �2. They are

2M2
W
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µ W�µh sin(↵ + �) +
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ZµZ
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(2.6)
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Figure 1: The region of parameter space within 1- and 2-� of the best fit values. The

dashed line is the decoupling limit, ↵+� = ±⇡/2, where the couplings are SM-like (up

to a possible sign flip for the down Yukawa couplings).

We also impose the following perturbativity constraint on the couplings

y2i
4⇡

 1 ,
�i

4⇡
 1. (4.2)

We insist on these constraints up to the cuto↵ scale for all the Yukawa and scalar

couplings. We list the beta-functions used in evolving the coupling constants in ap-

pendix B.

4.2 Experimental Bounds

A wealth of experimental data, particularly from precision measurements, places strong

constraints on the spectrum of the 2HDM-II. A newly published result on a direct search

for the charged Higgs at LEP yields the 95% CL lower bound MH± � 80 GeV [38]. At

present there is no lower bound on the charged Higgs mass from the Tevatron or LHC

– 8 –

Dotted line is decoupling limit, α + β = ± π / 2, for 
which couplings are SM-similar (modulo sign 
change in d-s-b-Yukawa ).

experimental constraints to determine the viable parameter space. We briefly discuss

the phenomenology of the heavy CP-even neutral Higgs boson, H, in the surviving

parameter space in section 5. We then conclude in section 6.

2 The Model

Here we give a brief overview of the 2HDM-II and we set our notation. We take the

two scalar doublets �1 and �2 to have hypercharge 1/2. They can be expanded as

�j =

✓
�+
j

(vj + ⇢j + i⌘j)/
p
2

◆
. (2.1)

The Yukawa coupling to fermions are given by

Lyuk = �yuq̄L(i�
2�⇤

2)uR � ydq̄L�1dR � yeēL�1eR + h.c. (2.2)

Expanding out the CP-even neutral scalar sector we obtain

Lyuk = � Mu

v sin �
ūu⇢2 �

Md

v cos �
d̄d⇢1 �

Me

v cos �
ēe⇢1, (2.3)

where tan � = v2/v1 and v2 = v21 + v22. The two CP-even neutral scalars mix with each

other. The mass eigenstates are given by

✓
⇢1
⇢2

◆
=

✓
cos↵ sin↵

� sin↵ cos↵

◆✓
H

h

◆
, (2.4)

where h is the lighter eigenstate to be identified with the observed 125 GeV Higgs-like

particle. In terms of these mass eigenstates, we find

Lyuk = �Mu

v

✓
cos↵

sin �

◆
ūuh� Md

v

✓
sin↵

cos �

◆
d̄dh� Me

v

✓
sin↵

cos �

◆
ēeh

+
Mu

v

✓
sin↵

sin �

◆
ūuH � Md

v

✓
cos↵

cos �

◆
d̄dH � Me

v

✓
cos↵

cos �

◆
ēeH

(2.5)

The couplings of these two eigenstate h and H to gauge bosons can be obtained

from the kinetic terms of �1 and �2. They are

2M2
W

v
W+

µ W�µh sin(↵ + �) +
M2

Z

v
ZµZ

µh sin(↵ + �)

+
2M2

W

v
W+

µ W�µH cos(↵ + �) +
M2

Z

v
ZµZ

µH cos(↵ + �).

(2.6)
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ūuH � Md

v

✓
cos↵

cos �

◆
d̄dH � Me

v

✓
cos↵

cos �

◆
ēeH

(2.5)

The couplings of these two eigenstate h and H to gauge bosons can be obtained

from the kinetic terms of �1 and �2. They are

2M2
W

v
W+

µ W�µh sin(↵ + �) +
M2

Z

v
ZµZ

µh sin(↵ + �)

+
2M2

W

v
W+

µ W�µH cos(↵ + �) +
M2

Z

v
ZµZ

µH cos(↵ + �).

(2.6)

– 3 –

experimental constraints to determine the viable parameter space. We briefly discuss

the phenomenology of the heavy CP-even neutral Higgs boson, H, in the surviving

parameter space in section 5. We then conclude in section 6.

2 The Model

Here we give a brief overview of the 2HDM-II and we set our notation. We take the

two scalar doublets �1 and �2 to have hypercharge 1/2. They can be expanded as

�j =

✓
�+
j

(vj + ⇢j + i⌘j)/
p
2

◆
. (2.1)

The Yukawa coupling to fermions are given by

Lyuk = �yuq̄L(i�
2�⇤

2)uR � ydq̄L�1dR � yeēL�1eR + h.c. (2.2)
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ūu⇢2 �

Md

v cos �
d̄d⇢1 �

Me

v cos �
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• Can we accommodate this in 3HDM? 4HDM? or 
simply nHDM

• other models?
• model independent analysis?
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NOTE: What do we mean by a “higgs-boson” if we presume a model
independent analysis?
 
Answer: any particle that couples linearly to a pair of
electroweak vector mesons 
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work, based on dispersion relations in Sec. VII and o↵er some concluding remarks in

Sec. VIII.

II. MULTI-HIGGS DOUBLET MODEL

The CMS note points out that the h0 is incompatible with a two Higgs doublet model

(2HDM) hypothesis (see, e.g., [22, 23, 24] and references therein for a recent general

analysis of Type-II 2HDM and (N)MSSM Higgs sectors). The reason is this. Since

both the 126 GeV and 136 GeV states couple with similar strength to WW , we can

immediately discount the CP-odd neutral Higgs as one of these states. Assuming the

light CP-even neutral Higgs is the particle observed at 126 GeV, fits of Higgs data to the

2HDM assumption give ↵ + � ⇡ ±⇡/2, where ↵ is the mixing angle between CP-even

neutral Higgs mass eigenstates and tan � = v
1

/v
2

is the ratio of the vacuum expectation

values (VEV) of the two doublets. The ratio of the coupling of the heavier Higgs to WW

to that of the lighter Higgs is cot(↵ + �), so the fit gives a very suppressed h0 to W+W�

coupling.

This observation is readily generalized to models with any number of Higgs doublets.

Consider a model with N Higgs doublets, Hi, all with Y = 1

2

, with VEV vi/
p

2 and CP

even neutral scalar h̃i. The kinetic energy terms of these doublets give the W -mass and

the couplings of the h̃i to W+W�:

L = · · · + 1

4

g2W+

µ W�

⌫ ⌘µ⌫

NX

i=1

(vi + h̃i)
2. (4)

This can be interpreted as follows. The vector 1

2

g2(v
1

, . . . , vN) ⌘ gMW
~̃a =

gMW (ã
1

, . . . , ãN) characterizes the couplings of the fields ~̃h = (h̃
1

, . . . , h̃N) to W+W�,

and the norm of the vector is fixed, |~̃a|2 = 1. The fields in ~̃h do not in general correspond

to mass eigenstates. An orthogonal rotation ~̃h = R~h brings the mass matrix to diagonal

form. The mass eigenstates couple to WW with strength ~a = RT ~̃a. Since R is orthogonal

|~̃a|2 = 1 implies |~a|2 = 1. Without loss of generality we take h
1

to correspond to the

126 GeV observed resonance. Then

X

i>1

a2

i = 1 � a2

1

. (5)

7

N doublets Hi  all with  Y=1/2, with expectation value  vi /√2, neutral CP-even component 
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, . . . , ãN) characterizes the couplings of the fields ~̃h = (h̃
1

, . . . , h̃N) to W+W�,

and the norm of the vector is fixed, |~̃a|2 = 1. The fields in ~̃h do not in general correspond

to mass eigenstates. An orthogonal rotation ~̃h = R~h brings the mass matrix to diagonal

form. The mass eigenstates couple to WW with strength ~a = RT ~̃a. Since R is orthogonal

|~̃a|2 = 1 implies |~a|2 = 1. Without loss of generality we take h
1

to correspond to the

126 GeV observed resonance. Then

X

i>1

a2

i = 1 � a2

1

. (5)

7

work, based on dispersion relations in Sec. VII and o↵er some concluding remarks in

Sec. VIII.

II. MULTI-HIGGS DOUBLET MODEL

The CMS note points out that the h0 is incompatible with a two Higgs doublet model

(2HDM) hypothesis (see, e.g., [22, 23, 24] and references therein for a recent general

analysis of Type-II 2HDM and (N)MSSM Higgs sectors). The reason is this. Since

both the 126 GeV and 136 GeV states couple with similar strength to WW , we can

immediately discount the CP-odd neutral Higgs as one of these states. Assuming the

light CP-even neutral Higgs is the particle observed at 126 GeV, fits of Higgs data to the

2HDM assumption give ↵ + � ⇡ ±⇡/2, where ↵ is the mixing angle between CP-even

neutral Higgs mass eigenstates and tan � = v
1

/v
2

is the ratio of the vacuum expectation

values (VEV) of the two doublets. The ratio of the coupling of the heavier Higgs to WW

to that of the lighter Higgs is cot(↵ + �), so the fit gives a very suppressed h0 to W+W�

coupling.

This observation is readily generalized to models with any number of Higgs doublets.

Consider a model with N Higgs doublets, Hi, all with Y = 1

2

, with VEV vi/
p

2 and CP

even neutral scalar h̃i. The kinetic energy terms of these doublets give the W -mass and

the couplings of the h̃i to W+W�:

L = · · · + 1

4

g2W+

µ W�

⌫ ⌘µ⌫

NX

i=1

(vi + h̃i)
2. (4)

This can be interpreted as follows. The vector 1

2

g2(v
1

, . . . , vN) ⌘ gMW
~̃a =

gMW (ã
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That is, the CP-even neutral Higgs resonances other than h
1

(the observed 126 GeV one)

can couple to WW only to the extent that the coupling of h
1

to WW di↵ers form that of

Higgs in the (one Higgs doublet) SM.

III. GENERALIZATIONS

The results of the previous section can be generalized to the case of Higgs fields in

any non-trivial representation of SU(2). This may seem as only of academic interest

since electroweak precision data (EWPD) places stringent constraints on the VEV of

non-doublet representations. But there are exceptions, like the model of Georgi and

Machacek [25] and models with isospin-3 fields [26]. We carry out the analysis in general,

and return below to considerations of EWPD.

In the case of arbitrary representations, Eq. (4) is replaced by

L = · · · + 1

4

g2W+

µ W�

⌫ ⌘µ⌫

NX

i=1

Ci(vi + h̃i)
2, (6)

where we assume h̃i is the CP-even neutral scalar from the (2ni + 1)-dimensional repre-

sentation, with the third component of isospin given by mi, so that

Ci = C(ni, mi) = 2[ni(ni + 1) � m2

i ]. (7)

The couplings of h̃i are now characterized by ~̃a = g
2MW

(C
1

v
1

, . . . , CNvN) and those of mass

eigenstates by ~a = RT ~̃a, with RTR = 1. The constraint

NX

i=1

ã2

i

Ci

= 1, (8)

is an ellipse in ~̃a space. Rotating to ~a space, this remains an ellipse. Now suppose one of

the couplings in ~a has been measured. Without loss of generality we take this to be the

first component, a
1

. For a
1

su�ciently close to 1, the least constraining case is when the

rotation R makes a
1

line up with the semi-major axis. Consider, for example, the N = 2

case with C
1

= 1 and C
2

> 1. Then we must have

a2

2

= 1 � a2

1

C
2

. (9)
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More generally, the constraint on the coupling of the mass eigenstates to WW takes the

form

aTRTC�1Ra = 1, (10)

where C is the diagonal matrix of the Ci and we have used vector notation (with a = ~a).

This in principle alleviates constraints on the magnitude of couplings of extra neutral

Higgs bosons to W and Z.

While the rotation to the mass eigenstate may greatly relax the constraint on the

coupling of the second Higgs, the coupling of the first Higgs resonance to fermions is

correspondingly reduced. Only isospin-1
2

states can couple directly to fermions. If only

H
1

is in the doublet representation then the coupling to fermions is through

Lf = H̃
1

q̄L�UuR + H
1

q̄L�DdR + H
1

¯̀
L�EeR, (11)

where H̃
1

= i�2H⇤

1

and �U,D,E are the matrices of Yukawa couplings. Expanding this

about the vacuum and retaining only the couplings of the neutral Higgs mass eigenstates

one obtains

Lf =
1

v
1

R
1ihi

�
ūmUu + d̄mDd + ēmEe

�
, (12)

where mU,D,E are the mass matrices. Orthogonality of R implies
P

i>1

R2

1i = 1 � R2

11

,

limiting the extent to which the remaining Higgs resonances couple to fermions. Return-

ing to the simple example above, in the extreme case that the doublet field C
1

= 1 is

maximally rotated with a non-doublet, C
2

> 1 as given by Eq. (9), one has R
11

= 0 and

R
12

= 1 and only one resonance couples to fermions.

A. Electroweak constraints

Precision measurements of electroweak parameters place stringent constraints on the

possibility of VEV for Higgs multiplets other than the doublet and the septet (isospin-3).

The deviation of the ⇢ parameter from unity (or, equivalently, the T -parameter) con-

straints the VEV of the multiplets at tree level:

�⇢ =
M2

W � M2

3

M2

3

, (13)

where MW is the W± mass and M
3

= MZ cos ✓W that of the neutral component of the

SU(2) vector boson multiplet. At tree level, in the case of N multiplets Hi, i = 1, . . . , N ,

9

)

Ah, freedom!
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with Hi in the (2ni + 1)-dimensional representation of SU(2) with VEV vi/
p

2 in the

T
3

= mi component (and hypercharge4 of Y (Hi) = �mi), we obtain

�⇢ =

P
i v

2

i [ni(ni + 1) � 3m2

i ]P
i 2v

2

i m
2

i

, (14)

Note that for gni  4⇡, a loose requirement for perturbation theory to hold, ni(ni + 1) �

3m2

i vanishes for ni = |mi| = 1

2

or ni = 3, |mi| = 2 only (additional solutions are found

for larger isospin, e.g., ni = 48, |mi| = 28 or ni = 361

2

, |mi| = 209

2

).

Quantum corrections due to additional Higgs bosons can be conveniently studied in

terms of the oblique parameters, in particular the well-known S and T . We do not attempt

to study these corrections for arbitrary Higgs representation. The results largely depend

on the exact form of the Higgs potential, that we leave unspecified in this work. We refer

the readers to the literature for relevant studies. In the case of multi-Higgs doublets, these

corrections are well known [27]; see [28] for a recent discussion.

In the context of the doublet-septet model, the S and T parameters have only been

studied in the special case where the charged Higgs spectrum is taken to be degenerate

with the exception of one singly charged Higgs [29].

IV. PERTURBATIVE UNITARITY

Perturbative unitarity of the SM has been famously used to place a bound of about

700 GeV on the Higgs mass. Lee, Quigg and Thacker (LQT) [17] observed that the tree

level partial wave amplitudes for longitudinally polarized W+W� scattering grow with

the Higgs mass, so that at large enough mass the amplitudes exceed the unitarity bound.

They also pointed out that in the absence of the Higgs particle the J = 0, 1 partial

wave amplitudes grow with the square of the center of mass energy s, but the exchange

of the Higgs particle in the s- and t-channels cancels the linear growth with s of these

amplitudes.

4 We use the convention Q = T 3 + Y for the electric charge throughout this work.
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(septets)

(gi ni/4π > 1, perturbation theory to hell,  Landau pole in you face)

Vanishes also if cancellation between positive and negative terms
Example: Georgi-Machacek model: several fields, all with same VEV,
all with n = 1 (triplets), so that n(n+1) = 2
With 3 triplets, one with m = 0:   3(2) - 2(3×12) = 0

H. Georgi and M. Machacek, Nucl.Phys. B262 (1985) 463.

J. Hisano and K. Tsumura, Phys.Rev. D87 no. 5, (2013) 053004, arXiv:1301.6455 [hep-ph].
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More generally, the constraint on the coupling of the mass eigenstates to WW takes the

form

aTRTC�1Ra = 1, (10)

where C is the diagonal matrix of the Ci and we have used vector notation (with a = ~a).

This in principle alleviates constraints on the magnitude of couplings of extra neutral

Higgs bosons to W and Z.

While the rotation to the mass eigenstate may greatly relax the constraint on the

coupling of the second Higgs, the coupling of the first Higgs resonance to fermions is

correspondingly reduced. Only isospin-1
2

states can couple directly to fermions. If only

H
1

is in the doublet representation then the coupling to fermions is through

Lf = H̃
1

q̄L�UuR + H
1

q̄L�DdR + H
1

¯̀
L�EeR, (11)

where H̃
1

= i�2H⇤

1

and �U,D,E are the matrices of Yukawa couplings. Expanding this

about the vacuum and retaining only the couplings of the neutral Higgs mass eigenstates

one obtains

Lf =
1

v
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R
1ihi
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ūmUu + d̄mDd + ēmEe

�
, (12)

where mU,D,E are the mass matrices. Orthogonality of R implies
P

i>1

R2

1i = 1 � R2

11

,

limiting the extent to which the remaining Higgs resonances couple to fermions. Return-

ing to the simple example above, in the extreme case that the doublet field C
1

= 1 is

maximally rotated with a non-doublet, C
2

> 1 as given by Eq. (9), one has R
11

= 0 and

R
12

= 1 and only one resonance couples to fermions.

A. Electroweak constraints

Precision measurements of electroweak parameters place stringent constraints on the

possibility of VEV for Higgs multiplets other than the doublet and the septet (isospin-3).

The deviation of the ⇢ parameter from unity (or, equivalently, the T -parameter) con-

straints the VEV of the multiplets at tree level:
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2

, |mi| = 209

2

).

Quantum corrections due to additional Higgs bosons can be conveniently studied in

terms of the oblique parameters, in particular the well-known S and T . We do not attempt

to study these corrections for arbitrary Higgs representation. The results largely depend

on the exact form of the Higgs potential, that we leave unspecified in this work. We refer

the readers to the literature for relevant studies. In the case of multi-Higgs doublets, these

corrections are well known [27]; see [28] for a recent discussion.

In the context of the doublet-septet model, the S and T parameters have only been

studied in the special case where the charged Higgs spectrum is taken to be degenerate

with the exception of one singly charged Higgs [29].

IV. PERTURBATIVE UNITARITY

Perturbative unitarity of the SM has been famously used to place a bound of about

700 GeV on the Higgs mass. Lee, Quigg and Thacker (LQT) [17] observed that the tree

level partial wave amplitudes for longitudinally polarized W+W� scattering grow with

the Higgs mass, so that at large enough mass the amplitudes exceed the unitarity bound.

They also pointed out that in the absence of the Higgs particle the J = 0, 1 partial

wave amplitudes grow with the square of the center of mass energy s, but the exchange

of the Higgs particle in the s- and t-channels cancels the linear growth with s of these

amplitudes.

4 We use the convention Q = T 3 + Y for the electric charge throughout this work.
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(septets)

(gi ni/4π > 1, perturbation theory to hell,  Landau pole in you face)

Vanishes also if cancellation between positive and negative terms
Example: Georgi-Machacek model: several fields, all with same VEV,
all with n = 1 (triplets), so that n(n+1) = 2
With 3 triplets, one with m = 0:   3(2) - 2(3×12) = 0

Will use these as examples

H. Georgi and M. Machacek, Nucl.Phys. B262 (1985) 463.

J. Hisano and K. Tsumura, Phys.Rev. D87 no. 5, (2013) 053004, arXiv:1301.6455 [hep-ph].
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FIG. 3: W+W� scattering in the presence of a generic Higgs sector. Diagrams a-c refer

to the scattering in the Higgsless standard model, with W 3 collectively denoting the

exchange of the Z boson and the photon. The growth with the center of mass energy of

these contributions can be cancelled by neutral (d, e) or doubly charged (f) Higgses.
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Following LQT we can also obtain an upper limit on a combination of the masses

M0

i and M++

r of the neutral and doubly charged Higgses. We quickly review the LQT

computation. They consider (in the SM) first the limit Mh � MW ⇠ MZ of the J = 0

partial wave scattering amplitude for W+
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limit. They find the following expression for (the finite piece of) the s-wave scattering
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derive a slightly better bound by performing a coupled channel analysis including also

ZZ, Zh and hh scattering.
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partial amplitude growth with energy, s

No growth with s,
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bounds using

sum rule must be treated with care. The reason for this is that one combination of the

singly charged Higgs bosons is eaten by the W±. It is then necessary to eliminate the fake

contribution of the goldstone combination to the ZZ ! WW scattering; see below for

an explicit example. In a generic case of arbitrary number of neutral and singly charged

scalars, we obtain the following sum rule

cos2 ✓WM4

Z/M4

W +
X

r

f 2

r �
X

i

aidi = 0, (28)

where only the physical states are understood to contribute to the sum rule. If one insists

on di = ai/ cos2 ✓W , as one may expect by custodial symmetry, then this is
P

i a
2

i �

cos2 ✓W
P

r f 2

r = (cos ✓WMZ/MW )4. One may combine this result with the sum rule in

Eq. (17), and use �⇢ ⌧ 1 to obtain a connection between singly and doubly charged Higgs

resonances, cos2 ✓W
P

r f 2

r = 4
P

r b2r. An immediate consequence is that in multi-higgs

doublet models the couplings of charged higgs particles to WZ vanish.

The subleading, s-independent piece leads to the constraints on the charged and neutral

Higgs masses from perturbative unitarity; again, we can obtain LQT-like mass bounds

from the requirement that the J = 0 partial wave respect unitarity, |Re(a
0

)| < 1/2:

X

i

aidi(M
0

i )2 + 2
X

r

f 2

r (M+

r )2 <
4⇡

p
2

cos2 ✓WGF

⇡ 1.3 TeV2. (29)

1. Example: A Single Electroweak Multiplet

We illustrate these results with a model consisting of a single Higgs field belonging to

an arbitrary representation of the SU(2)L ⇥ U(1)Y gauge group. Consider a multiplet �

having isospin 2n+1 and vacuum expectation value h�mi = v/
p

2 on the component with

T 3 = m (hence Y = �m). For general n, there are two singly charged Higgses, �⇤

m+1

and

�m�1

. Expanding out the kinetic term, one finds their couplings to the gauge bosons

L � 1

2
⌘µ⌫

⇥
g2W+

µ W�

⌫

�
n(n + 1) � m2

�
+ (g2 + g02)ZµZ⌫m

2

⇤
(v + �m)2

+
v cos ✓Wp

2


ZµW+

µ

�
D�m�1

+ E�⇤

m+1

�
+ h.c.

�
,

(30)

where g0 is the hypercharge gauge coupling and

D = D(n, m) = F
⇥
2(g2 + g02)m � g2

⇤
,

E = E(n, m) = G
⇥
2(g2 + g02)m + g2

⇤
.
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A. Sum rule for W+

L W�

L ! W+

L W�

L

Applying the LQT argument to the multi-Higgs doublet extension of the SM gives

an alternate derivation of the sum rule (5). It is the statement that the couplings that

appear in the s- and t- channel neutral Higgs exchange must add up to those of the SM

contribution in order to cancel the linear growth with s of the J = 0, 1 partial wave

amplitudes.

This suggests a more general approach to the sum rule for any number of N neutral

resonances hi that couple to W+W� with strength ai, namely

NX

i=1

a2

i
?

= 1. (15)

The constraint (15) is stronger than the one in (8), which must hold in order to obtain the

correct W mass in a multi-Higgs model with at least one Higgs multiplet of isospin 1 or

higher. And it is incorrect. In general there are additional contributions to the W+W�

scattering amplitude from u-channel exchange of a doubly charged component of the

multiplet to which hi belongs.

To see that this is the case we compute the amplitude for longitudinal W+W� scatter-

ing including contributions from a neutral Higgs with arbitrary coupling gMWa to W+W�

and of a doubly charged complex scalar with arbitrary coupling gMW b to W+W+ (plus

hermitian conjugate). Only the J = 0 and 1 partial wave amplitudes exhibit linear

growth with s, and the coe�cient of the term exhibiting linear growth is common to both
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
1

= 4 � 3(M
3

/MW )2 � a2 + 4b2. (16)
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arises when the exchanged neutral gauge boson is massive, Fig. 3b and 3c. The third

term is the contribution of the neutral Higgs exchange in both s- and t-channels, Fig. 3d

and 3e. The last term comes from the u-channel exchange of a doubly charged scalar,

Fig. 3f. In Eq. (16) the terms a2 and b2 should be replaced by a sum over squares of

couplings,
P

a2

i and
P

r b2r, when more than one neutral or doubly charged states are

11

W+
L W+

L W+
L W+

LW+
L W+

L

W+
L W+

L W+
L W+

L W+
L

W+
L

W�
L

W�
LW�

L

W�
L W�

LW�
L W�

L W�
LW�

L

W�
LW�

LW�
L

W 3

W 3

hi

hi �2

(a) (b) (c)

(d) (e) (f)

FIG. 3: W+W� scattering in the presence of a generic Higgs sector. Diagrams a-c refer

to the scattering in the Higgsless standard model, with W 3 collectively denoting the

exchange of the Z boson and the photon. The growth with the center of mass energy of

these contributions can be cancelled by neutral (d, e) or doubly charged (f) Higgses.

present. The correct version of the sum rule in Eq. (15) reads

X

i

a2

i � 4
X

r

b2r = 4 � 3(M
3

/MW )2 . (17)

Following LQT we can also obtain an upper limit on a combination of the masses

M0

i and M++

r of the neutral and doubly charged Higgses. We quickly review the LQT

computation. They consider (in the SM) first the limit Mh � MW ⇠ MZ of the J = 0

partial wave scattering amplitude for W+

L W�

L ! W+

L W�

L , followed by the large CM energy

limit. They find the following expression for (the finite piece of) the s-wave scattering

amplitude

a
0

(W+

L W�

L ! W+

L W�

L ) �������!
s�M2

h�M2
W

�GFM2

h

4⇡
p

2
, (18)

from which the condition
��a

0

(W+

L W�

L ! W+

L W�

L )
��  1 gives M2

h  4⇡
p

2/GF . LQT

derive a slightly better bound by performing a coupled channel analysis including also

ZZ, Zh and hh scattering.
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unitarity bound:

Below we use a slightly more constraining condition that follows from unitarity,
��Re

⇥
a
0

(W+

L W�

L ! W+

L W�

L )
⇤��  1/2. The same procedure gives, for the more general

case considered here,

X

i

(aiM
0

i )2 + 2
X

r

(brM
++

r )2  2⇡
p

2

GF

⇡ 0.5 TeV2 . (19)

To obtain this bound the limit of small MW,Z is taken first at constant Higgs masses, and

only then the large s limit is taken. The contribution of the a
1

⇡ 1, M0

1

⇡ 126 GeV Higgs

to the bound is negligible (which is consistent with the approximation of neglecting the

similarly small masses MW and MZ).

1. Examples

For explicit examples, we first consider the simpler case of an SU(2) gauge theory with

a single Higgs field � with isospin (2n + 1). We assume the VEV of the field, v/
p

2, is in

the T 3 = m component of the multiplet with hypercharge Y = �m. Let

� � h�i =
X

k

�k|ki, (20)

where |ki is a normalized 2n + 1 dimensional vector in isospin space, with T 3|ki = k|ki.

Then the lagrangian contains a term

L � g2vp
2
⌘µ⌫

⇥
A
�
W+

µ W+

⌫ �m�2

+ W�

µ W�

⌫ �⇤

m�2

�
+ B

�
W+

µ W+

⌫ �⇤

m+2

+ W�

µ W�

⌫ �m+2

�⇤
,

(21)

where5

A = A(n, m) = hm|T+T+|m � 2i = hm � 2|T�T�|mi

=
1

2

p
[n(n + 1) � (m � 2)(m � 1)] [n(n + 1) � m(m � 1)] ,

B = B(n, m) = A(n, m + 2) = hm + 2|T+T+|mi = hm|T�T�|m + 2i

=
1

2

p
[n(n + 1) � m(m + 1)] [n(n + 1) � (m + 1)(m + 2)] .

(22)

Note that A = 0 for m = �n and m = �n + 1, and B = 0 for m = n and m = n � 1, so

these coe�cients automatically account for the absence of charged states with disallowed

5 Our normalization conventions are [T a, T b] = i✏abc with ✏123 = 1, and [T+, T�] = T 3.
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Comments: 

If |a1| > 1 a doubly charged higgs must exist

The 125GeV higgs contribution to the bound is negligible
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sum rule:

Unitarity bound:

cancels identically in the gauge sector, the linear piece is given as follows

Mlin = �g2s


3 cos ✓ � 1

2M2

W

+ cos2 ✓W

✓
cos ✓M2

Z

4M2

W

+
M2

Z (3 + cos ✓) � 16M2

W cos ✓

8M4

W

◆

� sin2 ✓W
2 cos ✓

M2

W

�
= g2s (1 + cos ✓)

4M2

W � 3M2

Z cos2 ✓W
8M4

W

. (25)

The first term in the first line corresponds to the contact interaction, the second and third

terms, with coe�cient cos2 ✓W are the s-and t-channel Z exchange, respectively, and the

fourth term, proportional to sin2 ✓W , is from photon exchange.

Adding the contributions of the neutral and doubly charged Higgs bosons leads to the

following sum rule in a SU(2)L ⇥ U(1)Y - invariant theory with a generic Higgs sector

4 � 3
M2

Z cos2 ✓W
M2

W

� a2 + 4b2 =

✓
4 � 3

1 + �⇢

◆
� a2 + 4b2 = 0 , (26)

where �⇢ ⌘ M2
W

M2
Z cos

2 ✓W
� 1, is given by the right hand side of (14).

B. Sum rule from ZLZL ! W+

L W�

L

We have shown above that a charged scalar u-channel exchange in a theory with a

generic Higgs sector a↵ects in a non trivial way the sum rules that the neutral Higgs

boson couplings to the vector mesons should satisfy. Here we also derive yet another non-

trivial sum rule by demanding perturbative unitarity in the ZLZL ! W+

L W�

L channel.

Again we start by considering generic Higgs couplings. We denote the coupling of the

neutral Higgs to W+W� and ZZ by gMWa and gMWd/2 respectively, and the coupling

of a singly charged Higgs to ZW+ and its hermitian conjugate by gMWf (we assume

f is real). Note that, in the spirit of a model independent analysis, we have kept the

couplings of the neutral Higgs to WW and ZZ independent, although one may expect

d = a/ cos2 ✓W by custodial symmetry. Unlike in the W+

L W�

L ! W+

L W�

L scattering case,

only the J = 0 partial wave amplitudes exhibit the linear growth in s proportional to


2

= cos2 ✓WM4

Z/M4

W + f 2 � ad . (27)

The first term arises from the four-point gauge interactions, as well as from the t- and

u- channel W± exchange, while the second and third terms are contributed by the singly

charged and neutral Higgs bosons in the (t-, u-) and s- channels, respectively. The above
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sum rule must be treated with care. The reason for this is that one combination of the

singly charged Higgs bosons is eaten by the W±. It is then necessary to eliminate the fake

contribution of the goldstone combination to the ZZ ! WW scattering; see below for

an explicit example. In a generic case of arbitrary number of neutral and singly charged

scalars, we obtain the following sum rule

cos2 ✓WM4

Z/M4

W +
X

r

f 2

r �
X

i

aidi = 0, (28)

where only the physical states are understood to contribute to the sum rule. If one insists

on di = ai/ cos2 ✓W , as one may expect by custodial symmetry, then this is
P

i a
2

i �

cos2 ✓W
P

r f 2

r = (cos ✓WMZ/MW )4. One may combine this result with the sum rule in

Eq. (17), and use �⇢ ⌧ 1 to obtain a connection between singly and doubly charged Higgs

resonances, cos2 ✓W
P

r f 2

r = 4
P

r b2r. An immediate consequence is that in multi-higgs

doublet models the couplings of charged higgs particles to WZ vanish.

The subleading, s-independent piece leads to the constraints on the charged and neutral

Higgs masses from perturbative unitarity; again, we can obtain LQT-like mass bounds

from the requirement that the J = 0 partial wave respect unitarity, |Re(a
0

)| < 1/2:

X

i

aidi(M
0

i )2 + 2
X

r

f 2

r (M+

r )2 <
4⇡

p
2

cos2 ✓WGF

⇡ 1.3 TeV2. (29)

1. Example: A Single Electroweak Multiplet

We illustrate these results with a model consisting of a single Higgs field belonging to

an arbitrary representation of the SU(2)L ⇥ U(1)Y gauge group. Consider a multiplet �

having isospin 2n+1 and vacuum expectation value h�mi = v/
p

2 on the component with

T 3 = m (hence Y = �m). For general n, there are two singly charged Higgses, �⇤

m+1

and

�m�1

. Expanding out the kinetic term, one finds their couplings to the gauge bosons

L � 1

2
⌘µ⌫

⇥
g2W+

µ W�

⌫

�
n(n + 1) � m2

�
+ (g2 + g02)ZµZ⌫m

2

⇤
(v + �m)2

+
v cos ✓Wp

2


ZµW+

µ

�
D�m�1

+ E�⇤

m+1

�
+ h.c.

�
,

(30)

where g0 is the hypercharge gauge coupling and

D = D(n, m) = F
⇥
2(g2 + g02)m � g2

⇤
,

E = E(n, m) = G
⇥
2(g2 + g02)m + g2

⇤
.
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ZW�h+
r ! gMW frZZhi ! 1

2gMW di

(a) (b)

FIG. 5: Conservative perturbative unitarity upper bounds on mh0 (5a, for M++ = 0)

and M++ (5b, for mh0 = 0) as a function of mixing angles in the doublet-septet model.

The bounds are periodic in ↵ and we have centered the figures around the value of ↵

where the bound is strongest.

In each case, one of the mixing angles ↵ and � is kept constant while the other is varied.

Again, for the case that the septet takes appreciable part in the electroweak symmetry

breaking (� is not close to ⇡/2), at least one of the charged Higgs bosons is bound to be

relatively light.

C. The sum rule for W+

L W�

L ! tt̄

A sum rule for W+

L W�

L ! tt̄ is useful in constraining the couplings of the neutral

scalars to the top-quark, which contribute to the amplitudes for production of these states

in gg-fusion and for the decay into �� and �Z. The Feynman diagrams contributing to

W+

L W�

L ! tt̄ are shown in Fig. 7. The growth with one power of s cancels among diagrams

7(a) and 7(b), resulting in a leading contribution that grows as
p

s.

We denote the coupling of the ith neutral, physical CP-even scalar to t̄t by �i/
p

2, so

that � = gmt/
p

2MW in the SM as usual. Insisting that the growth with
p

s is cancelled

21
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FIG. 7: W+W� ! tt̄ scattering in the presence of a generic Higgs sector. W 3 in

diagram b denotes the exchange of the Z boson and the photon. Similarly, the h in

diagram c stands for a generic neutral Higgs boson.

matrix, transforming weak eigenstates into the physical ones. The above equation has a

simple interpretation. The sum of the couplings of the various scalars to the top quark

has to be such that when the ith scalar is replaced by its expectation value, vi, it gives

the top quark mass term: mt =
P

�̃ivi/
p

2. One can see this by writing the above sum

rule in the weak eigenbasis,
gmtp
2MW

�
X

i

ãi�̃i = 0. (40)

Using vi = ãi(2MW/g), one can see that this exactly reproduces the expression for the

top quark mass. The sum rule is more conveniently written as per Eq. (2) in terms of the

deviation of each Yukawa coupling from the SM value, �i = (gmt/
p

2MW )cti, thus

X

i

aicti = 1. (41)

Again, only the neutral Higgs from an SU(2)-doublet may couple to t̄t. For example,

if only the first Higgs is from a doublet, then �i = (RT )i1�̃1

, and
P

�2

i = �̃2

1

, or
P

c2ti =

1/a2

1

� 1.

The sum rule (39) has immediate phenomenological implications. It is saturated by

any Higgs that has SM-like couplings to both W+W� and t̄t. It follows that either one

or the other of these couplings for additional Higgses must vanish or there must be at

least two additional Higgses with canceling contributions. That is, if a second Higgs-like

resonance is discovered with near SM-like couplings, then a third one must also exist.
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unitarity bound:

+ analogous results for other quarks and leptons
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Examples - Applications
Idea: use 125 Higgs data and see what’s left in the sum rule

1. Neutral Higgs: Suppose there are two neutral higgs:
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FIG. 7: W+W� ! tt̄ scattering in the presence of a generic Higgs sector. W 3 in

diagram b denotes the exchange of the Z boson and the photon. Similarly, the h in

diagram c stands for a generic neutral Higgs boson.
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gmtp
2MW

�
X

i

ãi�̃i = 0. (40)

Using vi = ãi(2MW/g), one can see that this exactly reproduces the expression for the

top quark mass. The sum rule is more conveniently written as per Eq. (2) in terms of the

deviation of each Yukawa coupling from the SM value, �i = (gmt/
p

2MW )cti, thus

X

i

aicti = 1. (41)

Again, only the neutral Higgs from an SU(2)-doublet may couple to t̄t. For example,

if only the first Higgs is from a doublet, then �i = (RT )i1�̃1

, and
P

�2

i = �̃2

1

, or
P

c2ti =

1/a2

1

� 1.

The sum rule (39) has immediate phenomenological implications. It is saturated by

any Higgs that has SM-like couplings to both W+W� and t̄t. It follows that either one

or the other of these couplings for additional Higgses must vanish or there must be at

least two additional Higgses with canceling contributions. That is, if a second Higgs-like

resonance is discovered with near SM-like couplings, then a third one must also exist.
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FIG. 9: Projection of the viable parameter space assuming all the errors are reduced by

a factor of 2 (left plot) and 5 (right plot).

bosons. Here we focus on the sum rule involving the couplings to top quarks and vector-

bosons, Eq. (41), since it doesn’t include the charged Higgs couplings and is therefore the

most robust:

ah0c0t = 1 � ah ct. (42)

By fitting ah and ct to the existing 126 GeV Higgs data, we determine the allowed values

for the quantity ahct at 68% and 95% CL. Using the sum rule (42), the allowed region can

be mapped onto the ah0 – c0t plane. The result is shown in Fig. 8, where regions in the ah0

– c0t plane compatible with the 126 GeV Higgs data at the 68% and 95% CL are depicted

in orange and brown, respectively. This is superimposed on Fig. 1 of the parameter

estimation in light of the CMS 136 GeV higgs-like resonance data. One can see that only

a small portion of ah0 – c0t parameter space, allowed by current CMS measurements on the

136 GeV resonance is actually consistent with the 126 GeV Higgs data. It is important

to note that the bound from Eq. (42) is independent of the masses of the Higgs bosons.

Thus, even if the excess at 136 GeV is not confirmed, the orange and brown regions in

Fig. 8 will still be the favored regions for the couplings of a second Higgs boson in any

model with exactly two neutral Higgses.

It is interesting to see how an increase in precision of the Higgs measurements would

a↵ect the allowed ah0 – c0t parameter space. For this, we show in Fig. 9 projections assuming
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)

FIG. 8: Region in the ah0-c0t parameter space consistent with the unitarity constraint of

Eq. (39) assuming ah and ct are determined from the 126 GeV Higgs data. The orange

and brown regions are compatible with 126 GeV Higgs data at the 68% and 95% CL,

respectively. For reference, the figure has been superimposed on the fit in Fig. 1 to the

CMS data suggesting a Higgs resonance at 136 GeV.

Moreover, both of these resonances would have SM-like cross section for gg ! h ! WW ,

and one of them would have enhanced decay rate into �� (since the t-loop and the W -loop

contributions would interfere constructively).

Similar sum rules apply to the rest of quarks and all charged leptons. If the 126 GeV

Higgs is observed not to decay (or have suppressed decays) to any one quark or charged

lepton it follows immediately from the sum rule that there must be at least another

CP-even neutral Higgs.

V. MODEL INDEPENDENT ANALYSIS

A. Neutral Higgses

In general, the couplings of any extra neutral Higgs, h0, are related to the couplings of

the 126 GeV state h via unitarity constraints of Section IV. In the following, we assume

that there is only one additional neutral CP-even Higgs, and possibly some charged Higgs
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FIG. 9: Projection of the viable parameter space assuming all the errors are reduced by

a factor of 2 (left plot) and 5 (right plot).
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– c0t plane compatible with the 126 GeV Higgs data at the 68% and 95% CL are depicted

in orange and brown, respectively. This is superimposed on Fig. 1 of the parameter

estimation in light of the CMS 136 GeV higgs-like resonance data. One can see that only

a small portion of ah0 – c0t parameter space, allowed by current CMS measurements on the

136 GeV resonance is actually consistent with the 126 GeV Higgs data. It is important

to note that the bound from Eq. (42) is independent of the masses of the Higgs bosons.

Thus, even if the excess at 136 GeV is not confirmed, the orange and brown regions in

Fig. 8 will still be the favored regions for the couplings of a second Higgs boson in any

model with exactly two neutral Higgses.

It is interesting to see how an increase in precision of the Higgs measurements would

a↵ect the allowed ah0 – c0t parameter space. For this, we show in Fig. 9 projections assuming
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2. Doubly-charged Higgs: Suppose there is one, with coupling

that all central values of measurements remain intact, while the errors are reduced by a

factor of 2 and 5. One can see that under such assumptions, the increased accuracy in

the measurements would render the CMS data on the 136 GeV resonance incompatible

with the data on the 126 GeV Higgs.

B. Doubly Charged Higgses

The primary decay modes for a doubly charged Higgs are to a pair of same-sign W

bosons and to a pair of singly charged same sign Higgs bosons.6 In the analysis below

we assume Br(h++ ! W+W+) = 100%, since �(h++ ! h+h+) is model dependent,

determined by parameters in the Higgs potential. Searches for new physics with same-sign

dileptons are sensitive to h++ ! W+W+, and can be used to constrain the parameter

space of the doubly charged Higgs.7 As above, the model independent interaction is

defined as follows,

Lint = gMW bW�

µ W µ�h++ + h.c.. (43)

Single h±± production at the LHC occurs through W boson fusion and in association

with a W boson, both of which can lead of a signature of same-sign dileptons and jets.

Results of a search for this signature using the full LHC Run 1 dataset are given in

Ref. [35], which expands on searches using less data [36, 37].8 Information about event

selection e�ciencies is provided in [35, 36, 37] such that models of NP may be constrained

in an approximate way using generator-level MC studies, i.e., without performing a full

detector simulation. This prescription is known to reproduce the results of the full CMS

analysis to within 30% [36].

FeynRules [46] was used to implement Eq. (43) in MadGraph 5 [47] with MSTW2008

LO PDFs [48], which was used to generate events for the analysis. The kinematic require-

6 Assuming lepton number conservation, these are the only tree level, two-body decay to SM particles.

Decays to W±W±h or W±W±Z are also possible, but are suppressed by the three-body phase space,

and in some cases a mixing angle, and/or extra powers of g. At one-loop, the two-body decay h±± !
`±`± is possible if neutrinos are majorana in nature, but is suppressed by m⌫/mh++ relative to h±± !
W±W± ! 2`±2⌫.

7 See Ref. [30, 31, 32, 33, 34] for recent studies of the bounds on and search strategies for doubly- and

singly-charged scalars at the LHC.
8 For dedicated searches for doubly-charged Higgs bosons, see [38, 39, 40, 41, 42, 43, 44, 45].
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since is model dependent

LHC production: vector boson fusion, and in association with vector boson.

Signal: same sign di-leptons plus jets.
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FIG. 10: Viable parameter space for a doubly charged Higgs based on a search for NP in

events with same-sign dileptons and jets. The blue curve is the upper limit with its

uncertainty given by the pink band. The green line is the perturbative unitarity bound.

The parameter space shown in gray is ruled out.

ments placed on charged leptons were pT > 20 GeV (high-pT analysis) and |⌘| < 2.4, and

on jets were pT > 40 GeV and |⌘| < 2.4. The so-called SR5 in the high-pT analysis was

the single most constraining signal region. This signal region is defined by having 2-3 jets

with 0 b-tags, Emiss

T > 120 GeV, and HT 2 [200, 400] GeV. 12 events were observed in

SR5 compared to an expected background of 20 ± 7. Using confidence interval calculator

program of Ref. [49], we place an upper limit of 6.1 non-background events at 95% CL

assuming a signal e�ciency uncertainty of 13%. The upper limit is very weakly dependent

on this uncertainty such that it is still 6.1 when the signal e�ciency uncertainty is taken

to be 20%.

The results of this analysis are shown in Fig. 10. The blue curve is the upper limit

of 6.1 events with the pink band corresponding to the 30% uncertainty in the analysis

method. The parameter space above and to the left of the blue curve is ruled out by the

CMS search. The green line is the perturbative unitarity bound, Eq. (19), neglecting the

126 GeV Higgs. The parameter space above and to the right of the green curve is ruled

out by perturbative unitarity. The enhancement of the exclusion near mh++ ⇡ 2mW is

due to both W ’s in the decay chain going on-shell. Note that we did not simulate signal-

background interference, which is relevant when the NP cross section approaches the SM

cross section. This occurs in the pink band. We don’t claim this region is ruled out as it
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Examples - Specific Models

Sum rules: automatically satisfied (in models based on unitary 
QFT  )

Models give correlations among effective parameters (a, b, c, d, f ). 
Fit to 125-higgs gives more severe limits than sum rules.

Unitarity bounds: new information

Models 126 GeV Fit 126 & 136 GeV Fit

�2/N N �2/N N

Model independent 0.38 14 0.44 12

Douplet-septet 0.34 16 0.73 18

Georgi-Machacek 0.34 16 0.56 18

2HDM-II 0.36 16 0.61 18

2HDM-III 0.38 14 0.67 16

TABLE I: Minimum �2 values for various models studied. Here N stands for the

number of degrees of freedom.
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where h, h0 are the neutral Higgs states in the mass basis, related to those in the weak

basis, h0
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with s↵, c↵ standing for the sine and cosine of ↵, the mixing angle between the weak mass

bases. We identify h with the 126 GeV resonance, recently discovered at the LHC [50, 51].

The couplings of the neutral Higgses to fermions are given by

L �
✓

cos ↵

sin �
h +

sin ↵

sin �
h0

◆X

i

mf,i

v
EW

f̄ifi, (47)

where mf,i denotes the mass of the ith fermion. The doubly charged Higgs obviously

cannot couple to fermions at the renormalizable level. The above couplings give the

parameters ai and b through

ah = sin � cos ↵ � 4 cos � sin ↵, ah0 = sin � sin ↵ + 4 cos � cos ↵, b =

p
15

2
cos � ,

29
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2-cloropropane 1H-RMN 
spectrum has a septet at 3,82 
ppm, due to methine proton

represents the uncertainty in the upper limit of the exclusion. We also did not perform

a comprehensive study of the e↵ect of more than one new Higgs particle as this would

have required introducing several additional parameters. However, we did investigate a

few benchmark points in the double-septet model with the result that the exclusion does

not change significantly if the mass of the second Higgs is at least a few hundred GeV,

which is expected as the Higgs cross section drops steadily with an increase in mass.

VI. SPECIFIC MODELS

Consider next various explicit realizations of electroweak symmetry breaking. For spe-

cific, perturbative models the sum rules derived by requiring that longitudinally polarized

gauge boson scattering grows no faster than logarithmically with center of mass energy

are automatically satisfied. But sum rules limiting the masses of various Higgs bosons are

genuinely new inputs. For each of the models we study we fit both to the 126 GeV Higgs

data and to the 126 GeV and 136 GeV Higgs data combined. Tab. I shows the minimum

�2 values as well as the number of degrees of freedom, N , in each of the models we study

in this section. The table also shows, for comparison, the results of the model indepen-

dent fits of the previous section, in which ah, ct, cb and c⌧ are treated as independent

parameters in the fit to 126 GeV Higgs data while the set of independent parameters is

enlarged to include ah0 , c0t, c0b and c0⌧ for the fit to the combined 126 and 136 GeV data.

Here cf (c0f ) refers to the modification of neutral Higgs boson, h (h0), coupling to f̄f with

respect to SM Higgs boson coupling.

A. The Doublet-Septet Model

The doublet-septet model contains two Higgs fields: the standard (weak) isospin-1/2

and an isospin-3 (septet) multiplets. We have introduced earlier various aspects of this

model in several di↵erent sections, so it is convenient to collect, review and expand on

them here. As noted above, the septet contains a doubly charged Higgs, whose interactions

with the vector bosons can be written as in IV B 2,

Lint �
p

15
M2

W

v
EW

cos �
�
W�

µ W�µh++ + W+

µ W+µ(h++)?
�

, (44)
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higgs++ interaction:

neutral higgs interatcion:
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with s↵, c↵ standing for the sine and cosine of ↵, the mixing angle between the weak mass

bases. We identify h with the 126 GeV resonance, recently discovered at the LHC [50, 51].

The couplings of the neutral Higgses to fermions are given by
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where mf,i denotes the mass of the ith fermion. The doubly charged Higgs obviously

cannot couple to fermions at the renormalizable level. The above couplings give the

parameters ai and b through

ah = sin � cos ↵ � 4 cos � sin ↵, ah0 = sin � sin ↵ + 4 cos � cos ↵, b =

p
15

2
cos � ,
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Correlations:

Models 126 GeV Fit 126 & 136 GeV Fit

�2/N N �2/N N

Model independent 0.38 14 0.44 12

Douplet-septet 0.34 16 0.73 18

Georgi-Machacek 0.34 16 0.56 18

2HDM-II 0.36 16 0.61 18

2HDM-III 0.38 14 0.67 16

TABLE I: Minimum �2 values for various models studied. Here N stands for the

number of degrees of freedom.
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FIG. 11: Allowed region of ah0-c0t for the doublet-septet model from a fit to the 126 GeV

Higgs data. The best fit value is indicated by a blue star, and the orange and brown

regions give the 68% and 95% CL regions, respectively. The underlying green/yellow

regions are from the model independent fit to the 136 GeV data in Fig. 1.

while the couplings to fermions are parametrized by

cf = cos ↵/ sin �, c0f = sin ↵/ sin �.

One can infer the bounds on the extra neutral resonance from the available data on

the 126 GeV Higgs in much the same way as for the case of the model-independent fit

outlined above. The fit to the 126 GeV data, combined with the condition of perturbative

unitarity in the WW ! tt̄ channel significantly reduces the allowed parameter space for

the 136 GeV Higgs couplings. The 68% and 95% CL regions in the ah0 � c0t plane (defined

in the same way as for the model-independent fit) allowed by the 126 GeV data are shown

in orange and brown in Fig. 11. The best fit value is marked by a star; the corresponding

(minimum) has �2

DS = 5.48 for 16 degrees of freedom. The figure shows limited overlap

between the model independent fit to the 136 GeV data (in green/yellow) and the model

specific fit to the 126 GeV data (in orange/brown). Alternatively, a global fit to both 126

and 136 GeV data gives a higher minimum, with �2

DS at 13.19 for 18 degrees of freedom.

Another bound on a second Higgs can be obtained from the ATLAS and CMS searches

for SM-like Higgs bosons in the WW and ZZ channels [3, 4, 5, 6, 7, 8, 9]. Taken at face
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Fit (to 125 GeV higgs):

FIG. 8: Region in the ah0-c0t parameter space consistent with the unitarity constraint of

Eq. (39) assuming ah and ct are determined from the 126 GeV Higgs data. The orange

and brown regions are compatible with 126 GeV Higgs data at the 68% and 95% CL,

respectively. For reference, the figure has been superimposed on the fit in Fig. 1 to the

CMS data suggesting a Higgs resonance at 136 GeV.

Moreover, both of these resonances would have SM-like cross section for gg ! h ! WW ,

and one of them would have enhanced decay rate into �� (since the t-loop and the W -loop

contributions would interfere constructively).

Similar sum rules apply to the rest of quarks and all charged leptons. If the 126 GeV

Higgs is observed not to decay (or have suppressed decays) to any one quark or charged

lepton it follows immediately from the sum rule that there must be at least another

CP-even neutral Higgs.

V. MODEL INDEPENDENT ANALYSIS

A. Neutral Higgses

In general, the couplings of any extra neutral Higgs, h0, are related to the couplings of

the 126 GeV state h via unitarity constraints of Section IV. In the following, we assume

that there is only one additional neutral CP-even Higgs, and possibly some charged Higgs

24

compare: indep de modelo

★best fit value

equation (29) are given by the following expressions
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(38)

The sum rule (28) is satisfied with cos2 ✓W
P

r f 2

r = 15c2�. The sum rule cos2 ✓W
P

r f 2

r =

4
P

r b2r then gives the couplings of the doubly charged higgs to WW , which are readily

verified by direct computation.

3. Bounds on Extra Higgs Masses from Unitarity

We close the present subsection by an illustration of the unitarity constraints on masses

of various extra Higgs bosons present in the doublet-septet model. The parameters

a, b, d, f , entering the perturbative unitarity conditions depend on the angles ↵, � and �;

hence the bounds on physical masses, such as mh0 and Mh++ , implied by the sum rules

largely depend on the mixing angles (as well as other SM parameters and the mass of the

lighter neutral Higgs, that is assumed to be mh = 126 GeV). One way to visualize the

constraints imposed by unitarity is to fix various values for the two angles and explore

the allowed regions for the extra scalar and charged Higgses present in the theory. We

start by exploring the bounds from WW scattering, eq. (19).

At ↵ = 0, � = ⇡/2, there is no VEV for the septet nor mixing between the neutral CP-

even states. This is like the single Higgs doublet case and hence perturbative unitarity does

not lead to any constraints on the extra Higgs masses (there are really no extra Higgses,

states that couple directly to pairs of vectors bosons). The case ↵ = � = ⇡/2 again

corresponds to having EW symmetry broken solely by the doublet Higgs. The doubly

charged state from the septet therefore does not couple to the vector bosons, so that its

mass is not constrained by unitarity. On the other hand, the mixing between the neutral

states from both multiplets is maximal, so that h is actually purely the neutral component
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(a) (b)

FIG. 5: Conservative perturbative unitarity upper bounds on mh0 (5a, for M++ = 0)

and M++ (5b, for mh0 = 0) as a function of mixing angles in the doublet-septet model.

The bounds are periodic in ↵ and we have centered the figures around the value of ↵

where the bound is strongest.

In each case, one of the mixing angles ↵ and � is kept constant while the other is varied.

Again, for the case that the septet takes appreciable part in the electroweak symmetry

breaking (� is not close to ⇡/2), at least one of the charged Higgs bosons is bound to be

relatively light.

C. The sum rule for W+

L W�

L ! tt̄

A sum rule for W+

L W�

L ! tt̄ is useful in constraining the couplings of the neutral

scalars to the top-quark, which contribute to the amplitudes for production of these states

in gg-fusion and for the decay into �� and �Z. The Feynman diagrams contributing to

W+

L W�

L ! tt̄ are shown in Fig. 7. The growth with one power of s cancels among diagrams

7(a) and 7(b), resulting in a leading contribution that grows as
p

s.

We denote the coupling of the ith neutral, physical CP-even scalar to t̄t by �i/
p

2, so

that � = gmt/
p

2MW in the SM as usual. Insisting that the growth with
p

s is cancelled
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39

Unitarity bounds: Higgs++ mass vs mass of 2nd neutral Higgs 

FIG. 4: Allowed regions for the heavy neutral and doubly charged Higgs boson masses

for various values of mixing angles in the doublet-septet model. The excluded regions

are shaded. On the left figure � is fixed at ⇡/4 and ↵ is increased from the left to right

curves in steps of ⇡/20. On the right figure, ↵ is fixed at ⇡/4 and � increases from left

to right in steps of ⇡/20.

of the septet. This does lead to a constraint mh0 <⇠ 900 GeV but since the 126 GeV Higgs

does not couple to W in this case, the situation is clearly unphysical. The opposite (and

again unphysical) case of ↵ = ⇡/2, � = 0, where the EW symmetry is broken purely

by the septet VEV, leads to M++ . 300 GeV while leaving mh0 unconstrained. Two

intermediate cases are shown in Fig. 4. The perturbative unitarity bounds on the extra

Higgs masses for this case, as one can see, are quite stringent.

Conservative bounds on the heavy Higgs masses, implied by perturbative unitarity in

the doublet-septet model are shown in Fig. 5, assuming the lighter neutral Higgs mass

mh = 126 GeV. In Fig. 5a (5b) the positive definite contribution of M++ (mh0) in equa-

tion (19) has been ignored. In both figures the white regions correspond to small couplings

ah0 and b, implying therefore very weak bounds on the Higgs masses.

Similar bounds on the masses of the two singly charged Higgses, M+

1

and M+

2

, implied

by perturbative unitarity in the WZ channel are shown in Fig. 6. The value for the singly

charged Higgs mixing angle � is taken to be ⇡/6 for all cases. The bound is obtained for

two di↵erent values of the heavy neutral Higgs mass, mh0 = 136, and 300 GeV respectively.

20

varying α varying β

Unitarity bounds: contours of the higgs mass bound in the α vs β plane

h’ mass 
using 
M++ = 0

M++  
using 
mh’ = 0
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Collaboration Channel
p

s [TeV] L [fb�1] Range mh0 probed [GeV]

ATLAS [3] h0 ! ZZ ! 4` 8 20.7 110 � 1000

ATLAS [4] h0 ! WW ! 2(`⌫) 8 20.7 260 � 1000

CMS [5] h0 ! ZZ ! 2`2q 7 + 8 5.3 + 19.6 230 � 600

CMS [6] h0 ! ZZ ! 4` 7 + 8 5.1 + 19.6 100 � 1000

CMS [7] h0 ! WW ! 2(`⌫) 7 + 8 4.9 + 19.5 100 � 600

CMS [8] h0 ! WW ! `⌫qq0 8 19.3 600 � 1000

CMS [9] h0 ! ZZ ! 2`2⌫ 7 + 8 5.0 + 19.6 200 � 1000

TABLE III: Searches for heavy Higgs boson production in the WW and ZZ channels

used in our analysis.
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FIG. 16: (Colors) 95% CL upper limits on Higgs boson signal strength in the WW and

ZZ channels from the ATLAS and CMS collaborations. The color of the curve

corresponds to the search in Tab. III with the same color. (Black) Our combination of

those limits.

these searches set a 95% CL upper limit on the signal strength of a Higgs boson in the

WW + ZZ channels. The experimentally determined signal strengths, µi, for a given

Higgs mass, mh0 , were added in inverse quadrature, 1/µ2(mh0) =
P

i 1/µ
2

i (mh0), to get

the combined signal strength, µ. The result of our combination is shown in Fig. 16. We

stopped the analysis at 128 GeV as that is where the expected sensitivity to additional

Higgs bosons starts to degrade due to the presence of the 126 GeV Higgs [1]. Taking this

combination at face value, a Higgs boson that is produced and subsequently decays to
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value, our combination of these bounds in Appendix A rules out Higgs bosons that couple

to WW and ZZ with SM strength at 95% CL for mh0 = 128 � 1000 GeV. However, there

is no reason to expect neutral Higgs particles should couple to EW gauge bosons with

SM strength in multi-Higgs models. The couplings must satisfy the model-dependent and

model-independent sum rules, Eqs. (10) and (17), respectively, but both of these allow

for a range of coupling strengths. Instead, for a given set of parameters in a model, one

must compare the predicted signal strength against the curve in Fig. 16 to determine the

range(s) for which mh0 is ruled out. The signal strength of h0 in the WW + ZZ channel

is given by9

µ(h0 ! WW + ZZ) =
c02f �ggF+t¯th0 + a2

h0�V BF+V h0

�ggF+t¯th0 + �V BF+V h0

a2

h0

c02f Brf ¯f + a2

h0BrV V + c02f Brgg
, (48)

where � (Br) is the expected SM cross-section (branching ratio) for the Higgs boson with

mass mh0 , with f = ⌧, c, b, t, V = W, Z. All cross sections and branching ratios in (48) are

taken from Ref. [52]. Here we implicitly assume h0 has the same decay channels available

as h, but if heavy enough new channels may become available, e.g., it could decay to a pair

of scalars and/or a pseudoscalar and a neutral vector boson (AZ), and these channels may

have significant branching fractions. See Ref. [22] for an analysis of these decay modes in

the Type-II two Higgs doublet model.

For given values of ah0 and c0f (or ↵ and �), µ(h0 ! WW + ZZ) as a function of mh0

can be compared against the data in Fig. 16. The parameter space that is ruled out by

searches for additional Higgs bosons is given by the blue regions in Fig. 12 for 6 di↵erent

values of mh0 . In addition, we show in red the complement of the 95% CL region of

parameter space from the fit to the 126 GeV Higgs data (the complement to the orange

and brown region in Fig. 11). Finally, the orange region is ruled out by perturbative

unitarity. It is essentially the bound from Fig. 5a plotted as a function of ah0 and c0f

rather than ↵ and �. The bounds in Fig. 2 have consequences for the interpretation of

the excess at 136 GeV in [1] as a second neutral Higgs boson. In the upper-left panel of

Fig. 12 we also plotted the allowed region for ah0 and c0f from Fig. 2b. We see that for the

136 GeV Higgs in the doublet-septet model there is very limited overlap between the 95%

9 Here we ignore the small tree-level branching ratios into light fermions and loop-induced branching

ratios into �� and Z�.

31

in terms of SM cross sections and Br’s:

mh' = 136 GeV

-2 -1 0 1 2
-2

-1

0

1

2

ah'

c'
f

mh' = 250 GeV

-2 -1 0 1 2
-2

-1

0

1

2

ah'

c'
f

mh' = 500 GeV

-2 -1 0 1 2
-2

-1

0

1

2

ah'

c'
f

mh' = 750 GeV

-2 -1 0 1 2
-2

-1

0

1

2

ah'

c'
f

mh' = 1000 GeV

-2 -1 0 1 2
-2

-1

0

1

2

ah'

c'
f

mh' = 1500 GeV

-2 -1 0 1 2
-2

-1

0

1

2

ah'

c'
f

FIG. 12: Parameter space in the doublet-septet model that is ruled out at the 95% CL

due to searches for heavy Higgses (blue), 126 GeV Higgs data (red) and perturbative

unitarity (orange) for various values of mh0 . For the mh0 = 136 GeV case, the figure is

superimposed on Fig. 2 that shows the 68% and 95% CL model-independent regions

compatible with the excess seen by CMS, displaying little overlap with the allowed

(white) region from this analysis.
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([x] are the references listed in 1401.0070)  
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Collaboration Channel
p

s [TeV] L [fb�1] Range mh0 probed [GeV]
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FIG. 16: (Colors) 95% CL upper limits on Higgs boson signal strength in the WW and

ZZ channels from the ATLAS and CMS collaborations. The color of the curve

corresponds to the search in Tab. III with the same color. (Black) Our combination of

those limits.
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Higgs mass, mh0 , were added in inverse quadrature, 1/µ2(mh0) =
P

i 1/µ
2

i (mh0), to get

the combined signal strength, µ. The result of our combination is shown in Fig. 16. We

stopped the analysis at 128 GeV as that is where the expected sensitivity to additional

Higgs bosons starts to degrade due to the presence of the 126 GeV Higgs [1]. Taking this

combination at face value, a Higgs boson that is produced and subsequently decays to
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value, our combination of these bounds in Appendix A rules out Higgs bosons that couple

to WW and ZZ with SM strength at 95% CL for mh0 = 128 � 1000 GeV. However, there

is no reason to expect neutral Higgs particles should couple to EW gauge bosons with

SM strength in multi-Higgs models. The couplings must satisfy the model-dependent and

model-independent sum rules, Eqs. (10) and (17), respectively, but both of these allow

for a range of coupling strengths. Instead, for a given set of parameters in a model, one

must compare the predicted signal strength against the curve in Fig. 16 to determine the

range(s) for which mh0 is ruled out. The signal strength of h0 in the WW + ZZ channel

is given by9

µ(h0 ! WW + ZZ) =
c02f �ggF+t¯th0 + a2

h0�V BF+V h0

�ggF+t¯th0 + �V BF+V h0

a2

h0

c02f Brf ¯f + a2

h0BrV V + c02f Brgg
, (48)

where � (Br) is the expected SM cross-section (branching ratio) for the Higgs boson with

mass mh0 , with f = ⌧, c, b, t, V = W, Z. All cross sections and branching ratios in (48) are

taken from Ref. [52]. Here we implicitly assume h0 has the same decay channels available

as h, but if heavy enough new channels may become available, e.g., it could decay to a pair

of scalars and/or a pseudoscalar and a neutral vector boson (AZ), and these channels may

have significant branching fractions. See Ref. [22] for an analysis of these decay modes in

the Type-II two Higgs doublet model.

For given values of ah0 and c0f (or ↵ and �), µ(h0 ! WW + ZZ) as a function of mh0

can be compared against the data in Fig. 16. The parameter space that is ruled out by

searches for additional Higgs bosons is given by the blue regions in Fig. 12 for 6 di↵erent

values of mh0 . In addition, we show in red the complement of the 95% CL region of

parameter space from the fit to the 126 GeV Higgs data (the complement to the orange

and brown region in Fig. 11). Finally, the orange region is ruled out by perturbative

unitarity. It is essentially the bound from Fig. 5a plotted as a function of ah0 and c0f

rather than ↵ and �. The bounds in Fig. 2 have consequences for the interpretation of

the excess at 136 GeV in [1] as a second neutral Higgs boson. In the upper-left panel of

Fig. 12 we also plotted the allowed region for ah0 and c0f from Fig. 2b. We see that for the

136 GeV Higgs in the doublet-septet model there is very limited overlap between the 95%

9 Here we ignore the small tree-level branching ratios into light fermions and loop-induced branching

ratios into �� and Z�.
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in terms of SM cross sections and Br’s:
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FIG. 12: Parameter space in the doublet-septet model that is ruled out at the 95% CL

due to searches for heavy Higgses (blue), 126 GeV Higgs data (red) and perturbative

unitarity (orange) for various values of mh0 . For the mh0 = 136 GeV case, the figure is

superimposed on Fig. 2 that shows the 68% and 95% CL model-independent regions

compatible with the excess seen by CMS, displaying little overlap with the allowed

(white) region from this analysis.
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Collaboration Channel
p

s [TeV] L [fb�1] Range mh0 probed [GeV]

ATLAS [3] h0 ! ZZ ! 4` 8 20.7 110 � 1000

ATLAS [4] h0 ! WW ! 2(`⌫) 8 20.7 260 � 1000

CMS [5] h0 ! ZZ ! 2`2q 7 + 8 5.3 + 19.6 230 � 600

CMS [6] h0 ! ZZ ! 4` 7 + 8 5.1 + 19.6 100 � 1000

CMS [7] h0 ! WW ! 2(`⌫) 7 + 8 4.9 + 19.5 100 � 600

CMS [8] h0 ! WW ! `⌫qq0 8 19.3 600 � 1000

CMS [9] h0 ! ZZ ! 2`2⌫ 7 + 8 5.0 + 19.6 200 � 1000

TABLE III: Searches for heavy Higgs boson production in the WW and ZZ channels

used in our analysis.
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FIG. 16: (Colors) 95% CL upper limits on Higgs boson signal strength in the WW and

ZZ channels from the ATLAS and CMS collaborations. The color of the curve

corresponds to the search in Tab. III with the same color. (Black) Our combination of

those limits.

these searches set a 95% CL upper limit on the signal strength of a Higgs boson in the

WW + ZZ channels. The experimentally determined signal strengths, µi, for a given

Higgs mass, mh0 , were added in inverse quadrature, 1/µ2(mh0) =
P

i 1/µ
2

i (mh0), to get

the combined signal strength, µ. The result of our combination is shown in Fig. 16. We

stopped the analysis at 128 GeV as that is where the expected sensitivity to additional

Higgs bosons starts to degrade due to the presence of the 126 GeV Higgs [1]. Taking this

combination at face value, a Higgs boson that is produced and subsequently decays to

41

Collaboration Channel
p

s [TeV] L [fb�1] Range mh0 probed [GeV]

ATLAS [3] h0 ! ZZ ! 4` 8 20.7 110 � 1000

ATLAS [4] h0 ! WW ! 2(`⌫) 8 20.7 260 � 1000

CMS [5] h0 ! ZZ ! 2`2q 7 + 8 5.3 + 19.6 230 � 600

CMS [6] h0 ! ZZ ! 4` 7 + 8 5.1 + 19.6 100 � 1000

CMS [7] h0 ! WW ! 2(`⌫) 7 + 8 4.9 + 19.5 100 � 600

CMS [8] h0 ! WW ! `⌫qq0 8 19.3 600 � 1000

CMS [9] h0 ! ZZ ! 2`2⌫ 7 + 8 5.0 + 19.6 200 � 1000

TABLE III: Searches for heavy Higgs boson production in the WW and ZZ channels

used in our analysis.
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FIG. 16: (Colors) 95% CL upper limits on Higgs boson signal strength in the WW and

ZZ channels from the ATLAS and CMS collaborations. The color of the curve

corresponds to the search in Tab. III with the same color. (Black) Our combination of

those limits.

these searches set a 95% CL upper limit on the signal strength of a Higgs boson in the

WW + ZZ channels. The experimentally determined signal strengths, µi, for a given

Higgs mass, mh0 , were added in inverse quadrature, 1/µ2(mh0) =
P

i 1/µ
2

i (mh0), to get

the combined signal strength, µ. The result of our combination is shown in Fig. 16. We

stopped the analysis at 128 GeV as that is where the expected sensitivity to additional

Higgs bosons starts to degrade due to the presence of the 126 GeV Higgs [1]. Taking this

combination at face value, a Higgs boson that is produced and subsequently decays to
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value, our combination of these bounds in Appendix A rules out Higgs bosons that couple

to WW and ZZ with SM strength at 95% CL for mh0 = 128 � 1000 GeV. However, there

is no reason to expect neutral Higgs particles should couple to EW gauge bosons with

SM strength in multi-Higgs models. The couplings must satisfy the model-dependent and

model-independent sum rules, Eqs. (10) and (17), respectively, but both of these allow

for a range of coupling strengths. Instead, for a given set of parameters in a model, one

must compare the predicted signal strength against the curve in Fig. 16 to determine the

range(s) for which mh0 is ruled out. The signal strength of h0 in the WW + ZZ channel

is given by9

µ(h0 ! WW + ZZ) =
c02f �ggF+t¯th0 + a2

h0�V BF+V h0

�ggF+t¯th0 + �V BF+V h0

a2

h0

c02f Brf ¯f + a2

h0BrV V + c02f Brgg
, (48)

where � (Br) is the expected SM cross-section (branching ratio) for the Higgs boson with

mass mh0 , with f = ⌧, c, b, t, V = W, Z. All cross sections and branching ratios in (48) are

taken from Ref. [52]. Here we implicitly assume h0 has the same decay channels available

as h, but if heavy enough new channels may become available, e.g., it could decay to a pair

of scalars and/or a pseudoscalar and a neutral vector boson (AZ), and these channels may

have significant branching fractions. See Ref. [22] for an analysis of these decay modes in

the Type-II two Higgs doublet model.

For given values of ah0 and c0f (or ↵ and �), µ(h0 ! WW + ZZ) as a function of mh0

can be compared against the data in Fig. 16. The parameter space that is ruled out by

searches for additional Higgs bosons is given by the blue regions in Fig. 12 for 6 di↵erent

values of mh0 . In addition, we show in red the complement of the 95% CL region of

parameter space from the fit to the 126 GeV Higgs data (the complement to the orange

and brown region in Fig. 11). Finally, the orange region is ruled out by perturbative

unitarity. It is essentially the bound from Fig. 5a plotted as a function of ah0 and c0f

rather than ↵ and �. The bounds in Fig. 2 have consequences for the interpretation of

the excess at 136 GeV in [1] as a second neutral Higgs boson. In the upper-left panel of

Fig. 12 we also plotted the allowed region for ah0 and c0f from Fig. 2b. We see that for the

136 GeV Higgs in the doublet-septet model there is very limited overlap between the 95%

9 Here we ignore the small tree-level branching ratios into light fermions and loop-induced branching

ratios into �� and Z�.
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in terms of SM cross sections and Br’s:
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FIG. 12: Parameter space in the doublet-septet model that is ruled out at the 95% CL

due to searches for heavy Higgses (blue), 126 GeV Higgs data (red) and perturbative

unitarity (orange) for various values of mh0 . For the mh0 = 136 GeV case, the figure is

superimposed on Fig. 2 that shows the 68% and 95% CL model-independent regions

compatible with the excess seen by CMS, displaying little overlap with the allowed

(white) region from this analysis.
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Collaboration Channel
p

s [TeV] L [fb�1] Range mh0 probed [GeV]

ATLAS [3] h0 ! ZZ ! 4` 8 20.7 110 � 1000

ATLAS [4] h0 ! WW ! 2(`⌫) 8 20.7 260 � 1000

CMS [5] h0 ! ZZ ! 2`2q 7 + 8 5.3 + 19.6 230 � 600

CMS [6] h0 ! ZZ ! 4` 7 + 8 5.1 + 19.6 100 � 1000

CMS [7] h0 ! WW ! 2(`⌫) 7 + 8 4.9 + 19.5 100 � 600

CMS [8] h0 ! WW ! `⌫qq0 8 19.3 600 � 1000

CMS [9] h0 ! ZZ ! 2`2⌫ 7 + 8 5.0 + 19.6 200 � 1000

TABLE III: Searches for heavy Higgs boson production in the WW and ZZ channels

used in our analysis.
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FIG. 16: (Colors) 95% CL upper limits on Higgs boson signal strength in the WW and

ZZ channels from the ATLAS and CMS collaborations. The color of the curve

corresponds to the search in Tab. III with the same color. (Black) Our combination of

those limits.

these searches set a 95% CL upper limit on the signal strength of a Higgs boson in the

WW + ZZ channels. The experimentally determined signal strengths, µi, for a given

Higgs mass, mh0 , were added in inverse quadrature, 1/µ2(mh0) =
P

i 1/µ
2

i (mh0), to get

the combined signal strength, µ. The result of our combination is shown in Fig. 16. We

stopped the analysis at 128 GeV as that is where the expected sensitivity to additional

Higgs bosons starts to degrade due to the presence of the 126 GeV Higgs [1]. Taking this

combination at face value, a Higgs boson that is produced and subsequently decays to
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Collaboration Channel
p

s [TeV] L [fb�1] Range mh0 probed [GeV]

ATLAS [3] h0 ! ZZ ! 4` 8 20.7 110 � 1000

ATLAS [4] h0 ! WW ! 2(`⌫) 8 20.7 260 � 1000

CMS [5] h0 ! ZZ ! 2`2q 7 + 8 5.3 + 19.6 230 � 600

CMS [6] h0 ! ZZ ! 4` 7 + 8 5.1 + 19.6 100 � 1000

CMS [7] h0 ! WW ! 2(`⌫) 7 + 8 4.9 + 19.5 100 � 600

CMS [8] h0 ! WW ! `⌫qq0 8 19.3 600 � 1000

CMS [9] h0 ! ZZ ! 2`2⌫ 7 + 8 5.0 + 19.6 200 � 1000

TABLE III: Searches for heavy Higgs boson production in the WW and ZZ channels

used in our analysis.
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FIG. 16: (Colors) 95% CL upper limits on Higgs boson signal strength in the WW and

ZZ channels from the ATLAS and CMS collaborations. The color of the curve

corresponds to the search in Tab. III with the same color. (Black) Our combination of

those limits.

these searches set a 95% CL upper limit on the signal strength of a Higgs boson in the

WW + ZZ channels. The experimentally determined signal strengths, µi, for a given

Higgs mass, mh0 , were added in inverse quadrature, 1/µ2(mh0) =
P

i 1/µ
2

i (mh0), to get

the combined signal strength, µ. The result of our combination is shown in Fig. 16. We

stopped the analysis at 128 GeV as that is where the expected sensitivity to additional

Higgs bosons starts to degrade due to the presence of the 126 GeV Higgs [1]. Taking this

combination at face value, a Higgs boson that is produced and subsequently decays to
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value, our combination of these bounds in Appendix A rules out Higgs bosons that couple

to WW and ZZ with SM strength at 95% CL for mh0 = 128 � 1000 GeV. However, there

is no reason to expect neutral Higgs particles should couple to EW gauge bosons with

SM strength in multi-Higgs models. The couplings must satisfy the model-dependent and

model-independent sum rules, Eqs. (10) and (17), respectively, but both of these allow

for a range of coupling strengths. Instead, for a given set of parameters in a model, one

must compare the predicted signal strength against the curve in Fig. 16 to determine the

range(s) for which mh0 is ruled out. The signal strength of h0 in the WW + ZZ channel

is given by9

µ(h0 ! WW + ZZ) =
c02f �ggF+t¯th0 + a2

h0�V BF+V h0

�ggF+t¯th0 + �V BF+V h0

a2

h0

c02f Brf ¯f + a2

h0BrV V + c02f Brgg
, (48)

where � (Br) is the expected SM cross-section (branching ratio) for the Higgs boson with

mass mh0 , with f = ⌧, c, b, t, V = W, Z. All cross sections and branching ratios in (48) are

taken from Ref. [52]. Here we implicitly assume h0 has the same decay channels available

as h, but if heavy enough new channels may become available, e.g., it could decay to a pair

of scalars and/or a pseudoscalar and a neutral vector boson (AZ), and these channels may

have significant branching fractions. See Ref. [22] for an analysis of these decay modes in

the Type-II two Higgs doublet model.

For given values of ah0 and c0f (or ↵ and �), µ(h0 ! WW + ZZ) as a function of mh0

can be compared against the data in Fig. 16. The parameter space that is ruled out by

searches for additional Higgs bosons is given by the blue regions in Fig. 12 for 6 di↵erent

values of mh0 . In addition, we show in red the complement of the 95% CL region of

parameter space from the fit to the 126 GeV Higgs data (the complement to the orange

and brown region in Fig. 11). Finally, the orange region is ruled out by perturbative

unitarity. It is essentially the bound from Fig. 5a plotted as a function of ah0 and c0f

rather than ↵ and �. The bounds in Fig. 2 have consequences for the interpretation of

the excess at 136 GeV in [1] as a second neutral Higgs boson. In the upper-left panel of

Fig. 12 we also plotted the allowed region for ah0 and c0f from Fig. 2b. We see that for the

136 GeV Higgs in the doublet-septet model there is very limited overlap between the 95%

9 Here we ignore the small tree-level branching ratios into light fermions and loop-induced branching

ratios into �� and Z�.
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in terms of SM cross sections and Br’s:
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FIG. 12: Parameter space in the doublet-septet model that is ruled out at the 95% CL

due to searches for heavy Higgses (blue), 126 GeV Higgs data (red) and perturbative

unitarity (orange) for various values of mh0 . For the mh0 = 136 GeV case, the figure is

superimposed on Fig. 2 that shows the 68% and 95% CL model-independent regions

compatible with the excess seen by CMS, displaying little overlap with the allowed

(white) region from this analysis.
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Collaboration Channel
p

s [TeV] L [fb�1] Range mh0 probed [GeV]

ATLAS [3] h0 ! ZZ ! 4` 8 20.7 110 � 1000

ATLAS [4] h0 ! WW ! 2(`⌫) 8 20.7 260 � 1000

CMS [5] h0 ! ZZ ! 2`2q 7 + 8 5.3 + 19.6 230 � 600

CMS [6] h0 ! ZZ ! 4` 7 + 8 5.1 + 19.6 100 � 1000

CMS [7] h0 ! WW ! 2(`⌫) 7 + 8 4.9 + 19.5 100 � 600

CMS [8] h0 ! WW ! `⌫qq0 8 19.3 600 � 1000

CMS [9] h0 ! ZZ ! 2`2⌫ 7 + 8 5.0 + 19.6 200 � 1000

TABLE III: Searches for heavy Higgs boson production in the WW and ZZ channels

used in our analysis.
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FIG. 16: (Colors) 95% CL upper limits on Higgs boson signal strength in the WW and

ZZ channels from the ATLAS and CMS collaborations. The color of the curve

corresponds to the search in Tab. III with the same color. (Black) Our combination of

those limits.

these searches set a 95% CL upper limit on the signal strength of a Higgs boson in the

WW + ZZ channels. The experimentally determined signal strengths, µi, for a given

Higgs mass, mh0 , were added in inverse quadrature, 1/µ2(mh0) =
P

i 1/µ
2

i (mh0), to get

the combined signal strength, µ. The result of our combination is shown in Fig. 16. We

stopped the analysis at 128 GeV as that is where the expected sensitivity to additional

Higgs bosons starts to degrade due to the presence of the 126 GeV Higgs [1]. Taking this

combination at face value, a Higgs boson that is produced and subsequently decays to
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Collaboration Channel
p

s [TeV] L [fb�1] Range mh0 probed [GeV]

ATLAS [3] h0 ! ZZ ! 4` 8 20.7 110 � 1000

ATLAS [4] h0 ! WW ! 2(`⌫) 8 20.7 260 � 1000

CMS [5] h0 ! ZZ ! 2`2q 7 + 8 5.3 + 19.6 230 � 600

CMS [6] h0 ! ZZ ! 4` 7 + 8 5.1 + 19.6 100 � 1000

CMS [7] h0 ! WW ! 2(`⌫) 7 + 8 4.9 + 19.5 100 � 600

CMS [8] h0 ! WW ! `⌫qq0 8 19.3 600 � 1000

CMS [9] h0 ! ZZ ! 2`2⌫ 7 + 8 5.0 + 19.6 200 � 1000

TABLE III: Searches for heavy Higgs boson production in the WW and ZZ channels

used in our analysis.
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FIG. 16: (Colors) 95% CL upper limits on Higgs boson signal strength in the WW and

ZZ channels from the ATLAS and CMS collaborations. The color of the curve

corresponds to the search in Tab. III with the same color. (Black) Our combination of

those limits.

these searches set a 95% CL upper limit on the signal strength of a Higgs boson in the

WW + ZZ channels. The experimentally determined signal strengths, µi, for a given

Higgs mass, mh0 , were added in inverse quadrature, 1/µ2(mh0) =
P

i 1/µ
2

i (mh0), to get

the combined signal strength, µ. The result of our combination is shown in Fig. 16. We

stopped the analysis at 128 GeV as that is where the expected sensitivity to additional

Higgs bosons starts to degrade due to the presence of the 126 GeV Higgs [1]. Taking this

combination at face value, a Higgs boson that is produced and subsequently decays to
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value, our combination of these bounds in Appendix A rules out Higgs bosons that couple

to WW and ZZ with SM strength at 95% CL for mh0 = 128 � 1000 GeV. However, there

is no reason to expect neutral Higgs particles should couple to EW gauge bosons with

SM strength in multi-Higgs models. The couplings must satisfy the model-dependent and

model-independent sum rules, Eqs. (10) and (17), respectively, but both of these allow

for a range of coupling strengths. Instead, for a given set of parameters in a model, one

must compare the predicted signal strength against the curve in Fig. 16 to determine the

range(s) for which mh0 is ruled out. The signal strength of h0 in the WW + ZZ channel

is given by9

µ(h0 ! WW + ZZ) =
c02f �ggF+t¯th0 + a2

h0�V BF+V h0

�ggF+t¯th0 + �V BF+V h0

a2

h0

c02f Brf ¯f + a2

h0BrV V + c02f Brgg
, (48)

where � (Br) is the expected SM cross-section (branching ratio) for the Higgs boson with

mass mh0 , with f = ⌧, c, b, t, V = W, Z. All cross sections and branching ratios in (48) are

taken from Ref. [52]. Here we implicitly assume h0 has the same decay channels available

as h, but if heavy enough new channels may become available, e.g., it could decay to a pair

of scalars and/or a pseudoscalar and a neutral vector boson (AZ), and these channels may

have significant branching fractions. See Ref. [22] for an analysis of these decay modes in

the Type-II two Higgs doublet model.

For given values of ah0 and c0f (or ↵ and �), µ(h0 ! WW + ZZ) as a function of mh0

can be compared against the data in Fig. 16. The parameter space that is ruled out by

searches for additional Higgs bosons is given by the blue regions in Fig. 12 for 6 di↵erent

values of mh0 . In addition, we show in red the complement of the 95% CL region of

parameter space from the fit to the 126 GeV Higgs data (the complement to the orange

and brown region in Fig. 11). Finally, the orange region is ruled out by perturbative

unitarity. It is essentially the bound from Fig. 5a plotted as a function of ah0 and c0f

rather than ↵ and �. The bounds in Fig. 2 have consequences for the interpretation of

the excess at 136 GeV in [1] as a second neutral Higgs boson. In the upper-left panel of

Fig. 12 we also plotted the allowed region for ah0 and c0f from Fig. 2b. We see that for the

136 GeV Higgs in the doublet-septet model there is very limited overlap between the 95%

9 Here we ignore the small tree-level branching ratios into light fermions and loop-induced branching

ratios into �� and Z�.
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in terms of SM cross sections and Br’s:
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FIG. 12: Parameter space in the doublet-septet model that is ruled out at the 95% CL

due to searches for heavy Higgses (blue), 126 GeV Higgs data (red) and perturbative

unitarity (orange) for various values of mh0 . For the mh0 = 136 GeV case, the figure is

superimposed on Fig. 2 that shows the 68% and 95% CL model-independent regions

compatible with the excess seen by CMS, displaying little overlap with the allowed

(white) region from this analysis.
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FIG. 12: Parameter space in the doublet-septet model that is ruled out at the 95% CL

due to searches for heavy Higgses (blue), 126 GeV Higgs data (red) and perturbative

unitarity (orange) for various values of mh0 . For the mh0 = 136 GeV case, the figure is

superimposed on Fig. 2 that shows the 68% and 95% CL model-independent regions

compatible with the excess seen by CMS, displaying little overlap with the allowed

(white) region from this analysis.
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compatible with the excess seen by CMS, displaying little overlap with the allowed

(white) region from this analysis.
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(white) region from this analysis.
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compatible with the excess seen by CMS, displaying little overlap with the allowed

(white) region from this analysis.
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(white) region from this analysis.
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Other models, briefly

FIG. 13: Region of the ah0-c0t parameter space consistent with the fit to the GM model.

The orange and brown regions are compatible at 68% and 95% CL, respectively and the

best fit value is indicated by a blue star. The underlying green/yellow regions are from

the model independent fit to the 136 GeV data in Fig. 1. The darker blotches contained

within the green region are overlaps of brown and green.

a star. Alternatively, a global fit to both 126 and 136 GeV data gives a higher minimum

�2

GM at 10.07 for 18 degrees of freedom.

2. Two-Higgs-Doublet Model

There are many variations of the two-Higgs-doublet models, see Ref [54] for a recent

review. Here we will focus on two explicit realizations, the so called type-II (2HDM-II)

and type-III (2HDM-III). In 2HDM-II a discrete Z
2

symmetry is imposed to forbid tree-

level flavor changing neutral currents (FCNC). In this case the neutral scalar couplings to

vectors and fermions are determined by two angles, ↵ and �. The angle ↵ is the mixing

angle for the two CP-even neutral scalars, while tan � is given by the ratio of the two

VEVs. The coupling modifiers for the two Higgses are given in this case by the following

expressions

ah = sin(↵+�), ct = cc =
c↵
s�

, cb = c⌧ =
s↵
c�

, ah0 = cos(↵+�), c0t = c0c =
s↵
s�

, c0b = c0⌧ =
c↵
c�

.

34

FIG. 14: Region of the ah0-c0t parameter space consistent with the fit to the Type-II

(left) and Type-III (right) 2HDM. The orange and brown regions are compatible at 68%

and 95% CL, respectively. The best fit value for the Type-III model is indicated by a

blue star, while it is at (ah0 , c0t) = (-0.02,-3.14) for the Type-II 2HDM. The underlying

green/yellow regions are from the model independent fit to the 136 GeV data in Fig. 1.

By performing a fit to the 126 GeV data, we obtain a minimum �2

2HDM�II = 5.69

for 16 degrees of freedom. Within the context of the 2HDM-II, the couplings ah0 and c0t

consistent with the model-independent fit are shown in Fig. 14. Alternatively, a global fit

to both 126 and 136 GeV data gives a higher minimum �2

2HDM�II at 10.92 for 18 degrees

of freedom.

In 2HDM-III where the discrete Z
2

symmetry is not imposed, there in general are

flavor changing neutral currents. However, we will ignore FCNC and proceed to study

the neutral scalar couplings to vectors and fermions in this model. Unlike in the 2HDM-II,

here the couplings to the third generation fermions, relevant for Higgs phenomenology,

are characterized by three additional parameters ct, cb and c⌧ (the couplings to the vector

bosons are the same as in 2HDM-II). Fitting to the 126 GeV data, we obtain a minimum

�2

2HDM�III = 5.38 for 14 degrees of freedom, while fitting to both 126 and 136 GeV data

gives a higher minimum �2

2HDM�III at 10.69 for 18 degrees of freedom.
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custodial “symmetry” in GM model::
C.-W. Chiang and K. Yagyu, JHEP 1301 (2013) 026, arXiv:1211.2658 [hep-ph].
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FIG. 8: Region in the ah0-c0t parameter space consistent with the unitarity constraint of

Eq. (39) assuming ah and ct are determined from the 126 GeV Higgs data. The orange

and brown regions are compatible with 126 GeV Higgs data at the 68% and 95% CL,

respectively. For reference, the figure has been superimposed on the fit in Fig. 1 to the

CMS data suggesting a Higgs resonance at 136 GeV.

Moreover, both of these resonances would have SM-like cross section for gg ! h ! WW ,

and one of them would have enhanced decay rate into �� (since the t-loop and the W -loop

contributions would interfere constructively).

Similar sum rules apply to the rest of quarks and all charged leptons. If the 126 GeV

Higgs is observed not to decay (or have suppressed decays) to any one quark or charged

lepton it follows immediately from the sum rule that there must be at least another

CP-even neutral Higgs.

V. MODEL INDEPENDENT ANALYSIS

A. Neutral Higgses

In general, the couplings of any extra neutral Higgs, h0, are related to the couplings of

the 126 GeV state h via unitarity constraints of Section IV. In the following, we assume

that there is only one additional neutral CP-even Higgs, and possibly some charged Higgs

24

FIG. 11: Allowed region of ah0-c0t for the doublet-septet model from a fit to the 126 GeV

Higgs data. The best fit value is indicated by a blue star, and the orange and brown

regions give the 68% and 95% CL regions, respectively. The underlying green/yellow

regions are from the model independent fit to the 136 GeV data in Fig. 1.

while the couplings to fermions are parametrized by

cf = cos ↵/ sin �, c0f = sin ↵/ sin �.

One can infer the bounds on the extra neutral resonance from the available data on

the 126 GeV Higgs in much the same way as for the case of the model-independent fit

outlined above. The fit to the 126 GeV data, combined with the condition of perturbative

unitarity in the WW ! tt̄ channel significantly reduces the allowed parameter space for

the 136 GeV Higgs couplings. The 68% and 95% CL regions in the ah0 � c0t plane (defined

in the same way as for the model-independent fit) allowed by the 126 GeV data are shown

in orange and brown in Fig. 11. The best fit value is marked by a star; the corresponding

(minimum) has �2

DS = 5.48 for 16 degrees of freedom. The figure shows limited overlap

between the model independent fit to the 136 GeV data (in green/yellow) and the model

specific fit to the 126 GeV data (in orange/brown). Alternatively, a global fit to both 126

and 136 GeV data gives a higher minimum, with �2

DS at 13.19 for 18 degrees of freedom.

Another bound on a second Higgs can be obtained from the ATLAS and CMS searches

for SM-like Higgs bosons in the WW and ZZ channels [3, 4, 5, 6, 7, 8, 9]. Taken at face

30

FIG. 13: Region of the ah0-c0t parameter space consistent with the fit to the GM model.

The orange and brown regions are compatible at 68% and 95% CL, respectively and the

best fit value is indicated by a blue star. The underlying green/yellow regions are from

the model independent fit to the 136 GeV data in Fig. 1. The darker blotches contained

within the green region are overlaps of brown and green.

a star. Alternatively, a global fit to both 126 and 136 GeV data gives a higher minimum

�2

GM at 10.07 for 18 degrees of freedom.

2. Two-Higgs-Doublet Model

There are many variations of the two-Higgs-doublet models, see Ref [54] for a recent

review. Here we will focus on two explicit realizations, the so called type-II (2HDM-II)

and type-III (2HDM-III). In 2HDM-II a discrete Z
2

symmetry is imposed to forbid tree-

level flavor changing neutral currents (FCNC). In this case the neutral scalar couplings to

vectors and fermions are determined by two angles, ↵ and �. The angle ↵ is the mixing

angle for the two CP-even neutral scalars, while tan � is given by the ratio of the two

VEVs. The coupling modifiers for the two Higgses are given in this case by the following

expressions

ah = sin(↵+�), ct = cc =
c↵
s�

, cb = c⌧ =
s↵
c�

, ah0 = cos(↵+�), c0t = c0c =
s↵
s�

, c0b = c0⌧ =
c↵
c�

.
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FIG. 14: Region of the ah0-c0t parameter space consistent with the fit to the Type-II

(left) and Type-III (right) 2HDM. The orange and brown regions are compatible at 68%

and 95% CL, respectively. The best fit value for the Type-III model is indicated by a

blue star, while it is at (ah0 , c0t) = (-0.02,-3.14) for the Type-II 2HDM. The underlying

green/yellow regions are from the model independent fit to the 136 GeV data in Fig. 1.

By performing a fit to the 126 GeV data, we obtain a minimum �2

2HDM�II = 5.69

for 16 degrees of freedom. Within the context of the 2HDM-II, the couplings ah0 and c0t

consistent with the model-independent fit are shown in Fig. 14. Alternatively, a global fit

to both 126 and 136 GeV data gives a higher minimum �2

2HDM�II at 10.92 for 18 degrees

of freedom.

In 2HDM-III where the discrete Z
2

symmetry is not imposed, there in general are

flavor changing neutral currents. However, we will ignore FCNC and proceed to study

the neutral scalar couplings to vectors and fermions in this model. Unlike in the 2HDM-II,

here the couplings to the third generation fermions, relevant for Higgs phenomenology,

are characterized by three additional parameters ct, cb and c⌧ (the couplings to the vector

bosons are the same as in 2HDM-II). Fitting to the 126 GeV data, we obtain a minimum

�2

2HDM�III = 5.38 for 14 degrees of freedom, while fitting to both 126 and 136 GeV data

gives a higher minimum �2

2HDM�III at 10.69 for 18 degrees of freedom.
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• Should be alert to possibilities other than SUSY (eg, higgs impostor)

FIG. 8: Region in the ah0-c0t parameter space consistent with the unitarity constraint of

Eq. (39) assuming ah and ct are determined from the 126 GeV Higgs data. The orange

and brown regions are compatible with 126 GeV Higgs data at the 68% and 95% CL,

respectively. For reference, the figure has been superimposed on the fit in Fig. 1 to the

CMS data suggesting a Higgs resonance at 136 GeV.

Moreover, both of these resonances would have SM-like cross section for gg ! h ! WW ,

and one of them would have enhanced decay rate into �� (since the t-loop and the W -loop

contributions would interfere constructively).

Similar sum rules apply to the rest of quarks and all charged leptons. If the 126 GeV

Higgs is observed not to decay (or have suppressed decays) to any one quark or charged

lepton it follows immediately from the sum rule that there must be at least another

CP-even neutral Higgs.

V. MODEL INDEPENDENT ANALYSIS

A. Neutral Higgses

In general, the couplings of any extra neutral Higgs, h0, are related to the couplings of

the 126 GeV state h via unitarity constraints of Section IV. In the following, we assume

that there is only one additional neutral CP-even Higgs, and possibly some charged Higgs

24

FIG. 11: Allowed region of ah0-c0t for the doublet-septet model from a fit to the 126 GeV

Higgs data. The best fit value is indicated by a blue star, and the orange and brown

regions give the 68% and 95% CL regions, respectively. The underlying green/yellow

regions are from the model independent fit to the 136 GeV data in Fig. 1.

while the couplings to fermions are parametrized by

cf = cos ↵/ sin �, c0f = sin ↵/ sin �.

One can infer the bounds on the extra neutral resonance from the available data on

the 126 GeV Higgs in much the same way as for the case of the model-independent fit

outlined above. The fit to the 126 GeV data, combined with the condition of perturbative

unitarity in the WW ! tt̄ channel significantly reduces the allowed parameter space for

the 136 GeV Higgs couplings. The 68% and 95% CL regions in the ah0 � c0t plane (defined

in the same way as for the model-independent fit) allowed by the 126 GeV data are shown

in orange and brown in Fig. 11. The best fit value is marked by a star; the corresponding

(minimum) has �2

DS = 5.48 for 16 degrees of freedom. The figure shows limited overlap

between the model independent fit to the 136 GeV data (in green/yellow) and the model

specific fit to the 126 GeV data (in orange/brown). Alternatively, a global fit to both 126

and 136 GeV data gives a higher minimum, with �2

DS at 13.19 for 18 degrees of freedom.

Another bound on a second Higgs can be obtained from the ATLAS and CMS searches

for SM-like Higgs bosons in the WW and ZZ channels [3, 4, 5, 6, 7, 8, 9]. Taken at face

30

FIG. 13: Region of the ah0-c0t parameter space consistent with the fit to the GM model.

The orange and brown regions are compatible at 68% and 95% CL, respectively and the

best fit value is indicated by a blue star. The underlying green/yellow regions are from

the model independent fit to the 136 GeV data in Fig. 1. The darker blotches contained

within the green region are overlaps of brown and green.

a star. Alternatively, a global fit to both 126 and 136 GeV data gives a higher minimum

�2

GM at 10.07 for 18 degrees of freedom.

2. Two-Higgs-Doublet Model

There are many variations of the two-Higgs-doublet models, see Ref [54] for a recent

review. Here we will focus on two explicit realizations, the so called type-II (2HDM-II)

and type-III (2HDM-III). In 2HDM-II a discrete Z
2

symmetry is imposed to forbid tree-

level flavor changing neutral currents (FCNC). In this case the neutral scalar couplings to

vectors and fermions are determined by two angles, ↵ and �. The angle ↵ is the mixing

angle for the two CP-even neutral scalars, while tan � is given by the ratio of the two

VEVs. The coupling modifiers for the two Higgses are given in this case by the following

expressions

ah = sin(↵+�), ct = cc =
c↵
s�

, cb = c⌧ =
s↵
c�

, ah0 = cos(↵+�), c0t = c0c =
s↵
s�

, c0b = c0⌧ =
c↵
c�

.

34

FIG. 14: Region of the ah0-c0t parameter space consistent with the fit to the Type-II

(left) and Type-III (right) 2HDM. The orange and brown regions are compatible at 68%

and 95% CL, respectively. The best fit value for the Type-III model is indicated by a

blue star, while it is at (ah0 , c0t) = (-0.02,-3.14) for the Type-II 2HDM. The underlying

green/yellow regions are from the model independent fit to the 136 GeV data in Fig. 1.

By performing a fit to the 126 GeV data, we obtain a minimum �2

2HDM�II = 5.69

for 16 degrees of freedom. Within the context of the 2HDM-II, the couplings ah0 and c0t

consistent with the model-independent fit are shown in Fig. 14. Alternatively, a global fit

to both 126 and 136 GeV data gives a higher minimum �2

2HDM�II at 10.92 for 18 degrees

of freedom.

In 2HDM-III where the discrete Z
2

symmetry is not imposed, there in general are

flavor changing neutral currents. However, we will ignore FCNC and proceed to study

the neutral scalar couplings to vectors and fermions in this model. Unlike in the 2HDM-II,

here the couplings to the third generation fermions, relevant for Higgs phenomenology,

are characterized by three additional parameters ct, cb and c⌧ (the couplings to the vector

bosons are the same as in 2HDM-II). Fitting to the 126 GeV data, we obtain a minimum

�2

2HDM�III = 5.38 for 14 degrees of freedom, while fitting to both 126 and 136 GeV data

gives a higher minimum �2

2HDM�III at 10.69 for 18 degrees of freedom.

35

Friday, July 11, 14



Conclusions/Summary

44

• Should be alert to possibilities other than SUSY (eg, higgs impostor)
• Charged Higgs-scalars play crucial role in unitarizing models with neutral higgs 

scalars (except in nHDM)

FIG. 8: Region in the ah0-c0t parameter space consistent with the unitarity constraint of

Eq. (39) assuming ah and ct are determined from the 126 GeV Higgs data. The orange

and brown regions are compatible with 126 GeV Higgs data at the 68% and 95% CL,

respectively. For reference, the figure has been superimposed on the fit in Fig. 1 to the

CMS data suggesting a Higgs resonance at 136 GeV.

Moreover, both of these resonances would have SM-like cross section for gg ! h ! WW ,

and one of them would have enhanced decay rate into �� (since the t-loop and the W -loop

contributions would interfere constructively).

Similar sum rules apply to the rest of quarks and all charged leptons. If the 126 GeV

Higgs is observed not to decay (or have suppressed decays) to any one quark or charged

lepton it follows immediately from the sum rule that there must be at least another

CP-even neutral Higgs.

V. MODEL INDEPENDENT ANALYSIS

A. Neutral Higgses

In general, the couplings of any extra neutral Higgs, h0, are related to the couplings of

the 126 GeV state h via unitarity constraints of Section IV. In the following, we assume

that there is only one additional neutral CP-even Higgs, and possibly some charged Higgs
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FIG. 11: Allowed region of ah0-c0t for the doublet-septet model from a fit to the 126 GeV

Higgs data. The best fit value is indicated by a blue star, and the orange and brown

regions give the 68% and 95% CL regions, respectively. The underlying green/yellow

regions are from the model independent fit to the 136 GeV data in Fig. 1.

while the couplings to fermions are parametrized by

cf = cos ↵/ sin �, c0f = sin ↵/ sin �.

One can infer the bounds on the extra neutral resonance from the available data on

the 126 GeV Higgs in much the same way as for the case of the model-independent fit

outlined above. The fit to the 126 GeV data, combined with the condition of perturbative

unitarity in the WW ! tt̄ channel significantly reduces the allowed parameter space for

the 136 GeV Higgs couplings. The 68% and 95% CL regions in the ah0 � c0t plane (defined

in the same way as for the model-independent fit) allowed by the 126 GeV data are shown

in orange and brown in Fig. 11. The best fit value is marked by a star; the corresponding

(minimum) has �2

DS = 5.48 for 16 degrees of freedom. The figure shows limited overlap

between the model independent fit to the 136 GeV data (in green/yellow) and the model

specific fit to the 126 GeV data (in orange/brown). Alternatively, a global fit to both 126

and 136 GeV data gives a higher minimum, with �2

DS at 13.19 for 18 degrees of freedom.

Another bound on a second Higgs can be obtained from the ATLAS and CMS searches

for SM-like Higgs bosons in the WW and ZZ channels [3, 4, 5, 6, 7, 8, 9]. Taken at face
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FIG. 13: Region of the ah0-c0t parameter space consistent with the fit to the GM model.

The orange and brown regions are compatible at 68% and 95% CL, respectively and the

best fit value is indicated by a blue star. The underlying green/yellow regions are from

the model independent fit to the 136 GeV data in Fig. 1. The darker blotches contained

within the green region are overlaps of brown and green.

a star. Alternatively, a global fit to both 126 and 136 GeV data gives a higher minimum

�2

GM at 10.07 for 18 degrees of freedom.

2. Two-Higgs-Doublet Model

There are many variations of the two-Higgs-doublet models, see Ref [54] for a recent

review. Here we will focus on two explicit realizations, the so called type-II (2HDM-II)

and type-III (2HDM-III). In 2HDM-II a discrete Z
2

symmetry is imposed to forbid tree-

level flavor changing neutral currents (FCNC). In this case the neutral scalar couplings to

vectors and fermions are determined by two angles, ↵ and �. The angle ↵ is the mixing

angle for the two CP-even neutral scalars, while tan � is given by the ratio of the two

VEVs. The coupling modifiers for the two Higgses are given in this case by the following

expressions

ah = sin(↵+�), ct = cc =
c↵
s�

, cb = c⌧ =
s↵
c�

, ah0 = cos(↵+�), c0t = c0c =
s↵
s�

, c0b = c0⌧ =
c↵
c�

.
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FIG. 14: Region of the ah0-c0t parameter space consistent with the fit to the Type-II

(left) and Type-III (right) 2HDM. The orange and brown regions are compatible at 68%

and 95% CL, respectively. The best fit value for the Type-III model is indicated by a

blue star, while it is at (ah0 , c0t) = (-0.02,-3.14) for the Type-II 2HDM. The underlying

green/yellow regions are from the model independent fit to the 136 GeV data in Fig. 1.

By performing a fit to the 126 GeV data, we obtain a minimum �2

2HDM�II = 5.69

for 16 degrees of freedom. Within the context of the 2HDM-II, the couplings ah0 and c0t

consistent with the model-independent fit are shown in Fig. 14. Alternatively, a global fit

to both 126 and 136 GeV data gives a higher minimum �2

2HDM�II at 10.92 for 18 degrees

of freedom.

In 2HDM-III where the discrete Z
2

symmetry is not imposed, there in general are

flavor changing neutral currents. However, we will ignore FCNC and proceed to study

the neutral scalar couplings to vectors and fermions in this model. Unlike in the 2HDM-II,

here the couplings to the third generation fermions, relevant for Higgs phenomenology,

are characterized by three additional parameters ct, cb and c⌧ (the couplings to the vector

bosons are the same as in 2HDM-II). Fitting to the 126 GeV data, we obtain a minimum

�2

2HDM�III = 5.38 for 14 degrees of freedom, while fitting to both 126 and 136 GeV data

gives a higher minimum �2

2HDM�III at 10.69 for 18 degrees of freedom.
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FIG. 8: Region in the ah0-c0t parameter space consistent with the unitarity constraint of

Eq. (39) assuming ah and ct are determined from the 126 GeV Higgs data. The orange

and brown regions are compatible with 126 GeV Higgs data at the 68% and 95% CL,

respectively. For reference, the figure has been superimposed on the fit in Fig. 1 to the

CMS data suggesting a Higgs resonance at 136 GeV.

Moreover, both of these resonances would have SM-like cross section for gg ! h ! WW ,

and one of them would have enhanced decay rate into �� (since the t-loop and the W -loop

contributions would interfere constructively).

Similar sum rules apply to the rest of quarks and all charged leptons. If the 126 GeV

Higgs is observed not to decay (or have suppressed decays) to any one quark or charged

lepton it follows immediately from the sum rule that there must be at least another

CP-even neutral Higgs.

V. MODEL INDEPENDENT ANALYSIS

A. Neutral Higgses

In general, the couplings of any extra neutral Higgs, h0, are related to the couplings of

the 126 GeV state h via unitarity constraints of Section IV. In the following, we assume

that there is only one additional neutral CP-even Higgs, and possibly some charged Higgs
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FIG. 11: Allowed region of ah0-c0t for the doublet-septet model from a fit to the 126 GeV

Higgs data. The best fit value is indicated by a blue star, and the orange and brown

regions give the 68% and 95% CL regions, respectively. The underlying green/yellow

regions are from the model independent fit to the 136 GeV data in Fig. 1.

while the couplings to fermions are parametrized by

cf = cos ↵/ sin �, c0f = sin ↵/ sin �.

One can infer the bounds on the extra neutral resonance from the available data on

the 126 GeV Higgs in much the same way as for the case of the model-independent fit

outlined above. The fit to the 126 GeV data, combined with the condition of perturbative

unitarity in the WW ! tt̄ channel significantly reduces the allowed parameter space for

the 136 GeV Higgs couplings. The 68% and 95% CL regions in the ah0 � c0t plane (defined

in the same way as for the model-independent fit) allowed by the 126 GeV data are shown

in orange and brown in Fig. 11. The best fit value is marked by a star; the corresponding

(minimum) has �2

DS = 5.48 for 16 degrees of freedom. The figure shows limited overlap

between the model independent fit to the 136 GeV data (in green/yellow) and the model

specific fit to the 126 GeV data (in orange/brown). Alternatively, a global fit to both 126

and 136 GeV data gives a higher minimum, with �2

DS at 13.19 for 18 degrees of freedom.

Another bound on a second Higgs can be obtained from the ATLAS and CMS searches

for SM-like Higgs bosons in the WW and ZZ channels [3, 4, 5, 6, 7, 8, 9]. Taken at face
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FIG. 13: Region of the ah0-c0t parameter space consistent with the fit to the GM model.

The orange and brown regions are compatible at 68% and 95% CL, respectively and the

best fit value is indicated by a blue star. The underlying green/yellow regions are from

the model independent fit to the 136 GeV data in Fig. 1. The darker blotches contained

within the green region are overlaps of brown and green.

a star. Alternatively, a global fit to both 126 and 136 GeV data gives a higher minimum

�2

GM at 10.07 for 18 degrees of freedom.

2. Two-Higgs-Doublet Model

There are many variations of the two-Higgs-doublet models, see Ref [54] for a recent

review. Here we will focus on two explicit realizations, the so called type-II (2HDM-II)

and type-III (2HDM-III). In 2HDM-II a discrete Z
2

symmetry is imposed to forbid tree-

level flavor changing neutral currents (FCNC). In this case the neutral scalar couplings to

vectors and fermions are determined by two angles, ↵ and �. The angle ↵ is the mixing

angle for the two CP-even neutral scalars, while tan � is given by the ratio of the two

VEVs. The coupling modifiers for the two Higgses are given in this case by the following

expressions

ah = sin(↵+�), ct = cc =
c↵
s�

, cb = c⌧ =
s↵
c�

, ah0 = cos(↵+�), c0t = c0c =
s↵
s�

, c0b = c0⌧ =
c↵
c�

.
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FIG. 14: Region of the ah0-c0t parameter space consistent with the fit to the Type-II

(left) and Type-III (right) 2HDM. The orange and brown regions are compatible at 68%

and 95% CL, respectively. The best fit value for the Type-III model is indicated by a

blue star, while it is at (ah0 , c0t) = (-0.02,-3.14) for the Type-II 2HDM. The underlying

green/yellow regions are from the model independent fit to the 136 GeV data in Fig. 1.

By performing a fit to the 126 GeV data, we obtain a minimum �2

2HDM�II = 5.69

for 16 degrees of freedom. Within the context of the 2HDM-II, the couplings ah0 and c0t

consistent with the model-independent fit are shown in Fig. 14. Alternatively, a global fit

to both 126 and 136 GeV data gives a higher minimum �2

2HDM�II at 10.92 for 18 degrees

of freedom.

In 2HDM-III where the discrete Z
2

symmetry is not imposed, there in general are

flavor changing neutral currents. However, we will ignore FCNC and proceed to study

the neutral scalar couplings to vectors and fermions in this model. Unlike in the 2HDM-II,

here the couplings to the third generation fermions, relevant for Higgs phenomenology,

are characterized by three additional parameters ct, cb and c⌧ (the couplings to the vector

bosons are the same as in 2HDM-II). Fitting to the 126 GeV data, we obtain a minimum

�2

2HDM�III = 5.38 for 14 degrees of freedom, while fitting to both 126 and 136 GeV data

gives a higher minimum �2

2HDM�III at 10.69 for 18 degrees of freedom.
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FIG. 8: Region in the ah0-c0t parameter space consistent with the unitarity constraint of

Eq. (39) assuming ah and ct are determined from the 126 GeV Higgs data. The orange

and brown regions are compatible with 126 GeV Higgs data at the 68% and 95% CL,

respectively. For reference, the figure has been superimposed on the fit in Fig. 1 to the

CMS data suggesting a Higgs resonance at 136 GeV.

Moreover, both of these resonances would have SM-like cross section for gg ! h ! WW ,

and one of them would have enhanced decay rate into �� (since the t-loop and the W -loop

contributions would interfere constructively).

Similar sum rules apply to the rest of quarks and all charged leptons. If the 126 GeV

Higgs is observed not to decay (or have suppressed decays) to any one quark or charged

lepton it follows immediately from the sum rule that there must be at least another

CP-even neutral Higgs.

V. MODEL INDEPENDENT ANALYSIS

A. Neutral Higgses

In general, the couplings of any extra neutral Higgs, h0, are related to the couplings of

the 126 GeV state h via unitarity constraints of Section IV. In the following, we assume

that there is only one additional neutral CP-even Higgs, and possibly some charged Higgs
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FIG. 11: Allowed region of ah0-c0t for the doublet-septet model from a fit to the 126 GeV

Higgs data. The best fit value is indicated by a blue star, and the orange and brown

regions give the 68% and 95% CL regions, respectively. The underlying green/yellow

regions are from the model independent fit to the 136 GeV data in Fig. 1.

while the couplings to fermions are parametrized by

cf = cos ↵/ sin �, c0f = sin ↵/ sin �.

One can infer the bounds on the extra neutral resonance from the available data on

the 126 GeV Higgs in much the same way as for the case of the model-independent fit

outlined above. The fit to the 126 GeV data, combined with the condition of perturbative

unitarity in the WW ! tt̄ channel significantly reduces the allowed parameter space for

the 136 GeV Higgs couplings. The 68% and 95% CL regions in the ah0 � c0t plane (defined

in the same way as for the model-independent fit) allowed by the 126 GeV data are shown

in orange and brown in Fig. 11. The best fit value is marked by a star; the corresponding

(minimum) has �2

DS = 5.48 for 16 degrees of freedom. The figure shows limited overlap

between the model independent fit to the 136 GeV data (in green/yellow) and the model

specific fit to the 126 GeV data (in orange/brown). Alternatively, a global fit to both 126

and 136 GeV data gives a higher minimum, with �2

DS at 13.19 for 18 degrees of freedom.

Another bound on a second Higgs can be obtained from the ATLAS and CMS searches

for SM-like Higgs bosons in the WW and ZZ channels [3, 4, 5, 6, 7, 8, 9]. Taken at face
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FIG. 13: Region of the ah0-c0t parameter space consistent with the fit to the GM model.

The orange and brown regions are compatible at 68% and 95% CL, respectively and the

best fit value is indicated by a blue star. The underlying green/yellow regions are from

the model independent fit to the 136 GeV data in Fig. 1. The darker blotches contained

within the green region are overlaps of brown and green.

a star. Alternatively, a global fit to both 126 and 136 GeV data gives a higher minimum

�2

GM at 10.07 for 18 degrees of freedom.

2. Two-Higgs-Doublet Model

There are many variations of the two-Higgs-doublet models, see Ref [54] for a recent

review. Here we will focus on two explicit realizations, the so called type-II (2HDM-II)

and type-III (2HDM-III). In 2HDM-II a discrete Z
2

symmetry is imposed to forbid tree-

level flavor changing neutral currents (FCNC). In this case the neutral scalar couplings to

vectors and fermions are determined by two angles, ↵ and �. The angle ↵ is the mixing

angle for the two CP-even neutral scalars, while tan � is given by the ratio of the two

VEVs. The coupling modifiers for the two Higgses are given in this case by the following

expressions

ah = sin(↵+�), ct = cc =
c↵
s�

, cb = c⌧ =
s↵
c�

, ah0 = cos(↵+�), c0t = c0c =
s↵
s�

, c0b = c0⌧ =
c↵
c�

.
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FIG. 14: Region of the ah0-c0t parameter space consistent with the fit to the Type-II

(left) and Type-III (right) 2HDM. The orange and brown regions are compatible at 68%

and 95% CL, respectively. The best fit value for the Type-III model is indicated by a

blue star, while it is at (ah0 , c0t) = (-0.02,-3.14) for the Type-II 2HDM. The underlying

green/yellow regions are from the model independent fit to the 136 GeV data in Fig. 1.

By performing a fit to the 126 GeV data, we obtain a minimum �2

2HDM�II = 5.69

for 16 degrees of freedom. Within the context of the 2HDM-II, the couplings ah0 and c0t

consistent with the model-independent fit are shown in Fig. 14. Alternatively, a global fit

to both 126 and 136 GeV data gives a higher minimum �2

2HDM�II at 10.92 for 18 degrees

of freedom.

In 2HDM-III where the discrete Z
2

symmetry is not imposed, there in general are

flavor changing neutral currents. However, we will ignore FCNC and proceed to study

the neutral scalar couplings to vectors and fermions in this model. Unlike in the 2HDM-II,

here the couplings to the third generation fermions, relevant for Higgs phenomenology,

are characterized by three additional parameters ct, cb and c⌧ (the couplings to the vector

bosons are the same as in 2HDM-II). Fitting to the 126 GeV data, we obtain a minimum

�2

2HDM�III = 5.38 for 14 degrees of freedom, while fitting to both 126 and 136 GeV data

gives a higher minimum �2

2HDM�III at 10.69 for 18 degrees of freedom.
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FIG. 8: Region in the ah0-c0t parameter space consistent with the unitarity constraint of

Eq. (39) assuming ah and ct are determined from the 126 GeV Higgs data. The orange

and brown regions are compatible with 126 GeV Higgs data at the 68% and 95% CL,

respectively. For reference, the figure has been superimposed on the fit in Fig. 1 to the

CMS data suggesting a Higgs resonance at 136 GeV.

Moreover, both of these resonances would have SM-like cross section for gg ! h ! WW ,

and one of them would have enhanced decay rate into �� (since the t-loop and the W -loop

contributions would interfere constructively).

Similar sum rules apply to the rest of quarks and all charged leptons. If the 126 GeV

Higgs is observed not to decay (or have suppressed decays) to any one quark or charged

lepton it follows immediately from the sum rule that there must be at least another

CP-even neutral Higgs.

V. MODEL INDEPENDENT ANALYSIS

A. Neutral Higgses

In general, the couplings of any extra neutral Higgs, h0, are related to the couplings of

the 126 GeV state h via unitarity constraints of Section IV. In the following, we assume

that there is only one additional neutral CP-even Higgs, and possibly some charged Higgs

24

FIG. 11: Allowed region of ah0-c0t for the doublet-septet model from a fit to the 126 GeV

Higgs data. The best fit value is indicated by a blue star, and the orange and brown

regions give the 68% and 95% CL regions, respectively. The underlying green/yellow

regions are from the model independent fit to the 136 GeV data in Fig. 1.

while the couplings to fermions are parametrized by

cf = cos ↵/ sin �, c0f = sin ↵/ sin �.

One can infer the bounds on the extra neutral resonance from the available data on

the 126 GeV Higgs in much the same way as for the case of the model-independent fit

outlined above. The fit to the 126 GeV data, combined with the condition of perturbative

unitarity in the WW ! tt̄ channel significantly reduces the allowed parameter space for

the 136 GeV Higgs couplings. The 68% and 95% CL regions in the ah0 � c0t plane (defined

in the same way as for the model-independent fit) allowed by the 126 GeV data are shown

in orange and brown in Fig. 11. The best fit value is marked by a star; the corresponding

(minimum) has �2

DS = 5.48 for 16 degrees of freedom. The figure shows limited overlap

between the model independent fit to the 136 GeV data (in green/yellow) and the model

specific fit to the 126 GeV data (in orange/brown). Alternatively, a global fit to both 126

and 136 GeV data gives a higher minimum, with �2

DS at 13.19 for 18 degrees of freedom.

Another bound on a second Higgs can be obtained from the ATLAS and CMS searches

for SM-like Higgs bosons in the WW and ZZ channels [3, 4, 5, 6, 7, 8, 9]. Taken at face
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FIG. 13: Region of the ah0-c0t parameter space consistent with the fit to the GM model.

The orange and brown regions are compatible at 68% and 95% CL, respectively and the

best fit value is indicated by a blue star. The underlying green/yellow regions are from

the model independent fit to the 136 GeV data in Fig. 1. The darker blotches contained

within the green region are overlaps of brown and green.

a star. Alternatively, a global fit to both 126 and 136 GeV data gives a higher minimum

�2

GM at 10.07 for 18 degrees of freedom.

2. Two-Higgs-Doublet Model

There are many variations of the two-Higgs-doublet models, see Ref [54] for a recent

review. Here we will focus on two explicit realizations, the so called type-II (2HDM-II)

and type-III (2HDM-III). In 2HDM-II a discrete Z
2

symmetry is imposed to forbid tree-

level flavor changing neutral currents (FCNC). In this case the neutral scalar couplings to

vectors and fermions are determined by two angles, ↵ and �. The angle ↵ is the mixing

angle for the two CP-even neutral scalars, while tan � is given by the ratio of the two

VEVs. The coupling modifiers for the two Higgses are given in this case by the following

expressions

ah = sin(↵+�), ct = cc =
c↵
s�

, cb = c⌧ =
s↵
c�

, ah0 = cos(↵+�), c0t = c0c =
s↵
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, c0b = c0⌧ =
c↵
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FIG. 14: Region of the ah0-c0t parameter space consistent with the fit to the Type-II

(left) and Type-III (right) 2HDM. The orange and brown regions are compatible at 68%

and 95% CL, respectively. The best fit value for the Type-III model is indicated by a

blue star, while it is at (ah0 , c0t) = (-0.02,-3.14) for the Type-II 2HDM. The underlying

green/yellow regions are from the model independent fit to the 136 GeV data in Fig. 1.

By performing a fit to the 126 GeV data, we obtain a minimum �2

2HDM�II = 5.69

for 16 degrees of freedom. Within the context of the 2HDM-II, the couplings ah0 and c0t

consistent with the model-independent fit are shown in Fig. 14. Alternatively, a global fit

to both 126 and 136 GeV data gives a higher minimum �2

2HDM�II at 10.92 for 18 degrees

of freedom.

In 2HDM-III where the discrete Z
2

symmetry is not imposed, there in general are

flavor changing neutral currents. However, we will ignore FCNC and proceed to study

the neutral scalar couplings to vectors and fermions in this model. Unlike in the 2HDM-II,

here the couplings to the third generation fermions, relevant for Higgs phenomenology,

are characterized by three additional parameters ct, cb and c⌧ (the couplings to the vector

bosons are the same as in 2HDM-II). Fitting to the 126 GeV data, we obtain a minimum

�2

2HDM�III = 5.38 for 14 degrees of freedom, while fitting to both 126 and 136 GeV data

gives a higher minimum �2

2HDM�III at 10.69 for 18 degrees of freedom.
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